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an idealized flat nanostructure, experimentally these materials exhibit complex undulating layer geometries.
This work utilizes FIB tomography to characterize this nanostructure in 3D and finite element modeling to deter-
mine the effect that this complex structure has on the mechanical behavior of these materials. A sufficiently large
volume was characterized such that a 1 x 2 um micropillar could be generated from the dataset and compared

ﬁ{xﬁ;r compression directly to experimental results. The mechanical response from this nanostructure was then compared to pillar
Multilayer models using simplified structures with perfectly flat layers, layers with sinusoidal waviness, and layers with
Waviness arc segment waviness. The arc segment based layer geometry showed the best agreement with the experimen-
Nanostructure tally determined structure, indicating it would be the most appropriate geometry for future modeling efforts.
FEA © 2016 Elsevier Inc. All rights reserved.
1. Introduction and strains are distributed within heterogeneous structures even
under complex loading conditions such as indentation.

Laminated composite structures have long been used to tailor the The vast majority of this literature assumes a perfectly flat layer
properties of materials for specific applications by varying the composi- structure [6,11,14,15], which is not representative of the actual nano-
tion, scale, and volume fraction of the individual phases used. By de- structure, as seen in Fig. 1. The waviness in the layers is a byproduct of

creasing the thickness of the layers to the nanoscale, very interesting
mechanical properties can be obtained, such as high strength, tough-
ness, and wear resistance [1-6]. Additionally, these nanolaminate com-
posites have been shown to exhibit unique functional properties such as
biocompatibility [7], and enhanced optical properties [8].

An ever growing body of literature has focused on these materials. In
an effort to understand the underlying deformation mechanisms, sever-
al papers have dealt with modeling approaches over a range of length
scales to better understand different aspects of the mechanical behavior.
These methods have included molecular dynamics (MD) simulations [9,
10] which allows detailed investigation of interfaces and dislocations
but with very limited size and time scales, molecular statistics (MS)
simulations [11] which provides similar information as MD simulations
with reduced computation time, dislocation dynamics (DD) simulations
[12] which can be used to determine the transitions in dislocation
behavior seen in multilayers as a function of layer thickness, and finite
element (FE) modeling [13-15] which can determine how the stresses
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the deposition process and has been observed experimentally in a num-
ber of multilayer systems [16-19]. This type of columnar growth struc-
ture occurs because any small amount of roughness is exaggerated upon
application of another layer, eventually leading to shading and porosity
[20]. Experimentally this difference in the nanostructure results in sig-
nificant changes in the observed deformation behavior. This is especial-
ly apparent in recent work using micropillar compression [21], where
waviness in the layers was shown to both allow buckling of the layers
to occur at much lower stresses and also hinder shear deformation
within individual layers. Additionally under nanoindentation loading,
the increased waviness was shown make the measured moduli more
isotropic [ 18] and the stresses more localized [18,19]. Some more recent
studies have begun implementing non-ideal structures to account for
this, for example layers with sinusoidal waviness [13,18,21,22] or arc
segment waviness [19].

Finite element (FE) modeling using experimentally obtained micro-
structures can provide more accurate results as well as meaningful in-
sights into the deformation behavior compared to simple model

Grayscale
Threshold

Fig. 3. Pillar models used with flat, cosine, arc segment, and FIB derived nanostructures
(respectively from left to right). Al layers are depicted in green while SiC layers are
depicted in gray. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

systems [23-26]. A variety of experimental methods are available to
characterize materials in three dimensions (3D). These techniques
range from relatively coarse techniques such as optical sectioning

Fig. 2. Outline of the image processing steps used to segment the Al and SiC phases from the raw images.
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Fig. 4. Comparison of experimental pillar compression response [12] to the modeled
response using the FIB tomography derived nanostructure.

microscopy [26], to x-ray computed tomography with sub-micrometer
resolution [27], and to atom probe tomography with individual atom
location attainable [28]. The length scales of interest in this study
of nanolaminate materials (requiring nanometer scale resolution over
tens of cubic micrometers of volume) makes focused ion beam (FIB) to-
mography the most appropriate compromise between the required res-
olution and volume of material which needs to be characterized. This
technique utilizes a dual beam FIB/SEM to image the structure with a
high resolution SEM while sequentially removing thin slices of material
(typically on the order of tens of nanometers) with the FIB [29]. The

depth resolution of this technique is determined by the slice thickness,
which in theory is limited by the resolution of the ion beam and can
therefore achieve resolutions at the nanometer scale, although, in the
interest of efficiency, larger slices on the order of tens of nanometer
are often removed to reduce the time required. Additionally, with FIB
tomography volumes as large as tens of cubic micrometers of material
can be characterized. This volume is large enough to allow a 1 pm diam-
eter by 2 um height pillar to be cropped from the reconstructed volume
and used in simulations, allowing direct comparison to experimental
compression experiments carried out in previous work [21].

For the case of these nanolaminate materials, the amplitude and
wavelength of the waviness varies from sample to sample depending
on the exact processing parameters, layer thicknesses, and materials
used, making it impractical to experimentally determine the micro-
structure in 3D for every sample. Thus, the aim of this work is to deter-
mine how appropriate perfectly flat, sinusoidal, and arc segment
nanostructures are for modeling the deformation of these laminate
structures. By comparing the simulated mechanical responses of each
of these simplified structures to the simulated response from experi-
mentally determined structure obtained using FIB tomography, as well
as experimental pillar compression results from previous work [21],
we are able to determine which idealized structure provides the most
accurate approximation of both the constitutive stress-strain relations
as well as the localization of deformation within each structure.

2. Materials and methods

The metal-ceramic nanolaminate composites were fabricated using
an automated magnetron sputtering procedure, the details of which
are given elsewhere [9,10]. The samples used in this study consisted of
alternating layers of Al and SiC, each having an individual layer
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Fig. 5. Modeled stress strain response of the flat nanostructure pillar. Von Mises stress contours correspond to the points indicated on the curve.
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thickness of approximately 50 nm. These layers were deposited sequen-
tially until a total multilayer thickness of approximately 15 pum was ob-
tained (approximately 300 layers).

FIB tomography was carried out in a dual beam FIB/SEM (Nova200,
FEI, Hillsboro, OR). Cross-sections approximately 5 pm x 5 pm in size
were imaged following each milling step. Slices of 80 nm each were
removed in each step using the FIB. lon beam images normal to the
sample surface were used to measure the distance from the cross sec-
tion to a reference fiduciary mark, thereby providing an accurate mea-
sure of the slice thickness. The cross section cut using the FIB was then
imaged at 52° relative to the surface normal. The images were scaled
along the cross section height in order to compensate for this imaging
angle. A total of 23 slices were imaged for a total depth of 1.8 um.
These slices were then manually aligned using the Avizo Fire (VSG,
Burlington, MA) software. A volume of 3.2 pm by 3.5 um by 1.8 um
was cropped from these aligned slices in order to both remove the
misaligned edges as well as provide a volume of material with maxi-
mum contrast.

Before the 3D volume characterized using FIB tomography could be
utilized in a FE model, the Al and SiC phases needed to be segmented in
each of the 2D slices. As the contrast differences in the raw images were
not adequate for grayscale thresholding immediately, a variety of image
manipulations were implemented (Image |, Bethesda, MD) in order to
improve the image quality, as shown in Fig. 2. First, in order to remove
the background contrast variations, a Gaussian blur was applied to the
image and then this blurred image was subtracted from the original.
The radius of this Gaussian blur was adjusted to the minimum size
where any feature of interest is not visible in the blurred image, in this
case 50 nm. Since the features of interest in this case were the horizontal
layered structure, a mask was applied to the Fourier transform of the

image in order to remove much of the noise without affecting the hori-
zontal features. This process provided images which were able to be
segmented using standard grayscale thresholding. Due to contrast dif-
ferences, areas immediately surrounding pores in the material required
manual adjustment to ensure layer continuity. As the slice thickness
was much larger than the x and y pixel size, the image stack resulted
in non-cubic voxels. In order to obtain uniform cubic voxels, the 3D
volume was resampled with layer positions interpolated linearly
between the slices. Avizo Fire was then used to generate a 3D solid tet-
rahedral mesh of the structure.

Three simplified nanostructure geometries, with layers consisting of
either flat, cosine or arc sections, were developed in order to approxi-
mate the experimental structure. Using a single cross sectional image,
the average amplitude and wavelength of the undulations were mea-
sured to be 50 nm and 475 nm, respectively. Equivalent amplitude
and wavelength values were used while generating the cosine and arc
section based geometries.

In order to mimic experimental pillar compression studies, 1 um
diameter by 2 um height pillars were cropped from each of the geome-
tries as seen in Fig. 3. A 2° taper was also incorporated in the pillar
models, as seen experimentally [21]. In each of the models the layers
were oriented parallel to the loading axis, as this orientation showed
the strongest dependence on layer waviness, as per previous studies
[18,21].

The deformation of the micropillars was simulated by FE modeling
using the commercial software Abaqus (Abaqus, v. 6.12, Dassault Sys-
tems Simulia Corp., Providence, RI). All the pillar models were meshed
using 4-node tetrahedral elements (C3D4). To determine the number
of elements required for mesh convergence, the cosine geometry
mesh was iteratively refined in ~100,000 element steps until deviations
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Fig. 6. Modeled stress strain response of the cosine nanostructure pillar. Von Mises stress contours correspond to the points indicated on the curve.
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in the peak load were determined to be less than 1% from the previous
iteration, which occurred at ~600,000 elements. This element count was
used for the cos, arc and flat geometries, while the FIB derived mesh
generated from the Avizo Fire program contained ~1,000,000 elements.
The bottom surface of the pillar was completely constrained while the
top surface was constrained in the x and z dimensions and displaced
as a function of time in the y dimension in order to induce the deforma-
tion. Displacement was carried out at a rate of 2 nm/s to a maximum of
200 nm, corresponding to an initial strain rate of 0.001 s~ ' and a max-
imum strain of 0.1. During loading, this set of constraints is analogous to
displacement controlled micropillar compression with a rigid indenter
and high contact friction between the indenter and pillar top. A deform-
able base material was excluded from all models because this additional
source of compliance has already been accounted for using the Sneddon
correction [6] in the experimental results being used for comparison
[21].

The constitutive behavior used for the Al and SiC phases has been
utilized in previous studies [15,30] and was approximated from the re-
sults of indentations made on 1 um thick monolithic films of each phase,
using the same deposition parameters. For the aluminum phase, the
elastic modulus and Poisson's ratio were 59 GPa and 0.33, respectively,
with an initial yield point of 200 MPa. A piecewise hardening behavior
following yield was used with linear hardening between (stress, plastic
strain) points of (200 MPa, 0), (300 MPa, 0.5), and (400 MPa, 3), follow-
ed by perfectly plastic behavior. For the SiC phase, the elastic modulus
and Poisson's ratio was 277 GPa and 0.18, respectively. A yield point of
8770 MPa was chosen, followed by perfect plasticity. Although the brit-
tle SiC is not expected to undergo significant plasticity experimentally,
unrealistically high stresses occur using purely elastic behavior due to
the lack of fracture incorporated into the models. Therefore, allowing
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perfectly plastic deformation after a high yield (essentially fracture)
point estimated from the indentation hardness allows for a closer ap-
proximation of the actual behavior. The boundaries between the Al
and SiC phases are modeled as perfect interfaces, an assumption
which has been shown to provide strong agreement with experimental
results at room temperature [14].

3. Results and discussion

A comparison of experimental pillar compression curves with the
simulated result from the FIB determined microstructure is shown in
Fig. 4. The model shows very good agreement with the experimental
data, with the maximum stress in the model falling within the range re-
ported for the experimental pillars. One notable difference between the
model and the experimental pillars is that the measured modulus in the
experimental stress strain curves is much lower than the modeled be-
havior. This lower apparent modulus has also been seen in previous
studies when comparing the modulus calculated using the stress strain
curve and the continuous stiffness measurement (CSM) based modulus
[6]. The root of this difference is extraneous contributions to the compli-
ance. These can include underestimates of the Sneddon correction to
the sink in effect, additional compliance in the instrument load frame,
slight misalignments or surface asperities on the pillar top causing im-
perfect contact [6,31]. Due to the electrostatic actuation of the indenter
tip, the experimental pillar compression results are inherently load con-
trolled, resulting in large displacement jumps at fracture events or plas-
tic instabilities. Therefore, for the experimental data, failure is defined at
the first instance of a negative hardening rate and denoted by a down-
ward arrow.
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Fig. 7. Modeled stress strain response of the arc segment nanostructure pillar. Von Mises stress contours correspond to the points indicated on the curve.
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Fig. 8. Modeled stress strain response of the FIB derived nanostructure pillar. Von Mises stress contours correspond to the points indicated on the curve.

Stress strain curves and corresponding frames showing the Von
Mises stress contours for the FIB, flat, cosine and arc segment structures
are shown in Figs. 5-8, respectively. Videos of the deformation are pro-
vided in the supplemental material. The fully deformed pillars using the
experimental and arc segment structures (Fig. 7 and Fig. 8(c)) show sig-
nificant buckling of the layers in a single localized region. This is also ob-
served experimentally [21], although the lateral constraint imposed on
the top surface of the modeled pillars likely reduces this effect. Directly
comparing the stress strain curves from each of the models indicates
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Fig. 9. Comparison of modeled responses for all four layer geometries showing that the arc
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that, based on the overall mechanical response, the arc segment based
nanostructure is the best approximation of the experimentally deter-
mined structure, as seen in Fig. 9.

In addition to the overall mechanical response quantified by the
stress strain curves, it is also important to determine which model
best approximates the localization of stresses in the structure. This is es-
pecially relevant to fracture processes, where the high local stresses can
drive flaw propagation. In order to quantify this localization, the distri-
bution of stresses along the loading axis (S22) was quantified at a strain
of 0.005, which is within the elastic regime. For each of the models, the
distribution of the stresses in the SiC elements was calculated as shown
in Fig. 10. In order to quantify how well the localization in the FIB deter-
mined structure is reproduced by each of the simplified geometries, the
R? parameter was used to determine the goodness of fit. The R? values
for the flat, cosine, and arc segment structures were determined to be
—1.67, 0.86, and 0.95, respectively. This indicates that the arc segment
model approximates the localization of stresses the most accurately as
well.

It is also interesting to note where the stresses are being localized
within the structure. In each of the structures incorporating waviness,
the stresses are being localized in the areas with the highest curvature.
In the cosine structure, this is at both the peaks and troughs of the wav-
iness, in the arc segment and FIB determined structure, this is at only
the troughs of the waviness. In the real nanolaminate structure, this lo-
calization is especially detrimental because of the porosity. Due to shad-
ing effects in the deposition process the troughs (i.e. columnar
boundaries) also have a high propensity for void formation (as seen in
Fig. 1). The combination of inherently weak areas due to voids along
with stresses which can be larger by a factor of two than the far field
stress can lead to early failure of the material.
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Fig. 10. Distribution and cumulative distribution of element stresses in the loading direction for each of the structures at 0.005 strain. The arc segment structure fits the results from the FIB
structure the most accurately, indicating it is the most suitable for capturing how the stresses are being localized.

These weak spots in the structure can have significant effects on
the mechanical properties of the laminate. For one, they can act as
preexisting flaws which would explain the strong Weibull size effect ob-
served in pillar compression [21]. The low strength of the columnar
boundaries also plays a role in the fracture toughness of these materials.
At small layer thicknesses (~10 nm) where plasticity in the highly
constrained Al layers is low, the fracture surfaces indicate that the frac-
ture path is dominated by propagation through columnar boundaries
[32].

4. Conclusions

This work has provided insight into the role the nanostructure
plays in the deformation behavior of Al-SiC nanolaminate composites
allowing the following conclusions to be drawn;

- The waviness of the structure makes a significant contribution to the
mechanical response of these materials and needs to be accounted
for in order to obtain even qualitative agreement with experiment.

- Close agreement between experimental pillar compression and the
modeled response of the FIB determined nanostructure was ob-
served in the stress vs plastic strain behavior.

- Of the simplified structures used for modeling, the structure
consisting of arc segments provided the stress strain response clos-
est to the one obtained using the FIB tomography determined nano-
structure

- The arc segment based nanostructure was also able to closely repro-
duce the distribution of SiC element stresses seen in the FIB tomog-
raphy determined nanostructure, indicating that the stresses are
localized in a similar fashion.

- The two above conclusions indicate that when quantitative model-
ing results are required, a layer geometry based on arc segments
should be utilized.
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