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THE GROWING USE OF ALUMINUM AND ITS
ALLOYS IN COMMERCIAL APPLICATIONS is 
occurring to meet more demanding op-
erating conditions and to improve the 
efficiency of machinery. This interest 
in using aluminum is prompting re-
searchers to more closely examine the 
structure of aluminum alloys at the 
nanoscale.

A key mechanism responsible for 
metal failure is the growth and co-
alescence of voids originally produced 
during manufacture. In a past TLT ar-
ticle, transition state theory and atom-
istic simulations were used to predict 
whether nanoscale voids can cause 
metal fracture.1 The result of this study 
is that the voids found in face-centered, 

cubic, aluminum simulation cells are 
too large to grow and create fractures.

Corrosion is another area where 
more research is underway at the atom-
ic scale. The classic example of corro-
sion is the oxidation of steel to form 
rust. Aluminum forms an oxide coating 
when exposed to air at a neutral pH.

Initial thinking has been that sur-
face oxidation of a metal substrate such 
as aluminum just occurs with little par-
ticipation by the substrate. Guangwen 
Zhou, associate professor of mechani-
cal engineering at Binghamton Uni-
versity-State University of New York 
in Binghamton, N.Y., says, “There has 
been extensive research on surface oxi-
dation of metals but difficulty in deter-
mining the early stages of the process.”

The problem with figuring out how 
oxidation starts at the metal surface is 
attributed in part to the large number 
of defects present leading to inhomo-
geneities in the metal. Zhou says, “We 
have also not been able to detect the 
early stages of oxidation because of 
limitations with instrumentation. Bet-
ter resolution has been needed.”

A new instrumental technique is 
now available and has been used to 
better understand the oxidation of an 
aluminum alloy at a high temperature.

STEP BUNCHING
Zhou (see Figure 3) and his associates 
at Binghamton in conjunction with 
researchers at Brookhaven National 
Laboratory used a low-energy electron 
microscope (LEEM) to study the sur-
face oxidation of a nickel-aluminum al-
loy with a crystal orientation of (100). 

He says, “This nickel-aluminum alloy 
was examined because it is used in high 
temperature applications such as gas 
turbine engines and in catalysis.”

The nickel-aluminum alloy also has 
a stepped surface structure common to 

most crystalline materials. Zhou says, 
“The assumption is made that crystal-
line materials have relatively flat surfac-
es. This is in fact not the case because 
the surface exhibits roughness, which 
is characterized by a series of terraces 
or levels that are connected by single 
atom steps. These steps are very impor-
tant in the oxidation process because 
the atoms exhibit low coordination 
numbers, which means they are more 
exposed to the environment including 
to oxidation.”

The experimental work was con-
ducted in a controlled environment by 
introducing oxygen gas at a partial pres-
sure in the range between 5.0 x 10-10
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Aluminum alloy acts to inhibit corrosion
A new technique provides a better understanding of the oxidation of 
an aluminum alloy at high temperature.

The findings from this 
work may enable  
researchers to design  
a specific metal alloy  
to minimize oxidation 
leading to better  
performance over a 
longer operating period.
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to 2 x 10-9 torr to a single 
crystal of the nickel-alumi-
num alloy at a temperature 
between 844 and 868 C. 
LEEM images were gener-
ated in real time to show 
how the surface of the al-
loy was oxidized. 

The researchers found 
under the experimental 
conditions that oxygen re-
acted with the aluminum 
atoms to form aluminum 
oxide stripes that grow on 
the terraces. Nickel atoms 
are inert to oxygen and dif-
fuse into the bulk under 
the experimental condi-
tions.

LEEM analysis showed 
that the stripes grew due 
to the diffusion of alumi-
num and oxygen atoms 
on a specific terrace to the 
oxide growth front. Zhou 
says, “We define an adatom 
as an atom that detaches 
from surface steps and 
participates in the oxida-
tion process by migrating 
to the leading edge of the 
oxide stripe.”

As oxygen continues 
to be introduced to the 
metal surface, the oxide 
stripes continue to grow. 
Zhou says, “The increased 
presence of oxide on the metal surface 
leads to the steps connecting the ter-
races bunching together ahead of the 
growth front of the oxide stripes. As a 
result, the growth of the oxide stripes 
slows down and eventually stops.”

Zhou continues, “The bunching of 
the steps makes it more difficult for 
adatoms to jump from one terrace to 
another, which enables the metal sur-
face to literally stop oxidation.”

Increasing the pressure of the oxy-
gen gas will lead to more oxide growth 
because there are more oxygen atoms 
available from the environment to re-
act with aluminum atoms on the metal 
surface. Zhou says, “Even in the case of 
higher oxygen pressures, step bunching 

will eventually force the oxide stripes 
to stop advancing.”

If no more oxygen is introduced 
and the nickel-aluminum alloy is left 
in a vacuum at a high temperature, 
the aluminum oxide will decompose. 
Zhou says, “The oxide is unstable and 
will break down leading oxygen atoms 
to go back into the environment and 
aluminum atoms will move around on 
the surface to locations such as steps. 
Eventually the metal surface will revert 
back to its original structure.”

Crystal orientation also is an impor-
tant factor with regard to oxide growth. 
The researchers evaluated a nickel-alu-
minum alloy with a (110) crystal ori-
entation and compared it to the work 

done with the (100) ori-
entation. Zhou says, “The 
(110) crystal orientation 
has a more open surface 
structure meaning that the 
aluminum atoms in the 
bulk of the metal can out-
diffuse to the surface and 
participate in the growth of 
oxide stripes.”

Zhou intends to study 
other crystal orientations 
and compare the behav-
ior to the (100) and (110) 
orientations. He says, “We 
also would like to study 
some real-world, polycrys-
talline materials, which are 
more complicated. Another 
future objective is to learn 
how to control the surface 
morphology to better con-
trol the density of the steps 
and control oxidation.”

The findings from this 
work may enable research-
ers to design a specific 
metal alloy to minimize 
oxidation leading to better 
performance over a longer 
operating period. Further 
information can be found 
in a recent article2 or by 
contacting Zhou at gzhou@
binghamton.edu. 
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Figure 3  |  Associate Professor Guangwen Zhou led a group of re-
searchers that determined the bunching of steps between  
terraces in a single nickel-aluminum alloy stopped surface oxida-
tion of aluminum. (Figure courtesy of Binghamton University – State 
University of New York.)

           Ashlee Breitner (NSF International), March 18, 12-1:30 pm CST. Register at www.stle.org. 1 9


