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ABSTRACT

Tribocorrosion damage on metal surfaces imposes a great challenge to their reliable long-term perfor-
mance in corrosive environment. In the present work, we showed that nanostructured metallic multi-
layers (NMMs) exhibited ultrahigh tribocorrosion resistance owing to abundant interfaces and nanoscale
chemical modulation that effectively restricted plastic deformation, reduced micro-galvanic corrosion and
surface reactivity. Specifically, the tribocorrosion behaviors of equal-spaced Al/X (X = Ti, Mg and Cu)
NMMs with ~ 3 nm individual layer thickness were studied in 0.6 M NaCl aqueous solution under room
temperature. Nanomechanical and electrochemical measurements were coupled with advanced material
characterization tools to study the effects of constituting materials on the deformation and degradation
mechanisms. It was found that while corrosion dominated in Al/Mg and Al/Cu NMMs, severe plastic de-
formation dominated in Al/Ti during tribocorrosion due to sustained surface passivity. A finite element
(FE) based computational model was developed and validated to quantify the tribocorrosion behavior of
all NMMs, which showed accelerated material loss at layer interfaces as well as wear track edge result-
ing from the synergistic effects of wear and corrosion. Finally, density functional theory (DFT) calculations
were carried out to uncover the origin of corrosion resistance in NMM. It was found that via nanolay-
ering, the surface work function of Al was increased while Cl adatoms adsorb less strongly than that on
pure Al, thus reducing the surface reactivity and pitting susceptibility. The combined experimental and
computational study provides a guideline for future material selection and design of multilayered and
multi-phase metals for use under extreme environment.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

cal and tribological behavior [10-12]. The wear rate of NMMs typ-
ically increases with decreasing hardness per Archard’s law [13-

The design of new metals and alloys resistant to both wear
damage and corrosion degradation becomes increasingly de-
manded in complex service conditions, such as biomedical im-
plants, hydraulic systems, nuclear power plants, marine and off-
shore infrastructures, etc. [1-7]. Recently, nanostructured metal-
lic multilayers (NMMs) consisting of alternating layers of different
metals or alloys have attracted significant interests due to their po-
tential to simultaneously achieve improved mechanical and elec-
trochemical properties compared to their monolithic counterparts
[8,9]. Hence it is critical to understand how the structure and prop-
erties of the constituting materials and interfaces of NMMs can be
tailored to simultaneously optimize their wear and corrosion resis-
tance, i.e. tribocorrosion resistance. Previous research shows that
the individual layer thickness (h) of NMMs governs their mechani-
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15], although an optimum individual layer thickness of NMM for
the highest wear resistance is not known a priori [16,17]. In ad-
dition to layer thickness effect, the elastic/plastic incompatibility
between the constituting materials [18], the structure and proper-
ties of the heterophase interfaces [14,19], as well as residual stress
[16,20] also play important roles on the tribological response of
NMMs.

Apart from their excellent mechanical and tribological prop-
erties, many NMMs exhibit improved corrosion resistance com-
pared to their monolithic counterpart of equal thickness due to the
formation of less susceptible microstructure (e.g. finer grains and
smoother surfaces) and the ability to effectively block ionic diffu-
sion due to the presence of interfaces [8,9,21,22]. However, such
low corrosion rate is often short-lived. As soon as localized corro-
sion penetrates through the top layer, the ensuring galvanic cou-
pling between adjacent layers often leads to preferred corrosion
of the more active layers thus destructing the overall structural
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integrity. For example, in Zn/Ni NMMs, only Ni layers could be
found after extended corrosion testing in 5 wt.% sodium chloride
solution while all Zn sublayers were dissolved [22]. Hence opti-
mizing corrosion resistance of NMMs requires an effective strategy
that minimizes the micro-galvanic coupling between the constitut-
ing layers [23].

Even though there is no unified theory at the moment, the
abundant evidence above indicates exciting opportunities to op-
timize tribocorrosion resistance of metals by forming nanostruc-
tured multilayers. For NMMs, the individual layer thickness not
only controls its mechanical response due to length-scale depen-
dent dislocation-mediated plasticity, but also represents the wave-
length of chemical modulation, hence governs its electrochemical
kinetics. Recent studies show that materials’ corrosion resistance
could be enhanced by controlling the chemical modulation below
a critical length scale on the order of a few nm. For example, Ral-
ston et al. [24] showed that when the precipitate size is below ~
4 nm in Al-Cu-Mg alloys, the precipitates become ‘invisible’ dur-
ing corrosion, i.e., they harden the material without forming unfa-
vorable micro-galvanic coupling with the matrix. It was suggested
that a continuous protective passive film could not be formed if the
chemical heterogeneity length scale exceeds this threshold. Based
on these separate observations on mechanical and corrosion prop-
erties, NMMs with individual layer thickness of a few nm, can po-
tentially allow for achieving extensive ultra-fine chemical modu-
lation across adjacent layers and hence represent a new class of
material system for exploring fundamental chemistry and physics
at the scale of a few atoms. However, the underlying deformation
and degradation mechanisms of NMMs, and how the synergistic
effects of the mechanical and electrochemical properties of the in-
dividual layers govern the overall tribocorrosion behavior, remains
largely unknown.

This work aims to develop a fundamental understanding of
equal-spaced Al/X (X=Mg, Ti, and Cu) NMM:s, their structure, and
their deformation and degradation mechanisms during tribocorro-
sion. Aluminum (Al) is chosen as the top layer for its high corro-
sion resistance and passivity in 0.6 M NaCl aqueous solution, while
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Mg, Ti, and Cu were chosen to represent increasing thermodynamic
driving force for corrosion, with more negative (-2.37 V vs. SHE),
comparable (-1.63 V vs. SHE) and more positive (+0.34 V vs. SHE)
standard electromotive force potential than that of Al (-1.66 V vs.
SHE) [25]. Notably, the galvanic series of the four metals in seawa-
ter follows a slightly different trend: ranking from Mg, Al, Cu, to Ti
with increasing corrosion potential (i.e. from active to noble) [26].
An individual layer thickness of ~ 3 nm was chosen for all sam-
ples. Specifically, nanoindentation and nanowear, potentiodynamic
polarization, and tribocorrosion tests were performed to evaluate
the effects of constituting materials on the tribological, corrosion,
and tribocorrosion properties of Al/X NMMs. The microstructure
of NMMs before and after tribocorrosion were characterized using
scanning and transmission electron microscopies. Finally, finite el-
ement simulations and density functional theory calculations were
performed to offer more insight on the localized corrosion and tri-
bocorrosion mechanisms of NMMs.

2. Experimental methods
2.1. Materials synthesis and characterization

Equal-spaced Al/X (X= Mg, Ti, and Cu) NMMs samples with al-
ternating layers of Al and X were deposited on (100) Si substrate
using direct current (DC) magnetron sputtering under a working
pressure of 5 mTorr Argon atmosphere (PVD PRODUCTS, Wilming-
ton, MA). The sputtering targets of 99.99% Al, 99.995% Ti, 99.99%
Mg and 99.99% Cu were cleaned ~ 8 min at power of 200 W, 250
W, 50 W and 50 W respectively prior to sputtering to remove na-
tive oxides and surface contaminants. The substrate was subjected
to a bias etch of ~ 5 min and then placed ~ 180 mm below the tar-
gets and rotated at 40 rpm during sputtering. All deposition started
with metal X on Si substrate, followed by Al, as shown in Fig. 1(a).
The individual thickness is ~ 3 nm and the total film thickness is ~
174 + 0.1 um (Table 1). Additional monolithic thin films of Al, Ti,
Mg and Cu (~ 1 pm total thickness) were also prepared for com-
parison, as summarized in Table 2.
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Fig. 1. (a) Schematic of Al/X NMM structure and (b) finite element mesh of NMM sample during tribocorrosion over the electrolyte domain. (c) GIXRD and (d) XRR patterns

of Al/Ti, Al/Mg and Al/Cu multilayers.
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Table 1
Summary of bi-layer thickness and mechanical properties of all Al/X NMM samples.

NMM  Bi-layer thickness
sample

Mechanical properties

XRR (nm) TEM (nm) H (GPa) E (GPa) Hrom (GPa)
Al/Ti 592 +0.08 564 +0.32 544 +052 9137 £6.62 1.61
Al/Mg 6.48 + 0.04 NA 3.81 £ 0.26 59.98 +2.21 0.74
Al/Cu 571 £0.11 548 £+043 6.3 +£054 97.64 +£6.05 1.43

Table 2
Summary of key mechanical and corrosion properties of monolithic samples.

Monolithic Mechanical properties Electrochemical properties
sample -

H (GPa) E (GPa) Ecorr (V vs. Ag/AgCl) icorr (LA/cmM?)
Al 0.67 £ 0.17 77.62 + 142 - 0.73 £ 0.06 0.83 £ 0.15
Ti 2.55 + 0.46 68.35 + 4.01 -0.28 + 0.01 0.42 + 0.16
Mg 0.8 +0.14 34.28 +1.98 -1.78 + 0.05 42.24 + 46.05
Cu 2.18 £ 0.07 58.23 £ 436 -0.21 + 0.01 1.2 £ 0.54

Grazing incidence X-ray diffraction (GI-XRD) and X-ray re-
flectometry (XRR) were conducted using PANalytical X'Pert PRO
diffractometer with Cu Ko radiation (1.5406 A) at 45 kV and 40
mA. The incident angle was selected as 0.8° and the step size of
GI-XRD and XRR was 0.01° and 0.005°, respectively. The size of the
mask on the incident beam was 10 mm for GI-XRD and 4 mm for
XRR, and a 0.18° parallel plate collimator slit was used for the lat-
ter. The surface roughness of NMMs was measured using atomic
force microscopy (AFM, Bruker) and the surface morphology and
composition by a field-emission scanning electron microscopy (FE-
SEM, LEO 1550) equipped with an Oxford INCASynergy energy dis-
persive X-ray spectroscopy (EDS). X-ray photoelectron spectroscopy
(XPS, PHI Quantera SXM, USA) analysis was performed using Al
Ko radiation source at constant pass energy of 69 eV, 0.125 eV
step size and 25 total sweeps. Carbon 1s spectra at 285 eV was
used for calibration. Transmission electron microscopy (TEM, JEOL
2100) was performed under 200 kV. TEM samples were prepared
via the standard lift-out method using a focused ion beam mi-
croscopy (FIB, Helios600) with ~ 200 nm carbon coating followed
by 2-3 um Pt protective coating.

2.2. Mechanical and tribological tests

Nanoindentation tests were performed by Hysitron Ti900 tri-
boindenter using a standard Berkovich-type diamond tip following
the Oliver and Pharr method [27]. A trapezoidal loading function
with 5 sec loading/unloading time, 2 sec holding time, 4 and 5 mN
maximum load was applied for all tests. The tip area function was
calibrated using a standard fused quartz sample before indentation.
The maximum load was chosen to ensure that the maximum pen-
etration depth was less than ~ 15 % of the total film thickness in all
tests to minimize the substrate effect [28]. All the reported results
are the average of more than ten repeated tests for each sample
sets. Nanowear tests were carried out by Hysitron Ti900 triboin-
denter over areas of 2 x 2 um? on all samples using a standard
conical-spherical diamond indenter at a constant nominal load of
90 uN for up to 15 cycles. Hysitron Triboview software was used
to determine the wear depth and worn area.

2.3. Corrosion and tribocorrosion tests

All electrochemical tests were conducted using Gamry Refer-
ence 600 potentiostat/galvanostat/ZRA. The effective exposed area
was ~ 1 cm? on all specimens. Potentiodynamic polarization (PD)
tests were carried out in naturally aerated 0.6 M NaCl aqueous
solution (pH ~ 6.4 4+ 0.3) at ambient temperature using a three
electrode cell where the specimen, activated titanium mesh, and a
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commercial silver-silver chloride electrode (1 M KCl internal solu-
tion) served as the working (WE), counter (CE), and reference elec-
trode (RE) respectively. Prior to the PD tests, open circuit potential
(OCP) was stabilized for 5-10 min. The PD test started from ~ 150
mV below OCP and terminated at ~ 1.5 V above OCP, at a constant
scan rate of 1 mV/s. The corrosion current densities (icorr) Were
evaluated by Tafel extrapolation over a linear portion of the po-
larization curve which is approximately 100 mV above and below
OCP. Mott-Schottky analysis was performed from - 0.5 V vs. OCP to
1 V vs. OCP, by using 10 mV/s scan rate with a constant frequency
of 1,000 Hz after stabilization for 30 min.

The tribocorrosion tests were conducted in 0.6 M NaCl aqueous
solution at room temperature using a multifunctional tribometer
(Rtec, CA, USA) [7]. The specimen (~ 1 cm? exposed area), mixed
metal oxide coated titanium mesh, and Ag/AgCl electrode served
as the WE, CE, and RE, respectively. An alumina ball (Al,03, 4 mm
diameter) was employed as the counterpart under a normal load of
0.5 N (or ~ 0.47 GPa contact pressure). Prior to each test, the OCP
was stabilized for ~ 15 min. During the test, the specimen moves
in linear reciprocal motion at a sliding velocity of 0.2 mm/s for 25
sec over a 5 mm scratch length. Each test was carried out using
a new Al,03 ball to minimize contamination. After the tribocorro-
sion tests, the depth profile of wear tracks was measured by a Dek-
tak XT profilometer. All electrochemical and tribocorrosion results
reported were averaged from at least three separate tests under
each test condition.

3. Computational methods
3.1. FE model geometry and meshing

A 2D finite element (FE) model was developed to study the tri-
bocorrosion response of NMMs using COMSOL Multiphysics (ver-
sion 5.3), as shown in Fig. 1(b). The geometry of the sample was
simplified as a rectangle with ten layers, each of 3 nm thick, per-
fectly bonded while the effect of interface incoherency is not in-
cluded for simplicity. The mechanical and electrochemical proper-
ties of the constituting materials were obtained from experiments.
Due to the enormous difference in length scales for the tip (4 mm
in diameter) and the nanolayers (3 nm in thickness), the tip was
shrunk to ~ 20 nm diameter in the FE model and the applied load
was concurrently decreased to 50 nN to ensure the same Hertzian
contact pressure as the experiments. The indenter tip and NMMs
were meshed with 0.25 nm element size, while the Si substrate,
which has a stress distribution close to zero, was meshed with a
coarse 0.5 nm size using triangular elements. All meshing sizes
were chosen after convergence analysis. The FE simulation was
performed for all NMMs under three scenarios: pure corrosion,
pure wear, and tribocorrosion. Here, scratch wear was modeled as
an indentation in the plane perpendicular to the wear track and
friction perpendicular to the model plane is neglected for simplic-
ity. According to Nelias et al. [29], when the friction coefficient is
below 0.3, the frictional force does not significantly affect the sub-
surface stress level. Thus, scratch wear was simplified as an inden-
tation in the plane perpendicular to the wear track and friction is
neglected so that the model could be reduced to 2D to significantly
save computation resource and time. The stress level under such
load is quite low and the dominating wear mode will be plough-
ing [30], thus cutting and wedge formation is not included in this
model for simplicity. Tribocorrosion of a single scratch stroke was
modeled in two steps: (1) pure wear, and (2) corrosion of worn
surface. Specifically, upon completion of step 1, the deformed sur-
face geometry and residual subsurface stress and strain (after in-
denter unloading) were imported as the initial setup for step 2.
The governing equations and boundary conditions are detailed in
the Supplementary Materials. The mechano-electrochemical effect
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Pa = Qa0 — o — R1In Ky (ep), where

was modeled as [31,32] T

©q0, the equilibrium anodic potential, was assumed to shift cathod-
ically when subjected to stress o. Here Vy, is the molar volume of
the corroding metal, z is the number of electrons involved in the
reaction, F is Faraday’s constant (96485 C/mol), T is the tempera-
ture (298 K), R is the ideal gas constant (8.3145 J/(mol -K), ¢ is
the effective plastic strain, and Ky (¢p) is a function denoting the
dislocation density increment under plastic strain (¢p), obtained
by interpolating data from [33]. After the secondary current dis-
tribution (ij,.) was calculated, the metal dissolution speed normal
to the specimen surface was calculated according to Faraday’s law
as:vp = lg’gzﬂ, where M is the molar mass, n is the number of elec-
trons involved in dissolving 1 metal atom and p is the density of
the metal.

3.2. Density functional theory calculation

First-principles density functional theory (DFT) calculations
were performed to determine the surface work function, oxygen
(0) and chloride (Cl) adsorption energy for pure Al and Al/Ti NMM
by using the Vienna ab initio simulation package (VASP) with the
implementation of the projector augmented wave (PAW) pseu-
dopotentials [34-36]. The Perdew-Burk-Ernzerhof (PBE) parameter-
ization of the generalized gradient approximation (GGA) was used
for exchange-correlation effects in the DFT calculations [37], with
an energy cutoff of 450 eV and Methfessel-Paxton smear o of 0.1
eV. For surface calculation, a 4 atomic layers slab was used for
pure Al, Al/Ti, Al/Mg, and Al/Cu NMM with a vacuum layer of 15 A
above the metal. For pure Al and Al/Ti, the (5 x 5 x 1) Monkhorst-
Pack mesh of k-points was used for Brillouin zone sampling [5,6],
while (1 x 1 x 1) of Monkhorst-Pack mesh of k-points was used
for Al/Mg and Al/Cu. This 4-layer model is confirmed to be ad-
equate by comparing results with a 10-layer model (see Supple-
mentary Materials Table S1). The constructed atomic structure was
relaxed until the movement of each atom was less than 0.03 eV
A-1. The criterion for convergence was set to be 10-6 eV. During
the optimization, the bottom layer of the metal was fixed while
the top three layers were relaxed. Work function calculations were
conducted with dipole correction if necessary.

4. Results
4.1. Microstructure characterization

Fig. 1(c) shows the GIXRD patterns of all as-deposited NMMs. In
Al/Ti NMM, both face-centered-cubic Al (Fm3m) and hexagonal Ti
(P63/mmc) phases were detected. The high diffraction intensity at
~ 38.6° indicates the presence of strong Al (111) and Ti (0002) fiber
texture in the film growth direction. In Al/Mg NMM, most diffrac-
tions were from hexagonal Mg phase (P6s/mmc) with only one
diffraction from Al (220). A small hump around ~ 55.8° was also
observed from the Si substrate. In Al/Cu NMM, in addition to the
face-centered-cubic Cu phase (Fm3m), fcc Al diffractions were also
detected. The presence of fewer diffractions of each phase than
those of traditional polycrystalline metals is common for deposited
thin films due to the presence of strong crystallographic texture,
which formed during thin film growth as a result of surface and
interface energy minimization, as well as strain-energy minimiza-
tion [38,39].

XRR patterns of all samples are shown in Fig. 1(d). X-rays were
completely reflected on each multilayer at increased critical an-
gles of ~ 0.2°, 0.25° to 0.32° for Al/Mg, Al/Ti, and Al/Cu NMMs re-
spectively, in agreement with their increasing density from Al/Mg
(Paymg ~ 222 glem?), AlITi (payri ~ 3.6 glem?), to Al/Cu (paycy
~ 5.83 g/cm3). With the angle increase, the reflective intensity is
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weakened until the appearance of Bragg peaks because of interfa-
cial roughness between the layers. However, there is no obvious
oscillation before reaching the Bragg peaks, probably due to the
extremely small layer thickness or surface roughness [40,41]. The
bi-layer periodicity (d = hy + hx) can be calculated by d = 27/q
[42,43], where the lattice vector q can be obtained from the Bragg
angle 6 following the equation q=4smsinf/A. Table 1 summarizes
the calculated d, which is ~ 6 nm for all samples.

All as-deposited samples appear mirror-finish to naked eye.
SEM images in Fig. 2(a)-(c) show only nanoscale surface nodules
on all samples. AFM analysis in Fig. 2(d)-(f) revealed the arithmetic
average roughness (R;) of all NMMs was ~ 4.4-5.5 nm. The di-
rectly measured bi-layer thicknesses from TEM results are listed in
Table 1, in good agreement with x-ray results. Fig. 2(g) shows typ-
ical bright-field TEM image of Al/Ti NMM, where the film growth
direction aligns with Al [111]. Semi-coherent interfaces were ob-
served between the Al and Ti layers, with the orientation relation-
ship of Al{111} || Ti{2000} and Al{110) || Ti{1120). Bright-field TEM
image (Fig. 2(h) inset) shows that there is no detectable phase con-
trast between the Al and Mg layers in Al/Mg NMMs, likely due
to their similar atomic weight and epitaxial growth. Inverse FFT
image of Al/Mg NMM in Fig. 2(h) shows the presence of largely
coherent interfaces between the Al and Mg layers, with an orien-
tation relationship of (110)Al || (1011)Mg, resulting in an in-plane
strain of ~ 14.5%. Fig. 2(i) shows the orientation relationship of
Cu{111} || Al{200} parallel to the film growth direction in Al/Cu
NMM, in agreement with the x-ray results (Fig. 1(c)). Additional
high resolution TEM analysis (results not shown here) shows the
interfaces in Al/Cu are semi-coherent. The grain sizes (d) of all
NMMs were estimated by the linear intercept method from TEM
images to be 178.5 & 13.3 nm for Al/Ti, 127.6 &+ 16.1 nm for Al/Mg,
and 74.5 4+ 15.2 nm for Al/Cu NMMs. Given that in all NMMs, d
is much bigger than h (3 nm), it is assumed that the dominating
structural length scale for mechanical properties is h [44].

4.2. Mechanical and wear properties

The hardness (H) and elastic modulus (E) of all NMMs mea-
sured by nanoindentation tests are summarized in Fig. 3(a) and
Table 1. For comparison, the mechanical properties of monolithic
films measured using the same method are listed in Table 2. SEM
images of typical indents on all NMM samples can be found in
Fig. S1(a-c) in the Supplemental Materials. No surface crack or ap-
parent pile-up was observed in all samples after nanoindentation,
indicating relatively high strength and strain hardening exponent
[45]. Results in Tables 1 and 2 show that the hardness of all NMMs
is ~ 3-5 times greater than their corresponding rule-of-mixture
hardness Hgroy, similar to those reported previously [46,47]. Inter-
estingly, pure Ti film is harder than pure Cu film, yet Al/Cu NMM
is harder than Al/Ti NMM. It is also noted that the presence of any
potential residual stress could also affect the hardness and other
properties of NMMs, the measurement and analysis of which is left
for future work.

Nanowear tests were carried out on all NMM samples under a
constant load of 90 uN for up to 15 cycles. Fig. 3(b) shows that
the wear rates (i.e. total volume loss normalized by the number
of cycles) decreased with the number of cycles due to subsurface
work-hardening until reaching a quasi-steady state after ~ 10 cy-
cles, during which Al/Cu and Al/Mg NMMs exhibit the lowest and
highest wear rate respectively. Fig. 3(d)-(f) show the typical surface
topographies after 10 cycles. The corresponding surface height pro-
files and wear properties are summarized in Fig. 3(c) and Table 3
respectively. Al/Cu NMMs exhibited the best wear resistance due
to their highest hardness, in consistent with the Archard’s law [13].
However, a deviation from this behavior was observed during the
running-in period (at two cycles of wear), probably due to the
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Fig. 2. (a-c) SEM, (d-f) AFM, (g), (i) bright-field TEM, and (h) inverse FFT TEM images of NMMs. Arrows in (g-i) indicate film growth direction. Insets in (g) and (i) are FFT
images of the corresponding TEM images, while that in (h) is the corresponding bright-filed TEM image.
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Fig. 3. (a) Mechanical properties and (b) wear rates as a function of number of cycles for all NMM samples. (c) Surface height profiles and (d)-(f) surface topographies of all

NMM samples after 10 cycles of wear under 90 pN.

Table 3

Summary of wear, corrosion, and tribocorrosion properties of all Al/X NMM samples. Wear test data were taken from all samples after 10 cycles of wear. Each value is

reported as average and standard deviation from at least three separate tests.

Sample  Wear Corrosion Tribocorrosion
ID

D(x 100*mm) W (x 103 mm) V(x 100" mm3)  Ecy (V vs. Ag/AgCl)  icorr (wA/cm2) D (x 107 mm) W (mm) V (x 10-6 mm3)
Al/Ti 0.15 + 0.006 24 +£0.1 5.81 £ 0.24 -0.62 + 0.17 0.041 + 0.02 1.21 +£ 0.92 0.014 £+ 0.001  4.88 +2.52
Al/Mg 0.22 + 0.005 2.6 £ 0.1 8.89 + 0.23 -1.7 £ 0.04 3.89 +£1.2 5.87 £ 0.51 0.049 + 0.01 144 £ 424
Al/Cu 0.11 + 0.006 2.3 £ 0.05 444 + 0.24 -0.28 + 0.01 1.55 + 0.94 0.17 £ 0.017 0.031 + 0.003 2.54 £ 0.10

different surface roughness of Al/Ti and Al/Cu. Higher roughness
in Al/Ti leads to a smaller real contact area, hence lower material
loss than that of Al/Cu NMM.

4.3. Corrosion behavior

Fig. 4(a) and (b) present the typical Tafel plots of all samples af-
ter PD tests in 0.6 M NaCl aqueous solution at room temperature.

The measured Ecorr and icorr are summarized in Tables 2 and 3. It
is noted here while current rather than current density was pre-
ferred for Tafel plots of galvanic couples, in the present work, each
NMM sample is treated as a ‘composite’ material and the measured
current density is calculated by normalizing the corrosion current
by the exposed sample area. In Fig. 4(a), Ecorr of monolithic Ti and
Cu are more positive while that of Mg more negative than that
of Al, which is in agreement with previous results [48-50]. The
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Fig. 4. Typical potentiodynamic polarization curves of (a) monolithic films and (b) NMMs in 0.6 M NaCl solution at room temperature. Results in (a) are replotted as dashed
lines in (b) for direct comparison. (d-f) Mott-Schottky plots and (c) n-type defect density of all NMMs.

values of Ecorr increase in the order of Mg, Al, Ti, and Cu, in con-
sistent with their reduction potential trend from the EMF series
under the standard state. icorr is the smallest for pure Ti and high-
est for Mg. Among all monolithic samples, Al exhibited active cor-
rosion in the anodic branch, Cu and Mg exhibited pitting behavior
at Epjr, while Ti exhibited an active-pseudo passive behavior, with
a transition potential around 0.4 V vs. Ag/AgCl.

Fig. 4(b) shows that the icorr of all NMM samples increases in
the order of Al/Ti, Al/Cu, and Al/Mg while Ecor increases in the or-
der of Al/Mg, Al/Ti, and Al/Cu. The anodic polarization branches of
all NMMs are characteristically different. For both Al/Mg and Al/Cu
NMMs, an active-passive type of behavior was observed, where the
anodic corrosion current density first increased with potential from
Ecorr, then reversed to a lower value over a range of more positive
potentials. Interestingly, for both samples, two primary passive po-
tential Epp was observed, at ~ -1.62 V and ~ -0.74 V vs. Ag/AgCl for
Al/Mg NMMs, and ~ 0.03 V and 0.57 V vs. Ag/AgCl for Al/Cu NMM:s.
Such behavior is likely due to the switching of corrosion mode be-
tween a passive state, contributed mainly by the outmost Al layer,
and an active corrosion state by the underneath Mg and Cu lay-
ers as corrosion progressed through the thickness of the NMMs.
On the other hand, the anodic branch of Al/Ti exhibited a stable
passive state over the majority of the anodic potential with icorr
of ~ 0.042 pA/cm?2, smaller than that of either Al or Ti. This icorr
value is around two orders of magnitude smaller than those re-
ported of Al/Ti bilayers and multilayers with micrometer-sized in-
dividual layer thickness [51,52].

Mott-Schottky (MS) results are shown in Fig. 4(c-f). The ca-
pacitance of the Helmholtz layer is assumed to be much bigger
than the semiconductor capacitance of the passive layer, hence the
measured capacitance C is taken as the semiconductor capacitance
of the passive layer to calculate the defect densities according to
[53.54] & = ﬁ x (E—Eg — X&), where ¢ is the passive film
dielectric constant (10 for Al,03), &y is the permittivity of vac-
uum (£9=8.85 x 10~ F/cm), N is the donor or acceptor den-
sity, Eg, is the flat band potential, k is the Boltzmann constant
(138 x 10-23 JK-1), T is the absolute temperature, and q is the
elementary charge (1.602 x 1019 C). According to this relation-
ship, a positive slope of the MS curve indicate the presence of n-
type defect such as oxygen vacancies and cation interstitials (e.g.
AI3+), while a negative slope indicates p-type defect such as cation
vacancies. Fig. 4 shows that while only n-type defects are present
in Al/Ti over the whole potential range, both Al/Mg and Al/Cu ex-
periences a transition from n-type to p-type when the potential

increases above OCP. It is likely the active corrosion of Mg and
Cu in the later lead to the dissolution of metallic ions at the sur-
face, leaving behind cation vacancies. Fig. 4(c) shows the n-type
defect density of all NMMs measured from the cathodic poten-
tial region (between the dashed lines in Fig. 4(d-f)), hence corre-
sponds to that of the intact surface Al layer. It can be seen that
the defect density of all samples is ~ 1020 /cm3, with Al/Ti slightly
higher than the rest. These values are about two orders of mag-
nitude lower than those measured in pure Al and Al 3003 alloy
[53].

The corroded surface morphology and elemental mappings
were shown in Fig. 5(a-c), which are in good agreement with their
PD results. The corroded surface of Al/Ti NMM (Fig. 5(a)) resem-
bled that of the as-deposited sample, confirming its lack of either
active or localized corrosion. On the other hand, the majority of
Al/Mg NMM is gone after PD tests, as shown in Fig. 5(b), exposing
large areas of Si substrate. On the corroded surface of Al/Cu, exten-
sive nanometer-sized nodules could be seen, as marked by arrow
in Fig. 5(c). EDS mapping in Fig. 5(c) suggests that these nodules
are enriched in Cu. Similar surface enrichment of Cu has also been
reported in Al-Cu-Li [55] and Al-Cu [56] alloys, due to dealloying
of copper-rich inclusions being redistributed on the aluminum sur-
face.

4.4. Tribocorrosion behavior

Fig. 6(a) shows the typical OCP evolution of all samples dur-
ing tribocorrosion tests in 0.6 M NaCl solution. In all samples, OCP
shifted to the cathodic direction upon getting in contact with the
counter body at the beginning of the test, and restored the origi-
nal value once the test was ended. The magnitude of this cathodic
potential shift was large for Al/Ti NMM (~ 86 mV) and quite small
for Al/Mg (~ 8 mV) and Al/Cu NMM (~ 1.6 mV). This observation is
consistent with the PD corrosion results, where unlike Al/Mg and
Al/Cu, passivity, instead of galvanic corrosion, was dominating in
Al/Ti. During tribocorrosion, the mechanical removal of the protec-
tive passive film by the counter body, i.e. the depassivation pro-
cess, led to the shift of the corrosion potential in the more active
direction. Once the test was finished, OCP shifted back to its origi-
nal steady state value, indicating a repassivation of the worn area.
On the other hand, the small potential shift of Al/Mg and Al/Cu
indicates a lack of surface passivity. Hence depassivation by the
counter body has small effect on OCP. The repassivation time, i.e.
the time required for OCP to restore its initial value at the end
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measured perpendicular to the sliding direction on the worn surface of all samples.

of the test was ~ 73 s for Al/Ti, followed by ~ 82 s for Al/Cu and
~ 388 s for Al/Mg. As a comparison, the repassivation time of pure
Al film is ~ 45 s from [7], much shorter than that of all NMMs,
likely due to its chemical homogeneity. Coefficient of friction (COF)
of all samples was presented in Fig. 6(b). Al/Ti NMM exhibited
the highest average COF (~ 0.38), followed by Al/Cu (~ 0.27) and
Al/Mg (~ 0.16). Fig. 6(c) and (d) show the wear track profiles and
total material volume loss of all NMMs after tribocorrosion tests
respectively. Among all samples, the wear track of Al/Mg NMM
was the widest and deepest, in agreement with their low hard-
ness and high corrosion rate. Al/Cu NMM exhibited the smallest
material loss, hence the best tribocorrosion resistance, most likely
due to its highest wear resistance. Al/Ti NMM, although showing
the highest corrosion resistance, was slightly inferior to Al/Cu un-
der the chosen tribocorrosion testing condition. It should also be
pointed out that if a different tribocorrosion condition was chosen
so that the mechanical wear occurs at a much smaller frequency

than those conducted here, Al/Ti will be expected to be the most
tribocorrosion-resistant since material loss will be dominated by
corrosion and less frequently by wear.

4.5. Surface chemistry and microstructure after tribocorrosion

Fig. 5(d-i) shows the surface morphologies and corresponding
EDS mappings of all NMM samples after tribocorrosion tests. The
wear track of Al/Ti NMMs is characterized by deep grooves and
high pile-ups near the edge of the track, suggesting largely abra-
sive wear during scratch. The inset EDS mappings in Fig. 5(d) show
uniform distribution of Al and Ti elements in either the worn or
unworn area with a higher O composition within the wear track
(~ 2.36 at%) than that outside (~ 0.84 at%). This observation is con-
sistent with prior corrosion and tribocorrosion results, indicating
the formation of a protective (hydr)oxide layer on the wear track.
For Al/Mg NMM, EDS analysis in Fig. 5(e) inset revealed that the



W. Wang, K. Wang, Z. Zhang et al.

Lift-out .
location

Lift-o?lt
location

A
Lift-out
location

Acta Materialia 206 (2021) 116609

AllTi

. AMg

Corrosive
paths

Al/Cu

Fig. 7. (a-c) Surface SEM images and (d-i) cross-sectional bright-field TEM images of all NMMs after tribocorrosion tests.

majority of the sample was removed in the worn area, leaving
behind a high O concentration most likely from SiO, layer on the
Si substrate. Within the wear track, in locations where the NMM
is still present (Fig. 5(h)), extensive cracks were seen on the tribo-
corroded surface, similar to dehydration cracks formed on corro-
sion products of many Mg alloys [57]. Away from the wear track,
extensive pits were seen, of ~ 200 - 600 nm diameter. For Al/Cu
NMM, Fig. 5(f) and (i) show that its wear track has extensive fine
scratch lines along the sliding direction. In addition, the wear track
contains high nanoscale surface roughness with higher Cu concen-
tration than the rest of the sample. This partial dissolution of Al
in Al/Cu NMM could be related to the anodic nature of Al in the
Al-Cu galvanic couple, in consistent with those observed after pure
corrosion (Fig. 5(c)). The surface morphology and EDS analysis far
away from the wear track of all NMM samples after tribocorrosion
tests are presented in the Supplemental Materials Fig. S2, which
are similar to those observed during pure corrosion (Fig. 5(a-c)).
Additional XPS analysis (Supplemental Materials Figs. S3) indicate
that in all as-deposited samples, the surface contains mainly alu-
mina (Al;03) and metallic forms of Al and X (X=Ti, Mg, and Cu), as

(a) Time: 10 min (b)

Time: 0.2s

expected [58]. Al;03 is also the main surface component after tri-
bocorrosion in all samples. In Al/Mg NMM, Mg(OH), was also de-
tected from both the worn and unworn areas, resulting from active
corrosion of Mg. In both Al/Cu and Al/Ti NMMs, no copper oxide or
titanium oxide was detected, likely due to the cathodic protection
provided by the more active Al layers [26].

Fig. 7(d-i) show TEM images of the tribocorroded NMMs. Plastic
deformation dominates the subsurface of Al/Ti NMM and a severe
plastically deformed (SPD) layer of ~ 450 nm was formed, where
extensive shear-induced mixing erased the well-defined interface
contrast between the Al and Ti layers. On the other hand, cor-
rosion degradation instead of plastic deformation dominates the
worn surfaces of Al/Mg (Fig. 7(e,h)) and Al/Cu (Fig. 7(fi)). It is
noted here that within the wear track of Al/Mg, most of the film
was gone (see Fig. 5(e)), and the TEM lift-out was performed at a
location where the film was still present. In Al/Mg NMM, deep and
narrow corrosion paths can be seen, extending a few hundred nm
deep below the surface. In Al/Cu NMM, frequent undercuts can be
seen under the Cu-rich phases that were redeposited on the sur-
face after Al dissolution.

(C) Time: 10 min
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Fig. 8. FE model results of (a-c) cross-sectional morphology and (d-f) current density distribution of all NMMs after corrosion in 0.6 M NaCl aqueous solution.
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Fig. 9. FE simulation results of (a-c) von Mises stress distribution after wear, and (d-f) von Mises strain and current density distribution after tribocorrosion in 0.6 M NaCl

aqueous solution of all NMMs.

4.6. FE simulation results

FE simulation results are presented in Figs.8,9. Fig. 8(a)-(c)
show the corroded morphology and Fig. 8(d)-(e) the correspond-
ing current density distribution of each sample after pure corro-
sion for 0.2 s (Al/Mg) or 10 min (Al/Ti and Al/Cu), where both the
surface and the cross-section are in contact with the electrolyte.
Exposing the cross-sections to the electrolyte allows the study of
the corrosion behavior once pitting occurs at the surface, expos-
ing the underneath layers. Dashed lines present the original sur-
face position before corrosion. The corrosion of Al/Mg NMM is very
rapid and leads to extremely irregular geometry and challenges
model convergence over long immersion time, so it is only sim-
ulated for 0.2 s here (Fig. 8(b)). As is evident from cross-sectional
morphology and current density distribution, Al layers act as sac-
rificial anode layers in Al/Ti and Al/Cu NMM systems and the total
corrosion happens at a slow rate, while Al/Mg corrodes very fast
with Mg as the anode layers. Among all samples, Al/Ti exhibited
the smallest material loss while Al/Mg exhibited the largest ma-
terial loss, in agreement with those measured experimentally. Re-
markably, anode layers adjacent to the interface were subjected to
severe galvanic corrosion attack causing more material loss while
little change occurred on the cathode layers, suggesting better pro-
tection for cathode layers in the interface areas. Similarly, results in
Fig. 8(d-e) show that the current density is concentrated at the in-
terfaces, particularly in the top two layers, and gradually lowers in
interfaces farther away.

Fig. 9(a-c) show the subsurface stress distribution of all sam-
ples after pure wear. The residual contact size is the largest of
Al/Mg NMMs, in agreement with Hertzian contact theory predic-
tions and experimental observations in Fig. S1. In all NMMs, the
stiffer layers (e.g. Ti in Al/Ti) experienced higher stress than the
more compliant ones during co-deformation. Fig. 9(d-f) show the
surface current density distribution as well as subsurface resid-
ual strain of all NMMs during tribocorrosion. The worn area sur-
faces suffer from a higher dissolution rate than the unworn ar-
eas and dissolution rate reaches a maximum at the wear track
edge. Notably, galvanic coupling is established between the worn
region as anode and undeformed region as cathode, resulting in
corrosion acceleration within the wear track. The thicknesses of
arrows in Fig. 9(d-f) is proportional to the corrosion current den-
sity, which is highest for Al/Mg and lowest for Al/Cu, in agreement

with the experimentally measured wear volume trend, as shown in
Fig. 8(d).

5. Discussion

According to the mixed potential theory (MPT) [26], the cor-
rosion potential of a galvanic couple A/B (E?c{rBr is always in
between those of uncoupled metal A (EA ) and B (EB,,), and
at potentials cathodic to E‘é\érBr, the cathodic current of the cou-
ple should be dominated by the one with higher cathodic current,
likewise for the anodic current. In the present study, this was in-
deed the case for Al/Mg and Al/Cu NMMs. For example, in Al/Cu
NMM, EAVCU is in between that of EAl and ESY.,. (Fig. 4(b)). In
addition, the cathodic branch of the Al/Cu PD curve is similar to
that of Cu. However, a deviation from MPT was observed for Al/Ti
NMM, where both the cathodic and anodic current of the couple
was about one order of magnitude smaller than that of either un-
coupled Al or Ti. The cathodic reaction during corrosion under this
potential range, is assumed to be dominated by hydrogen reduc-
tion as 2H* +2e~ — H,. A reduction of cathodic reaction rate of
Al/Ti NMM indicates a reduction of the exchange current of hy-
drogen reaction (i, y+,,) on the surface. Likewise, the reduction of
anodic reaction rates indicates a reduction of i, 43+ 4 in the anodic
reaction 2Al+ 3H,0 — Al,O3 + 6H' + 3e~. The fact that both ca-
thodic and anodic kinetics is smaller on Al/Ti NMM than those on
monolithic Al, whose outmost surface is the same, indicates that
the nanolayered strategy is reducing the surface activity.

To understand the atomic origin of such behavior, DFT calcula-
tions were carried out to evaluate the work function (WF), oxygen
(0) and chloride (Cl) adsorption energies of Al/Ti NMM and pure
Al, which are directly related to the corrosion and pitting resis-
tance of the metal surface. Fig. 10(a-b) show that the WF of Al
and Al/Ti NMM is 4.04 eV and 4.19 eV, respectively. Since WF is
defined as the work needed to remove an electron from the sur-
face, a higher WF indicates it is more difficult to lose electrons at
the surface, hence reduced surface activity. In this case, Al/Ti NMM
has a higher WF, showing potential for better corrosion resistance
compared to Al, in agreement with those observed experimentally.

Finally, the O and Cl adsorption energies (Ec?é‘y and ES}) were
calculated as [59]:

1

E‘?;y =Em_oxy — Em — iEOZ’ (7)
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and
(8)

where Ey is the energy of clean metal surface, Ep, and Eg, is
the energy of O, and Cl, molecule respectively, and Ey_qx, and
Ep_c is the energy of O and Cl bonded metal surface respectively.
Adsorption of O and Cl on Al and Al/Ti NMM are illustrated in
Fig. 10 (c-f), with fcc hollow site as the most favorable adsorp-
tion site and a coverage of 0.25 ML. The O adsorption energy on
Al and Al/Ti NMM surface are -4.29 eV and -4.16 eV respectively,
with a very small difference of 3.1% between the two, while that
of Cl adsorption shows a 7.6% difference on Al (-1.85 eV) and Al/Ti
(-1.72 eV). These results indicate that the nanolayering strategy not
only reduced surface activity of Al, but also reduced its tendency
to adsorb the aggressive Cl ions from the environment, thereby en-
hancing the overall corrosion resistance. Additional calculations on
Al/Mg and Al/Cu NMMs (see Supplementary Materials Table S2 and
Fig. S4) show that among all NMMs, Al/Ti NMM has the least neg-
ative adsorption energy for both O and Cl, in agreement with its
best corrosion resistance among all NMMs observed experimen-
tally.

ES =Eyv c—Em - EEczzy

10

6. Conclusions

A synergistic experimental and computational study was car-
ried out to evaluate the effects of constituting materials on the
tribocorrosion behavior of Al/X NMMs. It was found experimen-
tally that the degradation and deformation mode of Al/X depends
on both of their mechanical and electrochemical properties. While
plastic deformation and wear rely heavily on stiffness mismatch
between the constituents and the interface coherency, corrosion
behavior was more complicated. In Al/Mg and Al/Cu NMMs where
Al is the only passive element, micro-galvanic corrosion dominates
material loss, as predicted from the mixed potential theory. On
the other hand, in Al/Ti NMM where both constituents are passive
metals, Al is the only specie that participates in the passive film
formation during corrosion and tribocorrosion despites the wide
passivity window of Ti. FE simulations confirm that galvanic cor-
rosion dominates material loss in NMMs, resulting in accelerated
material loss in the anode layers near the top interfaces. By con-
sidering material loss due to wear, corrosion, as well as stress-
accelerated corrosion, the developed FE model successfully pre-
dicted the trend of tribocorrosion rate of all NMMs, in agreement
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with experimental observations. Finally, DFT simulations were car-
ried out to understand the atomic origin of the high corrosion re-
sistance of Al/Ti NMM. It was found that by nanolayering with Ti,
the surface work function of Al is increased while Cl adsorption
energy decreased, resulting in a less active surface with reduced
corrosion susceptibility.
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