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Abstract

The indentation behavior of metal/ceramic nanolayered composites is studied nu-
merically using the finite element method. Attention is devoted to cyclic response
under fixed maximum and minimum loads, with the primary objective of examining
the evolving plastic deformation in the ductile metal constrained by the hard ceramic
layers. An axisymmetric model consisting of alternating aluminum (Al) and silicon
carbide (SiC) thin films on a silicon (Si) substrate is indented by a conical diamond
indenter. In this study, both rate-independent and rate-dependent plasticity models
are considered. It is found that, in the multilayered material plastic deformation in
the Al layers continues to occur upon unloading and subsequent loading /unloading
operations. The cyclic plasticity results in an open load-displacement loop, and the
indenter continues to move deeper with each cycle. For the control model of a homo-
geneous Al film, there is no hysteresis loop and transient behavior soon approaches
stabilization, showing repetitive elastic loading/unloading. The modeling results

are also compared with cyclic nanoindentation experiments conducted on the same

vi



metal-ceramic multilayer system and control specimen. The modeling results are in
qualitative agreement with the actual cyclic nanoindentation experiment conducted

on the Al/SiC nanolayers.
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Chapter 1

Introduction

Finite element modeling (FEM) has become one of the most prevalent techniques
used to analyze and examine the reaction of solid materials to internal and external
forces [1-8]. Indentation (micro- and nano-) is an especially attractive test to model
because not only does it save time, but the testing parameters and material properties
can be easily changed. The knowledge of the material constitutive laws is important
for the prediction of material behavior. The mechanical properties of materials can
be investigated by means of computational experimental procedures. Indentation
tests can be used to evaluate the strength of materials and coatings. These tests are
based on the relationship between the applied indenter load per contact area and the

plastic flow strength of the material.

Relevant properties of thin films can be determined by indentation tests. Nanoin-
dentation is the technique most commonly used to characterize the properties of thin
films [9, 10]. The results of nanoindentation are greatly affected by many factors;
indentation depth, substrate properties, specimen geometry, etc. Indentation is a
severe form of deformation, leading to large strains and issues where materials be-

have nonlinearly. FEM of nanoindentation is useful to explore how different factors
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affect modeling results, as well as obtaining unknown data that cannot be collected
experimentally. Nanoindentation tests continuously register the applied force of the
indenter as well as indenter depth. Using the FEM method, quantitative stress and
strain information can be used to estimate certain properties of the film, such as

elastic modulus, hardness and fracture toughness.

Thin films can be used for a variety of reasons, one of the most common being
coating on machining tools. The wear on a thin film can be simulated by observing
the simulated tangential and/or normal forces on an indenter penetrating a thin
film or coating. The resistance of coated structures to contact damage is of interest
to many engineering applications such as electronic packaging, biomechanics, and
aerospace and automotive applications [5, 11, 12]. Ceramics have often been used
as coatings on metal substrates because of their many desirable characteristics, such
as high hardness and toughness, however the brittleness can become an issue with
extended use. Problems such as this have led to the development of coatings based

on composite materials.

Recently, composites composed of hard and soft materials, such as ceramics and
metals, have been studied. Composites films can be fabricated by layering thin
films or embedding metal granules in a hard thin film [13]. By combining the metal
and ceramic materials, the most desirable characteristics of both materials can be
used. These composite films possess unique mechanical properties. Many of these
properties include high strength, hardness and resistance to damage, as well as many
other possible functions. Due to the wide use and many possibilities, multilayer
thin films have been the subject of many investigations [11, 12, 14-26]. However,
uncertainty arises in the characterization of multilayered films using the indentation
technique. This is due in large part to the heterogeneity of the material from the
layer arrangement of hard/soft material and the number of interfaces associated with

the composite. During indentation, the heterogeneous material will not incur the
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same sort of stress fields a homogenous material would. The local deformation field
will be different from that in a homogenous material, and internal damage may be
induced by the indentation loading itself [27, 28]. The effect of material heterogeneity
on indentation response (and thus the measurement and interpretation of effective
properties extracted from the indentation test) is not well understood. Due to the
complicated nature of nanoindentation on multilayered composites, simulating the
material in FE software such as ABAQUS, allows multiple different tests to be run

without the use of material specimens.

A common composite of layered metal and ceramic is aluminum and silicon car-
bide (Al/SiC). This combination of materials has been examined in multiple forms.
Currently, Al/SiC is specifically being researched for solar physics and optical ap-
plications as coating, where it is used for its multiple properties [11, 12]. Recent
numerical FE analyses of indentation loading on an aluminum (Al)-silicon carbide
(SiC) nanolayered composite found that plastic deformation in the soft Al layers
continues to occur during indentation unloading [29-31]. This was attributed to the
internal mechanical constraint resulting from the hard SiC layers in the composite
structure, as well as a build-up of special stress pattern in the layers. Therefore, the
unloading process can no longer be considered to consist of simple recovery of elastic
deformation as in a homogeneous material. The unloading induced plasticity was
identified by comparing the equivalent plastic strain fields before and after unload-
ing, and by tracking the deformation history of individual material elements in the
computational model. There is a need to further investigate this phenomenon, as it
has significant implications from both fundamental and practical standpoints. For
instance, the unloading-induced plasticity immediately casts doubt on the validity of
measuring the elastic modulus of the composite from the unloading response of the

indentation.

Composite laminates are vulnerable to failure caused by local transverse stresses.
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The resistance of coated structures to contact damage can be studied by combining
FE with fracture mechanics [8, 32]. The performance of coatings and thin films is
dependent on many different material properties. There is a need to understand the
long-term applicability of the film, specifically the fatigue life. Cyclic nanoindenta-
tion will be important in determining the fatigue life of composite multilayer thin
films. When conducting nanoindentation on a normal material (such as a homo-
geneous elastic-plastic solid), elastic and plastic deformation is encountered during
loading. The elastic strains are recovered in the unloading phase. If the specimen
is then cyclically reloaded and unloaded, the load-displacement curve will follow
the prior unloading path, which characterizes the elastic nature of the process [33].
Therefore, cyclic indentation response will serve as an indicator for the possible in-

elastic behavior during the deformation history.

The response of a composite to cyclic indentation is suggestive of its response
to damage and fatigue. The cyclic response of homogeneous thin films has recently
been experimentally observed in a few studies [34-36]. A numerical cyclic indenta-
tion study was conducted on an elastic perfectly plastic material [37]. None of these
studies observed the effect of cyclic loading on composite thin films. This research
will examine the cyclic indentation response of the Al/SiC nanolayered composite.
Nanoindentation, using both FEM and experimental results, will be used to deter-
mine the fundamental material characteristics of the layered composite. The specific

objectives of this thesis are:

e Gain further insight into unloading induced plasticity in the metal-ceramic

system through cyclic indentation modeling,

e Explore the general cyclic indentation load-displacement response, which will

also shed light on the contact fatigue behavior of the composite.

e Conduct experimental verification of the model to determine whether the sim-
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ulated behavior is in-line with experiments.



Chapter 2

Numerical Model

The composite used in this research consisted of 41 alternating layers of Al and SiC
layers on a silicon (Si) substrate. The model used in the simulations corresponds to
the multilayer used in the experiments and previous studies [30, 38, 39]. A schematic
of the model, with the mesh, is shown in figure 2.1. The mesh of the entire model
is shown, and the area around the indenter tip is also included to show the refined

mesh at the indentation site.
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Symmetry 3
Axis

Figure 2.1: Schematic showing the Al/SiC multilayers above a Si substrate, and the
boundary conditions used in the axisymmetric model. The finite element mesh near
the indentation site is also shown.

In the model, the top layer (in contact with the Al) and the bottom layer (directly
above the substrate) are Al. The indentation is modeled with a diamond conical
indenter with an angle of 70.3. This represents the same projected indentation area as
a Berkovich indenter. Using a conical indenter is practical for use in two-dimensional

modeling [1, 9].

The model is axisymmetric, using the left boundary as the symmetry axis. The
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entire specimen is 40 pm in lateral span (radius) and 43 pm in height. The individual
Al and SiC layers are 50 nm thick. The total thickness of the model is 2.05 pm. The
model is constrained so that during indentation, the left boundary can displace in the
2-direction, the bottom boundary is only allowed to move in the 1-direction and the
top boundary is free to move. The coefficient of friction between the multilayer and
the indenter is assumed to be 0.1. This value is typical for contact between diamond
and metal [40, 41]. There are a total of 173,105 linear elements in the model. Each
Al and SiC layer is ten elements in thickness. The mesh is more refined in the upper
left-hand corner of the model, near the indentation site. The mesh convergence was
checked through the modeled indentation load-displacement curves resulting from
meshes with different extents of refinement. All analysis was completed using the
finite element program ABAQUS (Version 6.10, Dassault Systemes Simulia Corp.,
Providence, RI).

The Young’s moduli for Al and SiC used in the model are 59 GPa and 277 GPa,
respectively, which are based on nanoindentation measurements of single-layer Al
and SiC films [24]. The Poissons ratios for Al and SiC are taken as 0.33 and 0.17,

respectively.

The plastic response of Al is based on the tensile loading data of single-layer Al,
with an initial yield strength of 200 MPa. Plastic deformation follows the von Mises
criterion with isotropic hardening and the incremental flow theory. The piecewise
linear strain hardening response features hardening slopes of 199.3MPa from initial
yield up to the strain of 50.5% and then 40.0 MPa up to the strain of 300.7%,
beyond which perfect plasticity ensues. This static stress-strain response is used

1

for the plastic strain rate of 1x10-6 s and below in the viscoplastic model. The

rate-dependent plastic flow strength follows

0= f(@) R (ddt) (21)
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where o, is the von Mises effective stress, f (a function of equivalent plastic strain
gP ) is the static plastic stressstrain response described above, and R (a function
of plastic strain rate % ) defines the ratio of flow strength at higher strain rates
to the static flow strength where R equals unity. Compared to rate-independent
plasticity, this formulation utilizes the scaling parameter R to quantify the strain
rate hardening effect. The yield ratio R for Al used in the model is listed in table 2.1
[29]. The SiC ceramic is a much more brittle material. It is nevertheless treated as
an elastic-plastic material, with a very high yield point of 8770 MPa (estimated from
the indentation hardness of a single-layer SiC film), followed by perfect plasticity.
This treatment is necessitated by the fact that a purely elastic SiC in the model will
generate unrealistically high loads during the indentation simulation, and is validated
by the fact that in the experiment the SiC layers exhibited a glassy/plastic-type
response due to the amorphous nature of the film [30]. The Young’s modulus and
Poissons ratio of the diamond indenter are 1141 GPa and 0.07, respectively. All the

interfaces between different materials in the structure are assumed to be perfectly

bonded.

Table 2.1: Strain rate hardening response (yield ratios at different plastic strain
rates) of Al used in the viscoplastic model
Strain rate (s~1) Yield ratio R

1x 1076 1
5 x 1076 1.0305
1 x 10°° 1.0436
5% 107 1.074
1 x 10* 1.0871
5x 1074 1.1176
1 x 1073 1.1307
5% 1073 1.1612
1 x 1072 1.1743
5 x 1072 1.2047
1 x 107! 1.2178
5 x 1071 1.2483
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The cyclic indentation loading was simulated by first pressing the indenter to a
depth of 500 nm (ten times the initial layer thickness) for both the control case of a
homogenous Al film and the multilayer. The films were then unloaded to 10% of the
peak load. Subsequent cycles were then between 10% and 100% of the peak load.
The simulations were performed under displacement control, however it was ensured
that all load reversals during the cyclic process took place at the chosen maximum

and minimum loads.

10



Chapter 3

Results: Rate-Independent
Analyses

For the first part of the research, the evolution of the strain fields in two different
thin films was compared. The first case tested was the control case of pure Al on a Si
substrate. This is used as the basis for comparison. The second case tested was that
of a thin film of alternating layers of Al and SiC on a Si substrate. The FEA results
for both cases are compared to experimental data. For this chapter, the loading is

considered to be static and no rate dependence is considered in the model.

The maximum load for the Al film was 5.18 mN, which corresponds to a depth
of 500 nm during the first indentation loading. Subsequent cycles were then between
10% and 100% of the peak load. For the multilayer, the indentation depth of 500
nm corresponds to an indentation load of 27.5 mN. Unloading to 10% of the peak
load, 2.75 mN, then follows.

11
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3.1 Results from Modeling: Control Case

The results for the control case, Al film on a Si substrate, will be presented first.
The simulated indentation load-displacement curves for two full cycles is shown in

figure 3.1.

6.0

—1st Cycle
0 2nd Cycle

5.0

4.0

3.0

Load (mN)

20

0 100 200 300 400 500 600
Displacement (nm)

Figure 3.1: Simulated indentation load - displacement curves for the rate - indepen-
dent control model (2.05 pm thick Al on Si substrate).

The maximum indentation depth, at 500 nm, is approximately i of the film
thickness. It is observed that both the loading and unloading phases of the second
cycle follow the same path as the first unloading response. This indicates the elastic
nature of the deformation starting from the first unloading [33]. The manifestation of
the elastic deformation can be observed in the equivalent plastic strain. The contour
plots of the equivalent plastic strain are shown in figure 3.2. Figure 3.2 (a) and
(b) correspond to the beginning and end of the unloading phase in the first cycle,
and figure 3.2(c) is after reloading to the peak load. The figures only include the

material near the indentation site. As expected, it can be seen that the equivalent

12
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plastic strains remain exactly the same during the process in the homogeneous film

material.

13
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PEEQ
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()

Figure 3.2: Contour plots of equivalent plastic strain for the case of homogeneous
Al film (a) at the peak indentation load after the first loading phase, (b) when the
load is reduced to 10% of the peak load after the first unloading, and (c) at the peak
loading during the second cycle.

3.2 Results from Modeling: Multilayer

Attention is now turned to the results for the Al/SiC nanolayered composite. Figure
3.3 shows the simulated load-displacement curves for the first two full cycles. Al-
though the maximum indentation depth during the first cycle is the same as in the
control case of homogeneous Al film, the peak load is much greater, owing to the

much stronger multilayer structure.

15
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30

—1st Cycle

25 =2nd Cycle

20

N)

15

Load (m

10

0 100 200 300 400 500 600
Displacement (nm)

Figure 3.3: Simulated indentation load - displacement curves for the Al/SiC nanolay-
ered composite.).

It is evident from the figure, that unlike the control case, the second cycle does
not follow the same path as the first unloading. This indicates the inelastic nature
of the deformation process. Furthermore, the open loop nature of the second cycle,

indicates that the load-displacement curve is still evolving with continued cycles.

Figures 3.4(a)-(d) show the contour plots of equivalent plastic strain at the first
peak load, end of the first cycle, second peak load, and end of the second cycle,
respectively. The same legend scale is used in these plots so the strain levels at
different stages can be easily compared. In regions where a large contrast in contour
levels exists, the deformed laminate geometry can be discerned. Comparing figures
3.4(a) and (b) reveals that plastic strains in the Al layer increase during unloading.
The Al layers continue to experience plastic deformation throughout the second
cycle, so a continuous increase in plastic strain is seen (figures 3.4(c) and (d)), which

contributes to the evolving load-displacement loop seen in figure 3.3.

16
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Figure 3.4: Contour plots of equivalent plastic strain in the Al/SiC nanolayered
composite at the following stages: (a) peak load during the first cycle, (b) end of the
first cycle, (c¢) peak load during the second cycle, and (d) end of the second cycle.
The white circular marks in (a) and (b) are used for highlighting the locations of
material points used in tracking the deformation history as presented in figures 3.5
and 3.6.

To better understand the correlation between cyclic indentation response and

18
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the internal deformation field, the loading/unloading histories of arbitrarily selected
material elements in the model were tracked. Two such cases are presented here.
The first case refers to the material element inside the second Al layer at a location
marked by the circle in figure 3.4(a). Figure 3.5(a) shows the evolution of equivalent

plastic strain of this Al element during the first two cycles.

Several stress components (von Mises effective stress VM, normal stresses 011, 099
and o33, and shear stress 015) are shown in figure 3.5(b). It is seen in figure 3.5(a) that
equivalent plastic strain increases monotonically. The strain is zero at the beginning
of the first loading, when the element is still undergoing elastic deformation. At the
end of the first cycle, the plastic strain is at a value well above 0.2. There is a slight
pause of plastic strain increase at the initial stage of each unloading and reloading,
but plastic deformation soon resumes, with each unloading/reloading phase showing
a much higher value at the end compared to the beginning. It is notable, that during
each unloading, the total increase in plastic strain is very significant in comparison
with the prior loading phase. The evolution of stresses in figure 3.5(b) shows that,
during the first loading, large magnitudes of normal compressive stresses along all
three directions have developed. At the peak load the magnitude of ooy is greater
than o7 and o33 (the indentation direction is along the 2-axis). Upon unloading,
the normal stresses rapidly decrease in magnitude. A dip in the Mises effective
stress can be seen in the early stages of unloading, which corresponds to the brief
period of elastic recovery seen in figure 3.5(a). However, the gradual development
of shear stress o1, along with the combination of other normal stress components,
result in the reestablishment of yield condition and thus plastic deformation. The
Mises effective stress thus attains the yield value (figure 3.5(b)) and the equivalent
plastic strain starts to increase again (figure 3.5(a)). A similar pattern is observed
for the second cycle. The second material point also resides in the second Al layer

as highlighted in figure3.4(b).
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Figure 3.5: Evolution of (a) equivalent plastic strain and (b) several stress compo-
nents, in an Al element highlighted in figure 3.4(a), during the first two cycles of
deformation history. (VM: von Mises effective stress).

Figure 3.6(a) and (b) show the evolutions of equivalent plastic strain and stress

components, respectively, in this element during the first two cycles.

Due to the element’s outer location relative to the previous case, the plastic strain
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Figure 3.6: Evolution of (a) equivalent plastic strain and (b) several stress compo-
nents, in a second Al element highlighted in figure 3.4(b), during the first two cycles
of deformation history. (VM: von Mises effective stress).

and normal stress magnitudes are generally smaller. Plastic deformation during
each unloading/reloading phase is still evident, and the accumulation of plasticity

is much more pronounced during unloading than during loading. In figure 3.6(a),

21



Chapter 3. Results: Rate-Independent Analyses

it is seen that, upon first unloading, there is no elastic recovery period and plastic
deformation continues to advance without interruption. This is also evident from the
Mises effective stress curve in figure 3.6(b). The Mises effective stress curve remains
at the yield value from the first unloading phase through the entire first unloading
phase. (The slight increase in the magnitude of Mises stress is due to strain hardening
of the Al in the model.) Figure 3.6(b) also reveals that the unloading/reloading
induced plasticity in this Al element is generally associated with the development
of significant shear stress oq5. There is a rapid increase in its magnitude at the
beginning of first unloading, and thereafter the shear stress magnitude stays high
when plasticity continues (or reestablishes). Clearly the constraint imposed on the
metal by the adjacent hard layers is the primary cause. If uneven deformation occurs
in the SiC layers directly above and below, a large shear stress can be easily generated

in the Al sandwiched in between.

The indentation beyond two cycles is taken into consideration in figure 3.7. Fig-
ure 3.7 shows the simulated load-displacement curves of the Al/SiC multilayered
composite for a total of 10 cycles. For the purpose of clarity, the initial part of the

first loading curve is not included in the figure.

It is seen that the load-displacement loop of the second cycle persists, although it
gradually shifts toward larger displacements. Under a constant load amplitude there
is a tendency for the indenter to penetrate deeper as cycling continues. This may be
viewed as the indentation version of the cyclic creep phenomenon typically observed
under uniaxial loading [42]. It should be noted that the present numerical model only
includes rate-independent plasticity, so increasing penetration is not caused by any
viscous effect but is purely a consequence of cyclic plasticity under highly constrained
conditions. A stabilized loop has not been reached at the end of the tenth cycle. From
the evolution of indentation displacement (especially at the minimum load in figure

3.7), a decrease in the advancing rate is evident.
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Figure 3.7: Simulated ten full cycles of indentation load-displacement response for
the Al/SiC nanolayered composite.

Figures 3.8(a) and (b) show the contour plots of equivalent plastic strain at the
end of fifth and tenth cycles, respectively, in the multilayers. It is observed that the
plastic strain values are much greater after 10 cycles than after 5 cycles, also showing

a significant increase when compared to the first two cycles, seen in figure 3.4.
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Figure 3.8: Contour plots of equivalent plastic strain in the Al/SiC nanolayered
composite at (a) the end of the fifth cycle and (b) the end of the tenth cycle.

This escalation of plasticity over repeated loading/unloading operations implies
the possibility of fatigue crack initiation as a result of further cyclic loading. It

is worth pointing out, again, that the continuation of plastic deformation appears
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only in the multilayered composite, with the Al layers severely constrained by the SiC
layers, but not in the control model with a homogeneous Al film. Therefore, cyclic in-
dentation fatigue damage may become an issue for the type of layered metal /ceramic
composite system considered in this study, despite its generally high resistance to

monotonic indentation deformation.

3.3 Results from Experiments

This section presents the experimental measurements of the cyclic nanoindentation
response, conducted by collaborators at Arizona State University. The Al and SiC
layers were synthesized by physical vapor deposition (magnetron sputtering) on a
(111) single-crystal Si substrate [27, 28, 30]. The base pressure of the dual-gun
sputtering chamber was approximately 10~7 Torr ( 1.33 x 10~"Pa). Targets of pure
Al (99.99%) and SiC (99.5%) (Kurt Lesker, Clairton, PA) were used for sputtering
in argon atmosphere, at an argon pressure of about 3 mTorr (0.4 Pa). The Al
was sputtered using a DC sputter gun with a power of 95 W while the SiC was
sputtered by a RF sputter gun at 215 W. The targets were pre-sputtered for about
10 min at 40 W for Al and 95 W for SiC to remove any oxides and impurities
from the surface. Under these conditions, the deposition rates were 7.5 nm/min and
3.9 nm/min for Al and SiC, respectively. Twenty-one layers of alternating Al and
SiC with a nominal layer thickness of 50 nm were produced. The Al layers have a
columnar grain structure with an average grain length slightly greater than the layer
thickness, and the SiC layers are amorphous. In addition, a control specimen of a

1000 nm-thick Al film on a Si substrate was also used.

Nanoindentation was conducted using a commercial nanoindenter (Nano-XP, Ag-
ilent, Chandler, AZ). The maximum loads for the Al/SiC composite and single-layer

Al were 49 mN and 6.0 mN, respectively. These peak loads resulted in maximum
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indentation displacements around 500-600 nm (i.e., approximately 10-12 layer thick-
nesses in the case of composite). As in the modeling, cyclic loading was conducted

between 10% and 100% of the peak load.
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Figure 3.9: Experimentally measured cyclic nanoindentation load-displacement re-
sponse of (a) the control specimen (with a thick Al film) and (b) the Al/SiC nanolay-
ered composite.
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Figure 3.9(a) shows the experimental result of the control specimen. There is drift
toward larger displacements starting from the first loading phase, which is due to
the time-dependent behavior that is frequently observed in metallic thin films under
indentation. The result is qualitatively similar to a cyclic indentation measurement
on a bulk Al specimen [36]. Figure 3.9(a), however, also shows that stabilization
was reached after several cycles, and subsequent reloading and unloading followed
the same load-displacement path. This signifies elastic deformation as illustrated in
the numerical modeling shown in figure 3.1, where the much steeper unloading curve

compared to the composite is also in agreement with the experiment.

Figure 3.9(b) shows the measured load-displacement curves of the Al/SiC com-
posite for 10 cycles. The same deformation features occur as in the modeling (figure
3.7), i.e., progressive open loops toward deeper penetrations over the cycles. The
inelastic nature of the unloading/reloading response is evident, and the deformation

has not reached stabilization after 10 cycles.

Although it may be conceived that the displacement drift displayed by the Al/SiC
multilayers may also be aided by the viscous response of Al films, the cyclic hysteresis
loops in figure 3.9(b) clearly contrasts with the stabilized elastic behavior displayed

by the nearly linear unloading curve seen in figure 3.9(a).

Furthermore, previous experimental and numerical studies on viscoplastic defor-
mation of Al/SiC nanolayers have demonstrated that the time-dependent nature of
Al is greatly suppressed in the case of multilayers [43]. It is concluded that plastic
deformation during the recurring unloading/reloading process is a distinct feature of

the layered composite.
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3.4 Conclusions

A systematic modeling study on cyclic indentation response of the Al/SiC nanolay-
ered composite was carried out. It showed that plastic deformation in the ductile
Al layers continues to occur during the unloading phase of the first cycle, as well
as during subsequent reloading/unloading processes. The cyclic plasticity results in
an open load-displacement loop, and the maximum indentation depth continues to
increase with each cycle under a constant load amplitude. Tracking the deforma-
tion history of individual material elements provided insight on how the deformation
in the soft metal is constrained by the adjoining hard layers. The recurring plas-
tic deformation is not seen in the control model of a homogeneous Al film, where
load-displacement curves during cycles simply followed the first unloading path. The
modeling result raises the issue of possible indentation fatigue damage in the lay-
ered composite. Nanoindentation experiments under the same type of cyclic loading
condition also showed the evolving load-displacement loops, in qualitative agreement

with the modeling.
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Results: Rate-Dependent Analyses

In this chapter the rate-dependence of the Al film is taken into consideration, for
gaining insight on how the viscoplastic characteristics of the Al layers can affect the
cyclic indentation response. Again, there was the control case of pure Al on a Si
substrate, and a thin film of alternating layers of Al and SiC on a Si substrate. The

FEA results for both cases are compared to experimental data.

At a depth of 500 nm, the maximum indentation load for the multilayer is 28.2
mN. Unloading to 10% of the peak load, 2.82 mN, then followed. The following
cycles were then carried out between the maximum and minimum loads. The same
type of deformation history was also applied to a control model. In this case the
peak load is 6.30 mN, which corresponds to a depth of 500 nm during the first
indentation loading. Subsequent cycles were then between approximately 10% and
100% of the peak load. Both loading and unloading were simulated under a constant
rate of 2000 nm/s, with no hold period at the maximum and minimum loads. In
the presentation of results below, the differences between the control model and the

multilayered model will be emphasized.
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4.1 The First Two Cycles

The modeling results of the first two indentation cycles are presented first. Figure
4.1 shows the simulated indentation load-displacement curves for the control model
(thick Al film on Si substrate). The maximum indentation depth, 500 nm, is at

approximately i of the film thickness.

7

—1st Cycle
6 ——2nd Cycle

0 100 200 300 400 500 600
Displacement (nm)

Figure 4.1: Simulated indentation load - displacement curves for the rate - dependent
control model (2.05 pm thick Al on Si substrate).

It can be seen that, after the first unloading phase, reloading follows the same
path as the first unloading until very close to the peak load. The indenter then
penetrates deeper into the material. This observation suggests that, for the most
part, the unload/reload action is a repetitive elastic process. Near the end of the
reloading, further inelastic deformation occurs which is a consequence of the rate-
dependent viscoplastic behavior. (If only rate-independent plasticity is used for Al,
the unload/reload response follows exactly the same track in the entire load range

as seen in chapter 3 [38].) The second unloading curve appears to be parallel to the
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first unloading.

Figure 4.2 shows the simulated load-displacement curves of the Al/SiC nanolay-
ered composite. Although the maximum indentation depth during the first cycle
is the same as in the previous case of a thick homogeneous Al film, the peak load
is much greater in figure 4.2 due to the much stronger metal/ceramic composite

structure.
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Figure 4.2: Simulated indentation load - displacement curves for the Al/SiC nanolay-
ered composite.

It is evident that the second cycle, even as it starts, does not follow the same path
as the first unloading, which indicates the inelastic nature of the deformation process.
Furthermore, as seen in chapter 3, the second cycle leads to an open hysteresis loop,

implying that the load-displacement response is still evolving if cycling continues.

Figures 4.3(a) and (b) show the contour plots of equivalent plastic strain, in
the control model, at the beginning and end of the unloading phase in the first

cycle, respectively. Only the material near the indentation site is included in the
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presentation. The plastic strain field is seen to remain unchanged during unloading.
Figure 4.3(c) shows the contour plot corresponding to the end of reloading (i.e., the
peak point in the second cycle). Compared to figure 4.3(b), there is a slight increase
in plasticity in 4.3(c) (manifested by the slight expansion of high-strain colors). This
expansion is due to the viscoplastic effect at high loads near the end of the reloading

(figure 4.1), which will be further elaborated below.
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Figure 4.3: Contour plots of equivalent plastic strain (denoted as PEEQ) for the
case of a homogeneous Al film (a) at the peak indentation load after the first loading
phase, (b) when the load is reduced to 10% of the peak load after the first unloading,
and (c) at the peak loading during the second cycle. The white circular marks in (a)
and (b) are used for highlighting the locations of material points used in tracking
the deformation history as presented in figure 4.5 and figure 4.6

Figures 4.4(a)-(d) show the contour plots of equivalent plastic strain at the first
peak load, end of the first cycle, second peak load, and end of the second cycle,
respectively, in the Al/SiC multilayers. The same legend scale is used in these plots
so the strain levels at different stages can be easily compared. A comparison between
figures 4.4(a) and (b) reveals that plastic strains in Al have increased significantly,
due to the pure unloading process. In fact, throughout the second cycle the Al layers
continue to experience plastic deformation so a continuous increase in plastic strain
is seen (figure 4.4(c) and (d)), which contributes to the evolving load-displacement

loop observed in figure 4.2.
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Figure 4.4: Contour plots of equivalent plastic strain (denoted as PEEQ) in the
Al/SiC nanolayered composite at the following stages: (a) peak load during the first
cycle, (b) end of the first cycle, (¢) peak load during the second cycle, and (d) end of
the second cycle. The white circular marks in (a) and (b) are used for highlighting
the locations of material points used in tracking the deformation history as presented
in figure 4.7 and figure 4.8
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4.2 'Tracking of Deformation Histories

To better understand the correlation between cyclic indentation response and the
internal deformation field, the loading/unloading histories of arbitrarily selected ma-
terial elements in the model were followed. Attention is devoted to the control model
first, with two cases presented here. The first case is an element inside the highlighted
circle in figure 4.3(a). Figure 4.5(a) shows the evolution of equivalent plastic strain
of this element during the first two cycles. The corresponding plot for several stress
components (von Mises effective stress VM, normal stresses 011, 09 and o33, and

shear stress 013) is shown in figure 4.5(b).

It can be seen in figure 4.5(a) that the equivalent plastic strain increases drasti-
cally during the first loading. Near the peak displacement the various stress compo-
nents appear to reach saturated values (figure 4.5(b)), with large differences between
099 and the other two normal components, thus giving rise to large deviatoric values
for plastic low. Upon unloading the equivalent plastic strain remains the same, sig-
nifying that the element is undergoing elastic recovery. During loading in the second
cycle, the plastic strain remains constant before it increases (slightly) again toward
the end of the reloading. The stress components also attain similar values near the
end of the initial loading. Apparently the reestablished stress state, coupled with
the viscoplastic nature of the material, promote creep deformation near the second
peak load. This evolution of local deformation history is consistent with the overall

indentation behavior observed in figures 4.1 and 4.3.

The second material element chosen is situated toward the outer direction, the
position of which is highlighted in figure 4.3(b). The evolutions of the equivalent
plastic strain and stress components are shown in figure 4.6(a) and (b), respectively.
Due to its outer location, this element experiences lower plastic strain and normal

stresses. Nevertheless, the same general trend as in figure 4.5 is observed. One
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Figure 4.5: Evolution of (a) equivalent plastic strain and (b) several stress com-
ponents, in an element highlighted in figure 4.3(a), during the first two cycles of
deformation history. (VM: von Mises effective stress).

notable feature is that, in figure 4.5(b), the shear stress has relatively small value
and is quite steady after the first loading. In figure 4.6(b), however, the change in

012 with indentation history is more severe. This is again due to the fact that the

38



Chapter 4. Results: Rate-Dependent Analyses

Equivalent Plastic Strain

-0.05

T T
' '
' '
' '
' '
' '
'
' 0
'
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
| |
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' |
>r
' '
' '
' '
' '

Loading Unloading Loading Unloading
-0.1 - -
0 0.5 0.48023 0.50637 0.48684
Indentation Depth (um)
(a)
400 T
200 :
¢

-200

Stress (MPa)

Y

i

-400 :

011 :

-600 922 :

— = O33 i

:

-800 -=-- 012 i
Loading Unloading w Loading Unloading

-1000 :

0 05 0.48023 0.50637 0.48684

Indentation Depth (um)

(b)

Figure 4.6: Evolution of (a) equivalent plastic strain and (b) several stress compo-
nents, in a second element highlighted in figure 4.3(b), during the first two cycles of
deformation history. (VM: von Mises effective stress).

element in figure 4.6 is closer to the indentation edge, so the load/unload action

exerts greater influence on its shear stress state.

The local deformation history in the Al/SiC multilayers is now considered. The
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first tracked element is inside the second Al layer at a location marked by the circle
in figure 4.4(a). Figure 4.7(a) and (b) show the evolutions of equivalent plastic strain

and stress components, respectively, during the first two cycles.
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Figure 4.7: Evolution of (a) equivalent plastic strain and (b) several stress compo-
nents, in an Al element highlighted in figure 4.4(a), during the first two cycles of
deformation history. (VM: von Mises effective stress).
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It can be seen in figure 4.7(a) that equivalent plastic strain increases monotoni-
cally. There is a pause of plastic strain increase at the initial stage of each unloading
and reloading, but plastic deformation soon resumes, with each unload/reload phase
showing a much higher value at the end compared to the beginning. Figure 4.7((b)
shows that, during the first loading, large magnitudes of normal compressive stresses
have developed. Upon unloading, the normal stresses rapidly decrease in magnitude.
A dip in the Mises effective stress can be seen, corresponding to the brief period of
elastic recovery seen in figure 4.7((a). However, the gradual development of shear
stress 019, along with the combination of other stress components, results in the
reestablishment of yield condition and thus plastic deformation at an early stage of

the unloading phase. A similar pattern is observed for the second cycle.

The second material point considered for the Al/SiC multilayers also resides in
the second Al layer as highlighted in figure 4.4(b). Figures 4.8(a) and (b) show the
evolutions of equivalent plastic strain and stress components, respectively, in this
element during the first two cycles. At this outer position the plastic strain and
normal stress magnitudes are generally smaller. Plastic deformation during each
unload/reload phase is still evident. It can be seen in figure 4.8(a) that, upon first
unloading, there is a very brief elastic recovery period and plastic deformation soon
advances again. This is also evident from the Mises effective stress curve in figure
4.8(b). (The slight increase in the magnitude of Mises stress, in both figures 4.7(b)
and 4.8(b), is due to strain hardening in the model.) Figure 4.8(b) also reveals that
the unload /reload-induced plasticity in this Al element is generally associated with
the development of significant magnitudes of shear stress o15. The effect on the metal
by the hard adjacent layers is the cause. These results are very similar to those of

the multilayer model presented in chapter 3.
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Figure 4.8: Evolution of (a) equivalent plastic strain and (b) several stress compo-
nents, in a second Al element highlighted in figure 4.4(b), during the first two cycles
of deformation history. (VM: von Mises effective stress).

On the basis of the evolution of deformation history considered above, it is un-
derstood that the primary difference between the layered structure and the control

model lies in the extent of resumed plasticity. Significant plastic deformation contin-
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ues to occur in the Al/SiC multilayers during each of the unload and reload phases.
For the homogeneous Al film, pure elastic recovery takes place during unloading

while there is only a slight gain of plastic strain at the end of reloading.

4.3 Beyond the Second Cycle

The indentation response beyond the first two cycles is presented below. Figure
4.9 shows the simulated load-displacement curves of the control model for a total
of ten full cycles. The beginning of the initial loading has been excluded from the
presentation for clarity. As the cycles accumulate, the indenter penetrates deeper
into the metal but its rate is decreasing. In other words, cyclic indentation is moving
toward stabilization as the reloading-generated viscoplastic deformation gradually

diminishes.

8.0

—1st through 9th Cycles

7.0 ——10th Cycle

6.0

5.0 /

4.0

Load (mN)

3.0

20

0.0

400 420 440 460 480 500 520
Displacement (nm)

Figure 4.9: Simulated ten full cycles of indentation load-displacement response for
the homogeneous Al film.
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Figure 4.10 shows the simulated load-displacement curves of the Al/SiC nanolay-
ered composite for a total of six cycles. It can be seen that the load-displacement
loop of the second cycle persists, with a gradual shift toward larger displacements.
As in the control case, under a constant load amplitude there is a tendency for the
indenter to penetrate deeper as cycling continues. From the evolution of indenta-
tion displacement (especially at the minimum load in figure 4.10), a decrease in the
advancing rate is evident. The main difference from the control model, however, is
the distinct hysteresis loops caused by the continued plastic deformation during the

unloading and reloading operation in the case of Al/SiC multilayers.

30

=—1st through 5th Cycles
—6th Cycle

300 350 400 450 500 550
Displacement (nm)

Figure 4.10: Simulated cyclic indentation load - displacement response for the Al/SiC
nanolayered composite.

Figures 4.11(a) and (b) show the contour plots of equivalent plastic strain at the
end of the third and sixth cycles, respectively, in the multilayers. It is observed
that the plastic strain values are much greater after six cycles than after three cycles
(which in turn shows a significant increase compared to the first two cycles, figure

4.4). This escalation of plasticity over repeated load/unload operations implies the
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possibility of fatigue crack initiation as a result of further cyclic loading, as mentioned
in chapter 3. Therefore, damage due to contact fatigue [42] may become an issue for
the type of layered metal /ceramic composite system considered in this study, despite

its generally high resistance to monotonic indentation deformation.
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Figure 4.11: Contour plots of the equivalent plastic strain (denoted as PEEQ) in the
Al/SiC nanolayered composite at (a) the end of the third cycle and (b) the end of
the sixth cycle.
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4.4 Comparison with Experiment

This section discusses the comparison of the control model and multilayer model to
the experimental measurements of the cyclic nanoindentation response. The models

were again compared to the experimental results presented in chapter 3.

The experimental results are shown again in figure 4.12. Figure 4.12(a) shows
the measured load-displacement curves of the control specimen. It is evident that
there is a drift toward larger displacements starting from the first loading phase.
Unloading and reloading largely followed the same path, except at the end of each
reloading. Near stabilization was reached after several cycles. Qualitative agreement

between experiment and modeling (figure 4.9) for the control specimen is obtained.

Figure 4.12(b) shows the measured indentation response for the Al/SiC multi-
layers. Again, all prominent features are consistent with the modeling (figure 4.10).
Unlike the control case, distinct hysteresis loops now exist, and the open loops pro-
gressed toward deeper penetration over the cycles. The inelastic nature of the un-
load/reload response is evident, and deformation has not reached stabilization at
the end of the test. It is concluded that plastic deformation during the cyclic un-

load /reload process is a distinct feature of the nanolayered metal /ceramic composite.
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Figure 4.12: Experimentally measured cyclic nanoindentation load-displacement re-
sponse of (a) the control specimen (with a thick Al film) and (b) the Al/SiC nanolay-
ered composite.
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4.5 Conclusions

With time-dependent viscoplasticity taken into account, the modeling results showed
that plastic deformation in the ductile metallic layers continues to occur during the
unloading phase of the first cycle, as well as during subsequent reload/unload pro-
cesses. The cyclic plasticity results in an open load-displacement loop, and the max-
imum indentation depth continues to increase with each cycle under a constant load
amplitude. As in chapter 3, tracking of the deformation history of individual material
elements provided insight on how the deformation in the soft metal is constrained by
the adjoining hard ceramic layers. Unloading-induced plastic deformation does not
occur in the control model. Beyond the first loading cycle, this reference case of a
homogeneous Al film shows only very limited inelastic deformation at the end of each
reloading phase due to the viscoplastic effect, with the cycling gradually stabilizing
into a repetitive elastic response. Nanoindentation experiments under the same type
of cyclic loading condition showed good agreement with the modeling, for both the

Al/SiC nanolayers and the Al control specimen.
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Chapter 5

Conclusions and Suggested Future

Work

In this research, numerical finite element analyses was conducted to study the re-
sponse of a nanolayered composite to cyclic loading. Results from modeling were
compared to experimental results. Emphasis was placed on the inelastic deforma-
tion experienced by the material during the unloading and reloading processes. Due
to the scarcity of experimental and numerical studies on cyclic indentation (even
for homogeneous materials), the current work is believed to fill an important void
and point to a new direction in materials and mechanics research. Specific salient

findings are summarized below.

e Plastic deformation continues to occur in the soft metal layers during unload-
ing, resulting in open load-displacement loop where the maximum indentation
depth continues to increase with each consecutive cycle. Experimental results

qualitatively agreed with modeling results.

e Tracking the deformation histories of material elements provided insight on how

deformation in the soft metal occurs with the constraint of the hard layers.
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e Unloading induced plasticity does not occur in the homogenous Al film. How-
ever, when the rate-dependent plasticity of the Al is taken into account (com-
pared to the static case), a slight increase in plastic strain is observed at the
peak load of subsequent cycles. The observed plasticity will eventually stabilize

to an elastic response. This agrees with the experimental results.

e The modeling results raised the issue of possible indentation fatigue damage in

the layered composite, which is worthy of further investigations.

The following is suggested future work

e The current model does not yet reach stabilization. It is apparent in the results
that the model will eventually stabilize. It would be interesting to see how many

more cycles would be necessary to reach stabilization.

e Both models were indented to the same depth. Indenting to different depths
would give a better understanding how the composite responds to different

peak indentation loads.

e Only one combination of layer thicknesses was tested. Changing the thickness,
material parameters and number of the layers will give better insight as to how

these properties affect the numerical model.

e Continued experimental work will help validate the numerical models. More
systematic experimentation would be helpful in developing a useful numerical

model.
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