Wear 477 (2021) 203849

Contents lists available at ScienceDirect

Wear

journal homepage: http://www.elsevier.com/locate/wear

FI. SEVIER

Check for

Modeling the effects of individual layer thickness and orientation on the e
tribocorrosion behavior of Al/Cu nanostructured metallic multilayers

Kaiwen Wang, Wenjun Cai

Department of Materials Science and Engineering, Virginia Polytechnic Institute and State University, Blacksburg, VA, 24060, USA

ARTICLE INFO ABSTRACT

Keywords:

Nanostructured metallic multilayers
Finite element method

Abrasive wear

Tribocorrosion

Nanostructured metallic multilayers (NMMs) are emerging materials with excellent mechanical, tribological, and
corrosion properties, making them ideal candidates to be used under extremely conditions. The high wear and
corrosion resistance lead to enhanced tribocorrosion resistance of NMMs compared to many traditional metals
and alloys. In this work, a multiphysics finite element model was developed to study the material deformation
and degradation during tribocorrosion from wear, corrosion, as well as their synergy. Specifically, this model
accounts for elastic-plastic mechanical deformation during wear and galvanic corrosion between exposed inner
layers after wear. The effects of individual layer thickness (from 10 to 100 nm) and layer orientation (hori-
zontally and vertically aligned) on the tribocorrosion behavior of Al/Cu NMMs was studied. Both factors were
found to affect the subsurface stress and plastic strain distribution and localized surface corrosion kinetics, hence
affecting the overall tribocorrosion rate. This model and the obtained understanding could shed light on future

design and optimization strategies of NMMs against tribocorrosion.

1. Introduction

Passive metals such aluminum and titanium alloys, and stainless
steels are widely used in marine and offshore industries [1,2], aerospace
and transportation [3], and undersea vehicles and infrastructures [4]
due to their high strength and corrosion resistance. However, the
naturally formed passive layers on these alloys are thin and delicate,
leaving the materials vulnerable to mechanical damage, which in turn,
jeopardize their resistance to corrosion. This problem is especially
prominent during tribocorrosion, where wear and corrosion act syner-
gistically on the surface. Optimization of tribocorrosion resistance usu-
ally requires more than that of wear and corrosion resistance alone as
numerous experiments indicate that there is typically a tradeoff between
wear and corrosion resistance in engineering metals [5]. Hence the
optimization of one property might exacerbate the other.

A promising solution of mitigating the wear and corrosion resistance
tradeoff lies in an emerging category of materials named nanostructured
metallic multilayers (NMMs), where each constituting layer has a
thickness of a few to tens of nm. Past research shows that NMMs often
exhibit better hardness, wear, and corrosion resistance than their
monolithic counterparts [6-10]. For example, Misra et al. synthesized
Cu/Nb nanolayers with excellent wear resistance, benefitted from the
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obstruction of dislocation propagation across the interfaces [11,12]. On
the other hand, a research by Fei and Wilcox shows Zn/Ni NMMs exhibit
better corrosion resistance than pure Zn and Ni metal due to refined
microstructure, decreased surface roughness, and the formation of a
more compact and protective oxide film [13]. Although limited research
has been conducted on the tribocorrosion resistance of NMMs, these
separate wear and corrosion studies indicate great potentials of
achieving high tribocorrosion resistance in NMMs.

The individual layer thickness is a key parameter that affects both
wear and corrosion resistance of the metallic multilayers. In a research
investigating mechanical properties of sputter-deposited Cu-Nb multi-
layers, Misra et al. [14] report their observation of the strength depen-
dence on layer thickness: the hardness increases as the layer thickness
decreases until reaching a maximum at 2 nm; further decreasing the
layer thickness leads to a slight drop in hardness. They exploited three
different mechanisms including Hall-Petch scaling law, confined layer
slip model, and atomistic dislocation transmission, to explain this phe-
nomenon This thickness effect is also observed in Ag/Fe and Ag/Ni
multilayer systems by Li et al. [15]. They found that as the layer
thickness decreased from a few hundreds to tens of nanometers, both the
hardness and wear resistance of the material were improved. As for the
corrosion behavior, Flores et al. [16] observed that even though
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Electrolyte

Fig. 1. Schematic of tribocorrosion testing of metallic multilayers used for the
FEA model.

reducing the thickness of layers increased the tendency to corrode
during the corrosion initialization process, the overall corrosion resis-
tance in long term was improved.

Following these experimental attempts, computational efforts were
also made to help better understand the mechanism lays underneath the
behavior of metallic multilayers. Finite element analysis (FEA) is a
powerful tool in modelling phenomenon caused by this layered structure
and capture the state of deformation and degradation within the mate-
rial. Zhao et al. [17] used FEA to simulate the mechanical response of the
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TiSiN-based multilayer coating during a nanoindentation test. They
explained the formation of the ring, lateral and radial cracks at layer
interfaces by analyzing the stress distribution in the multilayer. Mayer
et al. [18] investigated the effects of layer orientation and layer wavi-
ness on the mechanical behavior of Al-SiC nanolaminate with FEA and
further predicted that wavy layers could produce more compliant
behavior than flat layers. However, little research has been done so far
on simulating tribocorrosion process of metallic multilayers.

This research aims to investigate the effects of layer thickness and
orientation on the tribocorrosion behavior of NMMs in 0.6 M NaCl
aqueous solution through FEA modeling, using aluminum copper mul-
tilayers (Al/Cu) as an example. Al is chosen as it is a widely used passive
metal due to its light weight and excellent corrosion resistance. Cu is
chosen as a more wear resistant non-passive metal with the same face-
centered-cubic (fcc) crystal structure as Al. The outmost layer is
assigned to be Al due to its passivity in neutral seawater while the un-
derneath Cu layers provide mechanical support to the structure to
maintain its integrity. The model was built to simulate the stress and
strain distribution due to wear, the potential and current distribution
during corrosion, and predict the time-dependent surface evolution and
material removal rate during tribocorrosion. This model provides a
numerical framework to probe the mechanical and electrochemical state
of NMMs which is hard to obtain through experiments. It also makes the
prediction of tribocorrosion induced material degradation of NMMs
with different microstructure with great efficiency. The model was
verified in terms of mechanical response by Hertzian theory-predicted
stress distribution. Finally, the effects of different layer thickness and
orientation on the tribocorrosion mechanisms of NMMs were discussed
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Fig. 2. FEA model of the (a, b) mechanical contact and (c, d) corrosion process geometry setup and meshing.
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Table 1
Summary of mechanical parameters of Al and Cu used in the FEA model. E and
oy represent the Young’s modulus and yield strength respectively.

Material E (GPa) 6, (GPa) v Reference
Al 77.62 0.223 0.33 [23]
Cu 117.23 0.330 0.34 [24]
Al,03 300.00 N/A 0.222 [27]

based on these simulation results. These simulation results confirm the
recent experimental findings on the superior tribocorrosion resistance of
Al/Cu multilayers [19]. The simulation study provided further insights
to the underlying mechanism of the improvement in tribocorrosion
resistance.

2. Theoretical background and model setup

In this research, a tribocorrosion scenario was investigated where a
ball-shaped alumina tip performs a single scratch on the sample surface
immersed in 0.6 M NaCl aqueous solution, as shown in Fig. 1. A com-
mercial finite element software COMSOL 5.3 was used and the element
removal algorithm was realized with COMSOL Livelink for Matlab. The
model involves the solution of a two-body contact problem between the
tip and the sample, which causes abrasive wear, and an electrochemical
problem of galvanic corrosion between layers of different metals. An
axisymmetric 2D geometry setup was employed for computational ef-
ficiency. Previous researches have verified with experiments that the
stress distribution profile captured by the axisymmetric contact model is
sufficient to predict wear volume loss [20-22]. For simplicity, in this
model, the total material loss was modeled as a two-step process, where
wear proceeded first as a transient state, followed by corrosion of the
worn surface.

2.1. Abrasive wear

The geometry of the axisymmetric wear model is shown in Fig. 2 (a).
The sample is a 200 x 200 nm square and the counter body is assumed to
be a spherical tip with a radius of 0.5 pm. The top layer is Al, followed by
Cu. The load was exerted on the top boundary of the indenter while the
bottom boundary of the sample was fixed. The sample was meshed in
square-shaped elements with an element size of 1 nm while the region
near the tip of the indenter is set to be a triangular mesh of 0.5 nm
element size, as shown in Fig. 2 (b). The out-of-plane scratch length is 5
mm and the sliding velocity of the indenter is 0.2 mm/s.

The layers were set as linearly-elastic and perfectly-plastic materials,
with elastic modulus, Poisson’s ratio and yield strength of Al and Cu
summarized in Table 1 [23,24]. The plasticity is implemented using the
von Mises yield criteria [25,26], which could be generally expressed as

F=+/3],—0,=0, €y

where the first term is the von Mises stress, in which J; =
%(((711 — (722)2 + (0'22 — 0'33)2 + (0‘33 — 011)2) + 0'%2 + 0'%3 + 0'%3, and the
second term is the yield strength (oy). 611, 622, 633, 612, 013 and 023 are
components of stress tensor, where 1, 2, 3 corresponds to x, y, z direction
in Cartesian coordinates. In the axisymmetric cylindrical coordinates,
the equation could be expressed as J, = & ((or — 6.)% + 6,2 + 0,2 +
052, where o, and ¢, are normal stress in the r and z direction (as defined
in Fig. 1), and o, is the shear stress. The strain generated beyond this
limit is the effective plastic strain ¢, which is irrecoverable after the
load is removed. The indenter tip was set as a linearly-elastic material
with the mechanical property of alumina. The detailed parameters are
obtained from COMSOL’s built-in database [27] and are also listed in
Table 1.

In abrasive wear, materials not only go through plastic deformation
referred to as ploughing, which could be calculated using eqn. (1) above,
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Fig. 3. Flowchart of the algorithm for material removal in the FEA model.

but would also suffer from cutting which accounts for material removal
when small debris of material experience highly plastic deformation and
detach from the bulk. A wear model with running-in effect based on FEA
result and validated by experiments [28] was adopted to simulate the
material removal. This algorithm is based on a research by Nélias et al.
[29], which claims that material removal would occur when plastic
strain exceeds a threshold value and material debris is detached from the
surface. This threshold value is affected by many tribological factors
including coefficient of friction, surface adhesive force, sliding velocity,
and wear cycles, etc. Despite its complexity, this critical plastic strain &,
could be calibrated using a few rounds of experiments. The acquirement
of the precise value of this &, is not the main focus of this work, so a
sweep through a few representative values of ¢, (from O to 0.02) in the
wear model was done to demonstrate the model can account for
different severity of wear.

The general algorithm of the wear process is demonstrated in Fig. 3.
In this model, first, the FEA simulation was run to calculate the stress
and strain distribution of the multilayers. For a given point on the
sample surface, starting from the element closest to the surface along the
-z direction, g, of each element was evaluated. If the obtained ¢ is
larger than &, the element is considered as a worn element and removed.
The same process was then repeated on the element beneath it until an
element with g; <e was found (unworn element). The element
removal operation at this location could then be terminated and the loop
proceeds to the next location on the sample surface. The final worn
surface is obtained after all surface locations are evaluated using this
method.

2.2. Aqueous corrosion

After the wear process is simulated, a corrosive environment is added
to the model. Because the electrical conductivity of Al and Cu are both
very high, the potential inside the sample will reach an equilibrium of
uniform distribution instantly. Thus, the whole sample could be treated
as a bulk electrode instead of a layered geometry to avoid convergence
issue that could occur in surface evolution when the zigzagged surface
intersects with the layer interface. The difference in the corrosion re-
actions of different layers is achieved by dividing the surface into
different sections according to their Z coordinates and assigning the
respective reactions, as demonstrated in Fig. 2 (c).

The reaction kinetics at the surface is assumed to follow the Butler-
Volmer equation as



K. Wang and W. Cai

Table 2
Summary of electrochemical parameters of Al and Cu used in the FEA model. Eq

and i are the equilibrium potential and corrosion current density respectively,
and a, and «a. are the transfer coefficient for the anodic and cathodic reaction

respectively.
Material ~ Ecorr(VVs. Ag/  ig(A/m?)  a, (V/ a. (V/ Reference
AgCl) decade) decade)
Al -0.73 0.0083 0.23 0.23 [30]
Cu -0.21 0.012 0.21 0.14 [19]

Table 3
Summary of material parameters of Al and Cu used in Faraday’s law.

Material Electron transferred Molar Mass(g/mol) p (g/em®)
Al 3 26.98 2.70
Cu 1 63.55 8.96

P auFﬂ _ _acF’]
zh,c—l()(exp( RT) exp< RT )) (2)

where iy, is the local current density at the electrode surface, i is the
exchange current density, a, and a, is the transfer coefficient for anodic
and cathodic reaction respectively. F, R, T stands for Faraday constant
(96485 C/mol), ideal gas constant (R = 8.3145J/(mol -K)) and absolute
temperature respectively. The overpotential 7 is defined asy = — ¢;—
Ecorr, in which ¢, is the electrolyte potential at the sample surface and
E o is the corrosion potential of the metal. Ey. ig, @ and a. (listed in
Table 2) are unique electrochemical parameters characterizing the
dissolution reaction of Al and Cu and are obtained from Tafel extrapo-
lation of experimentally measured potentiodynamic curves [19,30]. All
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potentials are converted to the values with respect to an Ag/AgCl
reference for all inputs and calculations.

Inside the electrolyte, the current density (i) and the electrolyte
potential (¢;) satisfy the differential equations of:

Vi =0
{il :*61V(/)[7 (3)

where Q stands for the charge sources, which is 0 in the electrolyte in our
case, and oy is the conductivity of the electrolyte, which is set as 5 S/m as
generally measured for sea water.

At the electrolyte/electrode interface, the current density satisfies
the boundary condition of n-i; = iy, for continuum. The time-dependent
electrochemical state of the system was evaluated by solving these dif-
ferential equations. The material dissolution rate normal to the surface is
calculated by taking the current density from above into the Faraday’s

law:

_ ilncM
= )

n

where M is the molar mass, n is the number of electrons transferred in
dissolving 1 metal atom, F is the Faraday’s constant (96485 C/mol), and
p is the density of the metal. For the corrosion of Al, the number of
electrons transferred is 3. Cu dissolves into a monovalent Cu* ion and 1
electron is transferred. The molar mass and density of Al and Cu are
listed in Table 3.

Apart from active dissolution, repassivation also occurs on the
aluminum surface, during which a layer of thin but dense oxide (mainly
Al;05) layer is formed and acts as a barrier to protect the bulk Al.
Established theoretical explanation commonly treats this passive layer
as a combination of resistance and capacitance in parallel, which is
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Fig. 4. Comparison between FEA simulation and Hertzian contact theory results: (a, b) maximum shear stress as a function of depth along the loading axis, and (c, d)

surface contact pressure as a function of distance from the loading point of Al and Cu.
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justified by electrochemical impedance spectroscopy measurements
[31]. In this model, the passive layer is treated as an electrical resistant
film whose resistance increases as the film grows thicker. The simulation
of the repassivation process was realized using a film resistance option
for the electrode surface in COMSOL. Suppose the loss of Al at a location
is d in thickness, the accumulated passive layer thickness is 1.29d
calculated from their molar volume ratio (i.e. Maj203/May1). Along with
the dissolution of the Al, the model generates a resistant barrier with
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local conductivity per unit area of 1.290d, where o is the conductivity of
Al 03, which equals to 1 x 107!2S/m. For the Al surface outside wear
track where the passive layer is intact, a constant film thickness of 4 nm
is set, consistent with existing experimental observations [32]. This will
significantly reduce the current exchanges between the electrode and
electrolyte, simulating the passivation effect. Previous experimental
results point out that repassivation of Al typically takes around 1~2 min
to complete after tribocorrosion [23,33], so the simulation time for
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corrosion is controlled to be a total of 120 s with a 10 s timestep. There
have been evidences that the corroded Cu in NaCl solutions forms CuCl
which is non-adhesive and dissolvable [1,34]. Thus, Cu is treated as
active corroding metal with no protective layer. The depassivation/re-
passivation effects and the galvanic coupling between the exposed inner
layers accounts for the synergy between wear and corrosion. Even
though some simulation work also involves the change of Ec,r due to
plastic strain to account for synergistic effect [35,36], such method is
not applied in this work since it is not compatible with the wear model
with the strain-based criterion introduced above. Such effect is consid-
ered minor as compared to the synergy caused by depassivation/re-
passivation and galvanic corrosion. The meshing near the wear track is
plotted in Fig. 2 (d). The meshing is set to a finer element size of 1 nm
along the sample surface where galvanic coupling between layers is
more concentrated and potential gradient is large, while the rest of the
model were meshed with coarser elements ranging up to 20 nm. Triangle
mesh is used to better accommodate the rugged shape of the surface.

3. Simulation results
3.1. Subsurface deformation and wear

The contact problem of pure bulk materials without considering the
plasticity could be verified with analytical solution of Hertzian contact
pressure and shear stress. The contact problem of the indenter with
monolithic Al and Cu under 5 pN load is studied using both analytical
Hertzian contact theory and FEA simulation. As shown in Fig. 4, the
result of contact pressure against the distance to the contact point along
r axis and maximum shear stress against the depth from the surface
along z axis obtained by FEA model is in good agreement with that from
the calculation by Hertzian theory, proving the feasibility of using FE
model to study wear.

Al/Cu NMMs with an individual layer thickness (h) of 20 nm was
chosen to explore the wear mechanism of multilayers. The sample un-
derwent a wear test with an applied normal load of 5 pN from the
spherical surface on the top of the tip. Fig. 5 (a) and (b) shows the

effective stress and strain distributions across different layers inside the
sample respectively when the tip indents the sample. A magnified plot of
the contact zone is shown in Fig. 5 (b), which demonstrates the
maximum strain occurs within the top Al layer, near the Al/Cu interface.
It could be inferred from these results that the Al layers suffers more
plastic deformation than their adjacent Cu layers, while the Cu layers
carry more load than the softer Al layers. These observations are
consistent with those measured experimentally, where layer compres-
sion was found to be more significant in the softer layers of Al/Ti and
Cu/Ag NMMs [37,38]. The effects of critical strain on the worn surface
profile were studied by varying the ¢, values from 0, 0.001, 0.002 and
0.02, which rendered a set of surfaces with different wear severity, as
shown in Fig. 6. It can be seen that as the critical strain increases, the
overall material loss is reduced. The worn surface depth is generally
higher near the loading point (r = 0) and decreases rapidly approaching
the edge of the contact area. This overall morphology of worn surface is
indeed in good agreement with those observed experimentally on NMMs
after indentation and wear tests [39,40]. Due to limited length of the
article, for the rest of this work, the case of ¢, = 0.002 was chosen for all
tribocorrosion simulations for consistent investigation and discussion.

3.2. Corrosion of the worn surface

Using the worn sample surface generated under 5 pN load, the
electrolyte potential and current density distribution during the corro-
sion of the worn surface was simulated. As shown in Fig. 7, the Al layers,
which has lower corrosion potential than Cu, serve as the sacrificial
anode locally and protect the exposed Cu surface from corroding. The
corrosion current mainly flows from Cu into Al layers. This is similar to
the experimental observations in seawater corroded Al-Cu alloys that
Cu was preserved on the corroded surface while Al suffers from accel-
erated corrosion [41]. It is interesting to note that due to the
micro-galvanic coupling, the corrosion current near the Al/Cu interfaces
is often higher than that far away. In the present case, the highest
corrosion current occurs near the interface between the first Al/Cu
interface due to the higher surface protrusion from wear.
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with the same exposed surface area for surface of passive Al (red), active Al (blue), and Cu (green) respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

The time-dependent evolution of the surface is demonstrated in
Fig. 7 (c), which shows that a higher corrosion rate occurs within the Al
than the Cu layers. In addition, the overall material loss is higher within
the wear track than far away. It should also be noted that the material
loss rate is not a constant over time due to repassivation of the Al layers.
As shown in Fig. 7 (d), the material loss rate decreases with time, as a

result of passive layer’s continued growth, making it more effective in
limiting the corrosion current flowing through the interface as the
(repassivation) time increases.
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Fig. 10. FEA model predicted (a) stress, (b) strain distribution, and (c) worn surface profile of Al/Cu NMMs with various individual layer thickness h (10-100 nm)

under a load of 5 puN.

3.3. Effects of applied load

Fig. 8 shows the mechanical response and worn surface of Al/Cu
NMM (h = 20 nm) under different load. As the applied load increases,
the contact area and depth of the NMM increases, so are the wear track
width and depth. In all cases, the maximum strain occurs within the top
Al layer, near the Al/Cu interface. A summary of material loss by wear
and corrosion normalized by sliding distance under different load is
plotted in Fig. 9 (a). The 2D model simulates the cross-section of the
sample and the results for material loss (denoted by w) in all the
following graphs are normalized by the sliding distance (1) of the
indenter. It is worth noting that even though higher load leads to
significantly larger wear track, causing more surface exposure to the
corrosive environment, this does not necessarily lead to a significant
increase in corrosion rate (Fig. 9(a)). This is mainly because even though
the total wear track is broader under higher loads, a large portion of the
newly exposed surface is Cu, which almost does not corrode in this
process. Here, a wear-corrosion synergy term is defined by the difference
between the total corroded volume of the worn surface and that from
pure corrosion of the (unworn) NMM, both normalized by the sliding
distance. In Fig. 9 (b), the material loss under the same corrosive envi-
ronment is shown, where the orange and green bar is the material loss
rate (volume/sliding distance) caused by pure corrosion and wear-
corrosion synergy. The red, blue, green dashed lines represent the
theoretical material loss of passive Al, active corroding Al with repas-
sivation effect, and pure Cu respectively under pure corrosive environ-
ment. It can be seen that the total tribocorrosion rate of the Al/Cu NMMs
falls in between the pure corrosion rate of passive Al and active Al, and
significantly lower than that of Cu. This shows that wear-corrosion
synergy accelerates corrosion rate and plays an import part in mate-
rial degradation during tribocorrosion. It also manifests the design of Al/
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Fig. 11. Summary of FEA model predicted material volume loss rate due to
wear and corrosion processes of Al/Cu NMMs as a function of individual layer
thickness from 10-100 nm.

Cu multilayer structure has indeed achieved better tribocorrosion
resistance than pure Al and Cu.

3.4. Effects of layer thickness

The FEA model predicted subsurface stress and strain, and the worn
surface profile of Al/Cu NMM:s as a function of individual layer thickness
(h) from 10 nm to 100 nm are shown in Fig. 10. As introduced earlier,
the plastic deformation of NMMs when the layer thickness is only a few
nanometers involves atomic scale interaction between dislocations and
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pN. (c) Summary of material volume loss rate as a function of layer orientation of Al/Cu NMM.

interfaces and could not be modeled by FEA, so extremely small h values
(e.g. h < 10 nm) are not considered here where the Hall-Petch break-
down is expected. It could be seen that at finer layers, the buffering
effect of Cu layers was increased and the area of material failure was
reduced. A more straightforward indication is shown in Fig. 11, which
summarizes the material loss caused by wear and corrosion in the tri-
bocorrosion test as a function of layer thickness. Both wear and corro-
sion resistance of the NMM improves with decreasing layer thickness.
This is in good agreement with prior experimental observations [14,37].

3.5. Effects of layer orientation

To evaluate the effects of layer (hence interface) orientation, the
wear and tribocorrosion behavior of Al/Cu NMM with vertically aligned
layers were studied using the FEA model. The individual layer thickness
is kept at 20 nm and the load at 5 pN for easy comparison with the prior
simulation results. The results are summarized in Figs. 12-13. It could be
seen that similar to the horizontal layered NMM, the local strain is
higher in the Al layers and stress higher in the Cu layers, especially near
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the Al/Cu interfaces. The worn surface morphology is however quite
different, where the Al layers wore deeper than Cu layers, leading to
significant surface roughness within the wear track (Fig. 12(c)). The
difference in the worn surface profile and interface direction lead to
different corrosion and tribocorrosion rate. As shown in Fig. 13, the
galvanic coupling for vertical layered NMM is more intense, causing a
higher corrosion rate than horizontal layered NMMs.

4. Discussion

From the simulation results of wear, it could be inferred that Cu
layers experience lower plastic strain than Al layers due to their higher
yield strength that helps buffer the yielding of the NMM. This causes
significant difference at the edge of wear area since Cu layer may offer
protection to the Al layer underneath, preventing material degradation
at local areas where Al has already given in. On the other hand, the Al
layers act as a sacrificial anode to protect Cu layer from corrosion. Even
though this accelerates the dissolution of Al at the beginning, the current
interchange between Al and Cu layers helps the repassivation process as
time increases. The NMM system quickly reaches a steady state where
Cu doesn’t corrode and the corrosion rate of Al is reduced to a very small
value. All together, these layered structure lead to the better wear
resistance of Al/Cu NMM than pure Al and better tribocorrosion resis-
tance than both Al and Cu.

In terms of layer thickness effect, thinner layers allow a denser
arrangement of Cu layers preventing debris formation and material loss,
which leads to shallower and narrower wear tracks. Despite the fact that
the FEA model didn’t account for atomic interactions at layer interfaces
and nanoscale dislocation propagations, the model suggests that this
structural effect could partially explain the mechanical properties’
dependence on layer thickness of the multilayers. In corrosion, thinner
layers lead to more concentrated current exchange between the layers.
This enhance the cathodic protection of Cu layers as well as promoting
the formation of passive layer at exposed Al layers. This also resembles
the experimental observation in intergranular corrosion of Al-Cu alloy
[42].

Finally, the FEA model predicts a significant effect of layer orienta-
tion on the overall tribocorrosion behavior of NMMs. In the case of
vertical layers, deeper material loss was found in the softer Al layers,
eventually resulting in higher volume loss from both wear and corrosion
process. On the other hand, in parallel layered NMM, Cu layers block the
material removal and help sustain the integrity of the layers underneath.
This also leads to less exposure of depassivated Al surface area, causing a
less severe anodic corrosion of the Al layers and faster repassivation
process. Thus, the integrity of vertically aligned multilayers is more
likely to be threatened by tribocorrosion than the horizontally aligned
multilayers. As a last note, it is worth pointing out that the current
simulation treated the surfaces of both indenter and sample as ideally
smooth in geometry and did not take contacting asperities into account.
For example, Ghanbarzadeh et al. developed an asperity-scale mecha-
nistic model to investigate the influence of surface asperities on wear-
corrosion synergy [43]. More accurate treatment of surface contact
between the Al/Cu multilayers and the counter body requires systematic
characterization of the real contact area experimentally, which is left for
future work.

5. Conclusions

In this research, a finite element model incorporated with an element
removal algorithm is developed to investigate the wear and corrosion in
the tribocorrosion process of Al/Cu nanostructured metallic multilayers.
The mechanical module of the model was used to simulate the structural
interaction between layers and predict the stress, strain distribution as
well as the wear track morphology. The electrochemical module of the
model takes dynamic process of galvanic corrosion between layers and
repassivation of the passive metal layers into account and simulates
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potential distribution, current density and surface evolution of the
corrosion process near the wear track. The developed model was used to
study the tribocorrosion of Al/Cu multilayers of different layer thick-
nesses and orientation under different loading conditions. Key findings
include:

(1). The combination of a wear resistant cathodic metal (Cu) and an
anodic metal with passive layer (Al) lead to improved tribo-
corrosion resistance than their monolithic counterparts;

(2). Thinner layer thickness (within the range of 10~100 nm) leads to
enhanced wear and tribocorrosion resistance in NMMs;

(3). Multilayers with layer orientation perpendicular to the surface
suffers more severe tribocorrosion than those with parallel
arrangement.

The developed model could potentially be extended to investigate
tribocorrosion performance of metals and coatings with other complex
microstructure (e.g. eutectic structure, dual phase, precipitates of
various shape, size, and orientation) under a wide range of loading and
corrosion conditions.
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