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Abstract

In this paper, we demonstrate that externally applied tensile and compressive stresses can systematically modify the
Ž .electrochemical surface reactivity of pure and alloyed metals. Atomic force microscopy AFM is used to statistically

characterize the extent and nature of interface change for nickel and aluminum alloy 2024-T3 subjected to electrochemical
conditions under various levels of stress. Statistical analysis of AFM images reveals that the extent of electrochemical
reactivity is significantly enhanced when subjecting the sample to tensile as opposed to compressive stress; this enhancement
increases monotonically as the level of applied stress is systematically increased. Surface morphologies differ on the pure
nickel and alloyed aluminum samples, with the nickel interfaces exhibiting facetted features which are aligned 1208 from one
another while the surface features on aluminum alloy 2024-T3 are circular pores. These results unambiguously indicate that
the kinetics for electrochemical metallic processes, which nucleate at surface defects and grain boundaries, can be
significantly modified by the presence of external stress fields. q 2000 Elsevier Science B.V. All rights reserved.

PACS: 82.65.y i; 82.45.qz; 81.65.Mq; 61.72.Ff; 61.16.Ch; 81.05.Bx; 81.40.Lm
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1. Introduction

Many metals such as aluminum, nickel, and tech-
nically important aluminum alloys form self-passi-
vating surface oxide layers which, under ambient

˚conditions, are about 10–20 A thick. Such passivat-
ing layers are of immense importance due to the
oxidation protection they offer to bulk materials.

) Corresponding author. Tel.: q1-773-702-7193; fax: q1-773-
702-5863.

Ž .E-mail address: s-sibener@uchicago.edu S.J. Sibener .

These layers are unfortunately vulnerable to break-
down, when exposed to a variety of chemical, elec-
trochemical, and, especially, mechanically stressed
environments. One of the most commonly observed
degradation phenomena of pure and alloyed metals is
pitting.

Pitting corrosion starts by breakdown of the passi-
vating film, providing nucleation sites for etch pits

w xwhich further develop into corrosion cracking 1 or
w xcorrosion fatigue 2 . For example, it has been known

that copper content plays an important role in the
susceptibility of aluminum–copper alloys such as Al
2024-T3 to corrosion. The chemical reduction of
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copper ions generates nucleation sites that propagate
w xlocalized corrosion 3 . Extensive experimental and

theoretical studies have been done on electrochemi-
cal corrosion of metals related to film formationr

w xbreakdown mechanisms 4–6 . For example, Schmutz
w xand Frankel 7,8 have studied the corrosion behavior

of Al 2024-T3 using scanning Kelvin probe mi-
Ž .croscopy and in situ atomic force microscopy AFM .

They observed non-uniform dissolution of heteroge-
neous intermetallic particles in chloride solution, and

w xdetermined the rates of localized corrosion 7,8 .
Understanding corrosion and its prevention is in

many ways the lead technical issue in this area of
research. For example, anodization of metals is one
method of inhibiting localized corrosion. Here, a
thick anodic oxide layer frequently serves as a pro-
tective coating. Such anodic oxide films are pro-
duced by electrochemical oxidative reactions that use
an electrolyte that yields the desired oxide layer on

w xtop of the metallic substrate 9 . Two types of metal
oxide layers, a non-porous barrier layer and a porous
oxide layer, can be formed depending on the anodiz-
ing conditions, i.e., the applied voltage as well as the

w xtype and concentration of the electrolyte 9 . An-
odization is of immense technological importance,

w xleading to a vast literature on this subject 9,10 . In
spite of this, only a few attempts have been made to
collect modern statistical data on such electrochemi-
cal metallic reactions, in part due to the difficulties
associated with the random locations and sizes of
surface features such as porous anodic oxide films
w x w x10 and etch pits 11 . In particular, it is difficult to
obtain full three-dimensional profiles of these sur-
face characteristics with conventional imaging tech-

Ž .niques like scanning electron microscopy SEM and
Ž . w xtransmission electron microscopy TEM 12,13 .

This is unfortunate as it is important to understand
the depth distribution of etch pits as well as the

w xlateral growth area for such features 14 . AFM
imaging presents a clear opportunity here, allowing
statistical studies of surface morphological evolution
to be gathered in a manner that sheds fresh light on
the electrochemical reactivity of metallic surfaces.

Another critical issue is to ascertain how, quanti-
tatively, stress and strain fields influence interface
structure and reactivity; it is also clear that surface
stress is a key factor in explaining many interesting
issues pertaining to surface dynamics and surface

reconstruction. For example, Swartzentruber et al.
w x Ž .15 employed scanning tunneling microscopy STM
to study the influence of externally applied stress on

Ž .the atomic-scale geometry of a Si 001 cantilever
beam. They observed reversible asymmetry in the

Ž . Ž .relative populations of the p 2=1 and p 1=2
domains, confirming and expanding upon the earlier
low energy electron diffraction results of Men et al.
w x16 . Related studies have been carried out to under-
stand surface chemistry changes under stress and

w xstrain 17–20 . Recent efforts have also examined
how surface structure and reactivity are influenced

w xby stress 19–22 . Researchers have seen different
effects due to tension or compression; this has been
done not only for low-index surfaces of fcc metals
w x21 , but also for more complicated bulk samples like

w xNiTi shape memory alloys 22 . It has been shown
that steps under tension have larger energies than
those under compression on the three low-index

w xsurfaces of fcc metals like aluminum 21 . Another
recent study involving NiTi alloys reports an asym-
metry of stress–strain curves under tension vs. com-
pression, implying the presence of different deforma-

w xtion mechanisms under these two conditions 22 . A
creep-rate study of Al–Al O finds that the mini-2 3

mum creep rate is higher under tension than com-
w xpression 23 . A molecular dynamics study of alu-

minum grain boundary diffusion under stress con-
cludes that tensile hydrostatic stress promotes atomic
diffusion along grain boundaries while compressive

w xstress inhibits such mobility 24 . The aforemen-
tioned studies consistently demonstrate that tension
and compression can induce different effects on sim-
ple metal structures at the molecular level.

In many real-world applications, the passivating
films present on neat and alloyed metals are sub-
jected to increased risk of failure due to simultane-
ous exposure of the sample to corrosive chemicalr
electrochemical conditions and stressrstrain condi-
tions. An illustrative example would be stress corro-

Ž .sion cracking SCC , which deals with the combined
effects of tension and crack propagation. Due to their
obvious importance to the aircraft industry, there
have been numerous studies acquired on the SCC of

w xaluminum alloys 25 . Three mechanisms are be-
lieved to contribute to this behavior: anodic dissolu-
tion, hydrogen-induced cracking, and passive film

w xbreakdown 26 .
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The above discussion emphasizes the need for a
modern, systematic examination of how oxidative
electrochemical reactions proceed on metallic sur-
faces when these materials are subjected to varying
levels of tensile and compressive stress. In this paper
we demonstrate, using AFM, that externally applied
stresses can systematically modify the electrochemi-
cal reactivity, anodization, of neat and alloyed met-
als. We do this for samples exposed to a combination
of electrochemical and non-equilibrium physical
Ž .stressrstrain conditions, examining both the reac-
tivity and the kinetics for such processes. The role
that tensile stress plays in accelerating such pro-
cesses is clearly demonstrated.

2. Experimental procedures and theoretical back-
ground

2.1. Procedures for performing electrochemical re-
actions with externally applied stress

Ž .Al 2024-T3 and Ni 99.9% purity samples were
Ž .obtained from ESPI Agoura Hills, CA . Al 2024-T3

was solution heat treated and cold rolled while Ni
was first rolled and then annealed at 10008C. Rectan-
gular sample ‘‘beams’’ of Al 2024-T3 and Ni were
prepared of dimensions 0.25=2.62=0.01 in. thick
by rinsing sequentially with trichloroethylene, ace-
tone and methanol. A home-built jig with dimensions
of 3.5=4=2.25 in., shown schematically in Fig.
Ž .1 a , was used to apply bending stress while simulta-

neously electrochemically treating the metallic sam-
ples. The level of applied stress was always under

Žthe yield strength of the sample unless performing
.control experiments , i.e., no irreversible deforma-

tions were introduced at the stress levels used in our
studies. The spatial design of the bending jig allowed
us to apply up to 40% of the Al 2024-T3 yield

4 Ž .strength, 2=10 pounds per square inches psi , and
up to 100% of the pure nickel yield strength, 1.5=

104 psi. The Al 2024-T3 samples were anodized
under bending stress for 2 h using 10% phosphoric
acid with an applied DC voltage of 5 V. The pure
nickel samples were treated for 2 h in the bending jig
arrangement using 0.1 M sulfuric acid and an applied
DC voltage of 2 V. These experimental conditions
were carefully chosen to yield rates and sufficient

Ž .Fig. 1. a Illustrative sketch of the electrochemical cell including
the home-built cantilever jig for applying bending stress to both
sides of a metal sample simultaneously. One side of the sample is
under compression while the other side is under tension. In this
geometry the sample is subjected to a smoothly varying gradient
of stresses which extend out from the fixed point of the jig.
Positions A, B, and C illustrate positions along the sample at
which electrochemical behavior was monitored under systemati-
cally increasing levels of stress; depending on the side of the
sample, these positions correspond to varying levels of either

Ž .compressive or tensile stress. b Experimental cantilever geome-
try for applying bending stress in which the rectangular beam has
one end fixed. When a load is applied to the sample, the beam

Ž .deflects about its initial resting position x axis . The displace-
ment of the beam, d, is dependent on the applied load.

morphological evolution to occur such that detailed
statistical information could be extracted from post-
etch AFM imagery. After the electrochemical treat-
ments, the samples were sectioned using a shear
cutter. Only the middle areas of the sectioned sam-
ples were investigated with AFM, precluding interro-
gation of areas damaged by the sectioning procedure.

Surface characteristics were imaged with a
Topometrix Discoverer AFM using a 75-mm scan-
ner. Statistical data were extracted from a Õery large
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Žset of measurements: for each sample each experi-
.ment data from 20 different 50=50 mm areas

which were subjected to equivalent stresses, i.e.,
located at the same distance from the fixed point,
were typically combined to generate the data for
statistical analyses. This bending geometry permitted
data for many stress levels to be obtained from one
experiment by collecting data at different distances
from the jig’s fixed point. Moreover, data for com-
pressive and tensile stresses could also be obtained
from one experiment by examining data from the
opposite sides of the sample. AFM was specifically
chosen so that we could interrogate the 3D character
of the surface; AFM allows direct measurement of
the area, depth, and volume of surface features. This
allows a clear picture to be extracted of surface
morphological evolution under electrochemical con-
ditions. 2D studies of surface features, for example
etch pits, in which only surface etch pit area is
analyzed, can be misleading since the size of a very
small opening often remains relatively unchanged

w xwhile etch pit depth increases under the surface 14 .

2.2. Stress loading under bending geometries

We have made use of the fact that when a sample
develops curvature due to the application of an exter-
nally applied force that one side is placed under
compressive stress while the opposing side is under
tension. The sample is also under varying levels of

Ž .stress at different distances x along the sample
depending on the distance from a fixed point. This
allows us to collect data at different stress levels by
imaging regions that are at varying distances from
the fulcrum’s fixed point of the jig.

Ž Ž ..In the bending ‘‘cantilever’’ geometry Fig. 1 b
the rectangular beam has one fixed end and another
free end against which the bending force is applied.
This arrangement results in a smooth gradient of

w xapplied stress along the length of the beam 27 . The
displacement, d, is related to the amount of applied
load:

33 2dsyw 2 a y3a xyb q xyb r6EIŽ . Ž .Ž .
where w is the applied load, E is the modulus of
elasticity, a is the distance from the fixed point to
the loading point, and b is the distance from the
loading point to the open end of the beam. I is the

area moment of inertia which is calculated for a
rectangular beam in our experiments using the fol-
lowing formula:

Iswt 3r12

where w is the beam width and t is the beam
thickness. The applied stress can be calculated by
measuring the displacement of the beam: ssMtrI
where M is the bending moment defined as Ms

Ž .yw xyb . The modulus of elasticity of Al 2024-T3
is 10.6=106 psi and that of Ni is 30=106 psi.

3. Results and discussion

3.1. Control experiments

Control experiments were performed in order to
confirm that no systematic bias existed in either the

Žsamples themselves i.e., that sides A and B of each
sample behaved the same when electrochemically

.treated or that no spatial inhomogeneities existed in
our experimental stress-etching cells which might
inadvertently influence the kinetics of surface feature
formation along the length of the samples. The most
basic test was to ensure that no statistically signifi-
cant physical difference existed between the two
sides of a sample. To do this we electrochemically
treated an aluminum sample without applying any
stress and statistically examined the electrochemical
behavior with the AFM. No significant statistical
difference was found in either the number of surface
features or the total area of surface features between
two sides of a given sample. This check was per-
formed on samples taken from each batch of starting
material.

The second test was more subtle and, in many
ways, more critical for the experiments to follow:
using our jig we subjected test samples to bending
stresses of up to 34.5% of their yield strength for 2
h. We then eliminated the stresses and proceeded to
perform electrochemistry on the samples. The intent
here was to convince ourselves that no irreversible
changes were introduced in the two opposing sur-
faces of the sample due to this presumably benign
procedure. Again, no statistically meaningful differ-
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ences were found either when comparing the electro-
chemical behavior of sides A and B or when compar-
ing these data to those for a sample that was never

Žstressed. As a further check, we also intentionally
stressed a sample beyond its plastic limit, i.e., sub-
jected it to a load that exceeded its yield strength,
thereby introducing permanent change in the sample.
In this case a substantial difference was seen in the
electrochemical behavior of the compressive vs. ten-
sile stress sides of the test sample. The side subjected
to tensile stress side was more prone to electrochem-
ical reaction than was the compressive stress side for
such a harshly treated sample. This latter observation
has in itself broader implications: it suggests that a
deformed metal will exhibit differential electrochem-
ical reactivity on its two opposing surfaces, with

what was the tensioned surface of the bent sample
.being more reactive.

3.2. Morphology differences between surface fea-
tures on Al 2024-T3 and Ni

Electrochemically generated pores on Al 2024-T3
samples are round and tend to bunch closely together
Ž Ž ..Fig. 2 a,b . For anodizing under standardized con-

Žditions 2-h duration, 10% phosphoric acid, bias 5 V
.DC the average pore area, depth, and volume typi-

cally fell in the following ranges: 14–17 mm2,
1200–2500 nm, and 17–35 mm3, respectively. In
contrast to this, electrochemically produced surface

Ž Ž ..features on pure Ni look like slits Fig. 2 c . Most
of these ‘‘slits’’ are locally oriented with respect to

Ž Ž ..each other by 1208 Fig. 2 d . Intergranular bound-

Ž . Ž .Fig. 2. The 50=50 mm a and 9.5=9.5 mm b AFM images of pores on Al 2024-T3 treated in 10% phosphoric acid for 2 h at a bias of 5
Ž .V DC. Surface pores on the sample have circular geometry. c The 50=50 mm AFM image of surface features on Ni in 0.1 M sulfuric

Ž .acid treated for 2 h at a bias of 2 V DC. d Surface features on Ni exhibit facets with neighboring facets oriented 1208 with respect to each
other; this reflects the underlying grain structure, i.e., polycrystallinity, of the Ni sample.
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Ž .aries especially triple junctions appear to play a
particularly important role in the electrochemical
process of pure nickel as the reaction paths propa-
gate along such boundaries. Pure nickel grain bound-
aries have been previously studied in detail in order
to categorize grain boundary plane indices and to
establish the character of triple junction distributions
w x28,29 .

3.3. Aluminum alloy 2024-T3

Al 2024-T3 was electrochemically anodized while
simultaneously being subjected to a gradient of stress
levels up to 40% of the material’s yield strength. We

Žacquired pore morphology data area, depth, and
.volume values at three different distances from the

fixed point of the stress jig. These distances corre-
sponded to externally applied stress levels of 30.7%,
22.1%, and 13.5% of the yield strength; we refer
these three regions as areas A, B, C, respectively.

Ž .These areas are schematically shown in Fig. 1 a .
Furthermore, since one side of the sample was under

compressive stress and the other tensile stress, we
Ž .label these two opposing sides as c compression

Ž .and t tension , respectively. Combined symbols in-
dicate the stress type and magnitude simultaneously,
e.g., Bt refers to the specimen area which was under
tensile stress at 22.1% of its yield strength. Data
from 20 different 50=50 mm areas of Ac, At, Bc,
Bt, Cc and Ct zones were used for the analyses that
follow.

We shall first examine the data representative of
Ž 2 .small pores pore area smaller than 6 mm which

reflect the extent of pore initiation, i.e, nucleation.
The data shown in Figs. 3 and 4, which represent
statistical summaries for pore area and volume, re-
spectively, provide a compelling demonstration that
tensile stress systematically enhances the probability
of pore formation. Moreover, a subtler trend, visible
only in the data for the smallest pores examined, is
that compressive stress can actually inhibit the early
stages of pore nucleation. We find that the pore
statistics between 22.1% and 13.5% of yield strength
regions in Figs. 3 and 4 are very similar since the

Fig. 3. Pore area histogram of an Al 2024-T3 sample anodized under stress for 2 h in 10% phosphoric acid with a bias of 5 V DC. Three
areas corresponding to different stress levels from each side of the sample were imaged with AFM after anodizing; these areas correspond to
stress levels of 30.7%, 22.1%, and 13.5% of the material’s yield strength. The side under tension has more extensive electrochemical
anodization than the side under compression for all levels of applied stress. A more subtle effect is that compressive stress inhibits the
formation of small pores, i.e, pore initiation is inhibited by compression. The difference in reactivity between the sides under tension and
compression increases monotonically with increasing stress level.
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Fig. 4. Pore volume histograms of the electrochemically anodized Al 2024-T3 sample under different levels of externally applied bending
stress. These histograms show that the side under tension experiences more extensive electrochemical anodization than the compressed side,
perhaps with a threshold, given our resolution, at about 20% of the materials yield strength. The differences in 3D anodization behavior
Ž . Ž .volume histogram follow the same trend as seen for the 2D data area histograms of Fig. 3; again, the differences in reactivity increase
monotonically with increasing stress level.

Fig. 5. Pore depth histograms of the electrochemically anodized Al 2024-T3 sample. Electrochemically anodized pores exhibit a Gaussian
Ž .depth distribution for all stress conditions. Systematic changes as a function of applied stress level are clearly seen see text for details .
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statistics are taken only from the small pores. How-
ever, a clear difference between the two stress levels

Ž .is shown in Fig. 6 a that reflects the total reacted
surface area of the Al 2024-T3. Larger stress levels
induce higher electrochemical reactivity of metal
surfaces. Previous theoretical and experimental stud-

w xies suggest similar trends 23,24,30 . Kitagawa et al.
w x30 studied stress-induced migration via atomic dif-
fusion near aluminum grain boundaries using effec-
tive-medium theory. They showed that the diffusion
coefficients increase exponentially with tensile strain
and decrease with compressive strain. This can be
rationalized by noting that in effective medium the-
ory diffusional mobility is linked to the local atomic
coordination, and hence potential energy landscape.
Jansen et al. also find that creep is faster in tension

w xthan in compression 23 , and that several different
mechanisms can contribute to deformation. They
find that the flow of material can take place by

Ždislocation motion, diffusion vacancy flow or grain
. Žboundary sliding , or by cavitation pore nucleation

.and growth . These creep experiments suggest two
different deformation mechanisms under tension and
compression: deformation occurs mainly by cavita-
tion under tension, and by diffusion or dislocation
motion under compression. The difference between
tension and compression in the aforementioned stud-
ies agrees well with the electrochemical behavior
differences observed between tension and compres-
sion in our experiments.

Fig. 5 gives a more global summary of the data,
encompassing pores of all sizes. It provides a good
statistical overview of the pore depth distribution

Ž .from pore initiation small pores to growth and
Ž .coalescence larger pores . Depth histograms have a

Gaussian profile for all the three stress levels. A
notable trend is readily apparent: at larger stress
levels, the side under tension has a larger number of
pores than the side under compression at the peak of
the shape distribution. This trend is amplified at
higher stress levels. The depth histograms of Fig. 5
also show that a larger number of pores are produced
on the tensioned side than the one under compres-

Žsion perhaps with a threshold, given our resolution,
.at ca. 20% of the material’s yield strength . Fig. 5

also demonstrates, for all stress levels, that the depth
distribution is shifted to lower values for compres-
sion as compared to tension.

Data that compellingly reinforce the observation
that anodization under tension leads to enhanced
reactivity vs. compression for Al 2024-T3 are shown

Ž .in Fig. 6 a . Here we demonstrate that the integrated
amount of material removed as a function of stress
level varies linearly with applied stress level, with
enhanced anodization being systematically observed
as a function of tensile loading. No such trend is
apparent in the data for compression. Note that the
anodizing data for the tensile and compressive data

Ž .Fig. 6. a Total surface area removed for Al 2024-T3 anodized
under stress in 10% phosphoric acid for 2 h at a bias of 5 V DC.
Ž .b Total surface area removed for Ni treated in 0.1 M sulfuric
acid for 2 h at a bias of 2 V DC. In both cases, electrochemical
reactivity on the tensile side is higher than on the compressive
side for all stress levels. Solid lines are linear regression fits
through the data. Dashed lines show extrapolation of the regres-
sion fits extended to zero applied stress; intersection of the
compression and tension data sets at zero stress provides an
important internal consistency check for these measurements. The
reactivity of the side under tension increases linearly as a function
of stress level; also note that the reactivity difference between the
sides under tension and compression increases monotonically with
increasing stress level.
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sets, when extrapolated to zero stress level give the
same result. This is an important consistency check
for our measurements.

Before closing our discussion of Al 2024-T3, we
also report on measurements at higher stress levels.
These experiments were performed in a different jig,

Žone which had a buckling geometry two fixed ends
.which were driven closer to each other as opposed

to the cantilever geometry which was used in all of
the previously discussed experiments. This alternate
arrangement allowed measurements to be performed
up to 74% of the yield strength of this alloy. Electro-
chemical anodization under these harsher conditions
again revealed higher reactivity under tension as
compared to compression.

3.4. Pure nickel

Similar experiments were carried out with a nickel
Ž .sample 99.9% purity to further elaborate whether

externally applied stresses can significantly modify
the electrochemical reactivity for other metals. Pure
nickel has lower yield strength than Al 2024-T3.
Therefore, the same bending jig used in our alu-
minum alloy studies could be used to apply higher
relative stress levels to Ni. We analyzed three re-
gions on each side of the sample with stress levels
97.0%, 74.5%, and 38.6% of nickel’s yield strength.

Ž .Fig. 6 b displays the results, which again demon-
strate a dramatic enhancement of reactivity with
applied tensile stress. These data also reveal a linear
dependence of overall reactivity as a function of
applied stress.

4. Summary

In this paper, we have demonstrated that exter-
nally applied tensile and compressive stress fields
can significantly modify the oxidative electrochemi-
cal surface reactivity of an important engineering
alloy, Al 2024-T3, as well as that of Ni. Systematic
variation of stress levels was achieved using an in
situ cantilever geometry that permitted the simulta-
neous collection of surface feature data for different
levels of tension and compression on the same sam-
ple. It was found that moderate tensile stress fields,
with magnitudes well below the yield strength of the

material, can dramatically accelerate the extent of
electrochemical reactivity. A subtler trend was that
compressive stress can mildly suppress the formation

Ž .of small surface features pores in Al 2024-T3 , i.e.,
pore nucleation is inhibited. AFM images allowed
for the acquisition of true 3D statistical data for
electrochemically induced changes in surface mor-
phology, i.e., area, depth, and volume of surface
features, as well as quantification of the total amount
of material removed, as a function of stress level and
type. Such data is crucial for elucidating mechanistic
details of stress-modified materials’ reactivity. Data
for the stress-modified electrochemical reactivity of
pure nickel were also obtained as part of this study.

The primary finding, supported by an extensive
statistical database, is that externally applied stresses
can systematically enhance the extent of electro-
chemical reactivity for these materials. Moreover,
this reactivity enhancement increases linearly as a
function of applied stress level. The reactivity differ-
ences we have delineated in this paper have occurred
regardless of sample selection, electrochemical con-
ditions, or method of external stress generation, i.e.,
our findings are robust, suggesting important funda-
mental issues that can be addressed in real-world
engineering applications to inhibit materials degrada-
tion by corrosion.
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