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Evolution of Damage in All-Oxide Ceramic Matrix

Composite After Cyclic Loading

Andreas Kupsch, René Laquai, Bernd R. Miiller, Sidnei Paciornik, Jiirgen Horvath,

Kamen Tushtev, Kurosch Rezwan, and Giovanni Bruno*

While structural ceramics usually display a brittle mechanical behavior, their
composites may show nonlinearities, mostly due to microcracking. Herein, the
stiffness evolution of a sandwich-like laminate of an Al,O;—15%vol. ZrO, matrix
reinforced with Nextel 610 fibers is studied as a function of number of cycles Nin
tension. The stiffness of the composite degrades with increasing N, indicating
microcracking. However, synchrotron X-ray refraction radiography shows that
the internal specific surface of such cracks varies differently. A modeling strategy
is developed for the calculation of the equivalent stiffness of mixtures (first the
matrix and then the sandwich), based on the Voigt and ReufR schemes. The
Bruno—Kachanov model is then used to estimate the initial microcrack density in
the matrix (due to the thermal expansion mismatch) and the amount of
microcracking increase upon cyclic loading. The stiffness in the composite
degrades dramatically already after 20 000 cycles but then remains nearly con-
stant. The combination of mechanical testing, quantitative imaging analysis, and
modeling provides insights into the damage mechanisms acting: microcrack
propagation is more active than microcrack initiation upon cyclic loading, but the
second also occurs. This scenario is similar but not equal to previous results on

inherently brittle materials, a macroscopic
pseudoductile behavior and nonbrittle fail-
ure of the composite could be achieved by
“controlled” (micro) crack propagation in
the matrix, where the fibers are protected
against early failure.

Conditioned by the manufacturing pro-
cess, the ceramic matrix is more suscepti-
ble to microcrack initiation when the
composite is subjected to mechanical
and/or thermal loads. The conventional
concept to protect the fibers from high
stress concentrations in the matrix is based
on a weak interface.’”) Such weak interface
allows debonding at the fiber—matrix
boundary. In the case of so-called weak
interface composites (WICs), the cracks
propagating in the matrix are initially
stopped or deflected into the fiber-matrix
interface. The fibers remain initially

porous and microcracked ceramics.

1. Introduction

The basic idea of a composite material made of a ceramic matrix
reinforced by ceramic fibers is to enhance the damage tolerance
and the reliability of conventional technical ceramics.!"! Although
both components of such ceramic matrix composites (CMCs) are

intact, bridging the cracks and contributing

to the higher load-bearing capacity of the

composite. The initiation of the debonding

process requires a low fracture energy of

the interface,”® which is usually realized
by coating the fibers with carbon or other highly anisotropic
or porous ceramics.']

The weak interface in WIC allows the application of a high-
quality ceramic matrix, which is comparable with the fibers in
terms of stiffness. As a result, highest stiffness and strength
of the composite are achieved. Moreover, the stress—strain
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behavior of the composite is typically characterized by a well-
pronounced elastic limit. The kink point in the stress—strain
curve refers to the matrix fracture stress, above which the stiff-
ness of the composite decreases. Load—unload cycles beyond the
matrix fracture stress are used to determine the degradation of
the composite stiffness as well as damage parameters, as defined
in the classic damage mechanics,®! that are widely used for
modeling and prediction of the nonlinear behavior and the
fracture of CMC.[

From a technological point of view, fiber coating is an expen-
sive and time-consuming process. In contrast, the matrix is
always the weaker part of the fiber-reinforced ceramic compo-
sites, as it has residual porosity and is therefore more prone
to cracking. Based on the experience with porous interlayers
as well as on considerations about crack formation and crack
deflection mechanisms in porous ceramics, an alternative con-
cept of ceramic fiber-reinforced composites with weak matrix
(WMC) was successfully demonstrated in the 1990s.” The con-
cept is based on a porous matrix with relatively high, but finely
and homogeneously distributed, porosity, usually in the range of
30—40% vol. A strong fiber-matrix interface is tolerated as the
fibers are protected from high stress concentrations by dissipat-
ing mechanical energy through irreversible large-area failure pro-
cesses in the matrix.

In contrast to WIC, the elastic properties of WMC are strongly
influenced by the properties of the fibers, the fiber orientation,
and the fiber volume fraction, due to the significantly lower stift-
ness and strength of the porous matrix compared with the fibers.
Depending on the fiber orientation, a strong anisotropy of the in-
plane properties of the composite is expected. Especially when
loaded in fiber direction, the mechanical performance of the
fibers determines the composite properties, so that the WMCs
usually show an apparently linear elastic behavior. Mechanical
tests show almost no change in the stiffness of the composite
until the ultimate failure. Nevertheless, based on acoustic emis-
sion (AE) analysis, it was found that in case of an almost mac-
roscopically linear—elastic behavior, damage in the matrix occurs
even at lower stresses.®) As the mechanical properties of the
matrix are decisive for the damage-tolerant behavior of the com-
posite, it is of great importance to evaluate the damage in the
composite after mechanical and/or thermal loading. When the
damage in the composite cannot always be detected by direct
evaluation of mechanical tests, additional methods such as AE
are used in parallel. AE monitoring was successfully applied
to analyze the damage evolution caused by both quasistatic
and cyclic loads.®>®) However, the majority of the research stud-
ies related to the application of the AE technique for fatigue
behavior are focused on the identification of the typical damage
mechanisms in WIC. AE provides rather qualitative results,
which could be helpful, for example, to determine the matrix
fracture stress but is not suitable to reveal the anisotropy of
the crack pattern. Most suited for this are 2D visualization by
optical microscopy and 3D imaging techniques such as micro-
computer tomography (XCT).”O]

The disadvantage of the two latter techniques is on
the one hand that the preparation effort is very high (cutting
and polishing) and on the other hand the very small sample
size (e.g., 1 mm? for the highest spatial resolution (=1 pm in
XCT), which is not representative of a heterogeneous
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material. X-ray refraction techniques,[”] on the other hand,
combine high sensitivity for microcracks in the nanometer
range with a large field of view (FOV) of several square
millimeters.

X-ray refraction techniques were introduced a couple of dec-
ades ago!'? and have been successfully used for both materials
characterization!""'*! and nondestructive testing."* Those tech-
niques are used to obtain the amount of the relative internal spe-
cific surface of a specimen (i.e., surface per unit volume, relative
to a reference state). They are, therefore, effective in the investi-
gation of defects such as cracks and pores within ceramic com-
ponents (see the study by Miiller et al.’®)).

X-ray refraction occurs whenever X-rays interact with interfa-
ces between materials of different densities as in the case of
cracks, pores, and inclusions in a matrix. The difference of
the refraction indices between the two interfacing materials,
the so-called refraction decrement, determines the refraction
angle at the interface. As the refraction decrement for X-rays
is of the order of 107, X-ray optical effects can only be observed
at very small angles of deflection, ranging from a few seconds to a
few minutes of arc.'! X-ray refraction techniques detect pores
and cracks as soon as they exceed a size or opening of a few
X-ray wavelengths. As the typical X-ray wavelengths are
~0.1 nm, the smallest detectable object size is down to the nano-
meter range.!">? This is not to be confused with the spatial reso-
lution or the size of the individual objects that can be imaged.
The spatial resolution of the technique is limited by the pixel size
of the detector system. It must be emphasized that, because of
the inevitable background noise, it is impossible to conclusively
detect one single defect. A certain population of objects is nec-
essary to yield an integrated signal above the background noise.
X-ray refraction is primarily used in radiographic mode with thin
specimens (platelets) and yields 2.5D information about the
microstructure of the sample (i.e., integrated over the thickness
but fully spatially resolved in the other two directions). This anal-
ysis can be made on samples of macroscopic size (say, a few cm),
that is, the field-of-view (FOV) of X-ray refraction techniques is
much larger than that of high-resolution XCT and of classic
microscopy. Furthermore, X-ray refraction techniques are sensi-
tive to defect orientation, thereby allowing different kinds of
defects to be identified (e.g., flat cracks vs. round pores). The
refraction signal of an isotropic inhomogeneity, such as spherical
voids, is present at any orientation of the specimen, whereas for
cracks or elongated pores, the signal decreases when the defect
surface normal is perpendicular to the scattering plane of the
experiment.

In this work, we will see how the X-ray refraction signal can be
quantitatively correlated with damage evolution and support
micromechanical models (as done in other studies!™**'7”)) to
understand the mechanical behavior of CMCs.

2. Experimental Section
2.1. Materials
The material used in this work was the commercial composite

Keramikblech-type FW12, provided by the company Walter E.
C. Pritzkow Spezialkeramik, Germany.'® The composite

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

consisted of 12 layers of Nextel 610 0/90° fiber fabrics
DF11-1500-8HS (3M Company, St. Paul, MN, USA) and was pro-
duced by slurry infiltration and pressing. The matrix composition
was 85 wt% of alumina and 15 wt% of zirconia stabilized with
3mol% of yttria. Dog-bone specimens with total length of
150 mm and a reduced section of 40 mm x 10 mm were water
jet cut out from a 2.9 mm-thick composite sheet. To characterize
the mechanical properties of the material, tensile specimens
with 0/90° and with +45° fiber orientation relative to the
load axis were cut out from the batch. For the cyclic tests,
one single specimen with 0/90° fiber orientation relative
to the tensile axis was used, which underwent all mechanical
testing and imaging experiments.

2.2. Characterization Methods

The composite microstructure was observed with a scanning
electron microscope (SEM) model Zeiss Series EVO (Carl
Zeiss Microscopy Ltd., Cambridge, UK). For the SEM analysis,
samples were embedded in epoxy resin and ground and polished
for surface finish. SEM images in secondary electron (SE) mode
were taken with an electron current of 10 pA, a sample detector
distance of 10.3 mm, and a voltage of 15 kV. Porosity (nearly all
open) and pore size distribution were measured via mercury
intrusion using a porosimeter Pascal 140/440 (Microtrac
Retsch GmbH, Haan, Germany). A sample with dimensions ~3
x 8 x 10 mm? was tested. The mechanical properties of the com-
posite in the fiber directions mentioned earlier were evaluated
with quasistatic tensile tests according to DIN EN 658-1.
The tests were conducted with a universal testing machine
Kappa 050 DS (Zwick Roell Group, Ulm, Germany), equipped
with a laser extensometer PS-E50-0138-AM  (Fiedler
Optoelektronik GmbH, Lutzen, Germany) for strain measure-
ment. Three tensile samples were tested with a crosshead speed
of 1 mm min~".

The fatigue tests were conducted with a servo-hydraulic testing
machine Roell Amsler (Zwick Roell Group, Ulm, Germany),
equipped with an MTS control system (MTS Systems GmbH,
Germany). The specimen was loaded cyclically with a sinusoidal
force vs. time function. The test frequency was 100 Hz and the

load

Gmax o

G min-
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ratio of the minimum stress (6min) to the maximum
stress (0max) Was R=0.1. The peak values of the load Fy.x.
and Fpi,. were recorded for all cycles. A laser extensometer
PS-E50-0138-AM  (Fiedler Optoelektronik GmbH, Lutzen,
Germany) was used for strain measurement. The gauge length
was 25 mm.

Before and after each cycle, two additional triangular cycles
were conducted at a low crosshead speed (200 N's™') to deter-
mine Young’s modulus (Figure 1).

The cyclic loading of the sample was conducted in four blocks,
each of which with a different maximum stress and duration, but
all with the same stress ratio R=0.1. The first loading block of
10000 cycles had a maximum stress equal to 3/5 of the tensile
strength (op, determined in a quasistatic test on three samples).
The second loading block was again 10000 cycles but with a
higher load (4/5 op). The third and fourth loading blocks
were conducted at the same load level of 4/5 o but each with
500000 cycles. In total, the sample was loaded for 1020000
cycles.

It is to be remarked that our goal was not to determine fatigue
properties, but to follow the damage evolution due to cyclic load-
ing. Therefore, we concentrated on the analysis of one single
sample: we will also show that the reproducibility of the mechan-
ical properties confirmed the robustness of this strategy.

2.3. X-Ray Refraction

Synchrotron X-ray refraction radiography (SXRR) measurements
were carried out at the BAM synchrotron laboratory BAMline at
Helmholtz-Zentrum Berlin, Germany.'”! One single specimen
was measured in the as-produced state and after each loading
block, a total of five times. This avoided comparing sister samples
and ensured the best reproducibility, as well image registration.
The time plan of cyclic loading and X-ray characterization is
shown in Figure 2.

A highly collimated monochromatic X-ray beam was used for
SXRR experiments (relative energy band width of 0.2%). The
beam energy was set to 30 keV to achieve a specimen X-ray trans-
mission of about 10%. A highly dynamic charge-coupled device
(CCD) camera (pco.1600, 1600 x 1200 pixel, 14 bit,

triangular cycles 200 N/s

sinus cycles 100 Hz

I |time

triangular cycles 200 N/s

Figure 1. Schematic representation of the cyclical tests conducted in one loading block.
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Figure 2. Graphical overview of the conducted cyclic loading and the X-ray characterization.

thermoelectric cooled, PCO AG, Kelheim, Germany) in
combination with a lens system and a 50 pm-thick cadmium
tungstate (CWO) scintillator screen provided a pixel size of
4.08 pm x 4.08 pm, capturing a FOV of about 6.3 mm X 4.7 mm.
The incident beam was narrowed to the FOV by a slit system to
avoid detector backlighting.** The exposure time for each image
was 2 s. The same specimen cyclically loaded at the University of
Bremen was measured in five different sessions, see Figure 2. To
intercalibrate the measurements, an unloaded reference (sister)
specimen was also measured each time together with the loaded
specimen.

A Si (111) analyzer crystal was placed in the beam path
between the specimen and the camera system, as shown in
Figure 3, to conduct refraction radiographs. The crystal was
aligned in the X-ray beam in such a manner that the Bragg con-
dition was fulfilled (Bragg angle 65 =3.779° at 30keV, angle
between the incident beam direction and the crystal surface)
and the free X-ray beam (without sample) was completely
reflected into the detector. If a sample were put in the X-ray

specimen in
perpendicular
orientation

analyzer
crystal

Figure 3. Sketch and photograph of the measurement setup of the X-ray
refraction station at BAMline. The light blue arrow indicates the incident
beam, the dark blue arrow indicates the attenuated beam, and the orange
arrows indicate the refracted rays.
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beam, only the rays that still fulfilled the Bragg condition would
be reflected to the detector, all other rays (that would be deflected
at internal interfaces such as pores or cracks) would not be
detected. Thus, the intensity measured in all detector pixels
was not only reduced by the (local) absorption of the specimen,
but also by refraction phenomena. To determine the sole local
specimen absorption properties, the specimen was measured
in standard transmission mode, that is, without the analyzer crys-
tal in the beam. For the refraction radiography measurements, the
specimens were measured in two orientations, in the following
named “perpendicular” (the longitudinal axis of the specimen
and the load direction were perpendicular to the scattering plane)
and “parallel” (the longitudinal axis of the specimen and the load
direction were parallel to the scattering vector -the bisectrix of
the angle identified by the incident and refracted beam-, see
Figure 3). In addition, dark-field (beam-off) and flat-field
(beam-on, without specimens) images were acquired to correct
all images. To cover as large a specimen area as possible,
SXRR and transmission images were taken at several adjacent
specimen areas. The images were stitched afterward, so that a
specimen area of about 24 mm x 5 mm was available for analy-
sis. Using the image analysis software “Fiji Image J”1*"! the atten-
uation (p - t) and the refraction value (C,, - t) were evaluated for
each pixel according to Equation (1) and (2), respectively, with Cy,,
being the refraction value, s being the attenuation coefficient,
and ¢t the (local) sample thickness. For a detailed description
of data processing and evaluation, the reader is referred to the
study by Nellesen.*?

y-t:—ln<I—I0) (1)

I I
Cp-t=1--"2.2 )
Io 1

In Equations (1) and (2) I and I, are the transmission intensity
with and without sample, respectively, and Iz and I, are the
refraction intensity with and without sample, respectively. The
influence of the specimen thickness t was eliminated by dividing
the local refraction value (C,, - t) by the local absorption property
(4 - t). This yielded the relative specific refraction value (Cp,/p),
which is correlated with the relative specific (internal) surface of
the specimen. Note that absolute values can be determined if an
instrument calibration is conducted with a calibration sample
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with known specific surface and identical absorption properties.
In our case, this calibration was not necessary, as the evolution of
damage was investigated.

3. Results

3.1. Material Characterization

Figure 4 shows some SEM pictures of the composite. The picture
with lower magnification (Figure 4a) reveals relatively large
matrix-rich regions between the fiber layers as well as some large
voids. The last ones probably originated by entrapped air during
the stacking step of composite processing. Macroscopic cracks,
which could occur during drying and sintering steps, are not
observed. Figure 4b shows fibers that are embedded and
completely enclosed by the porous matrix. It can be concluded
that a good degree of infiltration of the fiber fabrics was obtained.
No fiber debonding seems to be present in the as-produced
conditions.

www.aem-journal.com

The total porosity of the composite, determined by mercury
intrusion, was 27.9%. The mercury intrusion curve (Figure 5)
shows a bimodal pore size distribution with maxima at about
0.1 pm and 2 pm. The first maximum is very well pronounced
and is in accordance with the matrix fine porosity. The maximum
at about 2 pm can be associated with voids within the fiber bun-
dles (see Figure 4a).

As shown in Figure 4a, there are also significantly larger pores
(>120 pm), which could not be detected by our mercury intru-
sion device. Further characteristics of the composite material are
shown in Table 1.

Due to the high porosity and the absence of fiber coating, the
composite under investigation can be classified as a WMC. The
expected strong anisotropy of the mechanical properties was
experimentally confirmed, as shown in Table 1, where the elastic
modulus and the tensile strength in two material directions are
given. Under uniaxial on-axis quasistatic tensile load (0°, fibers
are oriented in load direction), the oxide fibers provide high stift-
ness and strength of the composite. In contrast, the strength and

Figure 4. Microstructure of the tested composite FW12 at two different magnifications.

Pore size distribution
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Figure 5. Mercury intrusion curve (continuous curve) and equivalent pore size distribution (histogram).
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Table 1. Physical and mechanical properties of composite FW12.

www.aem-journal.com

Fabric type Load No. of Average Fiber Content, Total porosity Young'[s] Tensile
direction layers Thickness, t [mm] Chiber [VOI%) Protal [%] modulus E [GPa] strength [MPa]

DF11 — 1500-8HS 0° 12 29 39.6 27.9 97 £1 2571

45° 64 +2 89+2

the stiffness are strongly reduced under off-axis conditions,
in this case 45°, because the fibers are not efficiently carrying
the load.

Significant shape differences of the stress—strain curves in the
on-axis and the off-axis quasistatic tensile tests are also observed

300 T T T
on-axis (¢ = 0°) ¢=0°
250 | |~ sample 1 i
—— sample 2
——— sample 3
= 200 |- off-axis (¢ = 45°) |
o sample 4
E - sample 5
(2}
g 150 | sample 6 |
17
2
@ 100 |- ~
9]
'_
50 - -
0 - / L 1 1 1 1 1 n
0,0 0,1 0,2 0,3 0,4

Longitudinal Strain (%)

Figure 6. Quasistatic tensile stress versus strain curves of six samples of
composite FW12, three loaded in on-axis (0°, loading in the direction of
the fibers) and three off-axis (loading in 45° to the fiber orientation)
directions.

(Figure 6). In the 0° direction, the composite behaves almost
linear—elastic up to ultimate failure, although the slope of the
curves slightly decreases starting at ~25 MPa. In the 45° direc-
tion, damage already occurs at low stresses. The stiffness of the
composite decreases continuously until the material fails at rela-
tively low stress. Figure 6 shows a very good reproducibility of the
tensile properties in all investigated directions; it also indicates a
consistent microstructure among different specimens of the
composite.

3.2. Fatigue Test Examination

As described in Section 2.2, the fatigue tests were conducted at
two different stress levels corresponding to 3/5 and 4/5 of the
quasistatic tensile strength. Both maximum stress levels signifi-
cantly exceeded the stress at which the first nonlinearities appear
in the quasistatic stress—strain curves in 0° direction. Therefore,
it was expected that the composite would also be damaged under
cyclic loading, although it was not a priori known whether cracks
would appear only in the matrix, or the fibers would also fail.
Unloading and reloading cycles on the composite in the as-
received condition and after each loading block (see Figure 2)
are shown with an offset of 0.2% strain for better visualization
in Figure 7. First of all, it should be mentioned that the load and
unload curves are superimposed and no hysteresis is observed in
any of the cycles. The young’s modulus decreases with increasing

(@) 250 ) 5o
N = 20,000 N =1,020,000
N = 520,000
200 Y i [} y ) 40
N=0 N=10,000
T 150 B ¢ T 30
=3 =3
2 a
o L
& 100 & 20
/ / / / / N = 1,020,000
50 / / / / / 10
0 T T T T T 0 T
o o1 0 01 0 01 0 01 0 010203 0 0,04 0,08
Strain (%) Strain (%)

Figure 7. a) Quasi-static load/unload stress-strain curves after each cyclic loading block (see Figure 2). The value N indicates the number of cycles
completed before the loading and unloading curves are recorded. As the slope does not differ much after different number of cycles, the curves
are shown with offset of 0.2% strain. b) Zoom of the load/unload stress—strain curves after 1 020 000 cycles up to 50 MPa. No hysteresis can be discerned:
the load and unload branches overlap.
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number of cycles (see Table 2). This indicates that damage does
occur during the cyclic tests.

3.3. X-Ray Refraction

Figure 8-top exemplarily shows the local absorption properties,
(4 - t) map, as a 2D grayscale image (the gray value range is indi-
cated in the inset top right) of the loaded specimen after 520 000
load cycles (of 4/5 of the maximal load). Different gray levels indi-
cate inhomogeneities in the density distribution, captured with
the spatial resolution of the image (about 4 pm x 4 pm). The
mean absorption coefficient, averaged over the image, in parallel
and perpendicular orientation of the specimen with respect to the
scattering vector is shown in Figure 8-bottom, as a function of
load cycles. No quantitative differences between the two orienta-
tions and as a function of the number of cycles can be found.
This implies that the material did not undergo any microstruc-
tural change (affecting its X-ray absorption).

In contrast, the relative specific surface does evolve in the
course of cyclic loads. As mentioned in the Sections 1
and 2.3, X-ray refraction techniques are sensitive to defect

Table 2. Composite elastic modulus after different number of loading
cycles extracted from a linear fit of both load and unload branches of
the curves shown in Figure 7a.

Number of cycles 0 10 000 20000 520000 1020000

Elastic modulus (GPa) 99.5 93.5 91.4 91.0 90.9

Il parallel
I perpendicular

0 10,000

20,000

www.aem-journal.com

orientation and can be used to classify such defects.*!

Figure 9 shows the orientation-dependent spatial distribution
of the relative specific surface values (Cy,/u) for three different
load states (unloaded state, after 520 000, and after 1 020 000 load
cycles) as 2D grayscale images (maps). The same sample section
is shown in all six images. In the images labeled as “parallel,” the
longitudinal axis of the specimen was oriented parallel
to the scattering vector (the bisectrix of the angle identified by
the incident and refracted beam). In this position, one can detect
internal surfaces (e.g., cracks) that are oriented perpendicular to
the load direction. In the images labeled as “perpendicular,” the
specimen axis was oriented perpendicular to the scattering vec-
tor. In this position, internal surfaces oriented parallel to the load
direction are detected. The mean values for each state and both
sample orientations are shown in the bar graph in Figure 10. The
values after 10 000 and 20 000 load cycles do not differ from the
values of the initial (virgin) state, within the measurement uncer-
tainty. The spatial distribution (captured with a spatial resolution
corresponding to a pixel size of about 4 pm x 4 pm) of gray levels
seems also to be similar, that is, no significant local change is
observed. This means that no additional internal surfaces are cre-
ated before 20 000 cycles. Only after 520 000 cycles the value of
the relative specific surface increases by ~15% for the
parallel specimen orientation. Interestingly, the value for the
perpendicular orientation remains unchanged. As C.,/u is
proportional to the amount of inner surfaces (discontinuities,
pores, cracks), it can be stated that cracks or fiber-matrix debond-
ing evolve during the cyclic loading process, and these interfaces
are oriented perpendicular to the load direction. After 1020 000

520,000 1,020,000

load cycles

Figure 8. Top. (1 - t) Map as 2D grayscale images of the loaded specimen after 520 000 load cycles (of 4/5 of the maximum load). High (u - t) values are
shown as bright, low values as dark. Bottom. (u - t) Mean values of the 2D images for the test sample in the unloaded state and after four load levels for
two orientations with respect to the scattering vector. The error bars indicate the standard deviation of local values measured for (u - t) across the
specimen, that is, the level of inhomogeneity of the spatial distribution of defect.
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Figure 9. Maps of the relative specific surface C,,/u of the test specimen in: the initial state (top), after 520 000 (middle), and after 1020 000 (bottom)
load cycles at 4/5 of the maximum load). Bright gray values indicate areas of high, dark values of low specific surface values. The gray scale is the same for

all images (indicated in the inset top right).
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Figure 10. The mean value of the relative specific surface of the test sam-
ple for both orientations in the unloaded state and after four load cycle
steps.

load cycles the C,, /u values decrease and return to the level of the
unloaded specimen. This feature will be discussed in the next
section.

We finally remark that, thanks of its large FoV, SXRR contains
microstructural information equivalent to several tens or even

Adv. Eng. Mater. 2021, 2100763 2100763 (8 of 13)

hundreds of SEM pictures, that is, statistically representative
of the material. The inhomogeneity of the microstructure is
given in the form of an error bar in Figure 10. This number
can also be interpreted as the variability among different
specimens.

4, Discussion

Figure 11 (left) shows the frequency distributions of the C,,/p
values of Figure 9 for three different load states (unloaded state,
after 520 000, and after 1 020 000 loading cycles) for the two ori-
entations of the specimens. The center position and the full
width of half maximum (FWHM) of the log-normal fitting func-
tion are shown in Table 3 and visualized as an inset in Figure 11
(right). The FWHM is an indirect measure of the specific surface.
In fact, let A be the integral intensity of the rocking curve; then,
A~ Iz x FWHM, that is, the effect of refraction is an angular
redistribution of the intensity, whereas the integral remains con-
stant. The FWHM continuously increases with increasing num-
ber of cycles. Except for the condition at 520 000 load cycles, the
values for the parallel and perpendicular specimen orientation
are almost identical. The center position of the distributions
shows different trends: for the parallel orientation, it first
increases and then decreases, whereas for the perpendicular ori-
entation, it slightly decreases (and then increases back the origi-
nal values). The sample after 520 000 load cycles has the highest

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 11. Frequency distributions of the relative specific surface values (left) of three different load states (unloaded state, after 520 000, and after
1020 000 loading cycles): a comparison between parallel (black solid symbols) and perpendicular (red open symbols) specimen orientation. The center
position and FWHM of the distributions are visualized in the graphs on the right.

Table 3. Fitted parameters of the XRRR rocking curves.

E (E E,) [D
EOm

Load cycles Orientation Center of distribution FWHM
0 Perpendicular 0.305 £ 0.006 0.061 £ 0.002

Parallel 0.308 £ 0.006 0.062 +0.002
0.5 Mio. Perpendicular 0.298 + 0.006 0.079 £ 0.002 @ fgo

Parallel 0.335 £ 0.006 0.071 £ 0.002 &:"’ >
1 Mio. Perpendicular 0.301 £ 0.006 0.073 £ 0.002

Parallel 0.313 £ 0.006 0.073 £ 0.002

Pr Po

value of the distribution center position in its parallel orientation,
but after additional 500000 load cycles (1020000 in total),
we observe a decrease of C,,/p to values similar to those of
the unloaded sample. An analogous behavior was observed in
p-eucryptite ceramics ¥ in such work, it could be calculated
that the total internal microcrack surface would decrease after
loading, due to microcrack coalescence favoring the closure of
smaller microcracks.

The explanation for the contemporary decrease in stiffness
and relative specific surface (observed in the study by Muller
et al"*) was microcrack shielding of a large amount of small
cracks, induced by propagation of large cracks. This was
confirmed by Monte Carlo calculations.

In the present case, the scenario is similar but not identical.
1) We first have microcrack propagation (well below 520 000
cycles): the internal specific surface stays constant while the stift-
ness decreases (and the microcrack density increases). 2) We
then have both nucleation and propagation of microcracks
(see below) and therefore the internal specific surface increases;
at this point the stiffness and the microcrack density stay nearly
constant, and the newly nucleated microcracks have a negligible
density (i.e., their radii are small). 3) Finally, the crack shielding
effect takes over (the relative internal specific surface decreases

Adv. Eng. Mater. 2021, 2100763 2100763 (9 of 13)

g

Figure 12. Sketch of the modeling strategy to calculate the equivalent
matrix stiffness and the microcrack density parameter (E.., Eom, Eg
E. = matrix, dense matrix, fiber, and composite stiffnesses). See the text
for details.

and small microcracks close, as they are not any longer under
load) while the stiffness remains constant.

Indeed, as mentioned in the study by Miiller et al.,!">¥ the fact
that the specific surface decreases due to microcrack closure does
not imply that damage decreases, because damage depends on
the microcrack density parameter p = 3 >",a?, which is heavily
impacted by the largest microcracks, not by the smallest
ones (a; =radius of the i-th [penny-shaped] microcrack, V the
observation volume, and the sum runs over all the microcracks
contained in V; see the study by Bruno et al.**).

To calculate the amount of microcracking before, during, and
after the loading cycle, we adopted the following modeling strat-
egy (see Figure 12):. 1) We first modeled the specimens as an
alumina/zirconia matrix composite with two layers, one with
fiber orientation 0° and the other with orientation 90°, and cal-
culated the equivalent Young’s modulus (note that fabrics are

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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reasonably approximated as parallel fibers). 2) We assumed that
porosity is concentrated in the Al,O; + 15%ZrO, matrix; as we
know the Young’s modulus of the fibers (total volume fraction:
40%) and we measured that of the composite, we calculated the
equivalent Young’s modulus of the matrix; This is the stiffness of
the matrix containing porosity and microcracking; 3) We used
the Hill’s average® between the ReuR**! and the Voigt?”! mod-
els to estimate the stiffness of the undamaged and dense matrix
(85%vol Al,03 and 15%vol ZrO,). 4) We took the Bruno and
Kachanov approach?*®?¥l to estimate the microcrack density
parameter, assuming spherical pores (such assumption is justi-
fied by the fact that matrix pores have nanometer size).

The laminate consists of two layers, with fibers oriented at 90°
to one another (Figure 12); this means that the equivalent stiff-
ness of such layers can be calculated using the Reuf average, Eg,
for the part containing fibers perpendicular to the load direction,
and with the Voigt average, Ey, for that containing fibers parallel
to the load direction.

According to the two schemes

3)

ER = VmEm + VfEf
1 _ v
=L TE

where vy, = 0.6 and v = 0.4 are the matrix and fiber volume frac-
tions, respectively, and E,, and Ef are the respective stiffnesses
(E¢= 370 GPa is known from the 3M datasheets*and E,, is at
this point still unknown). To combine the two layers, we again
use Voigt average (two parallel plates containing the load axis);
as the two have the same volume fraction (0.5), the composite
stiffness will then be

1 1 1
= 4 4

If we insert Equation (3) in (4) we get a second-degree alge-
braic equation in E,, with coefficients function of the volume
fractions of matrix and fibers (v, and vf) as well as stiffness
of the fibers (from literature) and of the composite (measured),
all known quantities. The solution reads

B, = B { o L -

- ZVm ZEf — VfEC
(+vm)E 1
+ A- T m/ze
\/|:2Ef — VfEC |t

One of the roots of the equation is negative and must be dis-
carded. In the final formula only the positive sign must be taken
into consideration.

The same idea can be used to estimate the stiffness of the
microcrack-free and dense matrix, Epy,, starting from the stiff-
nesses of the constituents (Ex=360GPa for the alumina,
assumed to be that of Kyocera A479 white alumina and
Ez =200 GPa for the zirconia, assumed to be Kyocera Z201N
ivory); we use in this case Hill’s ansatz, that is, the average of
the Reufd and the Voigt averages.

®)

4var2nEc
ZEf — Vr Ec
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{ERm =VaEr +v2E2 )

1o v
Evm — Ea + Ez
We take the average

* (Erm + Evm)

vavz(Ex + E3) + (1 + v} +V5)EnE,
VAEZ +V2EA

EOm =

N = N =

()

and obtain Ey,, = 329 GPa. This is the (theoretical) Young’s mod-
ulus of the matrix with neither porosity not microcracking.

Finally, following the treatment proposed in the study by
Bruno et al.,** the dependence of the tangent modulus of the
matrix mixture (E,,, containing both microcracks and porosity)
at the origin of the stress—strain curve (i.e., the Young’s modulus
or stiffness in our case) can be described by the equation

E
7= (1=p)"-exp(=Cop) ®)
Om

Equation (8) takes into account the influence of porosity p.
In our case we have to take the matrix porosity, as the fibers
are assumed to have no pores. The matrix porosity p is simply
calculated from p = pyorar/(1 = Chiver) = 0.46 (values for pyo and
Criber from Table 1). Moreover, Equation (8) takes into consider-
ation the microcrack density parameter, which contributes to the
decrease in stiffness from the undamaged material; n is the
so-called pore shape factor (see other studiest®®*"), which is
16-(1—22)-(10-3v,)

45-(2—vp)
depending on Poisson’s ratio v, of the dense material (we take
vo = 0.23 for the dense matrix; hence, C, =1.77). In fact, using
Equation (8) for p, we obtain

p= Ciz {m(%ﬂ) +n-In(1 fp)} 9)

Note that the assumption of n = 2 is reasonable, as nanopores
can well be approximated as spherical. If we then assume that the
dependence of p on N is an Avrami function

=po+p1-|1—ex _N
p=po+m PN,

we can extract the fitting parameters: po = initial microcrack den-
sity; p; = total microcrack density increment due to cyclic load;
and N; = characteristic number of cycles (to reach an increment
of 1/e of the initial value). The plot is shown in Figure 13, left,
and the fitting parameters are shown in Table 4. We remark that
while the choice of such fitting function is arbitrary, a kinetic
function seems to be appropriate to describe (damage) accumu-
lation. The treatment yields a typical number of cycles to “satu-
rate” damage evolution. It is also to be noted that Gao et al,?? as
well as Bruno et al.,**! have already observed that damage evolu-
tion stops after some (few) cycles in porous and microcracked
ceramics, and their behavior becomes brittle linear elastic.
From this analysis, we extract an estimation of the increase in
microcrack density with respect to the initial one and observe that
the matrix is heavily microcracked from the very beginning.

equal 2 for spheres, and C, = is a constant

(10)
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Figure 13. Microcrack density parameter, damage parameter, and Young’s modulus as a function of load cycles. For the microcrack density, the fit with an
Avrami function is also shown (see text); for the damage parameter (see below) and the matrix stiffness, connecting lines are displayed. Note that data at
0 cycles are artificially shifted to ten cycles for the sake of the logarithmic scale.

Table 4. Fitted microcrack parameters (see Figure 13) according to
Equation (10).

Fitting Parameter Value

o 0.422 +0.002
/M 0.071 £ 0.002
N, 8200 + 600

Indeed, the material suffers extensive microcracking due to the
thermal expansion mismatch between the two constituents (this
is analogous to many other ceramic composites such as stabi-
lized aluminum titanate and p-eucryptite, see the study by
Bruno et al.**)). The additional microcrack density due to cycling
is less than 20%. We also see that in spite of the fact that in the
refraction maps no difference can be seen until the specimen
is loaded for 520 000 cycles, the increase in microcrack density
“saturates” already after 20 000 cycles (in fact, with a decay factor
of about 8,000 cycles), as also visible from the behavior of the
matrix stiffness; see Figure 13-right.

As an alternative description, one can use the so-called dam-
age parameter d,>** which for the matrix is defined as

E
d=1--2
EOm

(11)

Also in the case of the damage parameter, after an initial
strong increase in damage a plateau is reached (Figure 13, right).
This behavior is similar to that of the microcrack density param-
eter (Figure 13). This is due to the fact that, as shown by
Kachanov®*®! and Mazars,”*”! the damage and the microcrack den-
sity parameters are equivalent concepts for small amounts of
microcracking (or, as in our case, microcrack density incre-
ments). In fact, one can write the term exp(—C,p) in
Equation (8) as a first-order Taylor expansion in the form
(1-Cy-p); by comparison with the definition of d
(Equation (11)), one would come to the conclusion that
d~ Cyp. It must be noted that for large amounts of damage
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(microcracking) this equivalence is only approximate: in our
case, the initial microcracking is so large that the damage
approach only fully agrees with the more rigorous Kachanov the-
ory because we start from a very large damage parameter and
calculate its increment. In other words, it is recommended to
use a more rigorous micromechanics rather than the damage
mechanics approach, to avoid unnecessary approximations.

A final comment is also due: we have calculated the micro-
crack density (and the damage parameter) assuming microcrack-
ing being confined to the matrix. If we would evaluate them
using, instead of Equation (8) or (11), the following

LI?E_C = (1 - ptotal)n ' eXp(—Czptotal)
oc (12)
_ Ec
dtotal =1- Eoc

with Eoc = Young’s modulus of the dense composite (matrix +
fibers), calculated with a crude rule of mixtures, and piora and
dhotal = composite microcrack density and damage parameter,
respectively, we would get the same results as shown in
Figure 13 and in Table 4 up to 1% difference. This confirms that
damage is indeed confined in the matrix.

5. Conclusion

We showed that an alumina-zirconia matrix laminate composite
with Nextel 610 fiber reinforcement undergoes damage accumu-
lation upon cyclic tensile loading. We observed that the stiffness
of the composite decreases with the number of cycles relatively
quickly (the first 20 000 cycles are enough to reach damage or
microcracking saturation). Using an original modeling strategy
and two similar but independent modeling approaches (damage
mechanics and the micromechanical differential scheme),
we were able to quantify the amount of microcracking occurring
as a function of number of cycles and estimate the initial micro-
crack density (due to the thermal expansion mismatch between
the two matrix constituents). In modeling, the porosity was
assigned only to the matrix, as the fibers consist of dense alu-
mina. In addition, it was assumed that microcrack formation

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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is limited to the porous matrix, because it has a significantly
lower strength compared with the fibers and is prone to cracking
even at very low stresses. The assumptions were later verified.
Through the synergistic use of SXRR, SEM, and mechanical
properties, we could arbitrate on the acting damage mechanisms:
as the internal specific surface of defects (proportional to the X-
ray refraction intensity) actually decreases for large numbers of
cycles (but also the Young’s modulus decreases, i.e., the amount
of microcracking increases), we can deduce that first microcrack
propagation is dominant over microcrack nucleation (which
would increase the internal specific surface), but then nucleation
also takes place, though to a minor extent. This is somewhat dif-
ferent to what we found in other microcracked ceramics such as
B-eucryptite, aluminum titanate, and cordierite.
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