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Abstract

Abstract

In the present work, an oxide/oxide Ceramic Matrix Composite WHIPOX™ (Wound Highly Porous Oxide
Ceramic) that was manufactured via the filament winding technique was investigated. The aim of the work
was the characterization and modeling of the mechanical properties of wound oxide ceramic composites
with varied fiber orientations. For this purpose, the characteristics of a virtual equivalent unidirectional
layer (UD-layer) were calculated and applied through the Inverse Laminate Theory and modified Tsai-Wu

failure criterion.

All modeling approaches developed in this study are dependent on experimental determination and micro-
structure analysis. The mechanical properties of the investigated material in different wound orientations,
including initial stiffness, strength, strain, elastic and inelastic behavior, were completely evaluated with in-
plane experimental tests at room temperature. Based on the microstructural analysis through Micro Com-
puted Tomography, the modeling of the properties of WHIPOX™ was divided into two classes: WHIPOX™
with matrix cracks (WC) and WHIPOX™ without matrix cracks (NC).

Due to the lack of the required matrix and fiber properties within the composite and by the unavailable
representative characteristics of CMC UD-materials, the traditional modeling methods and classic failure
criterion cannot be directly adapted to describe the material behavior of wound CMCs. Therefore, advanced
modeling approaches with virtual equivalent UD-layer properties are created for the evaluation and predic-
tion of the material properties of the investigated material WHIPOX™. As the core component of the model-
ing chain, complete material properties of the equivalent UD-layer were calculated and evaluated: elastic
properties through the Inverse Laminate Theory; strength properties by fitting different test results to
modified Tsai-Wu criterion; failure strain using the inelastic deformation behavior factor 4. All the values
are discussed and calculated with consideration given to different microstructures with or without matrix
cracks. Through the stacking of these equivalent UD-layers with any desired fiber orientation, e.g. non-
orthogonal, orthogonal and asymmetrical (off-axis), an equivalent layered composite is created and its

material constants can be predicted by using the modified stiffness matrix.

In order to predict the mechanical properties with more accuracy, particular features of the investigated
materials have to be taken into consideration. For the investigated composite WHIPOX™, four distinctive
features are implemented in the modeling approaches: identification of inhomogeneity of the investigated
plate; interaction between failure strength and strain through inelastic deformation; division of material
modeling groups based on the analysis of microstructure; update of analytical model of different batches

with inhomogeneities created due to the manufacturing process.

Based on the good correlation between the experiments and the modeling results, it can be shown that
modeling approaches factoring in the above mentioned particular material features allow a very accurate
prediction of the in-plane mechanical properties for CMC laminates. The present work has identified a
general modus operandi going from experimental determination and microstructure analysis to the predic-

tion of the mechanical behavior of wound CMCs with varied fiber orientations. The results of this work are
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of great value for the future design and development of this class of composites. In this way the application

of CMC-components in new fields like aerospace and civil engineering may be enhanced.
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Kurzfassung

In der vorliegenden Arbeit wurde ein durch Wickeltechnik hergestellter, Oxid/Oxid-
Keramikverbundwerkstoff (Ceramic Matrix Composite-CMC) mit pordser Matrix (WHIPOX™) untersucht.
Ziel der Arbeit war die Charakterisierung und Modellierung der mechanischen Eigenschaften von gewickel-
ten Faserverbundkeramiken mit unterschiedlichen Faserorientierungen. Hierfiir wurden die Kenndaten
einer virtuellen dquivalenten unidirektionalen Schicht (UD-layer) zuerst berechnet und anschliefiend durch

die Inverse-Laminat-Theorie und ein modifiziertes Tsai-Wu Versagenskriterium angewendet.

Alle in dieser Arbeit angewendeten Modellierungsansidtze werden auf der Basis von den mechanischen
Untersuchungen und der Analyse der Mikrostrukturen entwickelt. Die vollstindige Erfassung der Materi-
aleigenschaften von WHIPOX™ bei unterschiedlichen Wickelwinkeln bzw. Faserorientierungen, einschlief3-
lich Steifigkeit, Festigkeit, Dehnung, elastischen und inelastischen Verhalten, erfolgt anhand von experimen-
tellen ,in-plane“ Untersuchungen. Nach der Mikrostrukturanalyse durch Micro-Computertomographie wird
die Modellierung der mechanischen Eigenschaften in zwei Gruppen eingeteilt: WHIPOX™ mit Matrix-
Schrumpfrissen (kurz auch WC fiir with cracks) und WHIPOX™ ohne Matrix-Schrumpfrisse (kurz auch NC

fiir no cracks).

Eine besondere Schwierigkeit bei der Modellierung des mechanischen Verhaltens gewickelter CMCs, wie z.
B. bei WHIPOX™, besteht in den fehlenden Daten der Matrix- bzw. Fasereigenschaften nach der Fertigung
des Verbundwerkstoffs. Die Herstellung von ausschliefRlich unidirektional verstidrkten Laminaten (UD-
Schicht) ist bei CMCs kritisch wegen des unbehinderten Schrumpfens der Matrix quer zur Faserverstarkung
wahrend der Abkiihlphase. Damit stehen fiir die traditionellen Modellierungsmethoden und die klassischen
Versagenskriterien keine reprdsentativen experimentellen UD-Messdaten zur Verfiigung. Alternativ wer-
den fortgeschrittene Modellierungsansiatze mit Hilfe von virtuellen dquivalenten UD-Schichten fiir die
Beschreibung und die Vorhersage der Materialeigenschaften des untersuchten WHIPOX™-Materials er-
stellt. Als Kernkomponente der Modellierungskette wurden die vollstdndigen Materialeigenschaften der
dquivalenten UD-Schicht berechnet und ausgewertet: elastische Eigenschaften durch den inversen Ansatz
auf Basis der klassischen Laminattheorie (CLT); Festigkeiten durch Anpassung der verschiedenen Tester-
gebnisse zum modifizierten Tsai-Wu Versagenskriterium; Bruchdehnung unter Verwendung des inelasti-
schen Verformungsfaktors 4. Alle Werte werden unter Beriicksichtigung der unterschiedlichen Mikrostruk-
turen mit oder ohne Matrixrisse diskutiert und ermittelt. Durch das Stapeln dieser dquivalenten UD-
Schichten mit beliebiger Faserorientierung, z. B. nicht-orthogonal, orthogonal und asymmetrisch (off-axis),
wird ein dquivalenter Schichtverbund erzeugt und dessen Materialkonstanten kénnen mittels der modifi-

zierten Steifigkeitsmatrix vorhergesagt werden.

Um die mechanischen Eigenschaften mit mehr Genauigkeit vorherzusagen, miissen einige Besonderheiten
der untersuchten Materialien beriicksichtigt werden. Fir den Verbundwerkstoff WHIPOX™ sind vier
besondere Merkmale in den Modellierungsansatzen implementiert: Identifizierung der Inhomogenitit der
untersuchten Platten; Aufteilung der Modellierungsgruppen auf Basis der Analyse von Mikrostrukturen;

Interaktion zwischen Festigkeit und Bruchdehnung mit Beriicksichtigung der inelastischen Verformung;

vii



Kurzfassung

Fortschreibung des analytischen Modells fiir die verschiedenen Chargen mit der durch Herstellungsprozess

bedingten Inhomogenitat.

Aufgrund der guten Korrelation zwischen den Untersuchungs- und Modellierungsergebnissen konnte
gezeigt werden, dass die Modellierungsansatze mit Beriicksichtigung der oben genannten Materialbeson-
derheiten eine sehr genaue Vorhersage der ,in-plane“ mechanischen Eigenschaften fiir CMC-Materialien
ermoglichen. In der vorliegenden Arbeit konnte eine allgemeine Vorgehensweise zur Vorhersage der
mechanischen Eigenschaften von gewickelten CMCs mit unterschiedlichen Faserorientierungen anhand der
experimentellen Ergebnisse und der Mikrostrukturanalyse entwickelt werden. Die Ergebnisse dieser Arbeit
sind sehr wertvoll fiir das zukiinftige Design und die Entwicklung dieser Verbundwerkstoffe. Hierdurch
wird das Anwendungspotential von CMC-Komponenten in Bereich wie der Luft- und Raumfahrttechnik und

der Maschinenbau verbessert.
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1 Introduction

Nowadays, composite materials can be found in almost any product imaginable. As some of the most im-
portant representatives of composites, Ceramic Matrix Composites (CMCs) have become the focus of atten-
tion of material development researchers in recent years, because of their favorable mechanical properties
at high temperature and comparatively low density. By using the excellent high temperature properties of
ceramic fiber and ceramic matrix, the CMC materials exceed all materials in that field of interest. Therefore,
the CMCs are predestinated for aerospace and other applications that require stability in mechanical behav-
ior at high temperatures [1-4]. However, the potential of CMCs for application in varied technologies has
been partly limited due to their complicated manufacturing process. Thanks to its high flexibility, net shape
fabrication and relatively low cost, the winding technique for the production of complex CMC components,
especially the production with stress-oriented fiber alignment and rotational symmetry axis, has been

rapidly adapted in aviation and aerospace technology and some other industrial areas [5-9].

Fundamental material models have to be established and applied in order to optimize the newly developed
CMC materials and to design the CMC structure for high-performance applications. Since the winding angle
of each layer can be adjusted in any desired direction (from 0° to 90°) during the manufacturing process,
the wound CMC components with pronounced anisotropic mechanical properties may be designed and
optimized with stress-optimized fiber arrangements. Due to the complex anisotropic in-plane material
behavior, the accurate prediction and assessment of the material properties of CMC components, such as
the material WHIPOX™ (Wound HIghly Porous OXide Ceramic) investigated in this work, has to be supple-
mented by advanced modeling approaches. Several analytical and numerical approaches have been devel-
oped and implemented for the prediction of the mechanical behavior of wound and braided materials,
especially for the fiber reinforced composites with polymeric matrices. As being based on the material
homogenization techniques, meso- and microscopic methods by using Representative Volume Unit (RVU),
Classical Laminate Theory (CLT) and classic failure criterion allow for a good estimation of elastic proper-

ties [10-15], maximal loading capacity [16-18] and progressive damage [19-21].

In comparison with the fiber reinforced polymeric composites, the main problem of modeling wound CMCs
is the lack of data concerning fiber and matrix properties within the composite material, especially with
regards to the matrix. After the complex manufacture processing the microstructure of matrix, such as
micro-crack density and specific matrix-porosity, are totally different from pure matrix properties and
depend on the fiber orientation. On the other hand, the material properties of fibers within the composite
are unknown since they may differ from their original state as a result of the thermal load sustained during
the fabrication of the composite. Another concept is the modeling with unit cell which includes the mixed
properties of the fiber, the matrix and the repeatable in- and out-plane tow architecture within a repre-
sentative volume unit. Due to the required redefinition of varied fiber orientations, the use of the unit cell
model is not efficient in the case of continuous variation of in-plane architecture (e.g. the winding angle) of
the laminates within the composite. Furthermore, modeling of mechanical properties by direct implemen-
tation of the Classical Laminate Theory and classic failure criterion (e.g. Tsai-Wu criteria and Puck criteria)

is very sensitive concerning wound CMCs. These approaches are based on the mechanical constants of
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individual Uni-Directional-layers (UD-layer) and the stacking sequence of the UD-layer. However, the
production and characterization of characteristic CMC UD-materials is almost impossible because of the
non-typical unhindered shrinkage of matrix transverse to the fibers during the production process. This
prevents the UD-material from being considered as a representative material for modeling approaches for

CMCs.

Due to the above mentioned problems, advanced modeling approaches, on the basis of the complete me-
chanical characterization of material properties, shall be created for the evaluation and prediction of the
material behavior of wound CMC components. A chain from testing to modeling is presented in this work
(see section 5.6). As the core component of the modeling chain, complete material properties of a virtual
equivalent UD-layer were calculated and evaluated. It was shown that the Classical Laminate Theory (CLT)
and the Inverse Laminate Theory (ILT) can be used to calculate the elastic properties of equivalent UD-
layer with different microstructures. By using the strength ratio R of Tsai-Wu failure criteria the strength
values of the laminate with different fiber orientations can be predicted. A modified stiffness matrix with an
inelastic deformation factor 4 leads to a precise calculation of failure strain and has been used to describe
the inelastic stress-strain behavior. All the values of the equivalent UD-layer are discussed and calculated
with consideration given to different microstructures with or without matrix cracks. Through the stacking
of these equivalent UD-layers with any desired fiber orientation, e.g. non-orthogonal, orthogonal and
asymmetrical (off-axis), an equivalent layered composite is created and its material constants can be pre-
dicted by using the modified stiffness matrix. In order to predict the mechanical properties with more
accuracy, the chain from testing to modeling was created with consideration of distinctive features of the
investigated composite WHIPOX™: identification of inhomogeneity of the investigated plate; interaction
between failure strength and strain through inelastic deformation; division of material modeling groups
based on the analysis of microstructure; update of analytical model of different batches with inhomogenei-
ties created due to the manufacturing process. This modeling chain based on the material WHIPOX™ can be
applied to predict the mechanical properties of other CMCs. The results of modeling are compared with the

experimental results of other CMCs and presented in this study.
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2 State of the art

2.1 Bases of oxide/oxide CMCs

The term “Ceramic Matrix Composites (CMC)” refers to the composites in which ceramic fibers are embed-
ded in oxide or non-oxide ceramic matrices. Due to the similar failure strain and the brittle fracture behav-
ior of both fiber and matrix, the reinforcement of ceramic fibers, in contrast with “carbon fiber reinforced
polymer (CFRP)”, cannot be seen being as equivalent to “fiber reinforced ceramics”, because the strength of
fiber reinforced ceramic cannot be higher than the maximum value of monolithic ceramic. For example, the
flexural strength of monolithic aluminium oxide ceramic is approx. 500 MPa (99.8 % Al;03 in [22]) and the
value of the in this study investigated Ox/0Ox CMC WHIPOX™ is approx. 80-350 MPa (ranges of data ob-
tained for WHIPOX™ with different fiber types and processing parameters in [23]). Therefore, in compari-
son with the strength enhancement by CFRP materials, the great potential of CMCs lies in the fact that the
advantages of high-performance monolithic ceramic can be obtained with enhanced toughness as the
seriously disadvantageous brittle fracture behavior is eliminated by the introduction of fibers. Although
both compositions of CMCs, i.e. ceramic fibers and ceramic matrices, are brittle, the composite shows quasi-
ductile deformation behavior due to mechanisms such as fiber pull-out, multiple matrix cracking and crack
bridging [24]. A prerequisite for these mechanisms is the relatively weak bond between ceramic fibers and
the matrix. In general, there are two approaches that can be applied to accomplish weak fiber/matrix
bonding: either suitable fiber coatings or the use of a weak matrix e.g. with highly porous matrix [25, 26].

The toughness enhancing mechanisms of these two concepts are discussed in section 2.2.1.

A possible division of CMC materials can be performed according to the chemical characters of fiber and
matrix (oxide or non-oxide): CMCs consisting of non-oxide fiber (e.g. C-fiber and SiC-fiber) embedded in
non-oxide ceramic matrix (e.g. C, SiC and SiCN) can be called a non-oxide/non-oxide CMC; an oxide combi-
nation with oxide fiber (e.g. Al,0s-fiber and Al,03/mullite-fiber) and oxide matrix (e.g. Al,03 and mullite)
exists for oxide/oxide CMCs. In addition to pure oxide and pure non-oxide CMCs, a further uncommon CMC
group with oxide-fiber in a non-oxide matrix or non-oxide fiber in an oxide matrix, “semi-oxide CMCs” can
be produced through directed metal oxidation process [27, 28]. The non-oxide/non-oxide CMCs obtain
usually high strength and good creep resistance at high temperature as a result of their predominant cova-
lent atomic bonding. However, compared to oxide/oxide CMCs, non-oxide/non-oxide CMCs are susceptible
to oxidation due to their chemical characters. Therefore, for many years numerous investigations have been
conducted to improve the oxidation resistance of non-oxide ceramics with the addition of external protec-
tive coatings (e.g. [29]). The thermal expansion of the coating materials is usually higher than the non-oxide
substrates (e.g. [30, 31]). This results in cracking and spallation of the coatings under thermal loading.
Therefore, long-term stability against oxidation for non-oxide/non-oxide CMCs is difficult to achieve. By
comparison, oxide/oxide CMCs offer good stability against corrosive and oxidative environments. This
makes them promising candidate for use in structural materials, thermal protection and as applications
aiming at high temperatures such as combustion chambers, components of aircraft and gas turbine, e.g. in

[8, 32-36]. Thus, in this section the bases of oxide/oxide CMCs are introduced.
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As mentioned above, the mechanisms used for reducing the brittleness of CMC materials, e.g. oxide/oxide
CMCs, require a relatively weak fiber-matrix bonding. In order to prevent a very strong adhesion between
fiber and matrix, ceramic fibers are frequently treated with suitable coatings. Thus, oxide ceramic matrix

composites consist of three components: oxide fiber, fiber coating and oxide matrix.
Oxide ceramic fibers

First, an overview on the oxide fibers is given. Oxide fibers for CMCs are typically polycrystalline. They were
first developed in order to use their excellent oxidation stability for high temperature applications [37, 38].
They are mainly composed of alumina (a- or y-Al;03) or mullite (mixed oxides of Al,03 and SiO), and
sometimes of additional zirconia (ZrO;) or amorphous silica (Si0z). The micro structure of these fibers is
thermodynamically non-stable. In the case of alumina, the thermodynamically non-stable y-Al,03 phase can
react with other consistencies (e.g. y-Al;03 + SiO; — mullite), which decreases the final stiffness and creep
resistance of the oxide fibers. Only small amounts of SiO; prevent unexpected grain growth [39]. Further-
more, a clear grain growth phase of a-Al,03 within the fibers at high temperatures (e.g. 1200 °C to 1300 °C)
can be observed, which leads to a significant reduction in the strength of the oxide fibers [39-41]. The high-
strength oxide fibers are commercially available: 3M from the USA ([41]); NITIVY from Japan ([42]) and
CeraFib from Germany ([43]). Nowadays, two typical continuous oxide fibers developed by company 3M
dominate the commercial market: pure alumina Nextel™ 610 (N610) and mullite-alumina Nextel™ 720
(N720). An overview of the mechanical properties of N610 and N720 are listed in Table 2.1 and the data
were obtained from [41]. While the tensile strength and stiffness of filament N610 are high (Table 2.1), its
creep resistance is rather poor compared to the fiber N720. This is because the grain size of N610 (approx.
90 nm in [44]) is clearly finer than the mullite based fiber N720 (grain size of mullite is approx. 300 nm in
[44]). The oxide/oxide CMC WHIPOX™ in this work investigated was manufactured using the oxide fiber
N610 as roving.

Table 2.1: Overview of the mechanical properties of oxide fiber N 610 and N720 [41].

Fiber N610 N720
Chemical composition [wt. %] > 99 Al203 85 Alz203and 15 SiO2
Crystal Phase a-Alz03 a-Al203 + mullite
Filament diameter [pm] 10-12 10-12
Density [g/cm?] 3.9 3.4
Filament tensile strength [MPa] 3100 2100
Filament tensile stiffness [GPa] 380 260

Oxide/oxide CMCs with dense matrix
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For oxide/oxide CMCs with dense matrix, the improvement of toughness is related to crack bridg-
ing/deflection at fiber-matrix interface and further fiber pull-out [45, 46], which is typically accomplished
by modifying the fiber-matrix bonding through the use of fiber coating. Several methods have been devel-
oped for the deposition of coating material onto oxide ceramic fibers. Some comprehensive reviews of
ceramic fiber coatings are available, e.g. [47, 48]. A few typical examples are introduced here. The choice of
a coating process usually depends on the coating material. The chemical vapor deposition (CVD) has been
successfully applied to deposit fiber coatings with carbon (C) and boron nitride (BN) in desired orientations
[49]. However, due to their chemical character, C and BN are susceptible to oxidation and thus not suitable
for long-term application in oxidizing atmospheres. Although the oxidation resistance of single-layer coat-
ing can be significantly improved by double-layer fiber coating, e.g. BN/SiC, long-term oxidation stability at
high temperature (e.g. above 1200 °C - 1300 °C) is not achieved ([50]) and the procedure of multi-layer
coating is very complex. Liquid precursor coating techniques with slurry/sol/solution allow the immiscible
floating of multi-component oxides (e.g. monazite) to deposit on the individual ceramic filaments [51]. Due
to the relatively low efficiency of this method several coating passes are needed for fiber coating with
certain thickness (e.g. > 50 nm) and sufficient density. Furthermore, in order to prevent the strength degra-
dation of fiber through surface active decomposition products during the liquid precursor coating, the
floating chemistry must be carefully controlled [52]. A major problem by fiber coating technique is the
bridging and crusting of the coating materials, which decreases their capacity to improve the toughness of
CMCs. As compared to dense fiber-matrix interfaces, some studies about porous coating ([53]) and fugitive
coating ([54]) have been reported. Several coating materials for porous coating have been examined, e.g.
mixed carbon/zirconia (ZrO) slurry was deposited on sapphire fibers. After the embedment of coated
fibers in an alumina matrix, the carbon was removed by oxidation [53]. The term fugitive coating is used for
fiber coating that is totally removed (fugitive interface) after the manufacturing of CMCs ([54]). The ceram-
ic fibers with these weak interfaces would easily pull away from the fractured matrix and corresponding

pull-out lengths are long [53, 54].

In order to make the best use of coated oxide fibers, procedures to manufacture oxide/oxide CMCs with
highly dense matrices must be developed. The production of oxide/oxide CMCs with high matrix density is
complicated to achieve. On the one hand, the preparation of dense and defect free crystalline matrix is
challenging because the matrix shrinkage within a rigid fiber network at high temperatures typically leads
to a high amount of cracks. On the other hand, the temperatures and pressures are strongly limited by the
need to prevent damage to the fibers during the process. It has been demonstrated that dense oxide/oxide
CMCs can be fabricated using hot pressing ([55, 56]) and hot isostatic pressing ([57]). However, the poten-
tial for damage to the fiber is significant. To avoid a reduction in the mechanical properties of oxide fibers
[39-41], the temperature should not exceed 1300 °C, which is needed for manufacturing a matrix of full
density. Therefore, most oxide/oxide CMCs are sintered without pressure at relatively lower temperatures
and then re-infiltrated with e.g. slurry or sol oxide precursors to increase the matrix density (Polymer
Infiltration Pyrolysis process PIP in [58]). Since only small increments in densification can be achieved in
each step, the re-infiltrated method typically requires a number of infiltrated steps ([59, 60]). UMOX™ and
OXIPOL® are two typical oxide based CMCs with fiber coating (fugitive interface) and manufactured by PIP

process. Material UMOX™ was developed and manufactured at EADS Innovation Works (Munich, Germa-
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ny). The fiber of UMOX™ is Nextel 610 and matrix is based on a commercial micron-sized mullite powder
and polysiloxane precursor. Typical fiber volume content is 48-50 % with 10-12 % porosity and density of
2.4-2.5g/cm3. More details about the manufacturing process and mechanical properties of UMOX™ was
pursued in a PhD thesis [61]. Material OXIPOL® was developed and manufactured at DLR Institute of Struc-
tures and Design (Stuttgart, Germany). This oxidic CMC is built up by oxide ceramic fabrics and a SiOC
matrix derived from polysiloxane. Typical fibre volume content was about 42.5 % and open porosity of
approximately 10 % after five PIP cycles. The manufacturing process and mechanical properties of

OXIPOL® can be found in [62].

Oxide/oxide CMCs with porous matrix

In order to engineer the intensity of the fiber-matrix interface as an alternative concept to CMCs with dense
matrix and fiber coatings, oxide composites with a porous matrix and without fiber-matrix interphases
have been successfully developed since the mid-1990s [26]. A significant advantage of these materials is
that they eliminate the need for fiber coating, which affects the ease and cost of experimentation and the

ultimate cost of the CMC materials.

In comparison with CMCs with a dense matrix, the oxide/oxide CMCs with a porous matrix consist of only
two components: oxide fiber and porous oxide matrix. The porous matrix plays a similar role as the above
mentioned fiber-matrix bonding with porous coating. The bonding between the incorporated fibers and the
porous matrix is typically weak to allow for matrix crack deflection in the matrix near the fiber-matrix
interface. Moreover, the strength of the porous matrix should be sufficiently high to transfer a certain
amount of load from one fiber to another. At the same time, it should be low enough to enable a quasi-

ductility fracture by crack branching within the matrix and debonding the fibers and matrix.

The same oxide fibers discussed above (e.g. in Table 2.1) are combined with various matrix materials to
produce porous oxide/oxide CMCs. Table 2.2 gives an overview of typical activities observed in oxide/oxide
CMCs with porous matrix. Some important research and development concerning these materials are
conducted by the Germany Aerospace Center (DLR, Germany), the University of California (USA), the Uni-
versity of Bayreuth (Germany) and General Electrics (USA). In addition, porous oxide/oxide CMCs are
commercially available, inter alia, from Composite Optics, Inc. (COI Ceramics, USA) and Pritzkow Spezi-
alkeramik (Germany). The latter closely cooperated with Fraunhofer ISC / Center for High Temperature
Materials and Design (Germany) in recent years ([34, 63]). The processing techniques for porous ox-
ide/oxide CMCs are similar [34, 64-66]. First, ceramic textile preforms, e.g. woven fabrics with N610 or
N720, are infiltrated by a matrix slurry which bonds the fibers together by a so-called CSI process (Ceramic
Slurry Infiltration). Next, the prepregs can be stacked to form laminate with the required fiber orientations.
Then the laminates are molded and sintered in air at a high temperature (e.g. 1000 °C - 1300 °C). A typical

microstructure of porous oxide/oxide CMCs is shown in Figure 4.2.
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Table 2.2: Overview of typical activities on oxide/oxide CMCs with porous matrix through Ceramic Slurry
Infiltration (CSI).

Institution and company Fibers Matrix Typical composite Shaping of components Reference
Alumina, |
DLR e.g. WHIPOX™ Filament
N610 Alumino [67]
(Germany) N720 (N610/Alumina) winding
-Silicate
University of California N610, Mullite e.g. N610/Mullite Lamination of (68]
68
(USA) N720 -Alumina -Alumina woven fabrics
University of Bayreuth N610, Mullite Lamination of
e.g. N610/Mullite [64]
(Germany) N720 -Alumina woven fabrics
e.g. GEN-IV
General Electric N610, Alumino Lamination of
(N610/ Alumino [65]
(USA) -Silicate woven fabrics
-Silicate)
Filament
N312, Alumina, e.g. COI 720/AS
COI Ceramics winding,
N610, Alumino (N720/Alumino [66]
(USA) Lamination of
N720 -Silicate -Silicate)
woven fabrics
Alumina,
Mixtures e.g. FW12
Pritzkow Spezialkeramik N610, Lamination of
(e.g. (N610/Alumina [34]
(Germany) N720 woven fabrics
Al203-Si02, +Zirconia)
Al;,03-Zr02)

As compared to the other CMCs with lamination of woven fabrics, the porous oxide/oxide CMC WHIPOX™
in this work investigated is manufactured using a filament winding technique. The manufacturing process
and production parameters for the plate material are presented in section 4.1. The fabrication of compo-

sites via the winding process brings a number of benefits:

e The winding angle can be adjusted in any desired direction (from 0° to 90°) for load optimized fiber
orientation.

¢ Different and complex shapes are possible using suitable plastic mandrels.

e Grid structures can be achieved by variation of the winding pattern.

e The fiber volume content can be adjusted by modification of particle size distribution within the

slurry [69].

Because of the high flexibility of fiber orientation created by winding technique, the variability of the fiber
arrangement requires advanced models for the modeling and prediction of the mechanical properties of
CMC components. Detailed descriptions of the developed advanced modeling approach for wound CMCs are

introduced in section 7.
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2.2 State-of-the-art in mechanics of CMCs

2.2.1  Concept of toughness enhancing mechanisms for CMCs

As mentioned in section 2.1, there are two concepts which can be applied to enhance the toughness of
CMCs, either suitable fiber coatings for Weak Interface Composites (WICs) or weak matrices for Weak

Matrix Composites (WMCs).

Brittle failure
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Figure 2.1: Explanation of brittle and non-brittle CMC behavior with respect to the relative fracture energy of
interface and fiber and the relative stiffness of fiber and matrix [70] (Adapted with permission from Elsevier).

WIC materials typically have a dense matrix but a weak fiber-matrix interface in order to allow debonding
between fibers and matrix. This increases the fracture toughness of the composites [25, 70]. In contrast,
WMC materials have a weak and soft matrix, which enables a crack deflection to occur within itself while
preventing the brittle failure of CMCs [26, 70]. Based on the initial works concerning crack deflecting mech-
anisms in [25, 71], a direct connection between the failure mode and the relative fracture energy of inter-
face and fiber (I;/I) as well as the relative stiffness of fiber and matrix ((Er — Ey;)/(Er + E};)) can be
plotted in Figure 2.1 ([70]). Generally, non-brittle failure with debonding effects occurs if the ratio of frac-
ture energies is low. In the case of WICs, the Young’s modulus of matrix and fiber are similar, therefore the
fracture energy of the interface relative to the fibers must be rather low (I;/I» < 0.25) to prevent brittle
failure. With WMCs, the stiffness of the matrix is usually much lower compared to the fibers, thus the prop-
erties of the interface will play a minor role (Figure 2.1). According to the analysis of the microstructure in
Figure 4.2, the investigated material WHIPOX™ typically shows a porous alumina matrix. A defined inter-
face between the fiber and matrix, e.g. due to fiber coating, does not exist for WHIPOX™. Therefore,

WHIPOX™ should be classified as a WMC material from a microstructural point of view.
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Figure 2.2: Representative tensile stress-strain curves in axial (0°/90°) and diagonal (+45°/-45°) directions of
(a) a WIC composite SiC/SiC by Chemical Vapor Infiltration (CVI) and (b) a WMC composite C/C by Polymer
Infiltration and Pyrolysis (PIP) [70] (Adapted with permission from Elsevier).

However, the tensile stress-strain curves of typical WICs and WMCs in Figure 2.2 [70] show that it is diffi-
cult to classify WHIPOX™ according to its macroscopic mechanical behavior. The weak matrix with low
stiffness leads to a significantly different stress-strain behavior in a WMC (C/C in Figure 2.2b) in compari-
son with a WIC (SiC/SiC in Figure 2.2a). The typical WMC material in Figure 2.2b shows strong differences
between the 0°/90° and the +45° directions: in the axial direction (0°/90°) the behavior is almost linear
elastic and in the diagonal direction (#45°) it is strongly non-linear. The strengths and the initial stiffnesses
of both directions are totally different. In the case of WHIPOX™, the tensile stress-strain curve in 0°/90°
shows a slight non-linear behavior (see test results in Figure 7.17a) and the ratios of the failure strength
and tensile moduli of both test directions (0°/90° and #45°) are around 1 (see test results in Table 6.1 and
Table 6.2). Therefore, as compared to the classification system according to microstructure, the porous
WHIPOX™ at a macrostructure level tends more towards a WIC-like behavior even though no fiber coating
is used in the material. It should be noted that although a classification of CMCs makes sense to describe

and even predict their behavior, a careful and complete inspection for that particular material is necessary.

Moreover, although some reports showed that for WICs (e.g. SiC/SiC by Chemical Vapour Infiltration) a
micromechanical approach is applicable ([20, 21]), macroscopic modeling of WMCs mechanical behavior is
also possible ([19, 70]). Because of its microstructure and macroscopic mechanical behavior, WHIPOX™ is
neither a typical WMC nor a WIC material. Throughout the course of this work, it will be shown that the
material behavior of WHIPOX™ can be modeled through macroscopic homogenization with the use of an

equivalent UD-layer model. These modeling approaches are presented in section 7.

2.2.2  Modeling of the mechanical properties of CMCs

With a fiber reinforced composite material with variable fiber orientations and different structure parame-
ters (e.g. the material of fiber and matrix and interface, the amount and sequence and thickness of the
layers) it is desirable to be able to model the mechanical properties with only few basic data. This helps to

minimize the effort required for experimental determination. Several modeling approaches and finite
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element analysis have been developed and implemented for the prediction of the mechanical behaviors of
fiber reinforced materials, especially for composites with polymeric matrices. However, due to their com-
plex nature, a complete and validated methodology for modeling the mechanical behavior of the composite

has not yet been fully achieved.

Based on the relationship between models and the physical behavior of composites, modeling approaches
can be classified as either implicit or explicit. The implicit models describe the behavior of materials using
only a mathematical form of inputs and outputs without representing any underlying physics. Usually an
optimum approximation function is used to define the mathematical relationship between experimental
data (inputs) and material behavior (outputs). The accuracy of the approximation is strongly dependent on
the reliability of the input-output data setting. The implicit models can be developed for any material, for
example material with inelastic behaviors [72] and fiber reinforced composites [73]. A significant drawback

of implicit models is the limitation of application beyond the range for which they were developed.

Explicit models are classical modeling approaches used to define the constitutive material system by con-
necting physically based theories with behavior of material. The mechanical behavior of composites is
normally defined as constitutive stress-strain relationship, which can be accomplished with scales of differ-
ent lengths: microscopic, mesoscopic and macroscopic. A further scale at nanolevel was reported in a few
publications for CMCs [74]. It should be noted that, by some publications, a distinct division between micro-
and mesoscales were not presented. Instead, a general micromechanical approach was defined with mixed
micro- and mesoscopic structures. On the basis of the so-called “equivalent inclusion method”, which was
originally proposed in the 1950s by Eshelby [75], homogenization techniques are performed to define the
Representative Volume Element (RVE) for each hierarchy level. The RVE has a suitably small volume, which
is large enough to be a good representative of the microstructure of material, was initially defined by Hill
[76]. For heterogeneous material, e.g. continuous fiber reinforced composites, the RVE at microlevel is a
single long fiber with or without fiber coating. At mesolevel the RVE consists of a number of unidirectional
long fibers (with or without coating) surrounded by matrix and other inclusions, e.g. pores within matrix.
On a macroscopic scale the RVE presents usually the individual plies (e.g. UD-layer) or laminate (e.g. 0°/90°

laminate).

The micro- and mesoscopic methods based on homogenization techniques and on RVE allow for a good
prediction of composite properties. At these levels the properties of the RVE consist of its fiber and matrix
constituents along with its micro- and mesostructures. The well-known Mori-Tanaka model ([77]) is widely
used for modeling the mechanical properties of different composite materials. This is an inclusion model,
where fibers are considered to be inclusions embedded in a homogeneous medium (matrix). Another well-
known model is the self-consistent model which has been proposed by Hill [78] to be useful in the modeling
of the elastic properties of composite materials. By using continuum damage mechanics with factoring in
the development of matrix cracking and fiber failures based upon fracture statistics, the prediction of
progressive damage can be achieved for CMCs, especially for WICs e.g. SiC/SiC by Chemical Vapour Infiltra-
tion [20, 21]. More complex models may also include the interface and interphase region between fiber and

matrix [79]. The numerical evaluation of these models can be accomplished by means of the Finite Element
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Method (FEM) [80, 81]. Due to the required redefinition of RVEs for varied fiber orientations of wound

CMCs, the use of micro- and mesoscopic models is not efficient.

The modeling approach at the macroscopic level usually involves analyses at a range of scales that includes
the UD-layer. Similar to the RVE, the UD-layer model can be considered as identical repetitive elements for
prediction of mechanical behavior of CMCs. Ideally, the available stiffness parameters of fibers and matrix
as well as their respective contents can be used to evaluate the properties of UD composites through the so-
called mixing rule. Based on the properties of individual UD-layers and the stacking sequence, the Classic
Laminate Theory (CLT, see section 5.1) can be adapted for composites. The initial rule of mixture models
was proposed by Voigt in [82]. Several models with more factors emerged later to correct the Voigt-model.
This was especially the case when is came to the results of young’s modulus in transverse direction and
shear modulus, e.g. Halpin-Tsai model in [83] and Chamis-model in [84]. However, due to the lack of data
concerning the fiber and matrix properties after composite manufacturing, the determination of engineer-
ing constants through fiber and matrix and the law of mixtures is particularly difficult. Furthermore, in
comparison with fiber reinforced polymer composites, the manufacture and characterization of repre-
sentive UD-CMC-materials is almost impossible due to the non-typical unhindered shrinkage of matrix
transverse to the fibers during the production process. This prevents the UD-material from being consid-
ered as representative material for CLT. In order to solve these problems, an inverse approach for CLT
using an equivalent UD-layer to determine the material behavior is presented in this work and some results

have been reported in [85-88].

2.2.3 Failure criterion

Usually, the individual strengths determined from simple specimens under tensile, compression and shear
testing are used to measure the mechanical load capacity of a material. However, because of the complicat-
ed multi-axial load, the dimensions of the components with practically oriented designs and constructions
require a guaranteed failure criterion. This should connect the loads in the components and the individual
strengths determined from single tests. Such failure criterions for isotropic materials have been long in
theoretical development. They reduce the multi-axial stress in components down to a single so-called
equivalent stress, which is then compared with a single strength, usually the tensile strength. The prerequi-
site for the application of most classical failure criteria is that the material must be able to be considered to
be a homogeneous, isotropic continuum with direction independent failure behavior. However, these
assumptions are not suitable in the case of fiber reinforced composites: anisotropic properties with direc-
tion dependent strength; different tensile and compressive strengths; anisotropy of fracture types, e.g.
fracture of the component A (e.g. fiber) under load in one direction and fracture of component B (e.g. ma-
trix) or interfacial fracture between component A and B under load in the other direction. On the other
hand, due to the large number of possible design parameters (e.g. the material of fiber and matrix, the
amount and sequence of the layers, the fiber orientation and thickness of each layer) it is not possible to
achieve a failure criterion for all cases through mechanical experiments. Therefore, similar to stiffness
modeling in section 2.2.2, most approaches for the failure analyses are performed on the basic element of a

laminate, the UD-layer. Above all, there are a number of theories concerning failure criterion for composites
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(e.g. compiled in [89-91] and reviewed in [92-94]), but a fully satisfying solution is not yet available. A

rough briefing of the commonly applied failure criteria is presented in this section.

Failure criteria can be formulated as strain or stress criteria. In principle, both forms are identical because
stress and strain are causally related through the stiffness matrix. Thus, one form can be converted in the
other form. However, it is hampered by significant practical difficulties with non-linear stress-strain rela-
tionships. Stress failure criteria for isotropic and brittle materials were based on the works of Mohr [95].
Von Mises and Tresca complemented this hypothesis by developing a criteria named after von Mises with
implementation of yield stress for plastic deformable materials [96]. Based on the von Mises yield criteria,
Hill developed one of the first anisotropic failure criteria, which is suitable for use with ductile metallic
material with slight anisotropic homogeneous properties [97]. However, the condition needed for the
application of this criterion is an equal tensile and compressive strength in the respective axis direction,
which is usually not the case with fiber reinforced composites. Following yield conditions for orthotropic
materials, numerous authors, e.g. Goldenblat-Kopnow in [98], Hoffman in [99], Tsai-Hill in [100] and Wu-
Scheublein in [101], proposed quadratic fracture conditions with interpolation functions for laminates.
Based on those ideas, a polynomial tensor can be used to describe the failure surface. The most commonly
applied hypothesis is the Tsai-Wu failure criteria ([16]). This uses a similar approach by considering inter-
actions between different components of the stress and strain tensor. It is argued that the difference be-
tween fiber breakage and matrix cracks cannot be distinguished by the Tsai-Wu criteria. However, it has
been improved by using the modified definition of the directional failure indices by the work of Paepegem
in [18]. Therefore, it appears that it is now possible to predict which stress component is mainly responsi-
ble for failure. An approach for the material WHIPOX™ based on the statistical criteria has been reported
recently in [102]. A correlation between the experiment and computed results can be observed for few
different fiber orientations. A significant drawback of this approach is the limitation of practical applicabil-
ity for other winding angles. An overview of some typical non-physically based failure criteria for compo-

site with anisotropic properties is summarized in Table 2.3.
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Table 2.3: Overview of some typical non-physically based failure criteria for composite with anisotropic prop-
erties.

Non-physically based failure criteria
Ky_s, Ci_s and F; j ;j.: strength parameters; o; ; , and 7,: stress component
Equal tensile and
compressive
Hill (1948) K,02 + K,0% + K3000, + K15, = 1 strength in the [97]
respective axis
direction
Goldenblat- General formula-
B 14 _ - tion of failure
F;0))* + (Fjj0;0;)" + (Fijxoi0i0) + =1 i,j,k
Kopnow (Fioi) ( v 1)= 1(2 g)k + k') (] criterion in the [98]
1965 " form of polynomi-
( ) al tensor
Different tensile
Hoffman and compressive
C1(0? — 0,0;) + C,02 + C30, + C40, + Cs12, = 1 strength in fiber [99]
(1967) and transverse
directions
Tsai-Hill Particular case
sai-Hi e
K 02 + K02 + Ks0y0, + Kyt2y = 1 from Hill-criterion [100]
(1968) for transverse
isotropic strength
Tsai-W Detailed descrip-
sai-Wu . -
Fof + Fyoio; =1 (i,j = 1,2,6) tion of Tsai-Wu ) 1 ¢
(1971) S criterion is shown
in this work
Wu- Cubic failure
criterion from
Scheublein Fio; + Fij0;0; + Fijroi0j0, = 1 (i,j,k=1,2,6) Goldenblat- [101]
Kopnow with
(1974’) a:ﬁ:y:l
Extension of Tsai-
Paepegem Wau criterion with
fPaepegem(Zij) =1 (i,j=12) directional failure | [18]
(2003) indices };; (sec-
tion 5.3.4)
Pf comp.: Probabil-
ity of failure g(o).:
T. Becker stress dependency
Prcomp. =1 —exp [—f g(o)av of failure proba- [102]
(2016) Veomp. bility in the whole
volume of the
component V.o,

Several physically based criteria have been developed in the last years. One of the most important is the
work of Puck in [17]. According to the hypothesis, two basically independent criteria are applied: one for
fiber failure (FF) and the second for inter-fiber failure (IFF). The latter one includes the matrix cracks and
interface failure between fiber and matrix. In this model, the stresses in the fracture surface are responsible
for IFF. In the case of positive normal stress on the fracture plane, all the stress components foster failure.
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In contrast negative stress increases the strength because of internal friction. Based on Puck’s model, an
engineering guideline for strength analysis of the fiber reinforced plastics components was released by the
association of German Engineers (VDI) [103]. By adding the influence of the layer thickness and layer
angles of the neighboring laminate, the Puck theory was improved in regards to prediction of the initial
failure stress [104]. Furthermore, based on the stress invariants, the behavior of five different failure
modes (two FF and three IFF) can be calculated by Cuntze model with consideration of probability of failure
([105]). Generally, to evaluate the inclination of the fracture surface at zero normal stress using the Puck
failure criterion or Cuntze model, strength values and additional material parameters are required. Due to
the lack of recommendations for these inclination parameters (e.g. in [106]) for CMCs, it is particularly
difficult to apply the physically based failure criterion for the investigated WHIPOX™ material or other
CMCs. Furthermore, due to the fact that the Puck failure criteria were developed on the basic structure
element of fiber reinforced polymeric composites, the UD-layer, identification of the failure mechanism
through Puck method may not be suitable for CMCs with braided, wound or woven structure. For example,
fiber failure (FF) instead of inter fiber fracture (IFF) can be observed in Carbon/Carbon ceramic composites
with woven structures under transverse pressure, which is not expected when using the Puck analysis of
failure mechanism [107]. The above mentioned physically based failure criteria are summarized in Table

2.4.

Table 2.4: Overview of some typical physically based failure criteria for composite with anisotropic properties

Physically based failure criteria

0,: normal stress on the fracture plane

Tpe: Normal/transverse shear stress on the fracture plane
Puck (2002) fruck(Ons Tnts Th) = 1 . . [17]
Tp1: normal/longitudinal shear stress on the fracture plane

Tow basically independent failure: FF and IFF

feuntze(lh, Iz, I3, Iy, Is) | I_g: Invariants of the transversally-isotropic UD-material
Cuntze (2004) =1 [105]
Five different failure modes: two FF and three IFF

foong(n) Tnes Tn1, N, 6) Improvement of Puck criteria with consideration of layer thick-

Dong (2014) =1 ness (N) and layer angles (8) [104]

Considerable effort has been put into the development of suitable models to reliably predict the failure of
fiber reinforced composites. It should be noticed that the attempt to develop a universal failure criteria for
all fiber composites with any desired laminate structures has resulted in a confusingly large number of
failure criteria for the composite design engineer. No recommendation for a choice can be given because
none of the criteria is substantiated by sufficient experiments. Furthermore, the commonly discussed
failure criteria were designed for fiber reinforced polymer matrix and not for CMCs. The production and
characterization of the representative UD-layer is a challenge for CMC materials. Therefore, instead of a real

UD-layer, a virtual equivalent UD-layer was implemented in the Tsai-Wu quadratic failure criterion. The
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modified Tsai-Wu method with directional failure indices for the modeling of the mechanical properties of

wound CMCs has been developed and is presented in this work.

2.3  Motivation and procedure

A key advantage of wound CMCs is their in-plane anisotropic material behavior, which strongly depends on
the winding angle 6. Since the winding angle of each layer can be adjusted to any desired direction (from 0°
to 90°) during the manufacturing process, the wound CMC components can be designed and optimized with
stress-optimized fiber arrangement. Due to the variability of the fiber orientation and the complex material
behavior, the design of CMC components, such as WHIPOX™, which represents one variant of an oxide fiber
reinforced ceramic matrix composite, has to be supplemented with an advanced modeling approach for the
prediction and assessment of the material properties of wound CMCs. In this way, experimental efforts

towards mechanical characterization with any desired fiber alignment can be minimized to a great extent.

To find the mechanical constants of a laminate from the individual properties of the fiber and the matrix is a
challenge for CMCs. This can be explained by the lack of required properties within the composite, especial-
ly the ones of matrix. The microstructure of the matrix, considering micro-cracks and specific matrix-
porosity after the complex manufacture process, for example, sintering at temperature more than 1000 °C,
is totally different from pure matrix properties and depends on the fiber orientation. Therefore, the use of
the law of mixture with individual fiber and matrix (see section 2.2.2) is not possible. Two more concepts
based on material homogenization techniques, either with the unit cell model or with the UD-layer model,
can be used to build up geometrically-identical repetitive elements for the prediction of mechanical proper-
ties of the composites. The modeling approach with respective volume units at the micro- and mesostruc-
ture level has been discussed in section 2.2.2, which includes the mixed properties of the fiber, the matrix
and the microstructure in a representative volume unit (RVU). Due to the requirement of a redefinition of
varied fiber orientations (e.g. winding angle), the use of RVU is not efficient. Furthermore, the production
and characterization of CMC UD-layers is also critical because of non-typical unhindered shrinkage of
matrix transverse to the fibers during processing. This prevents the UD material from being considered as
the representative material. Therefore, modeling of the mechanical properties and prediction of failure by
classic failure criteria with UD-layers, which has been discussed in sections 2.2.2 and 2.2.3, cannot be

directly implemented for wound CMCs.

The main aim of this dissertation is to discuss the characterization and modeling of the mechanical proper-
ties of wound oxide ceramic composites. The framework of this thesis involves the calculation and applica-
tion of the properties derived from a virtual equivalent UD-layer used for the modeling of material behavior
of wound CMCs. At first, the mechanical properties of the investigated wound oxide ceramic composite
WHIPOX™ with different winding angles is characterized through in-plane mechanical testing. Then, the
engineering properties of the equivalent UD-layer are calculated using an inverse operation of classic
laminate theory and Cartesian transformation. After that, the values of maximum stress, maximum strain
and the inelastic deformation of the virtual UD-layer are evaluated using the mechanical test results. Final-

ly, through the stacking of these equivalent UD-layers with any desired layer structure (fiber orientation,
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thickness and number of layers), an equivalent layered composite is created. Its in-plane material behavior
can be predicted and described with the help of modified CLT and modified Tsai-Wu failure criteria. It
should be noted that the damage mechanism for the investigated material WHIPOX™ is beyond the scope of
this study. Therefore, the initial cracks caused by first-ply-failure (FPF) and further distribution or devel-
opment of cracks until last-ply-failure (LPF) are not discussed in this dissertation. Instead, the modeling
approach with successive ply failure will be used for the determination of the stress and strain values of the
material WHIPOX™. The reduction of the effective stiffness after the FPF will be discussed in section 7.
Furthermore, a point-by-point modeling of material behavior up to its failure is not the aim of this study.
Based on the analysis of different microstructures (see section 4.2), two models were used to describe
composite behavior and to predict failure strength and strain. Firstly, the linear model was used for the
group with linear elastic behavior up to its failure. Secondly, the bilinear/multi model was used for the
group with non-linear behavior beyond the virtual yield stress, as well as for the situation with successive
ply failures of laminate after the failure of first layer group. Moreover, by using the modified definition of
the directional failure indices it is possible to predict which stress component is mainly responsible for
failure. A detailed explanation of the procedure of modeling approaches will be configured and represented

in section 7.

2.4  Specifications of the investigated topic

As mentioned in section 2.3, advanced modeling approaches with UD-layer properties are created for the
evaluation and prediction of the material properties of wound CMC components. Compared to fiber rein-
forced polymer composites, the modeling of mechanical properties by direct implementation of CLT is very
difficult for wound CMCs because of the challenge of the manufacture and the characterization of their
representative UD-layer. Therefore, instead of using actual UD-layer, a virtual equivalent UD-layer was
implemented in the proposed approach. As the core component of the modeling chain, the complete mate-
rial properties of the equivalent UD-layer including elastic properties, strength, strain and inelastic defor-
mation were calculated and evaluated. Through the stacking of these equivalent UD-layers with any desired
fiber orientation, e.g. non-orthogonal, orthogonal and asymmetrical (off-axis), an equivalent layered com-

posite is created and its material constants can be predicted.

The modeling approaches developed in this study may be applied to other fiber reinforced composites
manufactured by the winding process. However, particular features of the investigated material have to be
taken into consideration in order to predict mechanical properties with more accuracy. Based on the inves-
tigation results four distinctive features of material WHIPOX™ are implemented in the modeling approach-

es:

Identification of inhomogeneity in the investigated plate through Non Destructive Inspection.

Interaction between failure strength and strain through inelastic deformation.

Division of material modeling groups based on the analysis of microstructure.

Update of the analytical models for different batches with inhomogeneities created due to the manu-

facturing process.
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A modified stiffness matrix with consideration of these particular features leads to a precise prediction of
material properties. Detailed description of the modeling approach with consideration of the particular

features of WHIPOX™ is introduced in the following sections.
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3 Experimental Set-Up

3.1 Non Destructive Inspection Set-Up

Non Destructive Inspection (NDI) techniques are important tools used to provide the necessary infor-
mation needed to understand the microstructure of materials and to identify the failure relevant defects
that may occur during manufacturing. Air-coupled ultrasonic (US) testing and Lock-in thermography test-

ing were used to investigate plates and micro-Computer Tomography (CT) to sample materials.
Air-coupled ultrasonic testing

Air-coupled ultrasonic testing is a non-destructive and contactless inspection technique. The test technique
that was used here is a through transmission mode using a device from Second Wave System Corp. in
Figure 3.1. The emitting transducer (emitter) above the test sample sends an ultrasound signal of approx.
180 kHz frequency which enters the sample and transmits through the thickness of the laminate structure.
The attenuation of the signal is detected with the receiver at the lower end of the specimen. The ultrasound
signal is absorbed, reflected or simply scattered. A strongly attenuated or nonexistent of signal is detected
by the receiver if a material defect (pore and delamination) is encountered by the transducer couple. To

scan the whole specimen, both transducer (emitter and receiver) move synchronously line by line with step

size of 2 mm. More details about the physical background of air-coupled ultrasonic testing are described by

StoRel [108].
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Figure 3.1: Set-up of air-coupled ultrasonic testing.

Lock-in thermography testing
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Lock-in thermography inspection was used as a reference test method in order to confirm the results of the
air-coupled ultrasonic measurements. Similar to air-coupled ultrasonic, lock-in thermography testing is a
non-destructive and contactless inspection technique, which is based on the propagation and reflection of
thermal waves. With modulated external heaters, e.g. synchronized halogen lamps from different directions
(Figure 3.2), the surface of the specimen is illuminated. The generated thermal wave propagates through
the CMC material and can be reflected by any kind of internal defects. The interference of incoming and
reflected waves generate a harmonic oscillating radiation pattern on the specimen’s surface which can be

detected by an infrared camera over a certain period of time [109].

Specimen

Figure 3.2: Set-up of lock-in thermography testing in a laboratory [109].

Micro-Computer Tomography

Micro Computed Tomography (nuCT) scans of CMC samples have been performed using a high resolution
uCT-System in Figure 3.3 (nanotom, GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany)
consisting of a microfocus x-ray tube (source) with a maximum of 180 kV accelerating voltage and a 12-bit
flat panel detector with an active area of 2300 x 2300 pixels at 50 microns per pixel. The CT scans were
realized at the x-ray parameters 80 kV/200 pA and at an exposure time 3000 ms. A voxel size of 1.16 pm
could be achieved. During a complete rotation (360°) of the specimen, 2000 x-ray projections were ac-

quired and afterwards reconstructed with a special algorithm known as Filtered Back Projection.
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Detector Source

Figure 3.3: Set-up of Micro-Computer Tomography testing.

3.2  Fiber volume content and porosity

Fiber volume content (FVC) and porosity (e') are important elements in composite engineering used to
assure quality of the laminate and component. Depending on different requirements, they could be varied
within a certain range. A different FVC can be realized through varying amounts of wound fiber filaments
or the thickness of layers. Porosity can be adjusted through different parameters of manufacturing or re-
handling, e.g. the matrix porosity of WHIPOX™ is reduced through multiple infiltration of the as-sintered
components [67]. On the other hand, the uncertainties from manufacturing result in variation in the FVC
and porosity of the as processed CMCs. A manufacturing factor 0 which considers these uncertainties is
introduced in section 5.5 to adapt the analytical. The determination of FVVC and porosity is described in this

section.

The FVC of the composites is calculated through the measurement of the initial weight of the fibers and the

total volume of the finished component. It can be given by

(WF/PF) _ (WF/PF)
Ve 100= Vm + V)

FVC = 100

3.1

where Wy is the weight of the fibers, pr is the density of the fibers, V), is the volume of matrix, V is the

volume of fibers and V. is the total volume of the finished component.

The porosity of the composites is measured using Archimedes method [110]. The dry component is first
weighed under normal atmospheric conditions and then weighed while submerged in water. Finally, it is
weighed wet after being taken out of the water. Using the Archimedes principle the following equation used

to determine porosity is obtained
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where Wy, is the weight of the component under normal atmospheric conditions, W, 4¢ is the component

Wwet - Wwater

r_ Wwet - Wdry 100

submerged in water and W,,.; is the component after being taken out from water.

3.3

The essential material properties were determined and evaluated using mechanical in-plane testing. The
samples for the experiments were cut from flat plates with varied fiber orientations. All the tests were
performed at room temperature in air under quasi-static loading. Table 3.1 gives an overview of the per-
formed mechanical tests and the investigated orientations relative to the specimen’s longitudinal axis. The
experiments were performed up to failure of sample on an universal testing machine (Zwick 1494) at a
controlled cross head speed of 1 mm/min. The failure stress was calculated from the maximum load. For

statistical confirmation at least three to six tensile, shear and compression samples per series were tested.

Table 3.1: Specimen geometry and dimensions, loading direction and the investigated orientations.

Mechanical testing

Test

Test geometries, dimensions and loading direction

Investigated orientations 8

Tensile

+3°/487°,
+15°/£75°,
+22.5°/467.5°,
+30°/160°,
+45°,0°/90°
and 0°/60°

Compression

+15°/475°,
+22.5°/+67.5°,
+30°/+60°
+45° and
0°/90°

losipescu -Shear

+3°/187%,
+15°/+£75°,
+22.5°/467.5°,
+30°/+60°
+45° and
0°/90°

1 The experimental tensile and shear tests for the investigated orientation +3°/+87° in this study were conducted in Institute of

Materials Research, German Aerospace Center Cologne.
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Experimental Set-Up

Tensile specimens with the dimensions of 150*10(8)*5 mm? in Table 3.1 were produced with a reduced
cross section in their gauge areas in order to prevent failure in the clamping section and to assure failure in
their center regions. For the tensile test, the longitudinal and the transverse strains were measured with
strain gauges. The experimental tensile tests for the investigated orientation +3°/+87° in this study were
conducted at Institute of Materials Research, German Aerospace Center Cologne. Strain gauges for longitu-
dinal strains were glued for compression tests. During shear tests, the strain was evaluated using strain

gauges in the +45° and in the -45° directions relative to the shear loading direction.
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4 Investigated material WHIPOX

4.1  Processing of plate material

The investigated material WHIPOX™ is a continuous fiber reinforced oxide/oxide ceramic composite,
which represents one variant of an oxide fiber reinforced ceramic matrix composite. It was developed and
produced in the Institute of Materials Research, German Aerospace Center Cologne. WHIPOX™ components
are manufactured by a computer controlled filament winding process with slurry infiltration of ceramic
fiber bundles. The winding process allows a variable shape with regards to the core, thereby forming the
component and the architecture of the fiber reinforcement. Figure 4.1a shows an initial stage of WHIPOX™
winding with angles of +45°. A key advantage of wound CMCs is its in-plane anisotropic material behavior,
which strongly depends on the winding angle +6°, defined between the longitudinal axis X of the wound

preforms and the fiber tows direction (see Figure 4.1b).
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Figure 4.1: (a) Initial stage of winding process for WHIPOX™ material [111] and (b) WHIPOX™ plate with
schematic representation of winding structure and winding angle +6°.

The manufacturing process for even plates is carried out in five steps: matrix infiltration of fiber tows,
winding with angles defined to the cylindrical preform (green body), cutting and flat lay-up, drying and
then sintering for about 1 h at 1300 °C [8, 23]. Although the green body is quite flexible in the wet state, the
flattening and the forming of the laminate may lead to rearrangement of the filament bundles and therefore
microstructural inhomogeneity. Moreover, the fiber crossing point, which is a typical feature of the winding
process, creates local zones of increased porosity. The intermediate pore sizes of these zones and the
periodic shifting of the crossing points across the laminate’s thickness are strongly influenced by the wind-
ing angle and the thickness of the fiber rovings [23, 112]. A WHIPOX™ plate with a schematic representa-
tion of the winding structure and winding angle +6° has been shown in Figure 4.1b The following Table 4.1
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lists the material composition of WHIPOX™. The fiber volume content and the porosity fluctuate in a wide
range. The individual values of the respective WHIPOX™ plates have been measured and summarized in

section 6. The description of the measuring methods can be found in section 3.2.

Table 4.1: Material composition of WHIPOX™

Fiber type Nextel™ 610 (Al203)
Fiber diameter Approx. 12 um
Fiber bundles 3000 DEN
Fiber Volume Content 34.0-43.0%
Matrix Al203
Porosity of composite 18.0-32.0%

4.2  Microstructural investigation: shrinkage cracks

The highly porous matrix of WHIPOX™ (see Figure 4.2 and the value of porosity in Table 4.1) is aimed to a

possible notch insensitive and damage tolerant behavior (see sections 2.1 and 2.2.1).

EHT = 500kY  Signal A= SE2
W08 tif

Figure 4.2: Microstructure of WHIPOX™ with fiber cross section and highly porous matrix.

Due to the microstructure of WHIPOX™, the calculation and modeling of material behavior encounter two
challenges. The majority of WHIPOX™ structure has a layer-like design, however, the winding processing
induces crossing lines where the fiber bundle crosses are to be found in WHIPOX™ structure (see the

44



Investigated material WHIPOX

schematic representation of winding structure in Figure 4.1b). The relationship between the structure of
these areas and the mechanical properties of WHIPOX™ is presented in [113]. In this work, an equivalent
unidirectional layer with the mixed characteristics of layer-like design and crossing lines has been present-
ed and used for the modeling of WHIPOX™ mechanical behavior. Another challenge of WHIPOX™ micro-
structure for modeling is that the experimentally determined transverse stiffness (perpendicular to the
fiber direction) of the “quasi” UD-material (e.g. £3°) does not reflect the circumstance in a layer structure
with alternating fiber orientations. This is especially true for fiber architectures with increasingly vertical
sloping of the two fiber directions, particularly 0°/90° (winding angle +45°). The reason for this difference
is the shrinkage cracks in the WHIPOX™ matrix. As mentioned before, during the sintering process of
WHIPOX™, shrinkage of the matrix is blocked by the stiff fibers of adjacent layers. The maximum hindering
of shrinkage is reached at high winding angles, e.g. +45° (0°/90°) winding. This leads to cracking of the

matrix during sintering and thus the reduction of Young’s moduli in the transverse direction.

Micro Computed Tomography (uCT) was applied for the analysis of shrinkage cracks (section 3.1) for
different winding angles and batches. Image processing techniques such as median filtering were applied to
the CT volume images in order to reduce the noise. This step contributed to increase the reliability of image
calibration based on gray scale methods. The purpose of the so called calibration or segmentation is to
define both material and background allowing the quantitative analysis of CT data through the evaluation
of features such as shrinkage cracks, open and closed porosity, inclusions, etc. The software VGStudioMax
2.2 (Volume graphics GmbH, Heidelberg, Germany) was used for this purpose. The following results have

been published in [88].

(@)

CT-scan

(b)

7

CT-scan

Figure 4.3: CT-images of the WHIPOX™ material with different fiber orientations: (a) Winding angle +45°. Red
marked areas show shrinkage cracks, which are perpendicular to the fiber's orientation; (b) Winding angle
+22.5. There are no shrinkage cracks visible.
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In Figure 4.3a fiber parallel matrix cracks are clearly visible for the sample with a fiber orientation of +45°.
In order to quantify the difference, crack density will be calculated for different winding angles. In the case
of +45° the density of the cracks equals approx. 7 per mm?. In contrast, no shrinkage cracks are visible for

the +22.5°-orientation in Figure 4.3b.

Further microstructure analysis results through pCT for different batches with the same winding angle of
+30° are shown in Figure 4.4. Samples from batch BT30 in Figure 4.4a have a similar distribution and crack
density (approx. 6 per mm?) as +45° in Figure 4.3a. At the same time, no shrinkage cracks are observed in
Figure 4.4c in batch WF30 with the same winding angle of +30°. Sample BR30 with a crack density of
approx. 3 pro mm? lies between these two cases as its CT-analysis shows in Figure 4.4b. WHIPOX™ materi-
al with the same fiber orientation (+30°) but a different microstructure can be explained as the effect of

manufacturing scatter.

CT-scan

Figure 4.4: CT-images of WHIPOX™ material with a winding angle of +30° from different batches: (a) sample
BT30 similar crack density and distribution as +45° in Figure 4.3a; (b) sample BR30 with a crack density of
approx. 3 pro mm?; (c) sample WF30 with no shrinkage racks.
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Figure 4.5 shows the relationship of crack density and winding angle (from 0° to 45° because of the sym-
metry). It should be noticed that the calculation of crack density is a quantitative binary approach to esti-
mate, whether the shrinkage cracks are existent or not. Based on the microstructure analysis of matrix
cracks, no monotonic increase of the crack density in relation to winding angle can be observed. A transi-
tion line between the matrix with and without cracks can be found in the winding angle of +30°. No cracks
were observed for smaller winding angles. WHIPOX™ with winding angles of #30° through +45 showed
similar crack distributions. Therefore, as one of the particular features of the investigated WHIPOX™, the
modeling of the properties of WHIPOX™ was divided into two classes: WHIPOX™ with matrix cracks and
WHIPOX™ without matrix cracks.
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Figure 4.5: Crack density of different winding angles.
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5 Modeling Approach

For the modeling of mechanical behavior, detailed description of the advanced modeling approach with and

without particular features of WHIPOX™ are introduced in this section.

5.1 Classical Laminate Theory

The Classical Laminate Theory (CLT), which is based on the engineering constants of individual UD-layers
and the stacking sequence, has been discussed in a number of studies and has been successfully adapted for
composites with polymeric matrices for the calculation of material properties (e.g. compiled in [114]). All
issues which are necessary for the modeling of the in-plane mechanical behavior of CMCs are described in

the following text.

For the application of CLT on thin plies and boards, some reasonably accurate assumptions have been
made: the material properties of the matrix are homogeneous and isotropic on a macroscopic scale; no
relative movement between the fiber, the matrix and the individual layers exists; the residual stresses are
irrelevant; the material exhibits linear elastic material behavior under in-plane stress conditions. In this
case, the displacement in the plane is assumed to be a linear function of the layer thickness and the cross
section remains flat. Accordingly, the shear strain ¢,, and &,, must be set to zero. With these prerequisites,
the performance of a laminate can be reduced to two-dimensional behavior of the middle surface of the

layer.

For further consideration, the strain ¢; and &j with i,j = x,y,xy are first calculated in three-dimensional

status through kinematic equations [114]:

du

Ex = g
5.1

v

Ey = @
5.2

ow

&, = E
5.3

_ 1 <6u N 617)
fv =3 dy Ox

5.4
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_ 1 (617 4 GW)
&z =7\0z dy
5.5
1 (au + 6w>
&2 =5\02 " ox
5.6

where u, v and w present the displacements in x, y and z-direction, respectively (see Figure 5.2). The
displacement in the plane is assumed to be a linear function of the thickness, applies to the displacements

U and Vv [114]:

u=u(x,y) +zfi(x,y)
5.7

v y) +zf2(x,y)

<
I

5.8

where u° and v° are the displacements of the middle surface of the layer. Because the strains £yz and &y,

must be set to zero, the functions f; (x, y) and f,(x,y) can be expressed through insertion of equations 5.7

and 5.8 into equations 5.5 and 5.6 as [114]:

1 ow
Exz = E(fl(x:y) + a) =0

5.9

1 ow

Eyz = E(fz(x:y) + @) =0

5.10

ow

filx,y) = ~ %
5.11

ow

f2(0y) = ~ay
5.12

The following prerequisites are used: firstly, the strain ¢, in thickness direction is negligible for the thin
plies; secondly, the vertical displacement does not change within the plate thickness. Then the in-plane

strain for small distortion can be calculated [114]:
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3 ou® 2w

T x  “ox?
5.13
v’ 9*w
&y =———Z——
Y 9y z oy?
5.14
_1(0u° N v’ a’w
By =3 dy = 0x z doxy
5.15
. %w %w %w . .
By using the k,, = oy = —6—y2and Kxy =~ 5ny which present the curvature of the plate, equations
5.13 to 5.15 can be described in matrix 5.16 [114]:
& 2 Ky
Exy g’?y Kxy
5.16

where €7, ) and €7, are the displacements of the middle surface of the layer in different direction.
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Figure 5.1: Geometry of laminate plate with UD-layer: UD-layer is numbered from 1 to N; Z; is the distance
between the middle surface of the laminate to the top or bottom of each layer; Z; is the distance between the
middle surface of the laminate to the middle surface of each layer; t; is the thickness of each layer and
ty =Zyy1 — Zy.

The last mentioned connection between strain, displacements and curvature can be applied for each ply
within a composite made of UD-layers (shown in Figure 5.1 with each layer having a thickness of t;). The

thickness of the whole laminate h can be calculated using:
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n
hzztk

k=1

5.17

Using the assumption that no displacement between individual layers exists, the strains across the thick-
ness stay constant. The stress and strain of the individual layer k in Figure 5.1 can be related with help of

the well-known Hooke's law:
g; = QU(EJQ + ZKj)

5.18

where (Z-]- indicated the stiffness of each layer.
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Figure 5.2: The in-plane forces N;; and moment Mo;; on a flat laminate.

Through the integration of stress into the global in-plane coordinate system x — y (Figure 5.2) of each UD-
layer, the resultant force N;; and moment Mo;; can be formulated using equations 5.19 and 5.20:
h/2
Nyyxy = J- (O Ty, axy)dz

—h/2
5.19

/2

Moy y xy = j (o4, oy, ny)zdz

—h/2

5.20
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where o = (oy, 0, 0,,) are average in-plane stresses.

With the help of the stiffness matrix [Q;;] for a multilayer laminate (Figure 5.1), the relationship between

strain {€°}, curvature {x}, resultant force [N, ,,| and moment[Mo, , | under in-plane loading can be

described with equation 5.21 [114]:

( Ny ] S11 Sz Sie €1 Gy Cie B

Iilvy S21 S22 Sz Cor Coa Gy 839

~ S, S, S, C C C 0

xy | _ 0 _ |61 962 s 61 Le2 CLes €

= 1, e% k) = y

Mo, f([QU] ) Ci1 Gz Cig Bi1 Biz B Ky

Mo,, C1 Gy Gy By1 Byy By Ky

tMOny Ce1 Coz Coel LBs1 Bez Beg nyJ
5.21
The above relation can be reduced as follows:
{ N }= [[Si]-] [Ci]-]] {[53]}
Moy} [cy]  [BijlI U]

5.22

The individual in-plane sub-matrices of [Qij] are: strain stiffness [Sij], coupling stiffness[Cij] and bending
stiffness [Bi]-]. They were determined through the stiffness matrix of a single UD-layer with a thickness of ¢

[114]:

N
Sij = Z(Qij)ktk
=1

5.23
N
Cij = Z(Qij)ktkz_k
k=1
5.24
N
= =2
B;j = Z(Qij)k(tkzk +t,°/12)
k=1
5.25

The strains and curvatures can be expressed in terms of forces and moments with the inverse SCD matrix:
0
{[EU]} _ [[Sij] [ci/] { N }
[kis])  Uey]  [biy]] M0y

5.26
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where,

-1

o -l

5.27

In the case of a laminate with a symmetric fiber orientation under in-plane resultant force [Nx_y‘xy], there is
no coupling stiffness [Cl-j] and bending stiffness [Bij] and the §;; = §j; in the equation 5.21. The SCD matrix

can be reduced to:

=[S21 S22 0 Y

Ey
0 0 Se

Ne) [Su Sz 07(&x

5.28

With inverse strain stiffness [sl- j] the effective engineering constants of laminate in x-y coordinate system

are evaluated by [114]:
£ 1
st
5.29
£ = 1
Y syt
5.30
G = 1
Y Seet
5.31
S12
S
5.32

where E, and E,, are the effective Young's moduli of laminate in the x and y-directions; v,,, is the effective
Poisson's ratios and G, is the effective shear modulus. In this case, only four effective composite constants

are independent, v, can be calculated from the equation v, E, = vy, E,.

5.2 Inverse approach of Classic Laminate Theory

As mentioned above, an inverse approach to classic laminate theory using an equivalent UD-layer is pre-

sented in this section.
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Firstly, each single, non-orthogonal wound-double-layer with winding angle +6° can be replaced by two
superimposed equivalent UD-layers with angle +6°and —6°in Figure 5.3a. The winding angle +6° was
originally defined between the longitudinal axis X of the WHIPOX™ preforms and the fiber tows direction
in Figure 4.1b. These equivalent UD-layers were defined with half the thickness of the CMC wound-double-
layer and identical mechanical properties in the local coordinate system with 1-axis parallel to the fiber
direction and 2-axis perpendicular to the fiber (Figure 5.3a). Due to the fact that the fiber and matrix prop-
erties are unknown, the elastic properties of the equivalent UD-layer are calculated using the inverse
operation of CLT and the Cartesian transformation. Through the stacking of equivalent UD-layers with the
orientation +6°, an equivalent layered composite (Figure 5.3b) is designed which has orthotropic proper-
ties. Finally, the equivalent UD-layers allow for the modeling of any other fiber orientation and stacking

sequence.

(a) (b)

Fibre tows

[\

77

Figure 5.3: (a) Equivalent UD-layers with the local coordinate system, 1-axis in fiber direction and 2-axis in
perpendicular direction; (b) Equivalent composite structure with UD-layers.

QL2242

With the adaption of winding angle 8° to the inverse matrix [Ma]~%, the material stiffness [Qi j] in the local
coordinate system is derived from the transformation of the reduced stiffness matrix [Ql j] along the global

coordinate system [114]:

Q11 fgn]
Q22| _ _1]@Q22
Q2| [Mal 612‘
Qss Qss

5.33

where [Ma] is the Cartesian transformation matrix and is defined as:
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S
K

2m?*n?  4m?n?

m* n

[Ma] = an mz 2 4-27?124732 4m27';2 2
m°n® men® m +n —4m*n
m2n2 m2n2 _2m2n2 (mz _ n2)2

5.34

where m = cosf and n = siné.

The determination of the reduced stiffness matrix [(_21 j] requires the in-plane elastic properties of a lami-
nated composite in the global coordinate system. The terms of [Qij] can be calculated from the following

equations [114]:

5.35

5.36

5.37

5.38

Moving on to the elastic constants of the equivalent UD-layer: the Young’s modulus in fiber direction E; and
perpendicular direction E,; the Poisson’s ratio v;,; and the shear modulus G;,, can be calculated with the

local material stiffness [Qij] as follows:

2
12

E; = Q11— Q_22
5.39
t2
E; = Qg — Q_11
5.40
b=z
270y
5.41
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Gi2 = Qee

5.42

Finally, through the stacking of equivalent UD-layers (Figure 5.3a) with the calculated elastic properties
(equation 5.39 to 5.42) and any desired fiber orientation an equivalent layered composite (Figure 5.3b) is

created. Its material constants can be predicted with the help of the stiffness matrix [Qi j] and sub-matrices

strain stiffness [Sij], coupling stiffness [Cij] and bending stiffness [Bij] from equation 5.21 to 5.25.

5.3 Modified Tsai-Wu failure criterion

For the prediction of failure mechanism of composite structures under multi-axial loading conditions, many
different failure criteria have been developed and published but no recommendation for a choice can be
given, because none of the criteria is proved by sufficient experiments (see section 2.2.3). On the one hand,
due to the lack of recommendations for the suitable material parameters (e.g. Puck criterion in [106]) for
CMCs, it is particularly difficult to apply the physically based criteria for the investigated WHIPOX™ mate-
rial or other CMCs (see section 2.2.3). On the other hand, the Tsai-Wu failure criterion has been improved
by using the modified definition of the directional failure indices by the work of Paepegem in [18], which
allows to predict which stress component is mainly responsible for the failure. Therefore, a modified Tsai-
Wu quadratic failure criterion with implementation of virtual equivalent UD-layers for the modeling of the
mechanical properties of wound oxide ceramic composites has been developed in this study and is present-

ed in this section.

5.3.1 Tsai-Wu failure criterion in stress space

The failure surface in the stress space of the Tsai-Wu failure criterion can be described as [16]:

Fio-i + Fijo-io-j =1

5.43
where i,j = 1,2, ...,6; F; and F;; are strength tensors of the second and fourth rank, respectively.
In the one-dimensional case, the Tsai-Wu strength failure criterion can be written as:
Fio, + Fj,08 =1
5.44

In its two-dimensional formulation, the general Tsai-Wu quadratic criterion in stress space can be written

as:
F10, + Fy0, + Fi102 + F50% + Fee12, + 2F 5000, = 1

5.45
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The strength parameters F; to Fg¢ from equations 5.44 and 5.45 are related to the engineering strengths of

UD-layer under uniaxial loading [16]. For a unidirectional lamina with longitudinal tensile strength o] and

compressive strength of and no transverse and shear loading applied, the equation 5.45 can be reduced to:

F101T + F11(0'1T)2 =1

Fyof + F1(0f)* =1

From the above equations 5.46 and 5.47, the values for F; and F;are obtained as:

F 1 1
1= T~ ¢
01 0p
F 1
11 =
of of

5.46

5.47

5.48

5.49

The equation 5.45 can be likewise treated as a unidirectional lamina with a transverse tensile strength of

o] and a compressive strength of g, without longitudinal and shear loading:

F20'2T+F22(0'2T)2 =1

Fy05 + Fp(05)* = 1

The values for F, and F,, are obtained from the above equations:

E 1 1
2= T~ ¢
0; 03
F 1
22 =
0,05

5.50

5.51

5.52

5.53

Similar steps are followed for the evaluation of Fy¢ with its value being related to the shear strength of

unidirectional lamina 74,:
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5.54

It is important to realize that the concept of directional failure parameters does not only depend on the
chosen failure criterion. Similar concepts could be defined for failure criteria other than the Tsai-Wu crite-
rion. Generally a failure envelope must be closed in order to prevent infinite strength values. In the case of
Tsai-Wu strength criterion an interaction term F;, is bound to ensure that the failure envelope is closed.
The value of F;, has to be determined through the bi-axial tensile test. When equal tensile loads and no
shear loads are applied along the two principal material axes in an unidirectional lamina, F;, is obtained
via:
171 1 F,+F,

Fip=%|—5———2—(Fy +F
12 2 (Gbl')z Opi (11 22)

5.55

where gy; is the failure load during the bi-axial tensile test. Because of the great difficulty in performing
combined stress tests, some empirical estimations of the F;, value have been proposed for different failure

criterion and summarized in [115], e.g.:

Tsai-Hill failure criterion:

11
2(6)? " 2(0f)?

Fip, =

5.56

Hoffman failure criterion:

F 1
127 207gf

5.57

An empirical model for the determination of the value of F;, has been given by Hahn and Tsai in [116]:

_ NFuFp 1
Fip =— 2 - TCN-T(|-C
2\/0'1 (|0'1 |)0'2 (lo'z D)

5.58

The effect of F;, on the Tsai-Wu failure envelopes has been studied in the following research [117-120]. In

the basic paper on Tsai-Wu failure criterion F;, may be considered to be zero if it falls in the range

+6-107° based on the test results of unidirectional graphite/epoxy samples [121]. According to the stud-
ies of Narayanaswami and Adelman [122], the interaction parameter of composite material is small and can
be often taken to zero. This conclusion drawn from the negligible interaction parameter has been generally

accepted as being applicable to different composite materials [123-125]. In the case of the investigated
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WHIPOX™ material, the interaction term F;, has been set to zero due to the lack of the possibility of pro-
duction of real unidirectional layer and bi-axial tensile testing. Nevertheless, the sensitivity of F;, to the
shape of the Tsai-Wu failure envelope of WHIPOX™ will be discussed in section 8.1. With the above in mind

the equation 5.45 can be reduced to:
F]_O'l + on'z + F110'12 + F220'22 + F66T%2 =1

5.59

The original form of Tsai-Wu failure criterion with equation 5.43 could only predict the final failure mo-
ment of the material. In order to analyze the progressive failure mode, a strength ratio R has been defined

in [118]. The ratio R is a linear scaling factor and related to the loading applied from any state of stress:

Rg PP — gmax

5.60

max

where 0P is the current applied stress and o is the strength value of the material. Obviously, failure

occurs when R = 1. By substituting the maximum stress components g; = ¢;"** and g; = ;""" with the
relationship between applied stress and strength to the original Tsai-Wu failure equation 5.43, the value of

the ratio R can be easily determined with the quadratic equation [118]:

(FijO'iO'j)Rz + (Fiai)R —-1=0

5.61
Upon solving the quadratic equation 5.62:
aR?+bR—1=0
5.62
The values of a = F;j0;0; and b = F;o; and the ratio R can be given by:
—b +Vb% +4a
R=—7———
2a
5.63

The positive root of equation 5.63 provides the value of the strength ratio R which can be applied to any

kind and state of load.

In addition, a reciprocal failure index k was defined as being the inverse value of R with k = 1/R [118]. The

original Tsai-Wu form can be described as:

2

(Fijoio;) (%) + (Fo;) (%) -1=0
5.64
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5.3.2  Tsai-Wu failure criterion in strain space

Compared to the stress space, the Tsai-Wu failure criterion in strain space is more convenient because the
distribution of strain across the thickness of a laminate is idealized as being constant. Therefore, elongation
of any ply in a laminate can be easily determined through applying the failure criterion in the strain space.
In the case of linear elastic behavior up to failure, the one-to-one correspondence between stress and strain
is always available. The stress value at each state of load can have one and only one corresponding strain.
For an orthotropic material, Tsai-Wu stress failure criterion in equations 5.43 can be represented in strain

components as [126]:
Fi0; + F;j0,0; = Fi[Qu&r] + Fij[Queer][Qie1] = [FiQuclex + [FijQuQji]erer = Grex + Grere, = 1

5.65
where G, and Gy are strain tensors of the second and fourth rank, respectively, and can be determined
[126]:

Gr = FiQix
5.66
Gy = FijQu Q)

5.67
The same strength ratio R and failure index k can be determined from the quadratic criterion in strain
space [126]:

(Grugre)R? + (Grg)R —1=0

5.68

(Grierer) (%)2 + (Gr&r) (%) -1=0

5.69

On the other hand, as it is the case of the non-linear elastic behavior up to failure, stress and strain do not
correspond directly to initial material stiffness matrix Q;;. Since the stiffness values are usually degraded
after a certain load state for non-linear behavior, any calculated strain values using initial material stiffness
would be underestimated. In order to model the inelastic strain, an inelastic deformation factor 4 as one of

the particular features of investigated material WHIPOX™ is introduced in section 5.4.

5.3.3  Successive ply failures

Whether in stress space or in strain space, the Tsai-Wu quadratic failure criterion is applied to each single
ply within a whole laminate. It is quite common for the plies having different values of strength or elonga-

tion even under the same load, because e.g. each fiber orientation to the loading axis of each layer is differ-

61



Modeling Approach

ent from one another. In this case, the ply with the lowest strength ratio R or the highest failure index k fails
first, which is first-ply-failure (FPF). Successive ply failure will proceed until the highest strength ratio R or
the lowest failure index k is reached, thus, last-ply-failure (LPF). As indicated in section 2.3 "Motivation and
procedure”, the damage mechanism for the investigated material WHIPOX™ is beyond the scope of this
study. The initial crack by FPF and further distribution/development of cracks of the state LPF are not
topics of this dissertation. Modeling with successive ply failure will be used for the determination of stress
and strain values at different loading states, which is very useful for the design of the component. The FPF

can be recommended for the limitation of load and LPF for the ultimate failure of component.
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Figure 5.4: Successive ply failures in a laminate of two ply groups with different fiber orientations.

Failure of a ply or ply group will change the internal stress distribution of the laminate and the effective
stiffness of the laminate will reduce. A successive ply failure of two different ply groups in a laminate under
tensile loading is shown in Figure 5.4 as an example. Linear elastic behavior up to first-ply-failure is as-
sumed by the initial behavior of laminate (non-linear behavior is presented in section 5.4). With this as-
sumption, E and E are the initial stiffnesses of laminate in tensile longitudinal and transverse directions,
respectively. After FPF, as long as the ply is still embedded in the laminate it will continue to take the strain
but no additional stress (first layer behavior in Figure 5.4). In other words, the stiffness of the failed ply or
ply group is reduced to zero while the stress is not zero. gz, is the strength and &g; the elongation of the
first layer. After obtaining the FPF, the initial stiffnesses are reduced to E; and E in longitudinal and trans-
verse directions, respectively. The value of E; and E; can be calculated with the Classical Laminate Theory
(section 5.1) after the assumption is made that the failure of the first ply had no effect on the remaining
plies: the remaining plies are left without degradation because of the failure of first plies. The laminate fails

completely when LPF occurs with the ultimate strain of last layer ¢;; (Figure 5.4).
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To overlook the possibility of crack development in the remaining plies after FPF is not a conservative
modeling approach. However, it is reasonable to assume that the ultimate strain of the ply is not dependent
on the laminate system. In order to prove the applicability of the above modeling approach for the investi-
gated WHIPOX™, two laminates with fiber orientations of 0°/90° and 0°/60° were examined under tensile
loading. According to the approach presented in this section, the value of strength oz; and of elongation &g,
of FPF should be different, because the strength ratio R and failure index k are not identical concerning the
layer groups with diffenrent orientation 90° and 60°. However, the ultimate strain g;; of two laminates
(0°/90° and 0°/60°) is identical due to the common orientation of 0° during LPF. The test results and

comparisons with the calculated values of these two laminates are shown later.

5.3.4 Directional failure indices

By using the strength ratio R and the successive ply failure approach, the failure factor of any state of load
can be calculated. However, the original Tsai-Wu quadratic failure criteria do not differentiate between
different failure modes. In 2002/2003, Paepegem [18, 127] presented an extension of the Tsai-Wu failure
criterion for progressive failure analysis. Instead of one failure index k (section 5.3.2), a set of directional
failure indices };;; were defined with the respective stress component g;;. In this two-dimensional formula-
tion, the general Tsai-Wu quadratic criterion in stress space can be written for each separate stress compo-

nent g;; as [18, 127]:

01 g1 \? 2 2 _
211 211
5.70
o. o, \?
2 2 2 2 _
222 222
5.71
2 2 T12 2
Flo'l + on'z + F1101 + F220'2 + F66 (_) = 1
212
5.72

where Y11, Y5, and Y4, are the corresponding failure indices for the stress components o;4, 05, and 745,
respectively. For the assessment of the relative importance of the separate stress components g;; at failure,

Y.ij were calculated as [18, 127]:

2D
11

i = T
Y+ -

5.73
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2D
Ty = 22
22 = T T ~2D 1D~
1+ (% - X%
5.74
i
Y12 =T =30 —iD~
1+ (% - 217
5.75

2D

The failure indices }j;" can be calculated from the respective equations 5.70 to 5.72. The one-dimensional

failure indices Z%JP are defined as the ratio of the stress g;; to the respective 1D static strength. It should be
noted that, according to [18, 127] indices };; are defined as damage dependent failure indices, which is not
within the scope of this study. However, using this modified definition of the failure indices, it is possible to
predict which stress component is mainly responsible for failure. The results of different failure modes of

the investigated WHIPOX™ are presented in section 7.2.2.

5.4 Inelastic deformation factor 4

As mentioned in section 5.3.2, in the case of non-linear elastic behavior up to failure, stress and strain
cannot be directly tied to the initial material stiffness matrix Q;;. The Classic Laminate Theory and the Tsai-
Wu failure criterion are restricted to linear elastic behavior of the composite. This does not allow for the
calculation of failure strain in non-linear elastic behaviors of laminates. In this section, an empirical model-
ing approach is presented to introduce the calculation of failure strain of the laminate with non-linear

elastic behavior.

gh'mear

fest

Stress / MPa

v )
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Figure 5.5: Tensile stress-strain behavior of a typical WHIPOX™ laminate with non-linear elastic behavior.

64



Modeling Approach

The aim of this modeling approach is to predict failure strain under varying orientations for investigated
WHIPOX™ material. In order to explain the approach, tensile stress-strain behavior of a typical WHIPOX™
laminate with non-linear elastic behavior is shown in Figure 5.5. Since the failure strength o, can be
calculated through Tsai-Wu failure criterion in stress space, the strain value .4, calculated through the
initial material stiffness E is underestimated when compared to the failure strain ¢,,. This difference is
observed in the behavior of the investigated material WHIPOX™ with different fiber orientations and a
trend is noticed. An inelastic deformation factor 4 is supposed to consider the relationship between the two
different strain values €04 and &5 This inelastic deformation factor can be illustrated through the

equation:

_ €linear

A=

Etest

5.76

Obviously, there is linear elastic behavior up to failure if 4 = 1. According to the test results in the following
section 6.1, the value of factor 4 is strongly dependent on the microstructure of WHIPOX™ matrix (with or
without shrinkage cracks) and the fiber orientation 8. On the other hand, since WHIPOX™ material does
not show a distinctive yield point in any direction, the virtual yield stress oy in Figure 5.5 was defined as the

function of factor 4 and failure strength o,
Oy = Ogestd

5.77

The factor 4 is considered to be a property of each layer in a particular laminate. It is reasonable to use 4
when the layer properties are assembled by individual sub-matrices: strain stiffness [Sij]' coupling stiffness

[Cij] and bending stiffness [Bl-j]. The equations 5.23 to 5.25 from section 5.1 are rewritten as:

N

(Sij)A = Z(@U)ktkﬂ

k=1

5.78
N
(Cii)A = Z(@U)ktkﬂzk
k=1
5.79
N
(Bii)A = Z(aij)k(tkAzkz + (tkA)3/12)
k=1
5.80
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Engineering constants are then calculated from these new stiffness matrices, such as the effective stiffness
E, in Figure 5.5. This will lead to a possibility of calculation of failure strain &,4;. Since a point-by-point
modeling of non-linear elastic behavior up to failure is not the aim of this study, a bilinear model was used
to describe behavior beyond the virtual yield stress oy in Figure 5.6. The inelastic deformation factor 4 is
one of the particular features of the investigated material WHIPOX™. The relationship between 4, the

microstructure of WHIPOX™ matrix and the value of 4 for different fiber orientations is presented in

section 7.3.
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Figure 5.6: Bilinear model for tensile stress-strain behavior of a typical WHIPOX™ laminate with non-linear
elastic behavior.

5.5 Manufacturing factor ()

Due to the variations in the manufacturing process of CMCs, the previously presented modeling approaches
based on CLT, the Inverse approach of CLT (ILT), the modified Tsai-Wu criterion and inelastic deformation
are upgraded by introducing a manufacturing factor €, which is one of the particular features of the inves-
tigated WHIPOX™. The factor €, takes into account FVC, porosity (¢') and the angle between fiber orienta-
tion and occurring stress. The manufacturing process of the material results in variations in the FVC and e’
of the composite, which are decisive for the mechanical properties of the component. With the assumption
that each UD-layer has identical fiber volume content and homogeneous porosity on a macroscopic scale, a
linear mixing rule for the compound property can be modified to determine the manufacturing factor Q,, of
each equivalent UD-layer k. Using the normal linear model the compound property with the influence of

property A and property B can be defined as:

The compound property = Property A * Proportionof A + Property B x Proportion of B
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The manufacturing factor Q; of WHIPOX™, is defined by the combination of the influence of FVC, e’ and
angle of fiber orientation between the average values of the laminate and the actual values of layer k.
Property A is the ratio of the actual FVC,, of the layer to the average FVC of the laminate. Property B takes
into consideration the ratio of the average e’ to e'y. The Proportion of A, defined as the angle between the
fiber orientation of the layer k and the occurring stress, is related to the FVVC dominated direction. On the
other hand, Proportion of B includes the angle between the fiber orientation of the layer k to the perpen-
dicular direction of occurring stress and is considered to be the ¢’ dominated direction. The value “6, /90"
serves as the proportion of the ratio of the porosity. As Property A and B together form a complete com-
pound property with individual contributions, the sum of Proportion of A and Proportion of B is 100 %.
Therefore, the value “1 — (8, /90)” is assigned to the Proportion of A. With this information, the manufac-

turing factor ), can be determined with the following equation:

q _(FVCR)(l Qk)_l_ e (Hk)
k= \Frc 90 e’ ) \90

5.81

The manufacturing factor Q, is defined as a property of a layer in a particular laminate because it is calcu-
lated for individual layers factoring in the angle between the fiber orientation of the layer k and the occur-
ring stress. With this definition, it is reasonable to use Q; when layer properties are assembled into the
individual sub-matrices: strain stiffness [Si}-], coupling stiffness [Cl-j] and bending stiffness [Bl-j]. Therefore,
the equations 5.78 to 5.80 from section 5.4 are rewritten as the equations 5.82 to 5.84. The Q, value is
coupled with the individual ply thickness t;, which leads to a more precise prediction of the material prop-

erties of the layer k. Engineering constants are then calculated from these new matrices:

N
(Sij)A’Qk = Z(Qij)ktkAQk
k=1

5.82
N
(Cij)A,Qk = Z(@ij)ktkAQka
k=1
5.83
N
— N - 2 3
(8)),,, = D @) 0077 + (6,80,)°/12
k=1
5.84

One more observation concerning () is the calculation of the shear module G,,, and Poisson’s ratio v,,,.
Both describe the material behavior between the parallel and perpendicular direction x and y for the layer

k. Considering the definitions of the Proportion of A and B in equation 5.81, both shear modulus G,, and
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Poisson’s ratio v,,, will be calculated to be dependent on (;)(€)~". As a result the impact of Q; on G,,,

and vy, is negligible.

It should be noted that the manufacturing factor Q is not a characteristic value of the UD-layer but only
quantifies the uncertainties in the laminate for different batches. This means that for analytical modeling

the calculated properties of the equivalent UD-layer are independent of different batches.

5.6 Chain from testing to modeling

The advanced modeling approach presented in this work is summarized in a flow diagram (Figure 5.7).

This modeling chain is created with consideration of particular features of WHIPOX™ material.
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Figure 5.7: Chain from testing to modeling with consideration of material particular features.

At first, the mechanical properties of the investigated wound oxide ceramic composite WHIPOX™ with
different winding angles is characterized through in-plane mechanical testing: tensile, compression and
losipescu-shear test (see section 6.1). In order to prevent any faulty parts from compromising the results,
the processing defects (inhomogeneity) of the investigated WHIPOX™ plates, as one of the material particu-

lar features, was evaluated through NDI testing before mechanical testing was conducted (see section 6.2).
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Then, a virtual equivalent UD-layer was implemented in the proposed approach. The elastic properties of
the equivalent UD-layer are calculated using an inverse operation of classic laminate theory and Cartesian
transformation. The parameters of Tsai-Wu failure criterion are fitted with the values of maximum stress
and strain through different test results. The interaction between failure strength and strain is evaluated
using another material particular feature “inelastic deformation factor 4”. Based on the above, the complete
material properties of the equivalent UD-layer including elastic properties, strength, failure strain and

inelastic deformation were calculated and evaluated.

After that, based on the microstructure analysis of shrinkage cracks in matrix through CT technology (one
of the particular features of the investigated WHIPOX™), the modeling of the properties of WHIPOX™ was
divided into two classes: WHIPOX™ with matrix cracks and WHIPOX™ without matrix cracks (see section

4.2).

Furthermore, through the stacking of these equivalent UD-layers with any desired layer structure (fiber
orientation, thickness and number of layers), an equivalent layered composite is created. Its in-plane mate-
rial behavior can be predicted and described with the help of modified CLT and modified Tsai-Wu failure
criteria. By using the modified definition of the directional failure indices it is possible to predict which
stress component is mainly responsible for failure. Based on the analysis of different microstructures (see
section 4.2), two models were used to describe composite behavior and to predict failure strength and
strain. Firstly, the linear model was used for the group with linear elastic behavior up to its failure. Second-
ly, the bilinear/multi model was used for the group with non-linear behavior beyond the virtual yield

stress, as well as for the situation with successive ply failures of laminate after the failure of first layer

group.

Finally, the analytical model for different batches with inhomogeneities created due to the manufacturing
process is updated with consideration given to different fiber volume contents, porosities and the angles
between fiber orientation and occurring stress. A manufacturing factor () for different batches was evaluat-
ed through a modified mixing rule. The results of modeling, including elastic constants, strength, fracture

strain, stress-strain behaviors and failure mode, are compared to the test results.

Detailed description of the modeling results and of the comparison are introduced in the following sections.
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6 Characterization of the material properties

6.1  Results from experimental testing

Figure 6.1 shows typical tensile, shear and compression stress-strain curves of the investigated configura-
tions. The longitudinal and transverse strains are presented. The indications +22.5°/-22.5° (+67.5°/-67.5°)
and +30°/-30° (+60°/-60°) denote the angles between fiber and loading directions for tensile and compres-
sion testing (see Table 3.1 for the tensile and compression tests). For the losipescu-shear tests, the fiber

orientation was defined with regards to the load direction of the test samples (see Table 3.1 for losipescu-

shear test).
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Figure 6.1: Typical tensile, compression and Iosipescu-shear stress-strain curves from strain gauge measure-
ments for WHIPOX™ with a) fiber orientations +22.5° (+67.5°) and b) fiber orientations +30° (+60°).
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The stress-strain response of WHIPOX™ strongly depends on the loading direction. With a +22.5° orienta-
tion and under tensile loading, the composites show an almost linear behavior with higher stiffness and
strength as seen in Figure 6.1a. Since the fibers are oriented close to the loading direction, the matrix is able
to transfer the applied load to the fibers. In contrast, under a +67.5° tensile loading the composite shows an
almost linear behavior as well but stiffness and the strength values are considerably lower. This is mainly
due to the dominating weak matrix in this loading direction. Furthermore, WHIPOX™ with matrix cracks
(see section 4.2) under *#30° and +60° tensile loading shows non-linear behavior (Figure 6.1b). Thess
indicates that the damage to the matrix and the effects of the energy dissipation of matrix cracks lead to a

significant degradation of the composite's properties in this loading direction (see section 5.4).

Figure 6.2: Fracture path of WHIPOX™ tensile sample with a fiber orientation of +22.5°,

The fracture mechanism of the investigated material under tensile loading strongly depends on fiber orien-
tation and loading direction. For example, for the fiber orientation of +22.5°, a Zig-Zag shaped fracture path
is observed with some fiber bundles bridging the crack (Figure 6.2). By using the modified Tsai-Wu failure
criterion, more detailed analysis for the relationship between the tensile fracture mechanism, fiber orienta-

tion and loading direction is discussed in section 7.2.

Figure 6.3: Fracture path in a WHIPOX™ compression sample with a fiber orientation of +22.5° with two differ-
ent fracture mechanisms: a) macroscopic in-plane shear failure and b) interlaminar shear failure. c¢) Graphic
representation of the buckling of the sample during the compression test. The dash line represents the profile
after test.
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Under compression loading, the Young’ modulus and the strength of the weak fiber orientation (*67.5° in
Figure 6.1a and #60° in Figure 6.1b) are almost twice as low as in the perpendicular loading direction
(£22.5° and £30°). In contrast to the tensile test, the compression stress-strain curves displayed in Figure
6.1 are linear for different fiber orientations. Principally, two different failure mechanisms combine for the
WHIPOX™ compression sample: (1) macroscopic in-plane shear failure (Figure 6.3a) and (2) interlaminar
shear failure (Figure 6.3b). With the first macroscopic in-plane shear failure mechanisms, the existing and
emerging cracks under compression load spread mainly along the fiber orientation. This causes a macro-
scopic in-plane cracking through the strain gauges, which have been seen to break easily before the failure
of the samples. In comparison with the second failure mechanism, because of the relatively low interlami-
nar shear strength (approx. 15 MPa in [3]), the samples buckle strongly (sample in Figure 6.3b and dash
line in Figure 6.3c). This results in an interlaminar failure and a difficult interpretation of strain gauge
signal. This phenomenon can be observed in almost all pressure tests. Due to these difficulties in determin-

ing the reliable stress-strain behavior during the compression test, the fracture strain was not recorded in

this work.

Figure 6.4: Fracture path of WHIPOX™ Josipescu-shear sample with a fiber orientation of +22.5°.

The in-plane shear behavior determined through the losipescu-method is also shown in Figure 6.1. The
fiber orientations of the shear sample were in the directions #22.5° and +67.5° in Figure 6.1a and +30° and
+60° in Figure 6.1b relative to the longitudinal axis of specimen (see Table 3.1 for losipescu-shear test). As
expected from CLT the shear modulus under +22.5° and +67.5° (Figure 6.1a) loading are identical but the
potential shear strength of +22.5° is much higher. Similarly, identical shear modulus with +30° and +60°
but a higher potential strength for +30° can be observed in Figure 6.1b. It should be pointed out that the
shear stress-strain curves displayed in Figure 6.1 are not extended up to failure because the losipescu-
shear specimens did not fracture in the shear area (Figure 6.4). The shear strength could not be reached in
this experiment, because of the relatively low compressive strength. The specimens fail locally in the testing
rig where high compressive stresses prevail. The necessary stress-strain curve for the determination of the

shear modulus only relates to the initial linear region. Therefore, the determined shear modulus could
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surely be documented as characteristic values of the investigated composite material but specimen failure,

shear fracture strength and ultimate strain are not discussed in this work.

The determination of the elastic constants was conducted using a linear fit of the initial linear region of the
stress-strain curves. The measured elastic constants under tensile, compressive and shear load for
WHIPOX™ with non-orthogonal and orthogonal and asymmetrical (off-axis 0°/60°) winding angles are
summarized in Table 6.1. E, and E,, are the Young's modulus, v,,, is the Poisson’s ratio and G,,, is the shear
modulus. The indices x and y correspond to the indications from Figure 4.1b. The index T denotes the
tensile test and C the compression test. For orthogonally wound WHIPOX™ the Young’'s modulus E, is
equal to E},. The FVC and open porosity e’ scatter in a wide range and the individual value of different
batches are shown in Table 6.1. The description of the measuring methods can be found in section 3.2.
Batch BT45 and BT090 were tested in different directions but prepared from the same plate, therefore,
identical FVC and porosity e’ have been listed in Table 6.1. Specimens from batch BT060 for off-axis tensile
testing were prepared from the plate BT30, therefore, the FVC and e’ for both batches are same. The exper-
imental tests for the batch WF3 with orientations +3°/+87° were conducted in Institute of Materials Re-

search, German Aerospace Center Cologne.
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Table 6.1: Elastic constants in directions x and y obtained from tensile, Iosipescu-shear and compression tests
for WHIPOX™ with different winding angles.

Test FVC e ET E] Vay Gy ES ES
Batch
direction [%] [%] [GPa] [GPa] [-] [GPa] [GPa] [GPa]
214.0 117.0 0.19 41.9
+3°
WEF3 42,7 22,0 + + + + - -
(£87°)
10.0 7.0 0.01 0.9
202.0 114.2 0.25 514 202.3 126.5
+15°
BT15 (+75°) 41,2 27,9 + + + + + +
- +75°
Non 73 33 | 0.03 6.9 3.8 14.9
Ortho-
| 198.4 141.7 0.30 55.2 203.5 143.8
gona i225°
BT225 39.1 18.5 + + + + + +
(+£67.5%)
15.2 13.7 0.05 11.9 22.3 19.3
131.5 68.9 0.37 50.7 127.3 82.7
+30°
BT30 34,0 31,4 + + + + + +
(£60°)
9.1 8.3 0.04 11.4 29.7 9.6
99.6 99.6 0.37 59.2 101.6 101.6
BT45 +45° + + + + + +
Ortho- 2.0 20 | 008 | 21 23 2.3
40.5 29.1
gonal 122.8 122.8 0.12 43.6 152.5 152.5
BT090 | 0°/90° + + + + + +
6.1 6.1 0.01 8.0 51.7 51.7
121.0
Off-
BT060 0°/60° 34.0 31.4 + - - - - -
axis
16.0

The tensile and compression strength values of different winding angles were calculated from the maxi-
mum force using the formulas for tensile and compression tests, respectively. The determined strengths o

are listed in Table 6.2. For orientation £+45° and 0°/90° the strength values o, and o, are same.
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Table 6.2: Strength values in directions x and y obtained from tensile

with different winding angles.

and compression tests for WHIPOX™

Batch Test direction oy [MPa] oy [MPa] oS [MPa] o5 [MPa]
WF3 +3°(£87°) 289.0 + 14.7 21.0£+ 0.0 - -
Non- BT15 +15° (£75°) 276.8 £ 49 22.1+38 -244.1 £ 20.6 -128.0 £ 13.7
Ortho-
gonal BT225 +22.5° (+£67.5°) 233.4 + 35.7 37.0x 3.6 -291.6 £37.6 -125.1 + 23.7
BT30 +30° (£60°) 133.5+18.5 277128 -124.7 £ 27.7 -75.6 + 21.3
ortho. | BT45 +45° 964+85 | 964+85 | -1042+02 | -1042+02
gonal BT090 0°/90° 1343 +£17.3 1343 £17.3 -193.6 £ 32.1 -193.6 £ 32.1
Off-axis BT060 0°/60° 137.5+9.2 - - -

The fracture strain ¢ of the tensile test was defined as the strain value at maximum tensile strength, which

is listed in Table 6.3. For orthogonal orientations of £45° and 0°/90° the ultimate strain ¢, is equal to ¢,,.

Table 6.3: Tensile fracture strain values in directions x and y for WHIPOX™ with different winding angles.

Batch Test direction & [%] &y [%]
WF3 +3°(£87°) 0.135 + 0.006 0.019
Non- o o
BT15 +15° (£75°) 0.138 +£ 0.003 0.020 + 0.004
Ortho-
BT225 +22.5° (£67.5°) 0.118 £ 0.014 0.026 £0.002
gonal
BT30 +30° (£60°) 0.122 +0.029 0.067 £0.012
Ortho. | BT45 +45° 0.13440.024 | 0.134+0.024
gonal BT090 0°/90° 0.123 £ 0.025 0.123 £ 0.025
Off-axis | BT060 0°/60° 0.146 + 0.003 -

The typically tensile stress-strain behaviors of WHIPOX™-NC and -WC with different fiber orientations are
summarized in Figure 6.5. The behavior of fiber orientations +3° and #15° (in Figure 6.5a) and +67.5° and
+75° (in Figure 6.5b) are linear in the laminate of WHIPOX™-NC. The non-linear behavior up to failure of
the laminate of WHIPOX™-WC with the fiber orientations +30°, +45° and +60° are shown in Figure 6.5a.

The comparison of test and modeling results are shown and discussed in section 7.3.1.
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Figure 6.5: Stress-strain behaviors of WHIPOX™-NC and -WC with different fiber orientations under tensile

load.

6.2

Effects of processing defects

As one of the distinct properties, the inhomogeneity of the investigated WHIPOX™ plates was evaluated

through air-coupled ultrasonic testing, lock-in thermography testing and CT testing (experimental set-up

for non destructive inspection (NDI) has been described in section 3.1) before mechanical testing was

conducted. This was done to prevent any faulty parts from compromising the results.
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Figure 6.6 Results of the Non Destructive Inspection of batch BT45 through a) lock-in thermography testing
and b) air-coupled ultrasonic testing.

Figure 6.6a shows the phase image of lock-in thermography testing for batch BT45. The plate shown here
has dimensions of approx. 360*250*5 mm? (length/width/thickness) and a fiber orientation of +45°. The
rhombic fiber filament structure is clearly identified. The results obtained by lock-in thermography inspec-
tion reveals some areas of defects which are indicated by the dark blue and purple colours. The correspond-
ing air-coupled ultrasonic scan for the same plate BT45 is shown in Figure 6.6b. The location of material
defects seen in both forms of testing in Figure 6.6a and b are comparable and aligned in a horizontal and
vertical orientation which is certainly connected with the rhombic fiber filament structure and the resulting
cross-over points. It is the most likely interpretation that the material contains local areas of delaminated

material or aggregations of porosity.

Figure 6.7: Lock-in thermography image information and test specimen selection for tensile and losipescu-
shear testing. Specimens 45Z6 and 4516 were prepared from areas of increased porosity (outlined by dark
purple color).

In order to examine the different mechanical properties of one single WHIPOX™ plate, the lock-in thermog-
raphy phase image of batch45 was used as a reference for defect distribution. Figure 6.7 showed several
regions of different porosity that were clearly identified within the plate. The mechanical behavior of these
regions was evaluated using tensile and shear tests. The fiber orientation was +45° with regards to the load

direction of the test samples. The specimen geometry and dimensions are shown in Table 3.1. The main
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objective here is the verification of a correlation between the material’s local porosity and its mechanical

properties. Table 6.4 summarises the investigated samples.

Thus, the microstructure of two tensile specimens processing from different areas according to the Figure
6.7, 4572 from a “normal area” and 45Z6 from a “defect area”, were extracted and analyzed with high
resolution CT inspection. Two different losipescu-shear specimens, 4512 from a “normal area” and 4516
from a “defect area” were examined in same way. It should be noted that tensile specimens, including 4572,
and losipescu-shear specimens, including 4512 from batch BT45, were all prepared from “normal areas”.
The average values of the mechanical properties of BT45 have been listed in Table 6.1 to Table 6.3 in sec-
tion 6.1. Two more tensile specimens from batch BT15 with a load direction of +75°, 7575 from a “normal

area” and 75Z6 from a “defect area”, have been treated in same way.

A small cube with an edge size of a=3.6 mm from the specimen’s estimated failure zone was analyzed with
CT. The minimum voxel size of these CT-scans was 4.5 pm. Hence, structural details of >10 pm were princi-
pally detectable under these conditions. Figure 6.8 shows the reconstructed 3-dimensional volumes of
specimens 4576 and 4516 which were both cut from areas with increased porosity (i.e. “defect area”),
according to the lock-in thermography image in Figure 6.7. While the brown phase of these images depicts
the 3-dimensional distribution of fibers within the surrounding matrix, the pores and interlaminar gaps
between the fiber bundles are visible as elongated and tubular-like cavities throughout the laminate micro-
structure. As the two 3-dimensional CT images indicate for both samples that there is an accumulation of
larger pores in some layers of the CMC'’s laminate. These are the defects which were detected with lock-in

thermography and air-coupled ultrasonic testing inspection in Figure 6.6a and b.

4576 4516

Figure 6.8: Analysis of local porosity distribution in the center area of tensile specimen 45Z6 and losipescu-
shear specimen 4516 through high resolution CT testing. The edge size is a=3.6 mm.

The results are summarized in Table 6.4. The porosity e’y is local porosity evaluated through CT investiga-
tion and e’ is the porosity of a related batch, which was measured using Archimedes method. Because of the
limitation of the minimum voxel size of these CT-scans, the local porosity e’ is lower than the porosity of

the related batch. The determined mechanical properties, Young’s modulus E, shear modulus G and
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strength o of each specimen and the average values of the related batch are also shown in Table 6.4. Ac-
cording to the results shown in Table 6.4, there is a considerable difference found in the mechanical proper-
ties of specimens taken from porous locations (45Z6, 7576 and 4516) and those from other locations with
denser material (BT45 including 45Z2/4512 and BT15 including 75Z5). In the case of sample 4576, the
material fails at a relatively low stress level of 71.3 MPa. This is approx. only 74 % compared to the load
levels of the other samples: the average tensile strength value of batch BT45 is 96.4 MPa. In the direction of
+75°, the local porosity of sample 7576 is almost twice as much as the 75Z5 and the E-modulus and tensile
strength is considerably lower than the other samples of batch BT15. Regarding the shear test samples, the
porous material (4516) with a relatively high local porosity e’ also shows a relatively low shear modulus

compared to the other samples of batch BT45.

Table 6.4: Specimen overview and the mechanical characteristic values and porosity of tensile and lIosipescu-
shear specimen processing from different areas according to NDI testing.

e'cr[%] | € [%] | E-and G-modulus [GPa] o [MPa]
4572 17.0 - 100.4 95.7
4576 20.5 - 93.1 71.3
BT45 - 29.1 99.6 + 2.0 96.4 + 8.5
Tensile test
7575 10.4 - 111.5 25.6
7526 20.5 - 33.8 12.2
BT15 - 27,9 1142 £33 22.1+38
4512 9.4 - 60.0 -
losipescu-shear test 4516 19.7 - 49.6 -
BT45 - 29.1 590.2+ 2.1 -

It is obvious that there is a correlation between the detected defects with high local porosity and the me-
chanical properties of the test specimens. This inhomogeneity of the investigated plates has been taken into
consideration as one of the distinctive features of WHIPOX™ (section 2.4). The modeling approaches for
computation of the mechanical behavior described in section 5 were based on the experimental results

from “normal areas”, which have been summarized in Table 6.1 to Table 6.3.
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7 Modeling of mechanical properties

As discussed in the previous sectios, characterization of the material properties is the prerequisite for the
implementation of the modeling approaches (see modeling chain in Figure 5.7). Therefore, the mechanical
properties of the investigated material WHIPOX™ with different winding angles are determined through in-
plane mechanical testing and the results were summarized in section 6.1. Furthermore, particular features
of investigated material have to be taken into consideration in order to predict mechanical properties with
more accuracy: the processing defects (inhomogeneity) of the investigated WHIPOX™ plates were evaluat-
ed through NDI testing before mechanical testing was conducted (see section 6.2); an inelastic deformation
factor A was defined as a relationship between failure strength and failure strain, and used to describe the
inelastic behavior of the investigated material WHIPOX™ (see section 5.4); based on the microstructure
analysis of shrinkage cracks in matrix through CT technology, the modeling of the properties of WHIPOX™
has to be divided into two classes: WHIPOX™ with matrix cracks and WHIPOX™ without matrix cracks (see
section 4.2); in order to qualify uncertainties in the laminate during the manufacturing process, a manufac-
turing factor Q for different batches needs to be evaluated, which takes into account FVC, porosity (e') and

the angle between fiber orientation and occurring stress (see section 5.5).

In this section, according to the modeling chain in section 5.6 advanced modeling approaches for the pre-
diction of the material properties of wound ceramic composites are presented. As the core component of
the modeling chain, a virtual equivalent UD-layer is implemented in the proposed approach. At first, the
complete material properties of the equivalent UD-layer were calculated and evaluated in the following
sections. The elastic properties of the equivalent UD-layer are calculated using an inverse operation of
classic laminate theory and Cartesian transformation. The parameters of Tsai-Wu failure criterion are fitted
with the values of maximum stress and strain through different test results. The interaction between failure
strength and strain is evaluated using inelastic deformation factor 4. Then, through the stacking of these
equivalent UD-layers with any desired layer structure (fiber orientation, thickness and number of layers),
an equivalent layered composite is created. Its in-plane material behavior is predicted and described with
the help of modified CLT and modified Tsai-Wu failure criteria. After that, by using the modified definition
of the directional failure indices it is possible to predict which stress component is mainly responsible for
failure. Based on the analysis of different microstructures (see section 4.2), two models were used to de-
scribe composite behavior and to predict failure strength and strain. Firstly, the linear model was used for
the group with linear elastic behavior up to its failure. Secondly, the bilinear/multi model was used for the
group with non-linear behavior beyond the virtual yield stress, as well as for the situation with successive
ply failures of laminate after the failure of first layer group. Furthermore, the analytical model for different
batches with inhomogeneities created due to the manufacturing process is updated with the manufacturing
factor (). Finally, the results of modeling, including elastic constants, strength, fracture strain, stress-strain

behaviors and failure mode, are compared to the test results in each following sections.
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7.1 Modeling of elastic properties

In this section, the Classical Laminate Theory and the Inverse Classic Laminate Theory are used to calculate
the elastic properties of WHIPOX™ with different microstructures. The evaluation of manufacturing factor
Q, using FVC, porosity e’ and angle between fiber orientation and occurring stress for the batches are
explained. The effect of this factor over the prediction of material properties is discussed and compared

with the original experiment results. The following results of this section have been published in [88].

7.1.1 Computing the elastic properties of the equivalent UD-layer

The modeling approach for the computation of the equivalent UD-layer described in section 5.2 "Inverse
approach of Classic Laminate Theory" will be applied first. The elastic parameters of an equivalent UD-layer
(ET,ET, vy, Gip, EE, ES) were calculated based on the experimental data from three typical tested
WHIPOX™ composites with non-orthogonal fiber orientations +3°/+87° (WF3), £15°/+75° (BT15) and
+30°/£60° (BT30) under tensile, shear and compression load. The winding angle of these three batches is
spread from a loading almost in fiber direction (+3°) to a loading almost in transverse to fiber direction
(£87°), which is the main reason for choosing them for the calculation of equivalent UD-layer properties.
The evaluated elastic properties of these three batches, their individual FVC and open porosity e’ have been

taken from Table 6.1 and listed in Table 7.1.

Table 7.1: Elastic constants, individual FVC and open porosity e’ with non-orthogonal fiber orientations
+3°/+87° (WF3), £15°/+75° (BT15) and +30°/+60° (BT30).

Test
Batch FVC [%] e' [%] ET [GPa] E; [GPa] Vaey [7] Gyy [GPa] ES [GPa] E§ [GPa]
direction
214.0 117.0 0.19 41.9
WF3 | +3°(487°) 42.7 22.0 + + + + - -
10.0 7.0 0.01 0.9
202.0 114.2 0.25 51.4 202.3 126.5
BT15 +15° (+£75°) 41.2 27.9 + + + + + T
7.3 3.3 0.03 6.9 3.8 149
131.5 68.9 0.37 50.7 127.3 82.7
BT30 +30° (£60°) 34.0 31.4 + + + + + T
9.1 8.3 0.04 114 29.7 9.6

The average values of FVC and open porosity e’ from these three batches in Table 7.1 are calculated and

summarized in Table 7.2.
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Table 7.2: average values of FVC and e’ from three typical tested WHIPOX™ composites with winding angles
+3°/+87° (WF3), £15°/+75° (BT15) and +30°/+60° (BT30) in Table 7.1.

Average fiber volume content [%] Average porosity [%]

39.3 27.1

In fiber direction (1-direction), the overall mechanical response is largely determined by the properties of
fibers and FVC. Therefore, each computed value of E and Ef was scaled by the average FVC of 39.3 % in
Table 7.2. On the other hand, in transverse direction (2-direction), the overall mechanical behavior is
primarily affected by the properties of the matrix phase, which is related to its average porosity. EJ and ES
were scaled by e’ of 27.1 % (Table 7.2). The calculated properties of the equivalent UD-layers were used for

the prediction and further comparison of elastic properties in different batches (Table 6.1).

In contrast to the other constants of the equivalent UD-layer, the Young’s modulus transverse to the fiber
direction showed a strong dependence on the winding angle of tested composites: the average value EJ and
Ef of large angles such as +30° and above is only about half of the +3°0r +15°. This behavior can be ex-
plained by the shrinkage cracks observed in the matrix (see section 4.2 Microstructural investigation:
shrinkage cracks). Based on the microstructure analysis of matrix cracks, a transition line between the
matrix with and without cracks can be found in the winding angle of +30° in Figure 4.4. No cracks were
observed for smaller winding angles. WHIPOX™ with the winding angles +30° through +45° showed similar
crack distributions. Additionally, different mechanical constants under tensile and compression loading
have been calculated. Therefore the evaluation of the properties of the equivalent UD-layer was divided
into two classes considering the differences in fiber orientations: WHIPOX™ with matrix cracks and
WHIPOX™ without matrix cracks. Two UD-material parameter sets with different ET, ET and Ef, ES values
were defined in Table 7.3. The UD-layer parameter set UD-WC (an UD-layer with cracks) was defined for
the angles +45° to +30° and a second parameter set, UD-NC (an UD-layer no cracks), with the higher values
of EI and Ef for angles smaller than +30°. v;, and G, are computed through all fiber orientations for UD-
WC and UD-NC. Since the material showed different behavior under tensile and compression load, the
Young’s moduli ET and Ef with small differences have been listed in Table 7.3. E} and ES were calculated
from the respective winding angles in batches WF3, BT15 and BT30 in Table 7.1. The E} value (56.2 GPa)
and the E¥ value (79.7 GPa) for UD-WC are almost 50 % smaller compared to the EY under tensile (107.8

GPa) and the EY under compression load (124.0 GPa) taken from UD-NC group without micro-cracks.

Table 7.3: Calculated elastic constants for equivalent UD-layers with consideration of average fiber volume
content and porosity in Table 7.2; UD-WC corresponds to winding angles of +45° to +30° and UD-NC applies to
angles smaller than +30°. Winding angle +30° is the turning point.

Elastic constants | ET [GPa] | EI [GPa] | vy, [-] | Gy, [GPa] | Ef [GPa] | Ef [GPa]
UD-WC 211.2 56.2 0.20 40.0 202.4 79.7
UD-NC 211.2 107.8 0.20 40.0 202.4 124.0
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7.1.2  Modeling the elastic properties of WHIPOX™ without ()

By using the elastic constants for the equivalent UD-layers of UD-WC and UD-NC in Table 7.3, computations
were performed through CLT (see section 5.1) on symmetric wound WHIPOX™ composites (winding angle
+6° in Figure 5.3b). The elastic constants calculated from the different parameter sets UD-WC and UD-NC
under tensile and compression loading are plotted in Figure 7.1 with dependence on the winding angle. The
black symbols are the original experimental data and the curves are the predicted variations of the elastic
constants of wound WHIPOX™ material. Due to the changes in microstructure, a distinct turning point at
+30° (¢60°) can be observed in the curves in Figure 7.1. EY, EJ, G, and vy, in Figure 7.1a and Ef and Ej in
Figure 7.1b are in accordance with the respective experimental data for winding angle +3°/+87° (WF3),
+15°/+£75° (BT15) and *30°/+60° (BT30) under tensile loading (Figure 7.1a) and compression loading
(Figure 7.1b), respectively. Furthermore, a good agreement between test and modeling results can be
observed in the magnification of dash-lined region at #30° in Figure 7.1a, which confirmed that the model-
ing of mechanical properties should be divided into two classes: the first being for WHIPOX™ with matrix
cracks (WC) and the second as WHIPOX™ without matrix cracks (NC). The Poisson’s ratio v, and shear
modulus G,,, are identical for tensile and compression load. It should be noticed that, due to the symmetry
of the winding angle of the sample, the values of EY from 45° to 90° are equal to the values of EJ from 0° to
45°. As expected from CLT the shear modulus G, and G, are identical and the Poisson’s ratio v, is not a
independent constant and can be calculated through (E,vy,)/E,. Therefore, only the experimental results

from 0° to 45° for shear modulus and Poisson’s ratio are shown in Figure 7.1.
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Figure 7.1: Original experimental data (black symbols) from tensile and compressive tests and predicted
variation of the elastic constants (curves) for wound WHIPOX™ material depending on the winding angle: a)
calculated with UD-properties under tensile load and magnification of dash-lined region at £30°; b) calculated
with UD-properties under compression load. Poisson’s ratio v,, and shear modulus G,, are identical for tensile
and compression loading.

7.1.3  Modeling the elastic properties of WHIPOX™ with ()

In order to upgrade the analytical approaches with consideration of fiber volume content, open porosity
and loading direction of different batches, the principle mentioned in section 5.5 was used to calculate the
manufacturing factor Q; for the individual layer k. Figure 7.2 shows the basic curve of the manufacturing
factor Q through modified mixing rules as a function of fiber volume content FVC, open porosity e’ and
the angle between the fiber orientation of the layer k and occurring stress. With the exemplary constant
values of Property A and Property B, manufacturing factor €, showed a linear behavior from the angle
between the fiber orientation of the layer k to the perpendicular direction of the occurring stress

(Proportion of B). In this case, when the Proportion of B equals 0 % the occurring stress is in the fiber
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direction (6, = 0°) and when 100 % the occurring stress is perpendicular to the fiber orientation

(6, = 90°).
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Figure 7.2: Calculated manufacturing factor through modified mixing rules as a function of FVC, porosity e’ and
angle 6 between fiber orientation of the layer k and occurring stress. Computed for exemplary values of prop-
erty A ratio of FVC, Property B ratio of e’ and Proportion of B the angle between the fiber orientation of the
layer k to the perpendicular direction of the occurring stress.

In order to calculate the value of manufacturing factor Q, for different WHIPOX™ batches, the average
values in Table 7.2 have been used. To compare the test data and calculated elastic constants with consid-
eration of Q, further experimental results from different batches with non-orthogonal (£15°/+75° and
+30°/+60°) and orthogonal winding angles (¥45° and 0°/90°) are summarized in Table 7.4. The experi-
mental tests for the batches WF15, WF30, WF45 and WF090 with orientations from +15°/+75° to 0°/90°
were conducted in the Institute of Materials Research, German Aerospace Center Cologne. The tests applied
to batch BR30 were conducted by the Advanced Ceramics Group, University of Bremen and the results have
been taken from [128]. The indices x and y correspond to the indications from Figure 4.1b. The index T
denotes tensile testing. For orthogonally wound WHIPOX™ the Young’'s modulus E, is equal to E,,. Identi-
cal methods for the measurement of FVC and e’ from section 3.2 have been used for the different batches
and the results are shown in Table 7.4. Batches WF45 and WF090 were tested in different directions but

prepared from the same plate, therefore, identical FVC and e’ have been listed in Table 7.4.
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Table 7.4: Elastic constants in directions x and y obtained from tensile and losipescu-shear tests for WHIPOX™
with different winding angles. The experimental tests on batches of WF were conducted in Institute of Materi-
als Research, German Aerospace Center Cologne and batch BR30 at the Advanced Ceramics Group, University of
Bremen.

Batch Testdirection | FVC [%] | e'[%] | EY[GPa] | EJ [GPa] | vy [-] | Gyy [GPa]
153.0 96.0 0.28
WF15 +15° (£75°) 27.3 26.7 + * + -
3.0 3.0 0.01
Non- 141.0 94.0 0.29
Ortho- WEF30 +30° (£60°) 35.3 28.3 + + + -
gonal 4.0 4.0 0.01
144.9 83.6 0.34 59.8
BR30
+30° (+60°) 38.6 28.4 + + + +
[128]
15.5 5.2 0.07 1.5
89.0 89.0
WF45 +45° + + ; ]
Ortho- 7.0 7.0
35.2 331
gonal 105.0 105.0 0.08
WF090 0°/90° + t s -
8.0 8.0 0.02

By using the equation 5.81 presented in section 5.5, the manufacturing factor Q was calculated for the
batches listed in Table 6.1 and Table 7.4. The fiber orientation was symmetrical to the test direction in non-
orthogonal samples. Therefore, the , for each individual layer is identical to the () for the whole laminate.
The results in Figure 7.3 show a maximum ) equal to 1.31 for batch BT225 in the y-direction, which has
relatively low porosity (18.5 %). They also show a minimum value of 0.73 for batch WF15 in the x-direction
due to the low FVC (27.3 %). Q equal to 1 means that the tested samples have a FVC of 39.3 % and a poros-
ity e’ of 27.1 % compared to the average values listed in Table 7.2. In a batch with a fiber orientation asym-
metrical to the test direction, the Q; of each layer can be different. In laminate BT090 the  is 1.03 in
layer 0° and 0.93 for 90°. The effects of ; on the off axis test 0°/60° are 0.87 in 0° and 0.82 in 60°. With
batch WF090 the Q in 0° and 90° is 0.90 and 0.82, respectively. The results of the manufacturing factor Q
in Figure 7.3 show that, due to the variations in the manufacturing process of CMCs the FVC and open
porosity e’ scatter in a wide range by different batches; the factor Q with consideration of different fiber
volume contents, porosities and the angles between fiber orientation and occurring stress can be used to
qualify uncertainties in the laminate during the manufacturing process. The effect of the () for the modeling

results are presented in the following diagrams.
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Figure 7.3: Manufacturing factor (1 for the batches with different FVC, open porosity e’ and angle between fiber
orientation and occurring stress.

The experimental data EY and Ej from different batches (Table 6.1 and Table 7.4) and the predicted
variation in the elastic constants under tensile load are shown in Figure 7.4. The grey points for WF3 (£3°),
BT15 (*¥15°) and BT30 (+30°) from Table 7.1 have already been shown in Figure 7.1a, which show a good
agreement between test and modeling results. However, the black symbols for BT225 (+22.5°) and BT45
(#45°) from Table 6.1 and WF15 (£15°), WF30 (+30°), BR30 (*30°) and WF45 (+45°) from Table 7.4 are
distributed within a certain range (Figure 7.4) of the predicted variations of the elastic constants (curves),
especially batches WF15 (¥15°) and BT225 (*22.5°). Following the analysis of the shrinkage cracks with
the boundary line between the data sets of UD-WC and UD-NC in Figure 4.4, strong correlation is seen
between the measured and predicted Young’s moduli EJ in the magnification of dash-lined region at +30 of
Figure 7.4b. Batch WF30 without shrinkage cracks showed the highest ET, while the Young’s modulus in
the y-direction from batch BT30 with a similar crack density as +45° showed the lowest (see section 4.2).
Sample BR30 with some cracks lies between these two batches. As discussed above, due to the symmetry of

the winding angle of the coupons, only the results from 0° to 45° are shown in Figure 7.4.
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Figure 7.4: Original experimental data (symbols) from different batches and predicted variation of elastic
constants under tensile load (curves) for wound WHIPOX™ material depending on the winding angle: a)
calculated ET values with UD-properties; b) calculated E; values with UD-properties and magnification of
dash-lined region at +30°.

Similar curves with experimental data from different batches and predicted variations of the elastic con-
stants under compression load are plotted in Figure 7.5. The grey points for BT15 (+15°) from Table 7.1
have already been shown in Figure 7.1b with a good agreement between test and modeling results. In
comparison, the black symbols for BT225 (¥22.5°) from Table 6.1 are distributed in Figure 7.5 and display

large fluctuation when compared to the predicted curves.
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Figure 7.5: Original experimental data (symbols) from different batches and predicted variation of the elastic
constants under compression load (curves) for WHIPOX™ material depending on the winding angle: a) calcu-
lated ES values with UD-properties; b) calculated Eg values with UD-properties.

Based on the results in Figure 7.4 and Figure 7.5, the modeling approach without consideration of Q pro-
vides an insufficient prediction of elastic properties for batches with different FVC and €'. In this case,
equations 5.82 to 5.84 in section 5.5 have been used to calculate the sub-matrices: strain stiffness [Sij],
coupling stiffness [Cij] and bending stiffness [Bl-j]. It should be noted that the inelastic deformation factor 4
in equations 5.82 to 5.84 is equal to 1.0 for the modeling within the linear elastic area. The comparison
between calculated elastic constants (with and without consideration of 1) and the test results (from Table
6.1 and Table 7.4) for wound WHIPOX™ is visualized in Figure 7.6. A very close correlation is shown in
Figure 7.6a to Figure 7.6¢ for the measured and predicted elastic values with the maximum difference of 12
% through the application of the manufacturing factor (). On the other hand, the computation of elastic

properties without consideration of varying FVC and open porosity e’ values, i.e. without consideration of
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Q, could deviate strongly from the experimental results. This is particularly true for the batch BR30 with
some shrinkage cracks. Therefore, instead of using UD-WC or UD-NC properties, the average values from

UD-WC and UD-NC have been applied to predict elastic constants of the batch BR30.
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Figure 7.6: Comparison of calculated elastic constants with and without consideration of (1 to test results for
wound WHIPOX™ from different batches: a) Young’ modulus of non-orthogonal samples BT225 (+22.5°) under
tensile and compression load; b) Young’ modulus of non-orthogonal samples WF15 (*15°), WF30 (+30°) and
BR30 (+30°) under tensile and compression load; c) Young’ modulus of orthogonal samples BT45 (*45°),
BT090 (0°/90°), WF45 (x45°) and WF090 (0°/90°) and off axis test BT060 (0°/60°) under tensile and compres-
sion load.

As described in section 5.5, the shear modulus G,, and the Poisson’s ratio v,, are calculated without
consideration of (). A strong correlation between the test results and the calculated values of Gy, and vy,

can be observed in Figure 7.7a and b.
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Figure 7.7: Comparison of calculated elastic constants to test results for wound WHIPOX™ from different
batches: a) shear modulus non-orthogonal and orthogonal samples; b) Poisson’s ratio of non-orthogonal and
orthogonal samples.

7.2 Modeling of failure stresses and failure mode

In this section Tsai-Wu failure criterion in stress space using the failure ratio is used to calculate the failure
strength of the investigated material WHIPOX™. The parameters of the Tsai-Wu stress criterion are evalu-
ated considering different microstructures (with and without matrix cracks). The calculated failure
strength values are compared to the original experimental results. The modeling approach using this modi-

fied definition of the directional failure indices }};; has been used to predict the failure mode of WHIPOX™,

7.2.1  Modeling of failure stresses

As mentioned in section 5.3, Tsai-Wu failure criterion in stress space requires the strength properties of the

UD-layer.

Due to the lack of matrix and fiber properties within the composite material, it is not reasonable to calculate
the strength properties of the virtual UD-layer from the individual properties of matrix and fiber. Further-
more, the production and characterization of the actual UD-layer for CMCs is also critical because the non-
typical unhindered shrinkage of matrix transverse to the fibers during processing leads to material which
cannot be considered as representative material. Instead of following those modeling approaches, the
strength values of UD-layer were fitted to different test results from the investigated material WHIPOX™.,
The approximated strength properties with the inclusion of different micro-structures, UD-WC (UD-layer
with cracks) and UD-NC (UD-layer no cracks) (see section 4.2), are enumerated in Table 7.5. The indices 1
and 2 correspond to the indications in Figure 5.3a where 1 is in the fiber direction and 2 is transverse to the
fiber direction. The index T denotes the tensile test and C the compression test, while 7;, is the estimated

in-plane shear strength.
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Table 7.5: The estimated strength values of the equivalent UD-layer of WHIPOX™: UD-WC corresponds to

winding angles of £45° to £30° and UD-NC applies to angles smaller than +30°.

Strength | of [MPa] | of [MPa] | of [MPa] | of [MPa] | 7., [MPa]
UD-WC 279.0 22.5 -243.0 -45.0 65.0
UD-NC 279.0 22.0 -274.0 -120.0 85.0

All the parameters of the Tsai-Wu failure criterion in stress space can be evaluated through the aforemen-
tioned equations in section 5.3.1 by using the estimated strength values in Table 7.5. These parameters are

also dependent on the different micro-structure for UD-WC and UD-NC and are listed in Table 7.6.

Table 7.6: Tsai-Wu parameters in stress space of the equivalent UD-layer of WHIPOXT™: UD-WC corresponds to
winding angles of +45° to +30° and UD-NC applies to angles smaller than +30°.

Tsai-Wu Parameters F; Fiq F, Fy, Fee
UD-WC -5.3E-04 1.5E-05 2.2E-02 9.9E-04 | 2.4E-04
UD-NC -6.5E-05 1.3E-05 3.7E-02 3.8E-04 1.4E-04

The parameters listed in Table 7.6 can be put into the Tsai-Wu equation in stress space (section 5.3.1). It
should be noticed that, In the case of the investigated WHIPOX™ material, the interaction term F;, has been
set to zero due to the lack of the possibility of production of real unidirectional layer and bi-axial tensile
testing. The Influence of F;, on the shape of the Tsai-Wu failure envelope of WHIPOX™ will be discussed in
section 8.1. A 3D visualization with help of MATLAB R2013a for WHIPOX™ depicting with (red envelope)
and without matrix cracks (grey envelop) shows in Figure 7.8. It outlines the failure regions of these two

different groups.
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Figure 7.8: 3D representation of Tsai-Wu failure criterion in stress space for material WHIPOX™ depicting with
(red envelope) and without matrix cracks (grey envelope).

By using the strength ratio R of the Tsai-Wu failure criterion, which has been presented in 5.3.1, the tensile
and compressive strengths of the laminate with a symmetric fiber orientation can be predicted. Figure 7.9a
und b show the test results (from Table 6.2) with different fiber orientations and calculated failure
strengths for the material WHIPOX™. This is depicted with (UD-WC) and without the matrix cracks (UD-NC)
under tensile and compression loading. The modeling curves in Figure 7.9 are the results calculated with-
out consideration of the manufacturing factor Q for different batches. Similar to the modeling of elastic
properties, a distinct inconsistency at +30° (£60°) can be observed in the curves due to the changes in

microstructure.
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Figure 7.9: Original experimental data with different fiber orientation (black symbols) and predicted failure
strength (curves) for wound material WHIPOX™ depicting with (UD-WC) and without matrix cracks (UD-NC)
under a) tensile loading and b) compression loading.

Although a relatively good correlation between the modeling results and some experiments can be ob-
served in Figure 7.9, in order to upgrade the analytical approach with consideration of fiber volume content
and open porosity from different batches, the manufacturing factor Q value is coupled with individual sub-
matrices for the modeling of failure strength. It leads to a more precise prediction of failure strength
(Figure 7.10). Modeling of the strength value of the laminate with successive ply failures (e.g. with the fiber
orientation 0°/90° and 0°/60° in Table 6.2) cannot be directly obtained from the strength ratio R. Their
results are presented in the following section 7.3 with the inclusion of the non-linear behavior of investi-

gated WHIPOX™ as a factor.
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Figure 7.10: Comparison of calculated failure strength with and without consideration of manufacturing factor
Q to test results of wound WHIPOX™ under a) tensile loading and b) compression loading.

7.2.2  Modeling of failure mode

By using the modeling approach presented in section 5.3.4, directional failure indices };; of the investigated
material WHIPOX™ can be calculated for the modeling of failure mode. The calculation of failure indices };;
is focused on the test results of specimens with symmetric fiber orientation under tensile loading. This is
because most compression samples were totally destroyed after the test. Due to the relatively low com-
pressive strength the shear specimens fail locally in the testing rig where high compressive stresses prevail
(see section 6.1). Therefore, the failure modes of compression and shear specimens are not discussed in
this section. To explain the performance of modeling approach for failure mode, directional failure indices
Y.ij (equations 5.73 to 5.75 in section 5.3.4) of tensile samples with the fiber orientation of +15° have been
first calculated as examples. The predicted failure tensile strength of the wound WHIPOX™ laminate +15° is
approx. 267 MPa (see Figure 7.10a). Under this loading, the failure indices Y2, 22 and Y22 for their
respective stress components gy, 0, and 7, are all equal to 1.0 in the failure event. The one-dimensional

}J-D are calculated with the separate stress components o;; and the approximated strength

failure indices
values of the UD-layer for WHIPOX™ (see Table 7.5): Y12 =[257.9/279.0| = 0.92; Y32 = |-0.3/22.0| =

0.01 and Y12 = |—34.0/85.0| = 0.40. With this information, the directional failure indices Z; of WHIPOX™

with winding angle #15° can be calculated as follows:

2D 1.0
= 11 = : =093
Ln =77 (TP -2y " 14 (1.0-0.92)
3 D 3 1.0 050
222 =7 (22 —y10y ~ 14 (1.0-0.01)
2D 1.0
s 12 =0.62

T1+ QR -3 1+ (1.0-040)
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It should be noticed that the directional failure indices };; are calculated separately and show the “relative
importance of the separate stress components o;; in the failure event” ([18]). In this case of fiber orienta-
tion +15°, the values of 31, (0.93), Y5, (0.50) and Y, (0.62) indicate that }};; will be mainly responsible

for the failure in this particular example.

Table 7.7: The directional failure indices },;; of the investigated material WHIPOX™ with different fiber orien-
tations.

Directional failure indices +15° | +£22.5° | +30° | +45° | +60° | +67.5° | +75°

i1 0.93 0.81 0.68 0.56 0.48 0.48 0.22
Y22 0.50 0.53 0.59 0.80 0.94 0.99 1.00
Y12 0.62 0.69 0.80 0.70 0.59 0.53 0.52

The estimated directional failure indices };; of the investigated material WHIPOX™ with different fiber
orientations have been summarized in Table 7.7. In order to compare the test results, some typical failure
surfaces of the investigated material WHIPOX™ with different fiber orientations have been shown in Figure
7.11. For the tensile sample +15°, the value of }};; (0.93) is much larger than the values of }},, and } ;5. This
leads to a fiber breakage dominant failure surface as seen it in Figure 7.11a. On the contrary, a clear matrix
breakage can be obtained in Figure 7.11b with a significantly higher }',, (1.00) for the winding angle +75°.
In the case of the laminate with +30°, although the values in Table 7.7 indicate that the }};, will be mainly
responsible for failure in this example, the value of }},, is also relative high. They lead to a failure surface
with combined matrix and fiber breakage in the Figure 7.11c. The failure surface of a tensile sample with
the orientation of *45° in Figure 7.11d shows mainly matrix breakage and a few fiber breakages, which

correlates with the calculated higher Y, and };, values for the same winding angle in Table 7.7.
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Figure 7.11: Typical failure surface of the investigated material WHIPOX™ with different fiber orientations a)
#15°and b) +75° and c) £30° and d) *45°.

It should be noticed that each of these failure indices }};; indicates the direction of failure indices connected
with stress components g;;. Based on the results of this section, the modeling approach using this modified
definition of the directional failure indices };; has the great potential to predict which stress component is

mainly responsible for failure.

7.3 Modeling of failure strain and successive ply failures

In this section the inelastic deformation factor 4, which is defined as the relationship between calculated
linear strain value &;;,,.4, and real failure strain &, (Figure 5.5), is used to calculate the failure strain of the
investigated material WHIPOX™. The value of 4 is discussed and evaluated in light of different microstruc-
tures (with and without matrix cracks). The calculated failure strain values and stress-strain behaviors in
bilinear-model are compared to the original experiment results. The modeling approach of successive ply
failures has been used to predict the material behavior of laminate with several groups of layers and each

group has different fiber orientaion.

7.3.1 Modeling of failure strain

The tensile stress-strain curves of WHIPOX™ with fiber orientations of +30° and +60° in Figure 6.1b show
inelastic behavior up to failure. In this case, the failure strength and strain cannot be directly correlated

with the Tsai-Wu failure criterion in stress and strain spaces. Figure 7.12 shows the predicted failure strain
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(curve) without consideration of the inelastic deformation of the investigated material WHIPOX™. Signifi-

cant differences between calculated and original experimental results can be observed.
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Figure 7.12: Original experimental data with different fiber orientation (black symbols) and predicted failure
strain (curve) without consideration of inelastic deformation for wound material WHIPOX™ depicted with
matrix cracks (UD-WC) and without matrix cracks (UD-NC).

The inelastic deformation factor 4 presented in section 5.4 is defined as the relationship between calculated
linear strain value €;,,.4 and real failure strain €;.5:: 4 = €jinear/ Erest (S€€ €quation 5.76). If 4 = 1 then
linear elastic behavior up to failure is shown. The calculated values (black symbols) of the inelastic defor-
mation factor 4 from the investigated material WHIPOX™ with different fiber orientations are shown in
Figure 7.13. It can be observed that the laminates in the area without matrix cracks (NC) exhibit linear
stress-strain behavior with 4 equal to approx. 1.0. In comparison, the value of 4 is strongly dependent on
the fiber orientation of the laminate in the area with matrix cracks (WC). A function can be established by
fitting the calculated results 4 between *30° and +60° in Figure 7.13. The inelastic deformation factor 4

depicting the areas without matrix cracks (NC) and with matrix cracks (WC) is defined as:

WHIPOX — NC: 4 = 1.0
WHIPOX —WC: A = (—6.6E —3)6 + 1.0

7.1

where 8 is the angle between fiber orientation and the loading direction.

The different behavior can be explained by the micro structure in the WC area with matrix cracks. The non-
linear behavior is most probably induced by cracks in the matrix under a certain load. The already existing
shrinkage cracks in the WHIPOX™-WC matrix show strong dependence on the angle between fiber orienta-
tion and the occurring loading. For the WHIPOX™ without matrix cracks, a linear behavior with 4 equal to 1

is expected. In the case of tensile loading in fiber direction of a virtual UD-layer with cracks, the fiber prop-
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erties are dominated in this direction and the matrix and shrinkage cracks have limited influence. There-
fore, the material behavior is assumed as linear elastic up to failure with the value of factor 4 equals to 1.0.
This agrees with the calculated results from second part of equation 7.1 with 8 = 0. On the other hand, in
case of loading in transverse fiber direction, the matrix dominates the mechanical behavior and a significant
non-linear behavior with low 4 value can be expected. It is important to note that the evaluation of factor 4
combines features of implicit and explicit models (see section 2.2.2). This model uses both approximation
and physically-based methods in order to characterize WHIPOX™ inelastic behavior. The inelastic defor-
mation factor 4 is defined as a mathematical equation that is incorporated into the material modeling

relation and solved by using the analysis of microstructure of the investigated material WHIPOX™,
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Figure 7.13: Calculated inelastic deformation factor 4 (black symbols) from the investigated material
WHIPOX™ with different fiber orientations.

As presented in section 5.4, the factor 4 is assembled into the individual sub-matrices: strain stiffness [Sij]'
coupling stiffness[CU] and bending stiffness [Bij]' for the calculation of the engineering constants of a
virtual equivalent UD-layer of WHIPOX™ (such as E, in Figure 5.5). In this way, the failure strain can be
estimated. For WHIPOX™-NC with 4 equals to 1.0, the initial stiffness matrix remains unchanged up to the
failure. On the other hand, a bilinear model was used to describe the behavior of WHIPOX™-WC beyond the
virtual yield stress oy exhibited in Figure 5.6. oy was defined as the function of inelastic deformation factor

A and failure strength o, as gy = 0,54 in equation 5.77.
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Figure 7.14: Tensile stress-strain comparison diagrams with test results and calculated results for laminate
WHIPOX™-NC and WHIPOX™-WC with fiber orientations a) from +3° to +60° and b) £67.5° and +75°.

The comparison of longitudinal and transverse stress-strain behavior of WHIPOX™-NC and WHIPOX™-WC
as seen in test and calculated results are summarized in Figure 7.14. The behavior of fiber orientations +3°
and +15° (in Figure 7.14a) and +67.5° and +75° (in Figure 7.14b) are linear in the laminate of WHIPOX™.-
NC. The non-linear behavior up to failure of the laminate of WHIPOX™-WC with the fiber orientations +30°,
+45° and +60° are compared with the bilinear model results in Figure 7.14a. A bar diagram for the compar-
ison of calculated failure strain depicting WHIPOX™-NC and -WC with the tensile test results for wound
WHIPOX™ with different fiber orientations is shown in Figure 7.15. A very close correlation can be ob-
served in Figure 7.14 and Figure 7.15 for the measured and predicted failure strain. Due to the fact that the

Q,, value is coupled with the layer thickness ¢, for the calculation of the stiffness matrices (Sii)A o (CU)A 0
and (Bii)Ag in section 5.5, the influence of different FVC, e’ and angle of fiber orientation from different

batches has been taken into consideration in the modeling of elastic properties (section 7.1) and strength
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(section 7.2). Therefore, for the modeling of the strain value, the influence of }; can be hypothesized to

Q) ()7L, As a result the impact of 0, on the strain is negligible.
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Figure 7.15: Comparison of calculated failure strains of WHIPOX™-NC and WHIPOX™-WC with tensile test
results for WHIPOX™ with different fiber orientations.

7.3.2  Modeling of successive ply failures

As presented in section 5.3.3, because of the different fiber orientations to the loading direction from each
layer to the other, the different ply groups in a laminate have different mechanical behavior under the same
load. In this study, two laminates, batches BT090 and BT060, with the fiber orientations 0°/90° and 0°/60°
were examined under tensile loading. The modeling approach with successive ply failure in section 5.3.3
has been used to determine the stress and strain values at different loading states for these two laminates.
Specimens from batch BT090 were prepared from the plate BT45 with a winding angle +45°. Other speci-
mens from batch BT060 were taken from plate BT30 (+30°). This means that these two batches belong to

the laminates with matrix cracks (WC).
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Figure 7.16: Successive ply failures in a laminate with two different ply groups with the non-linear behavior
taken into account.

With the non-linear behavior of WHIPOX™-WC taken into account, the successive ply failure of two differ-
ent ply groups in a laminate under tensile loading in Figure 5.4 can be added to Figure 7.16. According to
the modeling approach in section 5.4 and the calculation of the inelastic deformation factor 4 in section
7.3.1, the ply groups at 90° from batch BT090 and 60° from BT060 exhibit significant non-linear behavior.
Therefore, a bilinear model (defined in section 5.4) with the virtual yield stress gy and effective stiffnesses
E, and E, (the longitudinal and transverse directions) describes the behavior of laminate before the first-
ply-failure (FPF). On the other hand, in the direction with the fiber orientation of 0° in both batches, the
material's behavior is described as linear elastic up to failure with the value of factor 4 equals to 1.0. The
linear model is shown in Figure 7.16 with the reduced stiffnesses E; and E, in the longitudinal and trans-
verse directions after obtaining the FPF. The laminate has completely failed when last-ply-failure (LPF) has
occurred with the maximum strain value of the last layer ¢;;. It should be noted that the strength values oz,
and the strain values ¢z, at FPF of two batches are different because of the different strength ratios R
between lay groups with 90° and 60° orientation. However, the ultimate strain ¢;; of two laminates is

identical due to the same orientation of 0° at LPF.
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Figure 7.17: The tensile stress-strain comparison diagrams comparing the test results with the calculated
results for the successive ply failures of a) batch BT090 (0°/90°) and b) batch BT060 (0°/60°).

The comparison of longitudinal and transverse stress-strain behavior from tensile test and modeling re-
sults for batches BT090 (0°/90°) and BT060 (0°/60°) is shown in Figure 7.17. The non-linear behavior up

to failure of the laminate is compared with the multi-linear modeling results and shows a strong correla-

tion.
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8 Discussion

8.1 Characterization of mechanical properties

The main objectives of this work were the characterization and modeling of the mechanical properties of
wound oxide ceramic composites with varied fiber orientations. As fundament of the modeling chain
(Figure 5.7), full coverage of the mechanical properties of the investigated material WHIPOX™ in different
wound orientations (£3°/£87°, *15°/+75°, +22.5°/+67.5°, +30°/+60° *45° 0°/90° and 0°/60°) were
evaluated with in-plane tension, losipescu-shear and compression tests. The material's characteristic
values, including initial stiffness, strength, strain, elastic and inelastic behavior, were used for the model-
ing of the mechanical properties of the material WHIPOX™ with any desired fiber orientation and differ-

ent fiber volume contents and porosities.

Based on the results in section 6.2, there is a significant correlation between the detected defects (NDI-
tests) and the material properties from the mechanical tests. One of the distinctive features of material
WHIPOX™ (section 2.4), the inhomogeneity of the investigated plates was examined first through NDT-
tests. Only the results from “normal areas” were used in the modeling approach for the computation of the

mechanical behavior of WHIPOXTM,

The material properties under tensile load were measured in WHIPOX™ with different winding angles at
room temperature. In contrast to the tensile test, because of the interlaminar failure and the buckling
effect of compression samples, the strain gauges could not measure the strain values correctly until failure
(see section 6.1), the compression fracture strain was not recorded in this study. Furthermore, due to the
relatively low compressive strength, the losipescu-shear specimens fail locally in the testing rig where
high compressive stresses prevailed. Therefore, the necessary stress-strain curve for the determination of
the shear module only relates to the initial linear region (see section 6.1). Therefore, calculation of failure
strain, modeling of stress-strain behavior and analysis of failure mode have been concentrated on the

mechanical properties of WHIPOX™ under tensile load in this work.

As the interaction term F;, from the Tsai-Wu equation in stress space has been set to zero in section 5.3.1,
this assumption is discussed in this section. The original formulation of the Tsai-Wu failure criterion
includes the interaction term 2F;,0;0,, which cannot be evaluated directly using the five strength values
ol,of, of,0f and 14, in Table 7.5. It has to be determined by a much more complicated bi-axial tensile
test. An empirical model for the determination of the F;, value is taken from Hahn and Tsai in [116] and
shown as equation 5.58 in section 5.3.1. This results in a value of F;, being -6.0E-05 for WHIPOX™ UD-WC
and -3.5E-5 for UD-NC. According to the conclusion of Tsai-Wu failure criterion in [121], the interaction
term F;, for WHIPOX™ may be considered as being zero since they fall in the range +6.0E-05. Although
these values are very small, the interaction term F;, has a significant effect on the shape of the Tsai-Wu
failure surface for WHIPOX™. Figure 8.1 shows the 2D representation of Tsai-Wu stress failure criterion

in Sigma1-SigmaZ2-plane with and without the F;, term. The black symbols are the tensile test results with
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the fiber orientations +3° and +87°. These were considered to be very close to the strength in the fiber

direction (Sigma 1) and transverse direction of the UD-layer (Sigma 2), respectively.
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Figure 8.1: 2D representation of Tsai-Wu stress failure criterion in sigmal-sigma2-plane: a) without the
interaction term F, and b) with the interaction term F,.

The large difference between these failure surfaces (Figure 8.1) is only due to the value of the interaction
term F;,. In Figure 8.1b the strength in the bi-axial compression quadrant will be overestimated. The
values of F;, for WHIPOX™ with matrix cracks (UD-WC) and without matrix cracks (UD-NC) that are
calculated for a bi-axial failure stress ag;; between 10 to 100 MPa are shown in Figure 8.2. The curves of
both equivalent UD-layers are similar. As can be seen from Figure 8.2, the variation of the interaction term

F, is relatively large and it becomes negative for a bi-axial failure stress of approx. 20 MPa. Based on the
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good correlation between the modeling results and experiments, in the case of material WHIPOX™, it
turns out that assigning a zero value to F;, was a good choice, since the bi-axial failure stress of a real UD-

layer has not been experimentally determined.
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Figure 8.2: Dependence of the interaction term F,, on the bi-axial failure stress o},;.

8.2 Modeling with the equivalent UD-layer

In order to model the mechanical properties of WHIPOX™ a virtual equivalent UD-layer is introduced.
Based on the analysis of microstructure for shrinkage cracks in section 4.2, modeling with the equivalent
UD-layer properties was divided into two classes: WHIPOX™ with matrix cracks (WC) and WHIPOX™
without matrix cracks (NC). A transition line between the matrix with and without matrix cracks can be
found in the winding angle of +30°. No cracks were observed for smaller winding angles and WHIPOX™
with a winding angle of +30° until £45 showed similar crack distributions. Two UD-material parameter
sets of the calculated elastic constants (Table 7.3), the estimated strength values (Table 7.5), the Tsai-Wu
parameters in stress space (Table 7.6) and the inelastic deformation factor 4 (section 7.3) are summarized

in Table 8.1.
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Table 8.1: Summary of the calculated elastic constants, the estimated strength values, the Tsai-Wu parame-
ters in stress space and the inelastic deformation factor 4 for WHIPOX™ UD-WC and UD-NC material parame-
ter sets.

UD-WC
Ef E; V12 Gy Ef Ej
Elastic [GPa] [GPa] [ [GPa] [GPa] [GPa]
constants
211.2 56.2 0.20 40.0 202.4 79.7
af o of 02 T12
Strength
[MPa] [MPa] [MPa] [MPa] [MPa]
values
279.0 225 -243.0 -45.0 65.0
Tsai-Wu F Fiq £ Fap Fee
parameters -5.3E-04 1.5E-05 2.2E-02 9.9E-04 2.4E-04
A A= (—6.6E —3)6 + 1.0
UD-NC
Ef E7 Vi2 Gy Ef Ej
Elastic [GPa] [GPa] [ [GPa] [GPa] [GPa]
constants
211.2 107.8 0.20 40.0 202.4 124.0
af o3 af T12
Strength
[MPa] [MPa] [MPa] [MPa] [MPa]
values
279.0 22.0 -274.0 -120.0 85.0
Tsai-Wu Fy Fiy £ Faa Fee
parameters -6.5E-05 1.3E-05 3.7E-02 3.8E-04 1.4E-04
A A=1.0

By using the parameters for the equivalent UD-layers of UD-WC and UD-NC in Table 8.1, calculations of the
elastic constants, the failure strength/strain values and the elastic/inelastic behaviors were performed
through the modeling approaches in section 7 for wound WHIPOX™ composites with different fiber
orientations. Furthermore, by using the modified directional failure indices (section 5.3.4) the failure
mode can be predicted for WHIPOX™ under tensile load. The modeling approach to successive ply failures
with inelastic properties taken into account has been used to predict the material behavior of WHIPOX™
laminate with different lay groups. Moreover, a manufacturing factor (1 (one of the distinctive features of
material WHIPOX™ in section 2.4) was introduced which considered the FVC and porosity e’ of the differ-
ent batches. By applying of manufacturing factor (), a much better correlation between the measured and
predicted results, especially concerning the elastic properties, could be obtained. A few deviations in the
modeling of failure strength with factored in Q (e.g. calculated compression strength by +60° in Figure

7.10b) can be explained by the lack of further unidentified factors: due to the fact that the manufacturing
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factor €, only takes into account FVC, porosity (e') and the angle between fiber orientation and occurring
stress, more uncertainties and different microstructures created due to the manufacturing process, such
as the distribution of the matrix or density of the micro delamination and so on, were not considered in

the modeling of mechanical properties of wound CMCs.

With the modeling approaches explained in section 7 and the results summarized in section 7 and in Table
8.1, the failure tensile strain for the equivalent UD-layer with (WC) and without (NC) matrix cracks can be
calculated. The results were shown in Figure 8.3a depending on the loading direction 8. As mentioned
before, with the WHIPOX™ without matrix cracks, linear behavior with the inelastic deformation factor A
equal to 1 is expected. In the case of a tensile test conducted in the fiber's direction on a UD-layer with
matrix cracks, the properties of fiber are dominant and the matrix and shrinkage cracks have only a
limited influence. The material behavior can be assumed to be linear elastic up to failure. In other words,
the value of factor A should be equal to 1.0. This agrees with the calculated results from the second part of
equation 7.1 (where 8 = 0). Therefore, the failure tensile strain from both NC and WC groups are identical
and equal to approx. 0.13 % (in Figure 8.3a). On the other hand, with the loading in a transverse fiber
direction, e.g. 90°, a significantly higher failure strain in group WC compared to the group NC can be seen

in Figure 8.3. This is because of its non-linear behavior with the lowest A value.

Furthermore, tensile strength values of equivalent UD-layers (WC and NC) depending on the loading
direction 8, are calculated and plotted in Figure 8.3b. Because similar values under tensile loading be-
tween the two can be seen (the parameters of the Tsai-Wu failure stress criterion in Table 7.5), it follows

that almost identical curves for UD-WC and UD-NC can be obtained, as Figure 8.3b.
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Figure 8.3: Calculated a) failure tensile strain and b) failure tensile stress for the equivalent UD-layer with
(WC) and without (NC) matrix cracks depending on the loading direction 6,.
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Based on the above summarized properties of the equivalent UD-layers, these equivalent UD-layers are
used to creat equivalent layered composite with any desired fiber orientation. Its material constants can

be predicted by using the modeling approaches presented in this work.

In order to demonstrate the potential of the modeling approaches with equivalent UD-layers, material
properties of laminates with orientation of 0°/90° are calculated. According to the results of analysis for
shrinkage cracks (section 4.2) laminates with fiber orientation 0°/90° (winding angle +45°) belong to the
group with matrix cracks (WC). Therefore, the material behavior of laminate 0°/90° was calculated with
equivalent UD-WC properties in section 7.3.2 and the multi-linear modeling results were shown a good
correlation with the original test results in Figure 7.17a. In comparison, laminates with the orientation of
0°/90° from the group NC have not been experimentally determined since this winding angle +45° cannot
be manufactured without matrix cracks (see Figure 4.3a). However, the mechanical behavior of this
virtual laminate can be still calculated through the modeling approaches given in this study with UD-NC
properties. The modeling results for the laminate 0°/90° from different groups UD-WC (with matrix

cracks) and UD-NC (without matrix cracks) are shown in Figure 8.4.
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Figure 8.4: Calculated results of the laminate 0°/90° from groups with (UD-WC) and without (UD-NC) the
matrix cracks.

As can be seen from Figure 8.4, the initial stiffness of laminate from NC (red curve) is higher than WC
(blue curve), which is because the Young’s moduli in transverse direction (EY) of NC-group is almost twice
as much as the value of WC-group (section 7.1.1), the stronger 90° layer from NC-group in the laminate
leads to a higher value of initial stiffness. Then, layer from group NC under tensile loading was considered
to be displaying a linear stress-strain behavior with inelastic deformation factor A equal to 1.0 up to
failure (section 7.3). Therefore, a bilinear model with one virtual yield stress (first-ply-failure) was used to
describe the behavior of laminate 0°/90° from group NC (the red curve in Figure 8.4). For comparison, a
multi-linear model with consideration of the non-elastic behavior of layer 90° from group WC (the blue
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curve) is shown in Figure 8.4 for laminate 0°/90° from group WC: firstly, bilinear model with a virtual
yield stress of UD-WC for the non-linear material behavior will proceed; secondly, the second yield point
appears after reaching the highest strength ratio R of layer groups 90° (first-ply-failure of laminate from
group WC); thirdly, the laminate fails completely when last-ply-failure (layer 0°) occurs. With the results
summarized in Figure 8.3, the failure strain and strength values of layer 0° from both groups NC and WC
are identical. Therefore, the strength and failure strain values of the two laminates in Figure 8.4 are calcu-

lated with the same value in the event of the last-ply-failure.

8.3  Applicability of modeling approaches to other CMCs

The modeling approaches developed and presented in this study can be applied to predict the mechanical

properties of other CMCs.

In the work of Tushtev et al. 2008 published in [129], based on the test data with non-orthogonal fiber
orientations +20°/+70° under in-plane tensile and shear loading, the elastic properties of an equivalent
UD-layer were calculated through the Inverse Laminate Theory and applied to predict the effects of vari-
ous braiding angles. The mechanical experiments focused on the C/C braided composite CARBOTEX®
produced by EADS Space Transportation GmbH, Munich, Germany. The predicted elastic constants were
compared with experiment values for the orthogonal braided (0°/90°) C/C composite. A general correla-
tion was seen, especially for shear modulus. However, higher values for Young’s modulus and Poisson’s
ratio were predicted, which may be explained by “the different geometry of tow undulation for orthogonal
and non-orthogonal composites” in [129]. According to the collected knowledge in this dissertation, the
potential for more precise predictions of the elastic properties of C/C could be realized if the relationship
between tow undulation and fiber orientation was considered as a factor. This relationship could be one of

the distinctive features of the C/C material.

A similar modeling approach was applied to predict the elastic properties of wound C/C-SiC material
(with T800 fiber) in the work of Breede et al. 2016 in [130]. The equivalent UD-properties were calculated
through ILT with tensile test results and estimated shear modulus. A correlation can be observed between
the experiment and computed results with the exception of Poisson’s ratio. Its value was significantly
exaggerated and could be improved with the use of a potential material factor for the relationship be-
tween transverse contraction and winding angle. It should be noted that the different micro-structures of
wound C/C-SiC material can be obtained by varying the winding angles, e.g. winding angles #15° and +45°
in [131]. The concept of WHIPOX™ with matrix cracks (WC) and without matrix cracks (NC) can be fur-
ther transferred to improve the prediction of elastic properties of wound C/C-SiC composites. Based on
the tensile strengths in the dissertation of Breede ([132]) the approximated strength values of the equiva-
lent UD-layer are enumerated in Table 8.2. Due to the lack of values concerning results of compressive
testing in [132], the strength parameters F; to Fg¢ of Tsai-Wu failure criterion in stress space are calculat-
ed using only the tensile strength of the equivalent UD-layer in Table 8.2 (¢f = of and o] = o). The
shear strength (z,,) is taken from an existing report [133]. Similar to material WHIPOX™, the interaction

term F,, from the Tsai-Wu equation has been set to zero.
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Table 8.2: Summary of the calculated elastic constants ([130]), the estimated strength values, the Tsai-Wu
parameters in stress space and the inelastic deformation factor 4 for wound C/C-SiC material parameter sets.

Elastic ET [GPa] ET [GPa] V12 [-] Gy, [GPa]
Constants
190.6 17.6 0.20 9.8
([130])
U1T = U1C g; =03 T12
Strength [MPa] [MPa] [MPa]
values
230.0 35.0 80.0
Tsai-Wu Fl Fll FZ F22 F66
parameters 0 1.9E-05 0 8.2E-04 1.6E-04
A= (—0.015)6 + 1.255: Orientation + 30°to + 60°
A
A= 1:Orientation 0°to + 15° & + 75°to 90°

By using the strength ratio R of the Tsai-Wu failure criterion, which has been presented for material
WHIPOX™, the tensile strengths of the wound C/C-SiC with different fiber orientations can be predicted.
Figure 8.5a shows the original test results (from [132]) with different fiber orientations and calculated
failure strengths. The stress-strain response of wound C/C-SiC strongly depends on the loading direction.
The composites under #30°, +45° and +60° under tensile loading show non-linear elastic behavior and
with +15° and #75° orientations the composites show an almost linear behavior in [132]. Therefore,
similar to material WHIPOX™, an inelastic deformation factor 4 was evaluated for the fiber orientations
between +30° and +60° (Table 8.3). A bar diagram for the comparison of calculated failure strain with the
tensile test results for wound C/C-SiC with different fiber orientations is shown in Figure 8.5b. A strong
correlation can be observed in Figure 8.5a and b for the measured and predicted failure values. It should
be noted that, the equation of the factor 4 = (—0.015)6 + 1.255 in Table 8.2 was defined only for material
C/C-SiC with winding angle from +30° to +60°.

A variety of different fiber orientations lead to different mechanical behaviors of wound C/C-SiC. This can
be explained by the presence of different microstructure, which consequently influences the resulting
material properties. On the one hand, similar microstructure of fiber orientations +30° (x60°) and +45°
can be observed in [132]. On the other hand, due to the less hindering of shrinkage during the manufactur-
ing process, the matrix width of winding angle #15° (+75°) is clearly narrower (see [132]). Therefore, an
identical definition of 4 from Table 8.2 cannot be applied for the fiber orientation between +0° to +30° and
+60° to £90°. According to the stress-strain curves in [132], almost linear elastic behavior can be obtained
for material C/C-SiC with winding angle 15° and 75°. Therefore, the failure strains of fiber orientation
between +#0° to +30° and +60° to +90° were calculated with A= 1 (Table 8.2) and shown in Figure 8.5b.
This phenomenon is comparable to the modeling approaches for material WHIPOX™ with two different

groups WC with inelastic deformation and NC without inelastic deformation (section 5).
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Figure 8.5: Comparison of calculated results to original experimental data of wound C/C-SiC, a) tensile
strength and b) tensile strain.

The further applicability of these modeling approaches can be considered for the prediction of the me-
chanical properties of CMCs with woven structures, e.g. an oxide/oxide ceramic matrix composites

“Keramikblech FW12” (acronym FW12) developed by Walter E.C. Pritzkow Spezialkeramik.

FW12 is composed of oxide fiber N610 and oxide matrix with 85 % Al,03 and 15 % 3YSZ (3 mol % Yttria-
stabilised Zirconia). The value of its porosity is approx. 25-35 %. The evaluated mechanical properties of
FW12 under in-plane tensile and shear loading can be found in [134]. Due to the fact that the mechanical
properties in the x- and y-directions are identical for woven composites, the values in Table 8.3 can be

defined as the material constants for the equivalent UD-layer. These are then used for the calculation of
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properties in other loading directions. The Poisson’s ratio in Table 8.3 is evaluated from the stress-strain

curve of test results from [134] by using the software Engauge Digitizer 5.1.

Table 8.3: Elastic constants obtained from in-plane tensile and losipescu-shear tests for the material FW12
with the fiber orientation of 0°/90° from [134].

E, = E, [GPa] Vaey [-] Gyy [GPa]
Elastic constants
122.8+2.9 0.07 36.6+0.7
Oy = 0y Tyy
Strength [MPa]
191.94+11.5 92.7+1.7

The elastic properties of the woven FW12 at +45° are determined on the basis of the elastic constants of
its equivalent UD-layer (Table 8.3) using the modeling approach explained in section 5.1. The results are
then compared with the experimental values from [134] and listed in Table 8.4. The software Engauge
Digitizer 5.1 was used for the evaluation of Poisson’s ratio for the test results at +45°. The shear properties

at +45° were not investigated in [134]. A good correlation is seen in the measured and predicted values.

Table 8.4: Comparison of the calculated elastic constants with the experiment values (from [134]) for FW12 in
test direction +45°.

E, = E, [GPa] Vaey [-] Gyy [GPa]

Experimental 98.9+4.0 0.26 -

Calculated 94.0 0.28 57.7

Furthermore, using the elastic constants of the equivalent UD-layer in Table 8.3, calculations are per-
formed for different loading directions of the woven FW12 and plotted in Figure 8.6. These results can be

used to design better methods to stack of woven fiber composites in a loading optimized fiber arrange-

ment.
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Figure 8.6: Experimental data (black symbols) and the predicted elastic properties of woven FW12 depending
on the loading direction.

The Tsai-Wu failure criterion, described in section 5.3, is applied to predict the failure strength of the
material FW12. Due to the lack of values concerning compressive strength in longitudinal and transverse
directions in [134], the strength parameters F; to Fg are calculated using only the tensile strength of the
equivalent UD-layer in Table 8.3. The failure tensile strength of FW12 in +45° is determined through the
Tsai-Wu criterion in stress space. The results are compared with the experimental values from [134] and
listed in Table 8.5. The predicted result is slightly higher, which may be explained by the missing value
under the compression load. The load capacity under tensile or compression stress can be different for
CMCs, for example with the material WHIPOX™ in 0°/90° (Table 6.2): the tensile strength is 134.3 MPa
and the compression strength is -193.6 MPa. The value of compression is approx. 45 % higher than the
absolute tensile value. Thus, if a higher value, e.g. -275 MPa (approx. 45 % higher than the tensile value) is
assumed as the compressive strength for FW12 in the 0°/90° direction, the calculated strength for £45° is
141.9 MPa. This is much closer to the original test results (Table 8.5). According to the stress-strain curves
in [134], clear inelastic behavior can be obtained with material FW12. However, without further results
concerning the values of failure strain and stress-strain curves in other loading directions, the modeling of

non-linear behavior and failure strain for FW12 under varying stress directions is not possible.

Table 8.5: Comparison of the calculated failure strength with the experimental values (from [134]) for FW12
in testing direction +45°.

o, = 0, [MPa]
Experimental 133.1+4.3
Calculated 153.1
Calculated with modified compression strength 141.9
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Finally, the material properties of two more oxide/oxide CMCs with woven structures, COI 720/AS (COI
Ceramics, USA) and GEN-IV (General Electric, USA) have been calculated and compared with the experi-
ment results. The modeling approaches are the same as with FW12, the test values in 0°/90° can be de-
fined as the material constants for the equivalent UD-layer. These are then used for the calculation of the
properties in other loading directions. The test results can be found in [35]. Due to the lack of further test
data, only the calculated elastic modul of COI 720/AS and the tensile strength of GEN-IV have been com-
pared to the original results in test direction +45°. A good correlation between experiment and analytical-

ly calculated results can be seen in Table 8.6.

Table 8.6: Comparison of calculated material properties with experiment values from [35] for oxide/oxide
CMCs COI 720/AS and GEN-IV in the testing direction +45°.

COI 720/AS

Elastic module E, = E, [GPa]
Experimental 50.0
Calculated 49.0

GEN-1V

Tensile strength oy = gy, [MPa]
Experimental 54.0
Calculated 53.1
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9 Summary and conclusions

The present work has demonstrated that the mechanical behavior of wound ceramic composites with

various fiber orientations may be described using macroscopic constitutive modeling approaches.

First, all modeling approaches developed in this study are dependent on experimental determination and
microstructure analysis. The mechanical properties of the investigated material WHIPOX™ in different
wound orientations (#3°/+87°, £15°/+75°, £22.5°/+67.5°, +30°/+60° +45°, 0°/90° and 0°/60°) were com-
pletely evaluated with in-plane tension, losipescu-shear and compression tests at room temperature. The
material's characteristic values, including initial stiffness, strength, strain, elastic and inelastic behavior
were used for the modeling of the mechanical properties of the material WHIPOX™ with any desired fiber
orientation. Based on the microstructure analysis of shrinkage cracks of WHIPOX™ through Micro Comput-
ed Tomography, a transition line between the matrix with and without cracks can be found in the winding
angle of £30°. No cracks were observed for smaller winding angles and WHIPOX™ with the winding angles
of +30° until +45 showed similar crack distributions. Therefore, the modeling of the properties of
WHIPOX™ was divided into two classes: WHIPOX™ with matrix cracks (WC) and WHIPOX™ without

matrix cracks (NC).

Then, it was demonstrated that traditional modeling methods and classic failure criterion, which were
introduced to predict the mechanical properties of fiber reinforced polymers, cannot be directly adapted to
describe the material behavior of wound CMCs. This is due to the lack of the required matrix and fiber
properties within the composite and due to the unavailable representative characteristics of CMC UD-
materials. Therefore, advanced modeling approaches with virtually equivalent UD-layer properties are
created for the evaluation and prediction of the material properties of wound CMC materials. These ap-
proaches are summarized in a flow diagram Figure 5.7 “chain from testing to modeling” (section 5.6). As the
core component of the modeling chain, complete material properties of equivalent UD-layers were calculat-
ed and evaluated: elastic properties through the Inverse Laminate Theory; strength properties by fitting
different test results to modified Tsai-Wu criterion; and failure strain using the inelastic deformation be-
havior factor A. All the values are discussed and calculated with consideration given to different microstruc-
tures with or without matrix cracks. Through the stacking of these equivalent UD-layers with any desired
fiber orientation, e.g. non-orthogonal, orthogonal and asymmetrical (off-axis), an equivalent layered com-

posite is created and its material constants can be predicted.

Furthermore, the modeling approaches developed in this study may be applied to different fiber reinforced
composites manufactured by the winding process. However, particular features of investigated material
have to be taken into consideration in order to predict mechanical properties with more accuracy. For the

investigated composite WHIPOX™, four material specialties are implemented in the modeling approaches:

o Identification of inhomogeneity in the investigated plate through Non Destructive Inspection: the
modeling approaches for computation of mechanical behavior are applied only based on experi-

mental results from areas without significant defects.
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e Interaction between failure strength and strain through inelastic deformation: the inelastic defor-
mation factor A was defined as a relationship between failure strength and maximal strain, and
used to describe the inelastic behavior of the investigated material WHIPOX™,

e Division of material modeling groups based on the analysis of microstructure: the evaluated mechan-
ical properties of the equivalent UD-layer were divided into two classes: the first being for
WHIPOX™ with matrix cracks (WC) and the second as WHIPOX™ without matrix cracks (NC).
These were based on the CT-results.

e Update of the analytical model for different batches with inhomogeneities created due to the manu-
facturing process: with consideration given to different fiber volume contents, porosities and the
angles between fiber orientation and occurring stress, a manufacturing factor () for different
batches was evaluated through a modified mixing rule. This can be used to qualify uncertainties in

the laminate during the manufacturing process.

Finally, modeling approaches for the prediction of the material properties of wound ceramic composites
were presented. It was shown that the Classical Laminate Theory (CLT) and the Inverse Laminate Theory
(ILT) can be used to calculate the elastic properties of WHIPOX™ with different microstructures. Using the
strength ratio R of the Tsai-Wu failure criterion the strength values of the laminate with different fiber
orientations can be predicted. The modeling approach using the modified definition of the directional
failure indices };;; has been used to predict the failure mode of WHIPOX™. A modified stiffness matrix with
the inelastic deformation factor A leads to a precise calculation of failure strain and has been used to de-
scribe the inelastic stress-strain behavior. The material behavior of asymmetric lay groups (off-axis) was
determined through successive ply failure approach. Based on the good correlation between the experi-
ments and the modeling results, it can be shown that modeling approaches factoring in the above men-
tioned particular material features allow for a very accurate prediction of the in-plane mechanical proper-

ties for CMC laminates.

In future work, investigations should be conducted to see if the material behavior can be modeled for other
CMC materials in the same way as presented here. As discussed in section 8.3, the presented approaches
are useful for some other WMC materials with braided, wound and woven structures. For WICs with fiber
coating, e.g. SiC/SiC material, the influence of the interphase area between fiber and matrix on the mechani-
cal properties of different fiber orientations might be evaluated and defined as a material distinctive fea-

ture.

Furthermore, in order to develop and assess modeling approaches for the prediction of mechanical behav-
ior, different experiment determinations for material characterization should be performed in order to to
validate the models. However, as CMCs are mostly emerging materials under active development, property
characterization is limited. It is not unusual to encounter significant variations in important properties
resulting from small refinements in processing. On the other hand, a feature of most current experimental
investigations is the dependence on uniaxial simple test procedure, which identifies only one or two mate-
rial parameters per test sample. Bi- or multi-axial testing methods have to be developed to overcome these
issues and to allow for the determination of various material parameters from multiaxial responses of the

specimen.
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Summary and conclusions

Additionally, further development of modeling approaches should be given priority in the future. The
models have to be extended to predict the behavior of composites including the effects of out-of-plane
force, high temperature, cyclic loading and damage. At the level of structural detail, modeling may take into
account the size of holes, stiffening, transitions and other structural elements. In order to adapt the pre-
sented approaches for the computation of CMC structures, complete modeling methods should be imple-
mented into Finite-Element-Method (FEM) code. Due to the fact that the modeling chain presented in this
work was created with consideration of material particular features, a user subroutine may be incorpo-
rated with the inhomogeneity, the inelastic deformation, the division of modeling groups and the manufac-

turing factor of the investigated material.

Up to now, the present work has identified a general modus operandi going from experimental determina-
tion and microstructure analysis to the prediction of the mechanical behavior of WHIPOX™ with varied
fiber orientations. With these advanced modeling approaches, a comprehensive model could be established
which considers fiber orientation via ILT and modified Tsai-Wu criterion on the one hand and complex and
varying microstructures and material scatting via CT for microstructural analysis on the other. In the
future, the same approaches will help to design and develop CMC structures to meet stiffness, strength and
failure strain requirements. In this way the application of CMC-components in new fields, like aerospace

and civil engineering, may be enhanced.
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