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Metal-ceramic nanolaminate composites show promise as high strength and toughness materials.
Micropillar compression was used to characterize the mechanical behavior of Al-SiC multilayers in
different orientations including loading at 0°, 45° and 90° with respect to the direction of the layers. The
0° orientation showed the highest strength while the 45° orientation showed the lowest strength. Each
orientation showed unique deformation behavior. Effects of pillar size and aspect ratio were also studied.
Higher compressive strengths were observed in smaller pillars for all orientations. This effect was shown
to be due to a lower probability of flaws using Weibull statistics. Additionally, changes in the aspect ratio
was shown to have no significant effect on the behavior except an increase in the strain to failure in the
0° orientation. Finite element analysis (FEA) was used to simulate and understand the effect of these
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parameters on the deformation behavior.
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1. Introduction

Laminate composite materials have long been used to obtain
material properties which are a combination of the properties of
their constituents. Reduction of the dimensions of the individual
constituents of these laminates to the nanoscale (<100 nm layer
thickness) has allowed these materials to exhibit unique properties
which are superior to that of their macroscale counterparts. These
nanolaminate composites show promise in applications requiring
properties such as high strength, toughness, and wear resistance
[1-6], as well as biocompatibility [7], and certain optical properties
[8]. Additionally, like macro-scale composites, the properties of
these materials can be tailored by varying composition and layer
thicknesses to obtain optimum properties.

Metal-ceramic nanolaminates were chosen as the material of
interest in this study. From a practical perspective, these materials
exhibit a combination of high toughness and strength which is
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attractive for many applications [9,10]. Scientifically, these mate-
rials provide an ideal environment to study plasticity under
extreme degrees of constraint due to the large elastic and strength
mismatch between the layers. However due to the limited volume
of material which is able to be deposited, the mechanical charac-
terization methods available are limited to micro scale techniques.

The orientation dependence of macro-scale laminated com-
posites has been studied previously, with the majority of the
studies focusing on the orientations implications on fracture
toughness [11—13]. Research performed by Roy et al. [12] is very
analogous to the present study, where the compressive behavior of
bulk aluminum - aluminum oxide laminar composites (20—220 pm
individual lamina thickness) was determined as a function of
laminate orientation. This work showed that due to the varying
load transfer to the reinforcement, as the angle between the lamina
and the loading axis increases there is a steep decrease in strength
from 0° to 30°, a minimum at 45°, and finally a slight increase at
90°. In addition, the strain the material is able to accommodate
varies in the opposite manner, increasing as the load becomes more
misaligned with the reinforcement phase.

Pillar compression is becoming an increasingly popular micro-
scale mechanical testing technique [6,14—19]. This technique
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utilizes a flat punch along with the high load and displacement
resolution of instrumented indentation in order to carry out
extremely sensitive compression experiments. Pillar compression
provides an approximately uniaxial and uniform stress state which
also allows the stress strain behavior to be determined. The uniaxial
stress state is particularly critical in characterizing the anisotropy,
as shown by our previous attempts to characterize this dependence
using nanoindentation [20]. The results of the experimental Ber-
kovich indentations and finite element modeling from that study
showed that, due to the complex stress state caused by the indenter
geometry, the modulus determined through indentation shows a
much weaker dependence on orientation than what is predicted
through the classical laminate theory. Spherical nanoindentation
has also been used to determine the stress strain response and
elastic anisotropy in other materials [21], however micropillar
compression has the advantage of a clearly defined stress state
which is more appropriate for this study.

In order to determine the anisotropy in the deformation behavior
of these materials, three orientations, with the loading axis forming
0°, 90°, and 45° with respect to the layer direction, were charac-
terized using pillar compression. Pillars compressed perpendicular
to the nanolaminate surface (90°) subject the layers to a nearly
isostress condition, while pillars compressed in the transverse di-
rection (0°) load the layers in a nearly isostrain condition. Finally,
pillars oriented at 45° with respect to the laminate surface generate
the largest amount of shear stresses parallel to the layers.

The size effect phenomenon in pillar compression, where the
flow stress of the materials increases as the size of the pillars is
reduced, has been documented in a number of cases in single phase
materials at small scale lengths [14,15,17,22]. Having microstruc-
tural features smaller than the pillar size precludes one of the most
common mechanism the size effect is attributed to, namely dislo-
cation starvation. Therefore, this effect requires further investiga-
tion in nanostructured materials where the testing geometry is still
much larger than the structural features.

This work aims to characterize two aspects of nanolaminate
behavior which have not been addressed previously. First, as nearly
all previous experimental efforts have been focused only on loading
normal to the layers, there is a need to characterize the properties
of these composites in other orientations to determine if the clas-
sical laminate behavior is still applicable at the nanometer length
scale. Second, it is necessary to determine both if and why geo-
metric factors, namely the size and aspect ratio of these pillars,
have an effect on the measured response. In order to achieve these
aims, the quantitative measurement of the material response
gained through pillar compression will be paired with both post
deformation imaging and finite element modeling in order to
provide a comprehensive understanding of the deformation
mechanisms dictating the behavior.

2. Materials and experimental procedure

The metal-ceramic nanolaminate composites were fabricated
using an automated magnetron sputtering procedure, the details of
which are given elsewhere [23,24]. The samples used in this study
consisted of alternating layers of Al and SiC, each having an indi-
vidual layer thickness of approximately 50 nm. These layers were
deposited sequentially until a total multilayer thickness of
approximately 15 pm was obtained (~300 individual layers). The
0° sample was able to be used for pillar compression without
further preparation. The 90° and 45° samples, however, required
mounting in epoxy and polishing in order to expose the edge to be
tested, shown schematically in Fig. 1.

Pillar fabrication, post-mortem imaging and cross-sectioning
were performed using a dual beam FIB operated at 30 keV ion

beam accelerating voltage, which provides a high milling rate, and
5 keV electron beam accelerating voltage, which provides high
imaging resolution. Pillar fabrication was performed using an
annular milling procedure, which enables a higher throughput of
pillars compared to lathe milling [6], but results in approximately 2°
of taper, as shown in Fig. 1. For each orientation, pillars were milled
with nominal dimensions of 2 x 4 ym, 2 x 6 um, and 1 x 2 um
(diameter by height) with a 20 um surrounding trench to allow
clearance for the indenter. These pillar sizes were chosen in order to
study the size effect as well as the effect of aspect ratio. Various ion
beam currents were used depending on the material removal rate
and precision needed, but final polishing of the surfaces was always
carried out using ion currents below 50 pA (at 30 keV).

Pillar compression was carried out using a commercial nano-
indenter (Nanoindenter XP-II, Agilent) equipped with a diamond
flat punch. Samples were mounted to aluminum stubs for testing
using a mounting adhesive. Tests were performed using constant
displacement rates of 5 nm/s, 10 nm/s, and 15 nm/s for 1 x 2 pm,
2 x 4 um, and 2 x 6 um pillars, respectively, yielding an initial strain
rate of 2.5 + 0.2 x 1073 s~! (mean + standard deviation) for all
experiments. The drift rate for all tests was held below 0.05 nm/s.
The stress and strain was calculated based off of the initial pillar
dimensions, yielding engineering stress and strain.

The deformation of the micropillars was simulated by finite
element modeling (FEM) using the commercial software Abaqus
(Abaqus, v. 6.12, Dassault Systems Simulia Corp., Providence, R.L).
The simulations were performed in 2D plane strain conditions. The
models consisted of a rigid flat punch, micropillars with layers
oriented at 0°, 45°, and 90° with respect to the micropillar axis and
base material. Three different pillar sizes were modeled to account
for size and aspect ratio effects, with similar dimensions to the
pillars tested experimentally. To match more precisely with
experimental conditions, a 2° taper was also included in the pillar
models. In each case, the effect of layer waviness was accounted for
by comparing the results of the simulations performed with
micropillars containing flat layers, to those containing undulated
layers. The undulated layers were modeled by imposing a standard
sinusoidal waveform with a wavelength of 0.5 um and amplitudes
of 15 and 45 nm. The 45 nm amplitude is close to the amplitude
observed experimentally, although there is considerable variability
in the actual microstructure. All the pillar models were meshed by
4-node bilinear plane strain quadrilateral meshes (CPE4) with
approximately 30,000 elements (after performing a mesh conver-
gence study). Constraint boundary conditions were imposed at the
bottom of the base material, while the rest of the surfaces were set
free.

For all of the models, the Al and SiC layers were modeled as
elastic perfectly plastic materials, with no strain hardening, due to
the small layer thickness, which precludes any dislocation storage.
The Young’s modulus of Al and SiC were taken as 70 GPa and
300 GPa, and the corresponding Poisson’s ratios were 0.34 and 0.14,
respectively. The yield stress of Al was 935 MPa [25], and the
apparent yield stress of SiC was chosen as 7 GPa (a large value
estimated from nanoindentation results of 1 pm thick monolithic
SiC films). The base material was modeled as a purely elastic ma-
terial, with the elastic modulus and Poisson’s ratio estimated as an
average value of the isostrain and isostress composite moduli be-
tween Al and SiC. The Al-SiC interfaces were considered perfectly
bonded in all cases.

3. Results and discussion
3.1. Effect of layer orientation on deformation morphology

Engineering stress-strain curves obtained from the npillar
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compression tests for different orientations are shown in Fig. 2,
where each plot, corresponds to a different pillar geometry, i.e.,
1 x 2um, 2 x 4 um, and 2 x 6 pm respectively. The arrows indicate
the strain—to-failure of the pillars.

Although there is an effect of pillar size (discussed in later sec-
tions), Fig. 2 indicates that the same qualitative trends in strength
with respect to orientation are observed for all 3 pillar sizes, with
the 0° orientation being the strongest, the 45° orientation being the
weakest, and the 90° orientation having an intermediate strength.
SEM images of the pillars after deformation are shown in Fig. 3. For
the 0° orientation, Fig. 3(a) shows that the strain is localized at the
top of the pillar. This localization was due to the hard SiC layers
buckling under the applied load, as shown in Fig. 3(b), triggering
the formation of kink bands and the complete collapse of the pil-
lars. The formation of kink bands under parallel loading is not
surprising considering the large strength difference between the Al
and the SiC layers. This kink band formation has also been observed
in bulk Cu—Nb nanolaminates [26]. In the Cu—Nb case, no cracking
was observed in the metallic multilayers, and no pronounced load
drop occurred as the kink bands developed. This is in contrast to the
present study where discontinuities in the SiC layers can be seen at
the boundary of the kink band (Fig. 3(b)). Additionally there is a
peak in the load, although since the indentation actuation is
inherently load controlled due to the electrostatic actuator, this
peak results in catastrophic failure and the magnitude of the stress
drop is unknown. Interestingly, bending of the layers tended to
localize along columnar boundaries (i.e. the troughs in the wavi-
ness where the radius of curvature is small) within the nano-
laminate microstructure. These boundaries occur in deposition
processes due to the shading from surrounding peaks in the
waviness that is exaggerated as more layers are applied [27]. This
shading results in lower densities and porosity at these boundaries
[27], and combined with the small radius of curvature which acts as
a stress concentration, leads to a weak point in the structure. For
the 90° orientation, fracture occurred in a more brittle fashion,
leading to a mushroom type deformation of the pillars, as shown in
Fig. 3(c). As observed in Fig. 3(d), this deformation pattern occurs
due to the formation of vertical cracks on the SiC layers, triggered
by the radial tensile stresses that develop in them with the plastic
deformation of the Al layers [28]. The plastic deformation of the Al
layers, constrained by the SiC layers, is evident by the small ex-
trusions that develop at the free surface, as can be seen in the lower,
less strained part of the pillar (Fig. 3(c)). However, for larger strains
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Fig. 1. Schematic of the pillar orientations tested and SEM images of 2 x 4 um pillars prior to testing.

at the top of the pillar, the SiC layers crack, and the Al layers plas-
tically flow within the cracks, leading to the formation of a mush-
room type morphology. The deformation behavior of the 45° pillars
in Fig. 3(e) was also dominated by the buckling of the SiC layers. As
seen in cross-section image (Fig. 3(f)), shear occurred predomi-
nantly in the direction normal to the layers under the action of the
applied stress, preferentially along the weaker columnar bound-
aries, as indicated by the white arrows, instead of along the Al—-SiC
interfaces. The lack of delamination at the AI-SiC interface is
indicative that the interface is stronger than the Al layers under
shear loading. The strength of this interface under loading condi-
tions closer to pure shear has been demonstrated elsewhere [24].
As aresult of the shear localization along the pre-existing columnar
boundaries and the plastic deformation along the Al layers, the
layers tended to rotate with strain to become perpendicular to the
applied stress. As a result, the layers at the top of the pillar form an
approximately 60° angle with respect to the loading axis, as
opposed to the average angle of 45° that can be measured on the
undeformed section of the pillar. As opposed to the 0° and 90°
orientations, which fail at strains of around 0.05—0.07, depending
on pillar geometry, this type of deformation allows the pillar to
accommodate large amounts of strain without collapsing, as seen in
both the stress-strain curves of Fig. 2 and the images of the
deformed pillars.

3.2. Effect of layer waviness on deformation morphology

Overall, the results confirmed, as demonstrated before [23], that
the nanolaminates deformed by the constrained plastic deforma-
tion of the Al layers and that the Al-SiC interface was stronger than
the Al layers in shear. However, the results also showed that frac-
ture of the SiC layers, especially along pre-existing columnar
boundaries, was the main mechanism responsible for the final
failure. Moreover, the failure pattern was very sensitive to the
loading direction, with micropillars oriented at 0° and 45° mainly
collapsing by the buckling of the SiC layers, and the micropillars
oriented at 90° failing by their transverse cracking. It is well known
that buckling is very sensitive to vertical alignment, so it was ex-
pected that the layer waviness present in the microstructure should
have a strong influence on the failure strain.

In order to assess the effect of layer waviness on deformation
morphology, the results of FEA simulations utilizing micropillars
with undulated and flat layers are compared in Fig. 4 for the
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Fig. 2. Experimental engineering stress strain curves showing the effect of layer
orientation on mechanical response for different geometries (1 x 2 um, 2 x 4 pm, and
2 x 6 pum).

different loading directions. The figures on the left correspond to
the von Mises stress contours micropillars with flat layers, while
the figures on the right are those with undulated layers for a
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Fig. 3. SEM images of 1 x 2 um pillars and cross sections following compression for
0° (a and b), 90° (c and d), and 45° (e and f) orientations. The deformation behavior
shows large differences with the 0° and 45° orientations being strongly influenced by
the buckling of the layers. The 90° orientation shows extrusion of the Al layers.

waviness amplitude of 45 nm. The simulated stress-strain curves
for flat and undulated layers are also compared in Fig. 5, where the
experimental results of a 2 x 4 pillar is also plotted for reference.
Comparing the results for the pillars loaded at 0°, it is evident that
the layer buckling at the top of the pillar encountered experimen-
tally was only reproduced by the simulations considering undu-
lated layers in Fig. 4(b). Moreover, the stress-strain curve of the
simulation with undulated layers predicted a maximum in the
stress in Fig. 5(a) (denoted by arrows), as a consequence of the
buckling of the layers, as experimentally observed. Analogously, the
simulations of pillars loaded at 45° also showed a very different
behavior for flat and undulated layers. For flat layers, shear pre-
dominantly occurred parallel to the layers, resulting in little
strengthening contribution from the SiC layers because the Al
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45 nm (b, d, and f) amplitude waviness on the deformation behavior for all three
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layers provide an uninterrupted shear plane within the pillar. This
is in contrast to the wavy structure where the undulation of the
layers interrupts the shear plane, leading to the formation of shear
bands perpendicular to the layers and domains where the layers are
substantially rotated towards the applied stress. Moreover, while
the stress-strain curve for flat layers of Fig. 5(c) showed very little
strain hardening, in agreement with the strain localization
observed along some of the Al layers in Fig. 4(e), the stress-strain
curve for undulated layers displayed an increase in apparent
strain hardening rate, in agreement with the experimental obser-
vations. Finally, in the case of the 90° loading direction, the results
of the simulations with flat (Fig. 4(c)) and undulated (Fig. 4(d))
layers were very similar, as well as the predicted stress-strain
curves (Fig. 5(b)), indicating a less significant effect of the layer
waviness when loading perpendicular to the layers.

Although the modeled stress-strain curves for the three orien-
tations (Fig. 5) show a qualitative good agreement with the
experimental ones, quantitatively there are some discrepancies.
There are a number of modeling assumptions which affect the
simulation results, such as the consideration of plane strain loading
and the use of sinusoidal waviness. However, the most significant of
these is that the models did not account for fracture of the SiC
layers, which occurs profusely at the last stages of deformation. As a
matter of fact, it is interesting to note that, for instance, for loading
at 90° the simulations reproduced the large initial strain hardening
rate observed experimentally, even though the Al was assumed
perfectly plastic. As shown before [23], this is a consequence of the
constraint imposed by the SiC layers on the plastic deformation of
the Al layers, which lead to a buildup of hydrostatic stresses and an
increase in the uniaxial applied stress required for yield. However,
experimentally this behavior was limited by cracking of the SiC
layers, leading to a maximum stress prior to failure that was not
reproduced by the simulations.

3.3. Pillar size effects

Fig. 6 summarizes the effect of pillar size and aspect ratio on the
stress-strain curves as a function of layer orientation. A non-
negligible size effect could be observed for all three orientations,
with the 1 x 2 um pillars having significantly higher fracture
strengths than the 2 x 4 pm pillars. Size effects have been observed
in micropillar testing of other materials, especially when testing
single crystals of pure metals [17,19,29]. Dislocation starvation and
the lack of dislocation sources have been proposed as the cause of
this strength increase in other works [16,18]. This mechanism is not
likely the cause of the strengthening in the case of nanolaminates.
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Fig. 5. Comparison of engineering stress strain curves for a representative 2 x 4 um pillar to FEA simulations (also 2 x 4 um) having waviness amplitudes of 0 nm, 15 nm, and 45 nm

in: (a) 0°, (b) 90°, and (c) 45°.
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Fig. 6. Experimental engineering stress-strain curves showing the effect of pillar size
and aspect ratio on mechanical behavior at different orientations.

While dislocations slip more or less unimpeded and leave the
surface in the case of single-crystal micropillars, the interfaces
represent strong barriers for dislocation transmission [30], forcing
them to glide confined within single layers [31]. As shown by
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Fig. 7. Weibull plot of the fracture stresses of 1 x 2 and 2 x 4 um pillars (in the 90°
orientation). The fact that both sets of data fall on a single linear fit line indicates that
the increase in mean strength of the 1 x 2 pm pillars can be attributed to lower
probability of a strength limiting flaw and is not due to FIB damage or a true material
size effect.

previous studies by Sun et al. [32], this type of deformation results
in very little residual dislocation density. Considering that the layer
thickness is significantly smaller than the pillar diameter, it is un-
likely that plasticity in the Al layers is affected by the pillar size.

In addition to dislocation starvation, size effects could also arise
from artifacts of the FIB fabrication process. FIB is known to induce
amorphization, defect debris, dislocation loops, and ion implanta-
tion in some materials between 10 and 100 nm below the surface
[33—35]. As these changes only affect a finite damage depth, this
may generate a perceived size effect because a larger percentage of
a small pillar will be damaged compared to a large pillar. Although
this may be a factor in some material systems, Al—SiC nano-
laminates have not shown significant FIB damage layers. TEM ob-
servations from previous studies on Al—SiC pillars [23] appear to
show no increase in dislocation density at the pillar surface and an
amorphous layer which is only ~4 nm thick. Since the pillar di-
ameters in this study were on the order of micrometers, an amor-
phous layer of a few nm should have a negligible effect on the
overall mechanical response.

Another possible mechanism for the strengthening due to the
limited size pillars that has not been proposed before and that
would be intimately linked to the observed cracking of the SiC
layers is the initial distribution of flaws within each micropillar.
This type of size effect has been studied extensively in the ceramics
literature using Weibull statistics [36], where the materials fracture
strength decreases in larger samples because there is a higher
probability for the sample to contain a strength limiting flaw.
Although this approach is most often used in tensile or bending
tests, the same type of analysis has been successfully applied to
compressive failures [37,38]. One caveat to using this analysis for
compressive loading cases is that cracks could be propagated
though mode I cracking in the case of wing cracks or mode II cracks
due to the resolved shear stress at 45°. As our study is only con-
cerned with determining if the apparent size effect can be attrib-
uted to a distribution of flaws, as long as the type of crack
propagation is consistent in all pillars used in the analysis, the
cracking mode should not affect the dependence on the pillar size.

There are indications which support the idea of a preexisting
flaw based failure mechanism in these pillars leading to a size ef-
fect. Firstly, small amounts of porosity are observed in these
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laminates [6,24], often in the troughs of the layer waviness where
the uneven surface can cause shadowing during the deposition.
Secondly, the largest size effect is observed in the 90° orientation,
where the fracture behavior appears the most brittle (Fig. 3(c)),
while the effect is greatly reduced in the 45° oriented pillars, which
deform predominantly by plastic shear of the Al layers. To test this
hypothesis, 11 additional pillars of both the 1 x 2 pm and 2 x 4 pm
90° orientation were made using the same procedure outlined
above, in order to have an acceptable sample size. Each pillar was
strained to failure and the fracture stress was recorded (for con-
sistency across all tests this was taken to be the first instance where
the hardening rate becomes negative). The fracture stress values
were assigned a probability of survival based on the proportion of
pillars which failed at a lower stress. The two parameter Weibull
distribution function can relate this probability of survival, P, to the
fracture stress, o, and the sample volume, V, according to the
following equation:

where m is the Weibull modulus and the constants V, and o, are
the characteristic volume and the characteristic strength, respec-
tively [32]. Algebraic manipulation of this equation yields the linear
form:

[o(1n(35)) oy =i+ [ ) )]

Plotting the fracture strengths according to this form yields
Fig. 7. This plot clearly shows that both the 1 x 2 pm and 2 x 4 pm
data fall on a single linear trend. Therefore, the fact that the mean
strength of the 1 x 2 pm pillars is higher than that of the 2 x 4 pm
pillars can be completely accounted for using the volume term in
the Weibull equation. This indicates that at smaller pillar sizes there
is a lower probability of the pillar containing a strength limiting
flaw, increasing the apparent strength, and that the increase is not
due to FIB damage or a dislocation based size effect. The small
amount of nonlinearity in the 2 x 4 pillar data is characteristic of a
bimodal flaw distribution as seen in other work [36].

3.4. Pillar aspect ratio effects

Finally, by comparing the 2 x 4 um and 2 x 6 um pillar stress-
strain curves shown in Fig. 6, it can be concluded that there is lit-
tle effect on the mechanical behavior due to altering the aspect
ratio. The one notable exception to this is the 0° orientation.
Although the fracture stresses for the two geometries are statisti-
cally equivalent in this case as well, the fracture strain is substan-
tially smaller in the 2 x 6 um case. FEA was used to simulate the
deformation in both geometries, as shown in Fig. 8. The modeling
results also displayed a decrease in the strain to failure at larger
aspect ratios. This difference stems from the buckling deformation
behavior seen in the 0° orientation. Buckling deformation is a type
of plastic instability, the extent of which is determined by the ge-
ometry of the initial waviness. This leads to the buckled region
having the same height in both modeled geometries (Fig. 8).
Therefore, in the case of the high aspect ratio pillars, the wave-
length is a smaller proportion of the overall pillar height, leading to
a smaller apparent strain before failure.

4. Conclusions

In this work, the effects of orientation, pillar geometry, and layer
morphology were investigated though a combination of experi-
mental observations and FEA. In light of the results obtained, the
following conclusions can be made:

e The 0° orientation shows the highest strength because the
reinforcing SiC layers are aligned with the loading axis while the
45° orientation shows the lowest strength because it accom-
modates shear deformation more easily.

e The deformation behavior in the 0° and 45° orientations is
highly dependent on the waviness of the layer structure because
deformation is limited by bending and buckling of the layers.

e The maximum strength of the 90° orientation is limited by
cracking of the SiC layers.

o A size effect is observed in all orientations, but more predomi-

nantly in the 0° and 90° orientations. Using a Weibull statistics

approach, it was shown that the difference in strength can be
attributed to the lower probability of the smaller pillars con-
taining a strength limiting flaw.

An aspect ratio effect is observed in only the 0° orientation

where the failure strain decreases at higher aspect ratios. This is
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due to the majority of the deformation being accommodated by
a buckling type of plastic instability, the size of which is not
related to the pillar height, but to the geometry of the existing
layer undulation.
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