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Abstract

Dcsigns for the future will place extreme demands on light-weight materials. In order io meet the
challenges of the future it is vital that an emphasis be placed on tailor-making the’ e materials to
cnhance specific properties. Through the use of rapid solidification processing advances have been
made 1n our ability to cagineer matcrials, but we have yet to be ablc to tailor-make a light-weight
alloy with all of the characteristics we desire. A new approach (o tailor-making alloys with the
cnhanced propertics we desire is to usc nonequilibrium alloying technigues such as sputter or
high-rate vapor deposition to grade the structure and composition of an alloy during processing.
Such alloys could be designed to take advantage of recent advances in enhancing both the
mechamcal propertics and the corrusion resistance of Al and Mg. For conventional Al alloys, a
combination of high «trength and significantly cnhanced corrosion resistance arc mutually
exclusive. In order o achicve high strengths, precipitates are necessary in the microstructure. On
the other hand in order to exhibit good corrosion performance, a onc phase structure is usually
required (precipitates can cstablish microgral vanic cells which lcad to aceclerated corrosion of the
precipitate or the alloy adjacent to the precipitate). Both of these properties could be combined in
onc material, however, if the structure and composition of the alloy were graded during
noncquilibrium processing of the alloys. Work during the first ycar of this investigation has
focused on an cvaluation of the morphology and residual stresses present in sputter-deposited Al-
Mo and Al-W alloys (both constant and graded compositions) and their influence on ailoy
corrosion resistance. Results from this investigation reveal that it is possible to produce graded
alloys with significantly cnhanced corrosion resistance. The level of enhancement is dependent
upen the initial solute concentration in graded alloys and the morphology of the sputtered alloy.
The most important factor governing corrosion resistance of the alloys is morphology of the
deposit with the densest structures yielding the best corrosion performance.

Introduction

The use of light-weight metals, such as Al and Mg, in severe environments could be significantly
expanded if material properties such as strength, modulus, toughness and corrosion resistance
could be engincered to fii specific applications. While rapid solidification processing (rsp) and
other nonequilibrium alloying methods have led to the production of metals with specific
enhancements in properties we have yet to be able to tailor-make materials with all of the

characteristics we desire. A new approach to engineering materials which will meet the demands




of future designs is to alter the structure and properties of the material as a function of section
thickness during processing. Spatial control of materials' properties is not a new concept - surface
hardening treatments and coatings have been used for many years to alter a material's surface
properties By gradually transitioning from one material to another, stress concentrations can be
reduced and material properties can be spatially optimized. Interest in functionally graded materials
(FGMs) has been steadily increasing for the past 10 years and, at present, the most common
processing routes include: diffusion processes, spray deposition, liquid or vapor infiltration, and
powder processing. This research focuses or a less commonly used method, physical vapor
deposition, for producing graded Al and Mg alloys. The vapor deposition route not only provides
a convenient means for producing graded materials, it also allows us to circumvent equilibrium
solubility limits associated with the more common processing routes and; thus, produce alloys with
significantly enhanced corrosion resistance.

Previous ONR-sponsored research -5 has shown that the localized corrosion resistance of
aluminum can be dramatically enhanced through nonequilibrium alloying with elements such as W,
Mo, and Ta. [n order to maintain this dramatically enhanced corrosion resistance it is necessary
for the transition metal solute to remain in solid solution with the aluminum; in other words it is
necessary to have a onc phase alloy. If present, the second phase particles act as nucleation sites
for pitting corrosion of the aluminum. Howcver in order to produce high strength Al alloys,
precipitation of a second phase is necessary. Grading the structure of nonequilibrium Al-Mo and
Al-W alloys presents a unique means for combining both strength and corrosion resistance in the
samc alloy -- properties which are mutually exclusive in conventional aluminum alloys. By heat
trcating a graded noncquilibrium Al-Mo or Al-W alloy in which the outside layers have solute
concentrations on the order of 15 to 20 atomic percent and the inside layers have solute
concentrations of 8 to 10 atomic percent it should be possible to producc an alloy which has a
uniform distribution of finc precipitates for strength through most of the section and a surface that
is single-phased and amorphous for corrosion resistance. The primarv goals of this research are to
investigate the structure and properties of graded nonequilibrium Al and My alloys in order to gain
a better understanding of the effects of solute grading on mechanical and corrosion characteristics
of the alloys. An additional objective cf the research is tv gain experience in producing graded
structures -- experience that could be used 10 tailor-maie monoiithic and composite materials with
enhanced strength, corrosion, and wear resistance. Research in the past year has concentrated on
the morphology and residual stresses present in sputter-deposited Al-Mo and A-W alloys (both

constant and graded compositions) and their influence on alloy corrosion resistance.




Background
Nonequilibrium alloying for enhancing corrosion resistance

It is well known that transition metals such as Mo, Ta, and W enhance the corrosion resistance of
stainless steels. These same passivity enhancing elements can also dramatically improve the
localized corrosion resistance of Al, provided that they remain in solid solution in the alloy. 1-6
Alloying additions of transition metals such as Mo, Ta, W, and Cr are not typically used to
enhance the corrosion resistance of Al because they exhibit very low solubility limits in Al, well
below 1 atomic % (all references to % are in atomic %), and at these concentrations exert little
influence on corrosion behavior. However, the amount of solute in solid solution can be
increased, by several crders of magniiude, and corrosion performance significantly enhanced if the
alloys are produced using a nonequilibrium alioying method such as sputter or physical vapor
deposition.

Previously, the roles that Cr, Si, Zr, Nb, Mo, Zn, Mg, Ta, V, Cu, Ti, and Er nonequilibrium
alloying additions play in aliering the protective natur * of Al passive films have been investigated.
1-4,6-13 These alloys have been produced by ion implantation,’-11 melt spinning,13 vapor
dcposition,12 and sputter deposition. 16 Cost and practicality preclude the use of the first two
techniques for large scale production, so that only results obtained using the latter two techniques
will be discussed. Figurc 1 summarizes the anodic polarization results for the most promising
"stainicss aluminum" alloys in acrated 0.1M KCl at a pH of 8. This figure reveals that pure Al and
5086 Al spontancously pit in this environment. The nonequilibrium addition of Zr, Cr, Ta, Mo or
W to Al results in the formation of increasingly more protective passive films as attested 1o by the
positive shifts observed in the breakdown potential, Ep. The most significant enhancemenis in the
localized corrosion resistance of these thin film alloys were observed for the Al-Cr, Al-Ta, Al-Mo,
and Al-W alloys. In the aerated 0.iM KCl environment the alloys exhibited average increases in
Epof 600 mVSCE, 790 mVSCE, 800 mVSCE, and 2600 mV for Al-4%Cr, Al-6%Ta, Al-8%Mo
and Al-9%W, respectively. The 2600 mV shift in the breakdown potential for Al with the addition
of W s extraordinary. This polarization behavior is comparable to that exhibited by the most
corrosion resistant stainless steels and nickel-based allcys.

Bulk nonequilibrium aluminum alloys (250 mm wide by 1.6 mm thick by 1 m long) have been
produced in England by the Royal Aerospace Establishment (RAE) using a high-rate physical
vapor deposition process. 1518 These Al-Cr-Fe alloys exhibit significantly enhanced mechanical
properties which can be attributed to their fine grain structure and uniform distribution of 3to 5




nanometer precipitates. The corrosion performance of the RAE allcys, whiie better than that of
ccmmercial Al alloys, is not comparable with the improvemenis seen for the single phase Al-Cr,
Al-Mo, Al-Ta or Al-W alloys as illustrated in Figure 2.

Microstructure and stability of nonequilibrium alioys

Examination of sputter deposited pure and alloyed Al with bigh resolution scanning electron
microscopy (HSEM) and transmission electron microscopy (TEM) reveals a fine structure with
grain sizes of hundreds of nanometers or less depending upon the solute element present and its
concentration. The average grain size for the sputter deposited Al, Al-6 to 10 % Mo, Al-6% Ta
alloys was 250, 120 and 100 nm, respectively. Much finer structures were noted for the Al-W
alloys, where grain sizes rangec from tens of nanometers to amorphous structures. The TEM
micrographs in Figure 3 show the difference in grain size for an Al-5%Mo and an Al-5%W alloy
sputtered under the same conditions. Selected area electron diffraction patterns for high W
concentration alloys, see Figure 4, reveal that amorphous alloys can be produced . Frankel6 has
found that high concentrations of other transition metals also result in amorphous alloys. Graded
compositions would offer the possibility of designing amorphous surfaces for alloys.

Glancing angle x-ray diffractionl4 has been used to characterize each of the stainless aluminum
alloys shortly after deposition and as a function of time over several years to determine their
metallurgical stability. No evidence of intermetallic phase formation was found in any of the
alloys. The structures appear to be stable at room temperature over time with no precipitation of a
second phase occurring after more than 2 years of room-temperature storage.

Research into the thermal stability of Al-Mo and Al-W alloys with solute concentrations ranging
from less than 10% to greater than 20 % has revealed that precipitation at elevated temperature
occurs readily at the lower solute concentrations and is retarded at the higher solute concentrations.
15 While this may seem counter-intuitive, it appears - - be a result of the amorphous nature of the
higher solute concentration alloys. Al-Mo and Al-W alloys with solute concentrations greater than
approximately 14% were amorphous in the as-deposited condition and after heat-treatment at
temperatures up to S00°C for 1 hour. On the other hand, at solute concentrations less than or equal
to 11 %, precipitation readily occurred at temperatures as low as 400°C after 1 hour.

The microstructure of the RAE vapor deposited Al-Cr reveals a supersaturated solid solution

containing most of the chromium in solid solution with a fine dispersion of a 3 to 5 nm iron-




chromium phase and a small amount of grain boundary Al7Cr intermetallic. The structure is stable
after prolonged annealing at temperatures up to 260 °C.

Nonequilibrium alloying for enhancing mechanical properties

The mechanical properties of the RAE vapor deposited nonequilibrium Al alloys have been
investigated in detail. 12, 16-19 Table 1 compares the some of the mechanical properties of the RAE
vapor deposited materials to conventional high strength aluminum alloys and advanced Al alloys
produced using more traditional rapid solidification technology.

The room temperature tensile strength of the vapor deposited alloys results from a combination of
solute hardening from the high supersaturation of Cr, precipitation hardening from the fine
dispersion of iron precipitates, and grain size/dislocation hardening.12. 15-18 The 7091 alloy
shown in Table 1 is a well known powder metallurgy (PM) alloy with tensile strengths of 539 to
582 MPa reported for extruded and rolled sheet, respectively. The vapor quenched alloys show
significani improvements in tensile strength over both the PM alloy and 7075-T6 with only small
reductions in ductility. For the Al-7.5%Cr-1.2%Fe alloy a 40 % increase was observed in the yield
strength in comparison to either 7075 Al or PM 7091 alloy. The moduius was found to increase
with increases in chromium content.  An increase in the modulus of 3 GPa/Wti. % Cr was
observed for alloys with Cr concentrations ranging from 3 to 5 weight percent - these values are 20
10 30 % higher than those reported for Al-Li alloys.!2

After exposure at 300 °C for 1000 hours, the vapor queached Al-7.5%Cr-1.2%Fe alloy retained
75% of its room tcmperature tensile strength. The excellent elevated temperature strength has been
attributed to the homogenccus dispersion of fine metastable precipitates. Rapidly solidified
powder alloys being developed for high-strength/high-temperature applications derive their
strength from precipitates on the order of 100 nm in diameter. The precipitates in the vapor
quenched materials are more than an order of magnitude smaller than the precipitates in the PM
alloys and result in clevated temperature tensile strengths 150 MPa higher for temperatures up to
250 °C for the vapor quenched alloys. The creep strength was found to be double that of the heat-
resistan! Concorde material CMO03 as a resuit of the excellent thermal stability of the vapor
quenched matcrials.

"w'he fatigue performance of vapor deposited Al-7.5%Cr-1.2%Fe alloy is presented in Figure 5.
Also shown in this figure for comparison are fatigue data for 7091-T7E69. At 10 cycles an




endurance strength of 250 MPa was determined for the vapor deposited alloys. This value is twice
the design target value tor advanced high strength aluminum alloys of 124 MPa.

Experience with the RAE alloys has revealed the mechanical properties of A! can be enhanced
through tne precipitation of an Al-Cr-Fe phase from alloys supersaturated with Cr. Experience
with sputter deposited nonequilibrium Al alloys reveals that one-phase alloys supersaturated with
transition metals such as Cr, Mo, Ta, and W have pitting corrosion resistances similar to stainless
steels. While the combination of a strong, precipitation-hardened material and a corrosion resistant
one-phase alloy is not possible with conventional alloy production methods, it should be possible
with a functionally graded, nonequilibrium Al alloy. Heat-treatment of the graded alloy could be
used to get a fine distribution of precipitates through most of the section while an amorphous alloy
with enhanced corrosion resistance is maintained at the alloy surface.

Experimental Approach
Alloy Fabrication

The majority of the alloys evaluated in this investigation were fabricated at the Materials Research
Laboratory (MRL) at the Pennsylvania State University using a DC magnetron co-sputter
deposition system. Figures 6 and 7 show the deposition system. In this system, the substrate
(oxidized and unoxidized Si singlc crystal wafers) is oriented vertically and the substrate is
separated from the target by a distance of 10 inches. Base pressures for the cystem were in the

10-3 to 10-6 Torr range. Either 240 Watts or 120 Watts of power was applied to the Al target and
power to the solute was varied to produce the dcsired solute concentration. Immediately before
placing the Si substrate on the substrate holder, the wafer was dusted-off with dry N2 gas. In

some cases the Si wafers were subjected to the cleaning procedure outlined below. Alloys
produced on wafers cleaned according to this proceciure are noted in Table 2 which lists all of the
alloys evaluated in this investigation. During deposition, the substrate was rotated at 4.5 rpm to
produce deposits with uniform solute concentration across the surface of the wafer. Alloy

thicknesses ranged from 0.2mm to 0.7mm and the alloys reached temperatures of approximately
75°C during deposition.




Cleaning Procedure for Si Wafers
The cleaning procedure was a series of consecutive steps as follows:

Expose wafers to the following sequence of steps:

1. boiling de-10nized (DI) water for S minutes

2. hot isopropy! aZcohoi for 5 minutes

3. a solution containing 7 parts DI water, 2 parts hydrogen peroxide,
and 1 part NH4OH at a temperature between 75 and 85°C

4, a solution containing 7 parts DI water, 2 parts hydrogen peroxide,
and 1 part HCI at a temperature between 75 and 85°C for 5
minutes

5. 5% HF solution for 1 minute

6. DI water for unlimited time

7. isopropyl alcohol for unlimited time

8.

N2 gas todry

A limited number of alloys were produced at Martin Marietta Space Systems (MMSS) using a
602RS DC/RF Thin Film Deposition System which was custom built by Denton Vacuum. Details
concerning this system and its operation have been presented elsewhere20. In the MMSS system,
the substrate is mounted horizontally and a distance of 10 cm separates the substrate and the
targets. A power setting of 480 Watts was applied to the Al and, in the case of the graded alloys,
the power to the solute targets was increased with time to produce the desired solute concentration
profile. For both the MRL and MMSS alloys, the highest solute powers were used at the end of
the deposition so that the highest solute concentration would be at the outside of the deposit. The
last section of Table 2 lists pertinent characteristics for each of the alloys prepared at MMSS.

Compositional Analysis

All of the constant solute alloys fabricated at MRL were compositionally analyzed using direct
current plasma spectroscopy (DCP).  The initial and final compositions of the graded specimens

were estimated based on the concentrations of the constant solute alloys fabricated at the same




power settings. Most of the films fabricated at MMSS were analyzed using energy dispersive
spectroscopy (EDS) and a computer program (Tracor Northern Semi-Quantitative SQ software) to
yield semi-quantitative compositional information. Compasitions for all of the alloys (in atomic %)
are given in Table 2.

Composition versus depth information for selected alloys was estimated with Auger electron
spectroscopy (AES). AES was conducted at ALCOA Technical Center using a Physical Electronics
Model 670 scanning Auger microprobe. in addition, an AES analysis was conducted on films
prior to depth profiling to identify elements in the native oxide film. AES was conducted using an
unrastered electron beam approximately 800A in diameter. The sputtering rate for an AloO3 barrier
oxide standard was determined to be approximately 140A/min and Auger data were collected every
0.25 or (.5 minutes between sputtering intervals.

Alloy Characterization

Film thicknesses were determ:ned using a Tencor Instruments Alpha-Step 200 profilometer and are
listed in Table 2. When perfectly calibrated the measurement error with this instrument is SA. The
thicknesses listed in Table 2 were determined by averaging the heights measured at three different
points.

X-ray diffraction (XRD), using a Scintag PADV diffractometer, was conducted on each of the
specimens to determine crystal structure of the alloys. Each specimen was scanned from 100 to
1100 at a rate of 1 deg/min and, unless otherwise stated, the x-ray beam was at ncrmal incidence to
the specimen. A copper x-ray source was used and x-rays were cclliected by a Li drifted Ge
detector at 45kV and 40 mA.

As-deposited and polarized film morphologies were characterized using optical microscopy,
scanning electron microscopy (SEM), high resolution scanning electron microscopy (HSEM), or a
scanning lascr microscopy (SLM). Optical microscopy was performed using a Cambridge
Instruments StereoZoom 7 microscope with variable magnifications from 10X to 70X. A Lasertec
SLM Model 11.M11 was used for characterization at intermediate magnifications (245X to 4635X).
Low-resolution scanning electron microscopy utilized an ISI Model SX4C microscope and high-
resolution SEM utilized an ISI dual stage Model 130. Each as-deposited specimen was carefully
examined using these microscopies to identif y surface anomalies and defects. Electrochemically




tested specimens were also examined using SEM to characterize the morphology of breakdown
sites (pits).

Intrinsic Stress Measurements

Intrinsic stresses in the alloys were determined by measuring the radivs of curvature of thin (0.005
inch thick) polycarbonate sheets before and after deposition of the alloys. A schematic of the
measurement method is presented in Figure 8. The system employs a modified He-Ne laser beam
which is split into sections and reflected off the uncoated or alloy coated polycarbonate sheet. The
radius of curvature is calculated by notirg the differences in beam location with and without the
alloy coating. Stoney's equation is then used to determine the residual stress. Note that since
Stoniey's equation is independent of the elastic modulus of the film an experimental error of S to 10
% can result 21,

Electruchemical Experiments

In order evaluate the corrosicn resistance of the alloys anodic potentiodynamic polarization scans
were generated on each of the alloys using either an EG&G Princeton Applied Research (PAR)
Model 273 Potentiostat interfaced with a PC computer controlled by PAR Model 352 software, or
a Gamry PC3 potentiostat controlled by CMS100 software. Tests were performed at room
temperature using a quiescent 0.1MNaCl solution adjusted to pH 8 with NaOH. In this context
the term quiescent is used to describe a solution which is open to the atmosphere and is not
intentionally aciated or deacrated. The majority of the scans were generated at a rate of 0.2 mV/sec;
however, a few experiments were congucted at a slower scan rate of 0.05 mV/sec to confirm
breakdown potentials. Electrochemical specimens were prepared by attaching a lead wire and
painting the backs and edges of cleaved sections of the wafer with a marine epoxy (Interlux

404/414) to isolate the electrical connection and expose only the alloy surface.




Results and Discussion
Compositional Analysis

Auger electron spectroscopy (AES) was used to estimate the solute concentration as a function of
film thickness for the graded alloys. While this method will not give exact concentrations, it is
useful in estimating compositional changes across the film arc uny differences between the
estimated value obtained using Auger and the actual value should be constant. In future studies, it
is hopedi that Rutherford backscattering can be used to detert.. ‘ne the exact solute gradients in the
films. AES depth profiies for ungraded and graded Al-Mo alloys are presented in Figures 9 and
10. Analysis of these profiles revealed that the outer ~ 100A of material analyzed corresponded to
the passive oxide film on the alioy. This oxide layer is apparent because of the large initial oxygen
concentrations and the small initial Al concentrations. 1he film/substrate interface for these alloys
is approximately at the point where the Si concentration is 50% of its maximum. The Al alloy film
is located between the oxide and the Si interface. Figure 9 clearly shows a constant solute
concentration as a function of alloy thickness; whereas, Figure 10 shows a slight gradient in the
alloy film with the highest solute concentration at the outer surface of the deposit. The composition
gradient in thc Al-Mo film is linear and is a result of linearly increasing the power to the solute
target during deposition. The AES sputter profiles for some of the alloys showed an Al;O3 peak at
the film/substrate interface and oxygen within the sputtered films as illustrated in Figures 11-13.
This peak at the film-substrate interface and the presence of oxygen in the film are the result of an
air leak into the vacuum system at one point in time.

AES of the surface was also conductcd on each of the alloys that were depth profiled. Results
showed that no Mo was present in the oxide of the Al-Mo films, and that some W was present in
the inttial oxide layer for the Al-W alloys (with the exception of Al - ~3 to 7% W alloy, where no
W was observed in the initial oxide layer). Other elements found on the surface of the passive film
were C, Al, O, and S (in some cases).

Alloy _haracterization
X-Ray Diffraction
X-ray diffraction analysis of the alloys produced at the MRL revealed that all of the Al and Al-Mo

films, both graded and coustant, were crystalline; whereas, all but the lowest W concentration alloy
examined were amorphous. No evidence of Al-Mo or Al-W precipitates was found. In the past
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,we found that crystallinity was a function of solute concentration and/or deposition temperatures.
In this previous work, amorphous Al-W alloys were noted at solute concentrations as low as 8%
when a liquid nitrogen cold stage was used. The present work suggest that deposition conditions
(inherent to the particular deposition system) may also influence film crystallinity since amorphous
alloy were noted at W concentration as low as 7% in this work.

As-Deposited Alloy Morphology

Almost all of the as-deposited alloy films contained some surface anomalies or defects. Defects are
not uncommon in sputter films and can be prcsent in one or several forms within any given film.
Depending on the nature of these anomalies, they may act as the nucleation sites for early
breakdown/pitting of the alloy (and account for the significant variations sometimes observed in the
breakdown potentials for specimens taken from different areas of the same alloy film) or they may
have no effect on corrosion performance at all. In addition, it has been reported that film defects
may cause a redistribution of stress in the alloy22,

Figure 14 [Al - (0 to 14%)W graded alloy], Figure 15 [Al - 5%Mo constant solute alloy], and
Figure 16 [Al - 3%Mo constant solute alloy] all show surface protrusions on as-deposited alloys,
possibly resulting from dust particles on the substrate surface prior to alloy deposition. Note that
in Figures 14 and 15 cracks can be seen in the deposited film. Figure 16 shows a protrusion and,
in this case, no cracking was observed. An analysis of the intrinsic stress, which will be presented
in the next section, will show that the films in Figures 14 and 15 are in tension, whereas, the film
in Figure 16 is in compression. Tensile films are commonly defined as "too few atoms per selected
area" and compressed films are defined as "too many atoms per selected area". A possible
explanation for the differences seen in these micrographs is that the residual tensile stress in the
films pictured in Figures 14 and 15 resulted in cracking of the alloy over the dust particle; whereas,
the residual compressive siress in the film pictured in Figure 16 kept a crack from opening up over
the dust particle. It is anticipated that electrochemical test specimens that contain protrusions with
cracks (residual tensile stress in the film) will show degraded corrosion performance in comparison
to specimens that contain protrusions without cracks (residual compressive stress).

Figure 17 [sputter deposited pure Al], Figure 18 [Al - 6.5%Ta constant solute alloy], and Figure
19 [Al - 10%W] all show large indentations in the surface of the alloy. These "holes" probaoly
were not deep enough to expose the substrate, but they may expose underlying layers of lower
solute concentrations in the graded alloys. Like the cracks at surface protrusions, these indents
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may act as nucleation arcas for breakdown (depending on their geometry and whether or not the Si
substratc 1s cxposed).

Figures 20 - 23 display vanous forms of scratches observed on the as-deposited alloy films.
Figures 20 and 21 show irrcguler scratches on graded Al-W alloys (with the W concentration
varying from O% ncar the substrate to 14 % at the surface). Figure 22 shows a scratch on a
cleaved, uncicaned silicon substrate. Scratches in the substrate such as this one have been observed
to translatc through the deposited film and be visible on freshly deposited alloy surfaces. Figure
23 shows a scratch and a circular discolored region on an Al - 6.5%Ta constant solute alloy.
Scratches can also resuit from the cleaving process used to prepare our elcctrochemical specimens.
Again depending on their nature, these scratches could act as nucleation sites for pitting,

Figures 24 through 28 display various surface morphologies observed for sputter deposited pure
Al films. Figures 24 through 26 are HSEM micrographs of pure Al sputtcred at MRL, MMSS,
and Martin Marietta Laboratories (MML), respectively. Deposition conditions at MML varied from
the others in that specimens were fabricated in a class 100 clean room and the deposition was
conducted on a substrate placed on a liquid nitrogen cold stage. Note that these micrographs are al}
at the same magnification. The bright spots in the photos show higher regions on the film. Thus,
the MRL film had the highest amount of overall surface roughness, but no large areas with
concentrated growth. On the other hand, the MML aluminum film was relatively smooth overall,
but had a few areas of concentrated growth. Overall the MMSS alloy film vas very smooth, but
again, a few areas of concentrated growth were otcerved. Figures 27 and 28 are higher resolution
micrographs of the MML and MMSS Al films showing areas of concentrated growth. The large
grains observed in the MMSS film, Figure 27, are believed to be hillocks. Hillocks are commonly
seen in Al thin films under conditions of high compressive stress.22 Mechanisms for hillock
growth arc still under investigation, but one study suggested that the compressive stresses were
relaxed by the diffusion of the material from the bulk of the film to the surface22. No explanation
could be found for the "cauiiflower-type" structures , pictured in Figure 28, which were observed
on the MML Al films.

Intrinsic Stress Measurements

A graph of residual stress versus solute concentration for Al-W alloys deposited at an Al target
power setting of 120 Watts is presented in Figure 29. As W is added to the Al, an initial increase
in the compressive stress was noted. At a W concentration of 10.8% a tensile stress of 0.145
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GPa was observed and the .tress in the deposit remained tensile as the W concentrution increased.
By cross-scctioning the thin-fiim alloys and cxamining the morphoiogy of the deposit (using
HSEM ) it is also possiblc to gain information ccacerning the type of residual stress (tensile oy
compressive) present in the film.

Cross-scctional microstructures of the alloys cxamined in Figure 29 arc displayed in Figure 30.
The Al-6.4%W shows a very dense, compact microstructure that is characteristic of a highly
compressed film.  Microstructures of the higher solute concentration alloys (Al-14.6%W, Al-
16.4%W, and Al-37%W) werc found to be quitz different than that of the compressed Al-6.4%W
alloy. Fine columnar growth is apparcnt in the microstructures of these higher solute concentration
alloys -- indicating tensile stress in the film and confirming the residual stress measurements. The
roughness observed in the cross section of Al-14.6W may be a result of oxygen in the {ilm. Auger
analysis was not conducted on this specimen, but another source indicates that this "multiply
fractured cross scction® results from the presence of oxygen throughout the film thickness.23 The
surfacc morphologics of the Al-16.4%W and Al-37%W alloys revealed that the individual columns
had pointed tops.

A graph of residual stress versus alloy composition for Al-W alloys with 6.6, 7, 21.7, and 24.1 %
W deposited at an Al target power setting of 240 Watts is presented in Figure 31. This graph
shows that as W is addced to Al, the stress in the film changes from compression to tension. At a
solute concentration of 6.7%: a residual tensile stress was measured; whereas, a compressive
stress was measured at a slightly higher solute concentration of 7%W. Perhaps more data points at
these concentrations would revceal that the data point at 7% is in crror or that the average of the two
is actually closer to the rcal stress at these solute concentrations. At a solute concentration of
21.7%, a residual tensile stress of 0.1 GPa was measured which appears to switch to a
compressive stress at the highest W concentration evaluated (24.1 %).

Cross-sectional microstructures of the alloys evaluated in Figure 31 are displayed in Figure 32.
Pure aluminum shows a compressed, relatively dense cross-sectional microstructure with no
distinct columnar growth. This observation is in agreement with the compressive residual stress
measured for pure Al. The topography of the surface for pure Al was found to be rough as the
earlier SEM characterization of the surface revealed. The smooth surface on the left side of the
pure Al micrograph is the underside of the film. Observation of the underside of the film reveais
that initial film growth is smooth and that roughness becomes apparent as the film grows. The
alloys with 6.6 and 7 % W exhibited very similar microstructures with distinct columnar growth
which is characteristic of tensile stress in the film. This observation casts doubt on the
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compressive residial stress measurement for the Al-7%W film. Additionally, both alloys have a
rough surface morphology. Finally, the Al-22%W , which is in a higher tensile state than the
6.6%W alloy, shows a significant differcnce in film microstructure and topography when
compared to the lower solute concentration alloy. This sample also shows columnar grain growth,
but the grains arc now significantly thinner and more dense. The surface morphology of this alloy
indicates thut the tip of cach column forms a point.  In contrast to these cross-sections, the cross-
scctions for the Al-W alioys produced at an Al target power setting of 120 Watts revealed much
dencer and smoother films.

A graph of residual stress versus solute concentrat’on for Al-Mo alloys with Mo concentrations up
t0 10.5 % is presented in Figure 33. At a Mo concentration of 3.4% Mo, a compressive residual
stress was measured. When the Mo concentratior was increased to 5.5 %, a tensile stress was
measurcd. Finally, at the higher Mo concentrations (9 and 10.5%) the stress was, again, found to
be compressive.

Cross-sectioral microstructures of the alloys examined in Figure 33 are presented in Figure 34,
The microstructnre of pure Al was shown in Figure 32 and it exhibited a compressive stress with
no distinct columnar structure. The Al-3.4%Mo alloy microstructure also exhibited a compressive
stress with some columnar growth apparent in the upper half of the film. Additionaliy, the tips of
each column were pointed. The lower portion of this film appears to be in compression with very
litle columnar growth detected. The next micrograph, Al-5%Mo, exhibited a relatively low tensile
stress. The tensile stress in the film is reflected by the distinct columnar growth and large grain
diameters seen throughout the film profile. Furthermore, the tips of each column are pointed. The
Al-9%Mo alloy exhibited a compressive stress and showed a dense, compact cross-section with no
distinct columnar growth. These microstructures confirm the type of residual stress present at each
point in the graph shown in Figure 33. The Al-3.4 to 9%Mo alloy shown in this figure will be
discussed in the following paragraph.

The results presented above clearly show that the residual stress and microstructure change as the
solute concentration in the alloy changes. Thus, stress and microstructural gradients are expected
to appear throughout the thickness of a compositionally graded alloy. The graded Al-3.4 to 9%Mo
alloy shown in Figure 34 exhibits microstructural changes as a function of alloy depth. From the
stress versus solute concentration graph shown in Figure 33, it is expected that the initial deposit
will have a compressive stress and a morphology similar to that of the Al-3.4%Mo alloy. This
compressive stress is identified by the lack of columnar growth in the initial layers of the deposit.
With continuing deposition, and an increase in solute concentration, the stress in the deposit are
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expected to change in the same manner as that illustrated in Figure 35. Thus, the distinct columns
seen in the mid-region of the microstructure reflect the tensile stresses that become apparent as the
solute concentration increases. Finally at the highest solute concentrations, the stress versus
composition graph indicates that the alloy will become compressive again. The increase in column
width and rounding of the ends of the columns in the microstructure at the surface of the film
appears to corrsspond to the change in stress at high solute concentrations. Similar morphology
variations have been noted in cross-sections of other graded Al-Mo and Al-W alloys.

Corrosion Resistance

Anodic potentiodynamic polarization was conducted on all of the alloys to evaluate corrosion
resistance and the results of these experiments are summarized in Table 3. This table reveals that
both the corrosion potential and the breakdown (pitting) potential increase as the solute
concentration increases - for both the constant composition and graded alloys. In addition, it
should be noted that the breakdown potentials for the graded alloys were slightly less than that of
the constant solute alloys having the same solute concentration as the graded alloy's outer layer.
Duplicate, and in some cascs triplicate, polarization scans were conducted on every alloy to assess
reproducibility of the corrosion behavior. Variations in the breakdown potentials for a given alloy
are believed to be the result of surface anomalics/defects and the statistical nature of the pitting
process. In addition, holes or scratches at the surface of the graded alloys may expose underlying
layers with lower solutc concentrations resulting in breakdown at lower than 2xpected potentials.
The higher breakdown potentials noted for a couple of the pure Al specimens was the result of
oxygen in the deposited film and is not indicative of the true breakdown potential for pure
aluminum which is typically in the range of -68) to -710 mVSCE in 0.1M NaCl. Figures 35
through 37 show polarization scans with typical, good, and very poor reproducibility,
respectively.

Anodic polarization scans for Al-Mo and Al-W alloys (both constant and graded compositions) are
presented in Figures 38-43. Again, the compositionally graded alloys have the highest solute
concentrations on the outer layers of the alloy and lowest solute concentrations at the
alloy/substrate interface. Polarization behavior for pure Al has been included in these figures for
comparison. These figures show that the graded alloys exhibit behavior similar to the highest
constant solute concentration alloys and that the breakdown potentials are generally closest for the
alloys with the highest initial solute concentrations. This difference in corrosion performance with
initial solute concentration in the graded alloys is believed to result from exposure of underlying
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layers of lower solute concentration through defects or pores in the film -- the higher the solute
coencentration at the base of these defects (the shallower the solute gradient) the more similar the
corrosion resistance is to the constant solute alloys. The sputtered films produced at MRL are also
much thinner than the alloys produced in some of our other programs. Note that in all cases, the
breakdown potentials for the alloys are significantly higher than that of pure Al (or any commercial
Al alloy). In Figure 43, the poor performance of the alloy is believed to be due to defects or pores
in the alloy exposing interior regions of the deposit which have very low solute concentrations.

Figure 44 shows anodic polarization behavior for selected constant solute concentration Al-W
alloys as a function of deposition conditions (either 240 or 120 Waitts of power to the Al target).
This figure reveals that deposit morphology appears to play a more important role than either solute
concentration or stress state in the film in determining alloy corrosion resistance. The breakdown
potentiai for an Al-5.9 %W alloy deposited at an Al power setting of 120 Watts (where the films
exhibited a dense morphology) was almost equivalent to the breakdown potential obtained for an
Al-21.7% W alloy deposited at an Al power setting of 240 watts (where the films had a more open
morphology).

SEM micrographs of breakdown sites (pits) on an Al-5% Mo specimen after anodic polarization in
0.1M NaCl, revealing selective dissolution of Al in the pits, are presented in Figures 45 and 46.
Figure 45 shows a large portion of a pit with the majority of the pit cover still present and Figure
46 shows a higher magnification image of small pits adjacent to the large pit. The numbers on
these micrographs correspond to sites where EDS was conducted. Table 4 lists Mo:Al ratios for the
various points identified in the micrographs. Points 1 and 9 represent the unattacked sputter-
deposited alloy and show the lowest Mo: Al ratio. Points 2 and 4 were taken on the pit cover and
show also show low Mo:Al ratios. Points 4,5,6,7 showed high Mo: Al ratios and represent either a
small region of corroded alloy still remaining in the pit (point 3) or smaller breakdown sites where
the corroded alloy and/or the corrosion product is still present in the pit. These solute enhanced
regicns have been observed in conjunction with Al-Mo pits in the past2, but these micrographs
confirm that the significant Mo enrichment is not in the passive film -- instead it appears to be in the

alloy remaining in the pit.
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Summary and Conclusions

The research during the firsi year of this program has shown that it is possible produce
compcsitionally and structurally graded nonequilibrium Al-Mo and Al-W alloys with significantly
enhanced corrosion resistance. This corrosion resistance is far superior to that of Al, and
ccmmercial aluminum alloys, and can even approach that of the constant solute alloys. Based on
this research, the following conclusions can be drawn:

1. Sputter deposited thin-film alloys usually contain inherent defects, such as hillocks, cracks, and
scratches, which may act as nucleation sites for pitting.

2. Residual stresses in sputter-deposited nonequilibrium Al-Mo and Al-W alloys are dependent on
the solute concentration of the alloy. The type of stress present in the film (tensile or compressive)
can be identified in the cross-sectional microstructure. Tensile films show columnar growth with
boundaries visible between the individual columns. Depending on the Al power level and the
amount of solute present, tensile cross-scctional morphologies vary from somewhat open

structures with somc voids visible (higher Al power sctting or lower solute concentration) to very
dense packing of the columns with no voids (lower Al target power setting or higher solute
concentration). Compressive stress in the film results in a dense cross-section that appears glassy
with little discernible structure at a magnification of 20,000X.

3. The primary factor governing corrosion resistance of the nonequilibrium alloys appears to be
morphology of the dcposit, with dense films (either tensile or compressive) exhibiting the best
performance.

4. The compositionally graded Al-Mo and Al-W exhibit significantly higher breakdown potentials
in a chloride environment than pure aluminum (or any commercial Al alloy) and when the initial

solute concentration in the graded alloys is not too low, these alloys perform almost as well as
constant solute concentration alloys.
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TABLE 1
Mechanical Properties of Vapor Deposited Alloys and Selected Al Alloys12

TS YS % E Fat. Fract.
elong. Strength** Tough***
MPa MPa GPa MPa MPam1/2
7075-T6 (clad) 503 448 8 71 66
7075-T6 570 505 160
7091-T7EG9 539 505 9.5 125
VD AI-7Cr-1.0 Fe 692 684 6.7 85
VD Al-7.5Cr-1.2F¢ 723 709 7.5 89 250 89.5
VDAI-8.6Cr-1.5Fe¢ 818 808 5.0 92

** constant amplitude fatigue tests on sheet specimens with a central hole, stress concentration
factor of 2.5, L-T oricntation***plane stress toughness
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Table4 Spot EDS Results of Selected Points Located in Figures 44 & 45.

Selected EDS Mo/Al Ratio
Spot

1 0.14
0.17
2
0.25
1.61
2.03
3.44
0
0.14

OV NN|B]W I
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Figure 1. Anodic Polarization Behavior for Stainless AL Alloys
in Aerated 0.1IMKCl at 25 C.
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Figure 2. Comparison of Anodic Polarization Behavior for RAE
and Stainless AL Alloys in Aerated 0.1M KCl at 25 C.
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Al-5Mo 0.1 4Lm

Figure 3. TEM Micrographs of an Al-5%Mo Specimen and
an Al-5%W Specimen.
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Amorphous

Figure 4. Selected Area Electron Diffraction Patterns for a Crystalline Al-W Specimen and
an Amorphous Al-W Specimen ([W]>9%).
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Figure 5. Constant Amplitude Fatigue Data, L-T Orientation,
for Sheet Type Test Piecesl2.




Figure 6. PSU Sputter Deposition System.
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Figure 7. Position of Sample Mount and Targets inside Chamber.
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Figure 8. Residual Stress Measurement Method.
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Figure 9. Auger Result of as-deposited Al - 9%Mo.
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Figure 10. Auger Result of as-deposited Al - (3% to 9%) Mo.
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Figure 12. Auger Result of as-deposited Al - (0% to 13%)W.
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Figure 15. SLM Photo of Defect on an as-deposited Al - 5% Mo Alloy.
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Figure 16. SLM Photo of Defect on an as-deposited Al - 3% Mo Alloy.
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Figure 19. SLM Photo of a Defect on an as-deposited Al - (approx. 10%) W. Alloy.
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Figure 21. SLM Photo of a Defect on an as-deposited Al - (0 to 14%) W Alloy.
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Figure 23. SLM Photo of Defect on an as-deposited Al - 6.5% Ta Alloy.
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Figure 26, HSEM Micrograph of an as-deposited MML Pure Al Filn.
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Figure 27. HSEM Micrograph of an Enlargement of u Large White Grain,
scen in Figure 25.
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Figure 28. HSEM Micrograph of Enlargement of a Large White Growth,
seen in Figure 26.




49

“(MOT1 sem 198m |V Joj Jumsg J2240d)
M-V 10} UONEAUIOUOD) SIN{CS 'SA SSIANS [ENPISTY ‘6T N3]

M 1O 9% JIWIOGY uoissa4duio)) i

oy GE e GC (174 Gl ol g ¢
= “ “ “ +—siorsia] n i

I/ e e e 4 e e e e e e e e o g

(v Bem 0ZL) M-IV

Ay

S1L°0-

1S

S00-

(@]

3
o
(Bd9) ssal

-
o

G1L0

- ¢ 0



260 TUOISUS L (1Y HEM OT1) MLV BADSHL O "UOISUI] (Y HEMOTI) MY L1V
4

o1MBZT18 208@ N1 . XAl 82 NA6T

G2M@21IY 6188 NI . Xd2 82 - NM6T

LADU61 0 UOISUA L IV NEM 071 ME9 TV

Woer Toda W oad)y 370 W

_§2Me2TI8 G208 Ni x%9 02 el

i

cMazZtIy g2ed Nl ®A9 B2 NA6T

~— 3

ross-Sectomal MNicoostructure Tor AL T20 Wall- W AlTovs

() 03T W (hy [

Frgure 300 (




"(M ObZ Sem 13811 [ 21 J0J Sumoag 19mad)
M-Tv O] UONENUEOD AINIOS 'SA SSANS [ENPIsAY ‘T € 3Ly

51

- 510
L0
50°0-¢n
M JO 9% OILI0}Y =
62 0C Gl S &
| . \ _ h uo1ssa4dwio)) 73
| | | | \\ worstiag | 0 (o)
L
R
+ §0°0
1o
|
_,

(Iv Bem o¥Z) M-IV Lgrg |

[



fal

R G HOMUAL Y B OFD) MTTIV c;Omw_o.c .:o._m:o._. IV MeAM OFZ) MO 91V

———

nt T WAL eZ niee

asMepzy 9eee

240 Watt- W A lovs:
W ’

A
i)

L)

1. .y

v, !m»?.dwnm. S
\. .._b.\tb v/uwlﬂ.}d.nllu. s sP» -

D000 ,:O_mmw.:rzcr,v A_< nem C?Nv MLV 20001 - ..:C.F..AU.:__.:..,,\v "n_/..\ e C<N. N amd
e nAst

igoerzy v2dR)inr T XAl 82

TR W

@iMeyziy SEBR NI KX9'82 MA6I

. Cross-Sectional Microstructure of Al
(h) 6,677 W

(a)y O W,

-

by

Meure 3




‘(M OPT sem 198181 |V 3| JoJ Bumag Jamod)
M OW-[V 10j UONENUOUI) ANJOS "SA SSANS [enpisay] '£€ Indig

O JO % DO}

(A% (0] 8 8 9 c
_ | | uoissaidwos;

_ ' _ _ “ _ uoIsus |

(Iv Bem 0¥2) OIN-IV

90°0-

¥00-

salg

c00-

(ed9) s

- ¢00

- ¥0'0

900




54

20YTO 0 “UoISud ) (v Nea, 0+7) ON(

sloM@¥z 9189 NS’

0

ETTCL

60 F¢)
ANET

v

B0ORCH ) UOISUI| IV A\ OFT) OINGY

Kl

wri

@1eW-1Y s@ee ni

—

EaY

'] MRS W NS N

BAOYF() O VOss2Udwo) (1Y e DFT) O £V

5

v

N crostuctures of AT 200 Wait Mo Allo

() A7 Nos s 8

LooCross-Sectong

Frgue A

Mo e O] \ o

\ll‘_ oy e




Typical Reproducibility, Al-4W, (240 Watt Al)
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Figure 35. Duplicate Polarization Scans of Al - 4%W,
Representing Typical Reproducibility of the Tests.
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Figure 36. Duplicate Polarization Scans of Al - (0 to 13%)W,
Representing Good Reproductble Curves.
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Poor Reproducibility, Al-24W, (240 Watt Al)
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Figure 37. Duplicate Polarization Scans of Al-24W,
Representing Very Poor Reproducible Curves.
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Figure 38. Al-32W Constant and Graded Solute (120 Watt Al),
0.1MNacCl, pH=8.0, quiescent.
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Al-16W Constant and Graded Solute
(120 Watt Al)
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Figure 39. Al-16W Constant and Graded Solute (120 Watt Al),
0.1MNaCl, pH=8.0, quiescent.
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Figure 40. Al-13W Constant and Graded Solute (120 Watt Al),
0.1MNaCl, pH=8.0, quiescent.




Al-10.5Mo Constant and Graded Solute
(240 Watt Al)
02 AL10.5M
0 e T e
§~_0‘2 \ Al(510 10.5)Mo
@ 0.4 Al{9.5 10 10.5Mo
g 0.6 = e
w 08
-1
-1.2
] 7 -6 5 -
Log() (Alem2)

N

Figure 41. Al-10.5Mo Constant and Graded Solute (240 Watt Al),
0.1MNaCl, pH=8.0, quiescent.
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Figure 42. Al-9Mo Constant and Graded Solute (240 Waut Al),
0.1MNaCl, pH=8.0, quiescent.
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Figure 43. Al-5Mo Constant and Graded Solute (240 Watt Al),
0.1MNacCl, pH=8.0, quiescent. '

Al-W Best Curves (120Watt and 240 Watt Al)

ALLSW (120 Watt)
06 7 »
o =7 ALTIW (120 Watt)
04 AL2IW (40 Walty
0.2 = AL6W (120 Wait)
9 ~ Al-TW (240 Wait)
g,
2 02 o ALAW (240 Walt)
W4 /574-
g L ~
0.6 e . — /
= e
08 4= === =
R s
10 9 8 7 4 < a R 2

Figure 44. Al-W Polarization Curves Fabricated with either
120 Watt o1 240 Watt Al Target Power.
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