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Abstract 

 

Al and SiC nanolaminate films were characterized in the perpendicular, inclined and parallel 

orientations using nanoindentation. The deformation was dominated by buckling of the layers 

when the layers were parallel to the indenter and by compression of the ductile Al layers when 

the layers were perpendicular to the indenter, while indentation in inclined orientations showed 

an intermediate behavior.  Finite element modeling (FEM) of indentation deformation using 

wavy layers showed much more compliant behavior and prominent layer buckling than the 

idealized flat structure, highlighting the large effect these microstructural details can have on the 

deformation behavior. 
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1. Introduction 

Nanolaminate materials are a relatively new and promising class of composites that exhibit 

exceptional mechanical properties [1-3] as well as possible applications in bioengineering [4] 

and optics [5].  Although there is a growing body of research investigating the mechanical 

properties in the direction normal to the layers, there is very little work examining the effect of 

layer orientation relative to the loading axis.  

 

The thickness of these films is limited to the order of micrometers by the fabrication method and 

therefore the mechanical testing is restricted to small-scale techniques. The experimental aspects 

of this work utilize nanoindentation, which has been used to characterize the mechanical 

properties of many small scale materials, including previous work on the Al-SiC nanolaminate 

system [1, 6-9]. 

 

Isostress and isostrain loading are the most classical conditions to understand the mechanical 

properties of composite materials because they provide bounds for the elastic behavior.  For a 

given composite volume fraction, as a first approximation, the isostress condition is expected to 

have the lowest stiffness while the isostrain condition leads to the highest stiffness [10].  While 

the previous work on nanolaminates focuses on loading in the perpendicular orientation [1, 3, 11-

13][1, 2, 11-13], which approximates isostress deformation, no studies have compared this to the 

deformation in other orientations.   
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Recent modeling studies by Jamison and Shen [14] have shown the effect of initial layer 

waviness on the plane strain deformation of these structures. Under idealized uniaxial loading 

conditions parallel to the layers their modelling showed a large drop in stiffness as layer 

curvature increased while perpendicular to the layers, the effect is smaller but not negligible.  

The effect of this waviness on the mechanical properties has not been largely overlooked, with 

the vast majority of previous modeling efforts assuming perfectly flat microstructures [1, 15, 16]. 

Additionally, Verma and Jaryam [17] showed that under indentation loading normal to the film, 

the layer curvature increases the tensile stresses that develop causing an increase in delamination.  

However, their work only looked at the specific case of thick ceramic layers (~150 nm ZrN) 

paired with thin metallic layers (~10 nm Zr), which do not show the buckling behavior observed 

in our work when the layers are able to co-deform. 

 

This work expands on the current literature by determining the deformation behavior of metal-

ceramic multilayers under loading over a range of orientations using finite element modeling 

(FEM) and comparing this behavior to what is observed experimentally using indentation in the 

parallel, inclined at 45º and perpendicular orientations. To our knowledge, this has not been 

investigated in any nanolaminate system previously. As the previous work by Jamison and Shen 

indicated that the mechanical properties of these materials can be highly sensitive to the initial 

waviness, the FEM simulations in this work utilize both idealized flat microstructures and more 

realistic wavy microstructures.  

 
2. Materials and Methods 

An automated physical vapor deposition system was used to fabricate Al-SiC nanolaminates on a 

Si substrate. These laminates consisted of films with an individual layer thicknesses of 50 nm, 

with an overall multilayer thickness of 15 µm. The details of this process have been discussed in 

previous work [18]. Indentations made in the perpendicular orientation were characterized 

without further sample preparation. For the parallel and inclined directions, a diced wafer 

section, approximately 5 x 5 mm2, was mounted in epoxy such that the film would be oriented 90 

and 45 degrees, respectively, from the epoxy surface.  To expose the edge of the film for testing, 

the mounted sample was then ground using SiC paper, and final polishing was carried out using 

0.05 µm colloidal silica.  

 

Indentations were performed using a commercial nanoindenter (Nanoindenter XP, Agilent) 

equipped with a Berkovich geometry diamond tip (displacement controlled, 5 second hold time). 

The system was left to stabilize until the drift rate was less than 0.05 nm/s. The continuous 

stiffness measurement (CSM) technique was used in order to determine the modulus and 

hardness as a function of indentation depth by superimposing a small harmonic load [19]. Since 

the sample width was limited to the multilayer thickness in the parallel and inclined cases, 

indentation depths were limited to 500 nm in order to minimize the contribution from the 

adjacent Si wafer and mounting epoxy.  To obtain accurate results from this shallow indentation 

depth, the dynamic contact module (DCM) head was used, allowing higher load and 

displacement resolution [20]. For direct comparison, the same 500 nm depth was used for 

indentations in the perpendicular direction as well. The modulus and hardness values were 

calculated in the depth range of 100-200 nm for all tests.  About 15 indentations were conducted 

in each of the orientations. A dual beam SEM/FIB was used to cross-section the indentations to 

see the difference in deformation behavior in both directions and to compare to FEM results. 
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Two-dimensional (2D) multilayer models were constructed for the finite element analysis using 

the program ABAQUS (Version 6.12, Dassault Systemes Simulia Corp., Providence, RI). The 

model geometry assumes a width and height of 10 µm and 50 µm, respectively, containing 

explicit 50 nm-thick layers of Al and SiC and a total of 328,000 four-noded linear plane-strain 

elements. Indentation was simulated by pressing a rigid angular indenter, with a half-angle of 

68, onto the top face of the material. Ten multilayer scenarios were considered: both flat and 

wavy layers in orientations with 0 (parallel), 10, 20, 45, and 90 (perpendicular) degree angles 

between the loading axis and the layer direction. The undulations in the wavy layers were 

modeled as a sinusoidal waveform with a wavelength of 0.5 µm and an amplitude of 15 nm. The 

bottom boundary was fixed in space, and the two lateral boundaries were unconstrained during 

deformation. The elastic-plastic properties of Al and SiC, obtained from experimental 

measurements, were identical to those used in our previous study [11]. The Young’s moduli for 

Al and SiC were 59 GPa and 277 GPa, respectively, and the corresponding Poisson’s ratios were 

0.33 and 0.17, respectively. The yield strengths of Al and SiC were 200 MPa and 8770 MPa, 

respectively, with initial strain hardening for Al included leading to a constant flow stress of 400 

MPa [11]. 

 

As the true indentation modulus is unable to be calculated using the 2D plane strain model, an 

effective indentation modulus is calculated to approximate the true value. The effective 

indentation modulus was calculated through the following scaling law, obtained from 

dimensional analysis that: 

𝑆 = 𝛼
𝐸

(1 − 𝜈2)√𝐴
 

(1) 

where S is the initial stiffness of the unloading portion of the simulated load-displacement curve, 

E and ν are the elastic constants of the material, A is the indentation contact area and α  is the 

proportionality constant obtained through an axisymmetric FE simulation of the Al/SiC 

nanolaminate under perpendicular loading. 

 

3. Results and Discussion 

Both the hardness and modulus values measured using nanoindentation show an increasing trend 

as the layers become more aligned with the loading axis, as shown in Table 1.  Using laminate 

theory [10], the elastic modulus variation with loading direction should vary according to: 

𝐸 = 𝐸𝐿 [𝑐𝑜𝑠
4𝜃 +

𝐸𝐿
𝐸𝑇

𝑠𝑖𝑛2𝜃 +
1

4
(
𝐸𝐿
𝐺𝐿𝑇

− 2𝜈𝐿𝑇) 𝑠𝑖𝑛
22𝜃]

 
(2)

 

where θ is the loading angle, EL is the longitudinal (isostrain) modulus, ET is the transverse 

(isostress) modulus, GLT is the in-plane shear modulus obtained from the inverse rule of mixtures 

of the constituent layers and νLT is the in-plane Poisson’s modulus, obtained from the rule of 

mixtures of the constituents. The theoretical perpendicular (isostress) and parallel (isostrain) 

moduli are also given in Table 1. In comparing the experimental and theoretical values, it is 

observed that the modulus is less dependent on orientation than the analytical solution, with the 

predicted isostrain modulus being significantly higher than the value measured using 

nanoindentation.  This difference can be rationalized by the limitations inherent with indentation 

techniques as well as by the deviation from ideal flat layers in the material microstructure. 
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Modeling helps shed light onto both of these concerns by simulating an indenter geometry as 

well as allowing for imperfections in the microstructure.  

 

As seen in the SEM image of the undeformed microstructure (Figure 1(a)), the as-deposited 

layers show periodic waviness, which is an artifact of the columnar growth morphology followed 

by the Al layers [21].  This microstructural detail strongly affects the deformation behavior under 

loading conditions parallel and inclined to the layers.  The waviness allows a buckling type of 

behavior to occur at much lower stresses than what would be expected for a perfectly flat 

structure because the preexisting 

undulations allow bending of the SiC layers 

to occur much more easily. This buckling 

behavior can be seen in the FIB cross 

section of the parallel (Figure 1b) and 

inclined (Figure 1d) indentations, in 

contrast to indentations in the perpendicular 

direction (Figure 1c) which deform by 

plastic flow in the Al layers and localized 

shear bands.  

 

 

Figure 1. SEM image of the undeformed nanolaminate microstructure (a) as well as the damaged regions 

underneath parallel (b), perpendicular (c), and inclined (d) indentations.  

 

 
(a)  

(b) 

 
(c)  

500 nm 

(d) 

Table 1. Hardness and modulus values determined using 

nanoindentation for different orientations as well as the 

calculated modulus values using classical laminate 

theory. 

 Perpen-

dicular 

45° 

Inclined 

Parallel 

Hind (GPa) 4.8±0.4 6.1±0.2  6.9±0.3 

Eind (GPa) 111±8 114±3 126±4 

Ecalc (GPa) 97 100 168 
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This buckling behavior due to the layer 

waviness is also observed when modeling 

indentations in all orientations except the 

perpendicular case, as shown in Figure 2. 

Indentation at inclined angles showed a 

combination of behaviors, with the right 

indenter face producing buckling behavior as 

in the parallel orientation and the left face 

causing plastic flow of the Al layers as in the 

perpendicular orientation. In addition to 

changing the morphology of the deformation, 

this buckling behavior has a large effect on 

the mechanical response of the multilayer.  

This change in behavior due to the layer 

geometry can qualitatively be seen by 

considering the SiC layers to be curved 

beams, where the apparent stiffness of these 

beams sharply decrease under axial loading 

with decreased radius [22].  As seen in Figure 

3, although the waviness decreases the 

stiffness of the material in all orientations, the 

largest effect is observed around 20 degrees 

between the layers and the loading axis. The 

difference in the modeled modulus was shown 

to be up to 20 percent, highlighting that even 

small changes in the nanostructural details can 

have a significant impact on the resultant 

mechanical behavior.  

 

It should also be noted that although 

traditional laminate theory predicts that the 

highest modulus would be observed in the 

parallel indentations, FEM of small angle 

inclinations yield higher moduli. This is 

caused by the indenter geometry.  Since the 

faces of the indenter are angled, an inclination 

of ~20 degrees will make the layers perpendicular to an indenter face, increasing the measured 

stiffness. In addition to this effect, the indenter geometry also affects the imposed stress state. In 

contrast to the rule of mixtures assumptions, the stress state underneath the indenter is neither 

uniaxial nor uniform.  This causes the overall indentation response to have some contribution 

from both the parallel and perpendicular directions.  Therefore, it is expected that the moduli 

measured using indentation would fall somewhere between the moduli which would be measured 

using bulk techniques, which is corroborated by the experimental and FEM results showing a 

weaker dependence on orientation than the moduli predicted by classical laminate theory.  

 

 

Figure 2. FEM von Mises effective stress contours of 

parallel indentation of flat (left) and wavy (right) 

microstructures for loading at 0°, 10°, 20°, 45°, and 

90° (a-e respectively). The wavy microstructure 

shows more pronounced buckling of the layers except 

for the 90° case which shows little difference in 

behavior. 

 
(a) 

(c) 

(d)

 

(b) 

(e) 
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4. Conclusions 

In summary, a combination of experimental 

and FEM results have shown the following for 

Al-SiC nanolaminate composites: 

 

 The anisotropic behavior of these 

materials was characterized for the 

first time. The modulus and hardness 

in the direction parallel to the layers 

was shown to be greater than in the 

perpendicular and inclined directions. 

 Due to the multi-axial stress state 

beneath the indenter and the laminate 

waviness, indentation measurements 

do not show as large differences 

between orientations as seen in the 

calculations based on laminate theory. 

 Layer waviness predisposes the SiC 

layers to buckling deformation when 

loaded in the parallel and inclined 

orientations, leading to a more compliant response compared to the flat microstructure. 

 Layer curvature reduces the stiffness of the multilayer in all orientations but much more 

drastically in the parallel and inclined orientations, especially where the layers are 

perpendicular to the indenter faces (~20°).  
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Figure Captions 

 

Figure 1. SEM image of the undeformed nanolaminate microstructure (a) as well as the damaged 

regions underneath parallel (b), perpendicular (c), and inclined (d) indentations. 

 

Figure 2. FEM von Mises effective stress contours of parallel indentation of flat (left) and wavy 

(right) microstructures for loading at 0°, 10°, 20°, 45°, and 90° (a-e respectively). The wavy 

microstructure shows more pronounced buckling of the layers except for the 90° case which 

shows little difference in behavior. 

 

Figure 3. Effect of loading angle on relative stiffness with respect to perpendicular loading (90º). 

The solid lines are the predictions of laminate theory for uniaxial loading. The half full symbols 

represent the results of the FEM indentation simulations for planar and wavy layers and the full 

symbols correspond to the experimental results. 

 

Table 1. Hardness and modulus values determined using nanoindentation for different 

orientations as well as the calculated modulus values using classical laminate theory. 


