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Introduction

High modulus graphite (Gr) reinforced metal matrix composites (MMCs) offer a
wide variety of attractive properties including: high specific modulus and

strength (E/p and UTS/p), tailorable or zero coefficient of thermal expansion
(CTE), and high thermal conductivity. Using either Al or Mg as the matrix metal
results in a reduction of the final density of the composite with high elastic
moduius and excellent strength in the fiber direction. Unfortunately, MMCs,
especially Gr reinforced composites, are extremely susceptible to corrosion with
severe attack in chloride-containing environments occurring in as little time as
several weeks for the Gr/Al composites!-3 or in just a few days for Gr/Mg
composites.4.5

The overall objective of this research program is to determine whether
improving the inherent passivity of the matrix metal in a Gr/Al or Gr/Mg
composite can alleviate, or at least minimize, galvanic corrosion between the
graphite and the matrix metal. This galvanic corrosion is currently one of the
limiting tactors in utilization of these composites. The program tocuses on the
unique properties of sputter deposited alloys. With sputter deposition it is
possible to significantly increase the solubility of passivity enhancing species in
both Al and Mg, thus dramatically improving their corrosion resistance.6-10 The
approach that is being undertaken is to develop alloy systems capable of
minimizing galvanic degradation of the composite. An essential step in this
process is identification of alloy compositions which maintain enhanced
passivity after processing into the bulk composite. Once these compositions
have been identified, then the sputter coated fibers can be consolidated into a
net-shape composite by hot isostatic pressing. This research will ultimately
lead to the fabrication of a prototype filament-wound mirror support for a staring
telescope.

This research addresses the following specific issues.
1) Can the passivity of Al be enhanced through nonequilibrium alloying?

2) Can the passivify of Mg be improved through nonequilibrium alloying or
through the use of a cerium or yttrium based inhibitive treatment?

3) Will these passivity enhanced alloys be compatible with graphite?

4) What are the processing conditions that must be used to make a structure
with these materials and still retain the enhanced corrosion performance of the
alloys?

5) Can a composite structure (i.e., fiber coating, filament winding, and
consolidation via hot press or hot isostatic press) with improved corrosion
performance be fabricated using a nonequilibrium alloy as the matrix?

This year's report summarizes the results obtained for questions 1 through 4
above. The last year of the program will concentrate on question 5.




Significant Resuits to Date
Nonequilibrium Al Alloys

In our initial investigation into the use of nonequilibrium alloying for enhancing
the corrosion resistance of graphite-reinforced MMCs, a variety of different
nonequilibrium Al alloys (Al-Cr, Al-Mo, Al-Ta, and Al-W) were fabricated, heat-
treated, and examined using x-ray diffraction (XRD), scanning electron
microscopy (SEM), scanning laser microscopy (SLM), and electrochemical
techniques. Based on the results of the electrochemical tests and thermal
studies, Al-26W, Al-19Mo, and Al-2Mg-17W (all percentages given in this report
are in atomic percent) were chosen to optimize corrosion resistance and
minimize alloy density. These alloys were sputter-deposited on silicon and
graphite substrates and heat-treated. Again, XRD and electrochemical
corrosion assessment were conducted. XRD results indicated that ali three
alloys were amorphous and no evidence of alloy degradation was observed as
a result of heat treatment. Anodic polarization behavior for all three alloys
(Figure 1) in 0.1 M Ci- (pH 8) was significantly enhanced wher: compared to that
of pure Al. The Al-26W and Al-19Mo alloys were also galvanically coupled to
P75 Gr for 7 days to determine whether these alloys could be used as the matrix
material of a graphite reinforced MMC. Both alloys performed excellently,
exhibiting coupled currents less than 0.1 pA (corresponding to 0.3 yA/cm2 for
Al-19Mo and 0.1 pA/cm?2 for Al-26W) and no degradation of the alloy surfaces.
Details of these tests can be found in the April, 1992 Annual Report to ONR
entitied "Inhibiting Corrosion in Gr/Al and Gr/Mg Metal Matrix Composites Using
Nonequilibrium Alloying Techniques."

Al-Mo

Since all three alloys exhibited satisfactory corrosion resistance, the Al-Mo
system was selected for more detailed studies of its corrosion resistance and
thermal stability. Anodic and cathodic potentiodynamic polarization and long-
term galvanic testing were conducted to evaluate corrosion resistance, while
transmission electron microscopy (TEM) and XRD were performed to evaluate
thermal stability.

Figure 2 shows representative anodic polarization curves for the binary Al-Mo
and ternary Al-Mg-Mo non-equilibrium alloys in the as-sputtered condition. All
as-sputtered Al-Mo alloys exhibited a passive region and an open circuit
potential (Ecorr) that was several hundred millivolts more noble than pure Al.
Ecorr values for all of the alloys were between -600 to -450 mVgcg with the
maijority of the measured Ecorr Values ranging from -520 mVgce to -580 mVsce.
There was no apparent trend in Eqqrr @as a function of solute concentration for
the Al-Mo alloys tested. Breakdown potential (Ep) values for most of the as-
sputtered alloys were between 100 and 500 mVgce as compared to -690 mVsce
for pure Al. Passive current densities (ipass) for the as-deposited binary Al-Mo
and ternary Al-Mg-Mo alloys ranged between 0.1 and 1.0 yA/cm2, but as in the
case of Ecorr, NO correlation between solute concentration and ipass was
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Figure 1. Anodic Polarization Behavior of Al-26W, Al-19Mo and Al-2Mg-17W

Compared to Pure Aluminum, all Deposited on Si. Tests Were Generated
at a Scan Rate of 0.2 mV/s in 0.1 M NaCl (pH = 8) .
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Figure 2. Anodic Polsrization Response of Various Al-Mo Alioys, Polarized In
Quiescent 0.1 M NaCl, pH 8, 25°C.




evident. Variations in ipags Were attributed to defects, i.e., scratches, pinholes,
small cracks, etc., in the alloy film. Many of these defects are believed to resuit
from dust particles on the surface of the Si wafer prior to deposition. Defects
are also introduced when the coated Si wafers are cleaved. Some examples of
these impertections are shown in Figures 3 and 4.

Additional polarization experiments were conducted on the Al-18Mo alloy in
aerated and quiescent (i.e., not aerated or deaerated) NaCl solutions (pH 8)
with CI° concentrations of 0.1 and 0.55 M. Figure 5 shows that the anodic
polarization response was not significantly altered by either increasing the CI-
concentration, by solution aeration, or both.

Polarization response was measured for the Al-11Mo, Al-18Mo and Al-12Mg-
13Mo after heat treatment at 400, 500, and 600°C for 1, 2, and 8 hrs. Although
the breakdown potential for the heat treated Al-11Mo alloys (Figure 6) became
more active, ~420 mVgce (as-sputtered) to 50 mVgce (heat treated), Ecorr
remained relatively constant at approximately -550 mVgce. Reduction in B, for
the Al-11Mo alloy could have resulted from the formation of precipitates during
heat treatment which created microgalvanic cells with the surrounding alloy.
Conversely, ipass decreased from ~1 pA/cm? for the as-deposited alloy to ~0.1
pAlcm?2 after heat treatment. The lower ipass values are likely due to the
formation of a more stable or thicker oxide during heat treatment.

The Al-18Mo alloys also retained their good corrosion resistance following
heat-treatment. Both Econr and Eyp for the Al-18Mo alloy were not dramatically
affected by heat treating up to 500°C for 2 hrs (Figure 7). Passive current
density values for the heat-treated Al-18Mo alloys were aiso similar to the as-
sputtered alloy, having ipags values from 0.1 to 0.5 pAlcm2.

The Al-12Mg-13Mo alloy exhibited an Ecorr value of -580 mVsce and Ep of
55 mVsce in the as-sputtered condition which is similar to the Al-Mo alloys
(Figure 8). Ecor Was maintained after heat treating at 400°C for 1 hr, however,
heat treating the ternary alloy at longer times and higher temperatures resulted
in @ more active Ecorr (approximately -800 mVsce ) with no passive response
during polarization.

Galvanic diagrams were generated by superimposing the anodic curve of the
pure Al, 6061 Al, and Al-Mo with the cathodic curve of the P75 Gr fibers (Figure
9). This diagram reveals that the galvanic corrosion of pure sputtered and 6061
Al coupled to P75 Gr fibers is cathodically controlled with estimated coupled
current densities of 12.5 pA/cm2. For a cathodically controlled reaction, the
cathodic curve shifts to a higher current density as the Gr-to-Al area ratio
increases, accelerating the corrosion rate of the Al matrix (which is proportional
to the cross-over point for the two curves). Converse to behavior for pure Al and
6061 Al, galvanic corrosion was anodically controlled for the Al-Mo alloys with
an estimated galvanic current density of 1 yA/lcm2. For anodic controlled
corrosion, changing the Gr-to-Al ratio and subsequently shifting the cathodic
curve to higher current density values (or anodic curve to lower current density)
would not significantly change the corrosion rate for the Ai-Mo alloys. This




Inherent Defect on an Uncleaved, Untested Al-23W Thin Film Alloy.




Figure 4. Inherent Defsct on an Uncleaved, Untested Al-15Mo Thin Film Alloy.
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Figure 8 Anodic Polarization Response of Al-11Mo Alioy Before and After Heat

Treatment at 400°C for 1 and 2 h and 500°C for 1, 2, and 8 h, Polarized
In Quiescent 0.1 M NaCl, pH 8, 25°C.
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Figure 7. Anodic Polarization Response of Al-18Mo Alloy Before and After Heat
Treatment at 400°C for 2 and 8 h and 500°C for 1 and 2 h, Polarized in
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result is important because modifying the Gr fiber volume, which is a key design
teature of composites to achieve specific thermal or mechanical properties, will
not result in dramatic changes in the corrosion response of the Gr/Al-Mo
composite.

The galvanic corrosion reaction remained anodically controlled for both the Al-
11Mo (Figure 10) and Al-18Mo (Figure 11) alloys after heat treatment. Although
some of the Al-11Mo and Al-18Mo alloys precipitated during heat treatment,
they still exhibited passive polarization response and the galvanic diagrams
predict the corrosion will be controlled by the anodic dissolution of metal. Only
after heat treating the Al-11Mo to 500°C for 8 hrs was control for the galvanic
rGeaction changed from anodic (Al passivation) to cathodic (oxygen reduction on
r fibers). .

Te confirm the predictions made using the galvanic diagrams, long term
galvanic current tests were conducted on sputtered Al, Al-11Mo, Al-18Mo, Al-
23Mo, and ternary Al-12Mg-13Mo in the as-deposited condition by coupling the
alloy to P75 Gr fibers (Figure 12). Galvanic current values are equivalent to
galvanic current densities (igalv) since the anode areas were 1 cm2. For all the
alloys, the galvanic current initially starts off at relatively high values between 3
and 30 pA/cm?2, but quickly drops to a low steady state value. The Al-18Mo and
Al-23Mo reached low measured galvanic current densities of ~0.04 and ~0.08
pA/cm?2, respectively which were up to three orders of magnitude lower than the
gaivanic current density values of 30 yA/cm2 measured for pure sputtered Al.
Current densities of the Al-18Mo alloys after heat treatment at 400°C for 2 hrs
were comparable to the as-sputtered value of 0.08 yA/cm2. Even after heat
treatment at 500°C for 2 hrs, the galvanic current density was an order of
magnitude lower than that of pure sputtered Al. After galvanic testing for seven
days (605 ks) the pure sputtered Al had completely dissolved from the Si wafer
whereas the Al-Mo alloys remained intact and highly specular. The Al-12Mg-
13Mo alloy exhibited a galvanic current value of 10 pA/cm2 which is greater
than the binary Al-Mo alloys but still 3 times lower than for pure Al. However, in
less than 12 hrs (40 ks) following immersion in the 0.1 M NaCl, pH 8, solution,
the Al-Mg-Mo alloys coupled to P75 Gr fibers had exfoliated and completely
lifted away from the sapphire wafer. Due to the short time in solution for the Al-
12Mg-13Mo alloy, data for this alloys is not included in Figure 12.

XRD resuits for the Al-Mo alloys heat treated at 400, 500, and 600°C for 1, 2,
and 8 hr are summarized in Table 1. XRD patterns revealed that the as-
sputtered alloys were amorphous as evident by a large broad peak centered at
41° shown in the representative XRD pattern in Figure 13. After heat treatment
some alloys formed precipitates but many of the alloys remained amorphous.
Table 1 shows that as the concentration of Mo increases, the propensity for the
alloy to precipitate decreased. For example, the Al-11Mo formed precipitates at
the lowest time and temperature (1 hr, 400°C), whereas the Al-23Mo alloy did
not form precipitates until after heat treatment at 600°C for 8 hrs. Lack of
precipitates in the alloys with higher Mo concentrations suggests the atomic
mobility significantly decreases. Reduction in atomic mobility could be
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Figure 10. Galvanic Diagram for Equal Areas Al-11Mo Alloy Before and After Heat
Treatment at 400° for 2 and 8 h and §00°C for 1, 2, and 8 h With P75 Gr
Fibers, Tested in Quiescent 0.1 M NaCl, pH 8, 25°C.
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Figure 11 Galvanic Diagram for Equal Areas Al-18Mo Alloy Before and After Heat

Treatment at 400°C for 2 and 8 h and 500°C for 1 and 2 h With P75 Gr
Fibers, Tested in Quiescent 0.1 M NaCl, pH 8, 25°C.
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Figure 12. Galvanic Current for Pure Aluminum and Al-18Mo Alloys (As-
Deposited and Heat Treated) Coupled to P75 Graphite Fibers in Quiescent
0.1M NaCl, pH 8, 25°C.

Table 1. Summary of Al-Mo Alloy Structure as a Function of Heat Treatment
Time and Temperature.

Heat Heat Treatment
Treatment Temperature
Time (hrs) _ _ _
400°C 500°C 600°C
Al-11Mo, ppt Al-11Mo, ppt Al-11Mo, ppt

1 Al-18Mo, Al-18Mo, ppt Al-18Mo, ppt
Al-23Mo Al-23Mo Al-23Mo
Al-11Mo, ppt Al-11Mo, ppt Al-11Mo, ppt

2 Al-18Mo, Amorphous | Al-18Mo, ppt Al-18Mo, ppt
Al-23Mo Al-23Mo. Al-23Mo, A
Al-11Mo, ppt Al-11Mo, ppt Al-11Mo, ppt

8 Al-18Mo, Amorphous | Al-18Mo, ppt Al-18Mo, ppt
Al-23Mo, Amorphous | Al-23Mo, Amorphous | Al-23Mo, ppt

ppt - fully precipitated

-




Relative intensity
_‘O
O

1000

20 30 0 50 60 70 80 )
Al23Mo, HT 500 °C, 4h

2 30 40 50 a0 n 80 90
Diffraction Angle, 20

Figure 13.

X-ray Diffraction of Al-23Mo Alioy in the As-Sputtered Condition
and After Heat Treatment. As-Sputtered, the Alloy Is Amorphous
and It is Just Beginning to Precipitate After Heat Treatment at
500°C for 2 h.
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attributed to a more random structure or due to second neighbor interaction
(i.e., Mo-Mo atom interaction).

Transmission electron microscopy was conducted on the Al-18Mo in the as-
sputtered condition and after heat treatment at 400°C for 2 and 8 hrs and 500°C
for 2 and 8 hours. Figure 14 shows the representative structure of the as-
sputtered alloy with the corresponding selected area diffraction (SAD) pattern.
Structure of the as-deposited Al-Mo alloy is featureless with the exception of the
mottied appearance that resulted from the extensive ion milling used to thin the
specimen. The SAD pattern shows two diffuse rings that correspond to the d-
spacing calculated for the broad peaks found on the XRD patterns. Similar
structures and SAD patterns were obtained for the Al-18Mo alloy heat treated at
400°C for 2 and 8 hr which correlates with the XRD patterns that showed that
the alloy remained amorphous after heat treatment. After heat treatment to
500°C for 2 and 8 hr small precipitates began to appear (Figure 15). SAD of
these precipitates indicate a structure of Al{2Mo, AlsMo, and Al. As with XRD
not all the rings for each phase could be indexed and many of the rings could
not be correlated with the expected Al-Mo intermetallic compounds. SAD of the
Al-18Mo alloy heat treated at 500°C for 8 hr shows an elongation of the
diffraction spots which arises from fine precipitates that are preferentially
oriented.

Al-Ti

Polarization and long-term galvanic tests of several sputter deposited non-
equilibrium Al-Ti and Al-Mg-Ti alloys were also performed this year. Anodic
polarization was performed on Al-50Ti, Al-5Mg-19Ti, and Al-10Mg-14Ti at scan
rates of 0.2 and 0.05 mV/s in 0.1 M NaCl at adjusted pH values of 3, 8, and 12.
Long-term galvanic testing was performed by coupling graphite to the alloys
through a zero resistance ammeter and measuring the current between the two
materials.

Figures 16 through 18 show anodic polarization behavior for different Al-Ti
alloys tested in pH 3, 8, and 12 chloride solution, respectively. Significant
improvements in corrosion resistance are observed for these alloys when
compared to pure Al at all pH values tested. Ep values for the alloys tested in
pH 3 Cr- solution ranged from -300 mVsce to 4300 mVsce while tests conducted
at pH 8 and 12 resulted in Ep values greater than 0 mVsce. Passive current
densities for these alloys were generally low, with the largest value being
38 pyA/lcm2 for Al-10Mg-14Ti tested in pH 3 chloride solution.

Several trends were noted when increasing the pH between 3 and 12. First,
Ecorr cOnsistantly decreased when increasing the solution pH for all three
alloys. For example, Ecorr for Al-5Mg-19Ti was approximately -630 mVsce at pH
3, decreasing to -880 mVsce at pH 8, and finally decreasing to -1130 mVsce at
pH 12. Second, Ep values tended to become more noble with increasing
solution pH. AI-58Ti exhibited an Ep value of +300 mVgce at pH 3 to greater
than +2000 mV at a pH value of 12. No trend was noted for ipags With increasing
pH.

14




Figure 14.

Figure 15.

Representative Structure (a) and Assoclated Selected Area Diffraction Pattern (b)
for Amorphous Al-18Mo in the As-deposited Condition and After Heat Treatment at
400°C for 2 and 8 h.

Structure (a) and Selected Area Diffraction pattern (b) for the Al-18Mo Heat Treated
at 500°C for 8 h. Fine Elongated Precipitates are Evident and the SAD Pattern
Shows Elongated Spots that Correspond to the Fine Precipitate Structure.
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Figure 16. Potentiodynamic Scans of Al-58T1, Al-5Mg-19T1, Al-10Mg-14Ti, and Pure Al in 0.1 M
NaCl at pH 3 at a Scan Rate of 0.2 mV/s.
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Figure 17. Potentiodynamic Scans of Al-58Ti, Al-5Mg-18T1, Al-10Mg-14Ti, Pure Al, and 5086 Al
in 0.1 M NaCl at pH 8 st a Scan Rete of 0.2 mV/s.
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Since these alloys may be considered for use in MMCs, galvanic corrosion
between the graphite reinforcing fibers and the alloy matrix is an important
concern. n order to evaluate this, two previously described methods, galvanic
diagrams and long-term galvanic testing, were employed for assessing galvanic
compatibility. Figure 19 shows galvanic diagrams for several alloys tested in
pH 8 solution. Table 2 summarizes the resuits obtained from overiaying the
alloy anodic and graphite cathodic polarization curves. Pure Al was under
cathodic control at all pH vaiues. The Al-10Mg-14Ti was aiso cathodically
controlled at the pH value of 3. Again, when the galvanic couple is under
cathodic control, a small change in cathode (i.e., graphite) area results in a
significant change in the coupled current density. in all of the other overlays
anodic control was maintained, indicating that a change in graphite area would
not significantly alter igaiv.The second method used for evaluating galvanic
corrosion is long-term coupling of the Al-Ti and Al-Mg-Ti alloys with graphite.
Figure 20 shows a plot of current versus time for three of these alloys. The
cathode-to-anode ratios were selected based upon two criteria. First, the
approximate ratio of the metal matrix to reinforcing fibers (simulating an
approximate 65 % matrix - 35 % fiber) was used, and second, a small amount of
exposed graphite in the presence of a large alloy matrix was simulated by
having a very small graphite area (approximately 0.02 cm2). Both Al-58Ti and
Al-10Mg-14Ti exhibited extremely low currents (< 0.02 pA, corresponding to
0.02 pA/cm2 for Al-10Mg-14Ti and 0.007 pyA/cm2 for Al-58Ti) while the Al-SMg-
19Ti had a slightly higher current of approximately 0.1 yA (0.07 pAlcm?2).

Graphite Fiber Coating

Al alloyed with 11 to 18 atomic percent Mo was targeted as the optimum alloy
composition for use in a MMC because these alloys retained the improved
corrosion resistance after heat treatment (at 400 °C) while minimizing the
impact of higher Mo concentrations on the alloy density. Several fiber coating
trials were conducted on a commercial in-line sputter system, at Cordec, Inc.,
Lorton VA, designed for rapid deposition of alloys onto graphite fibers. Targets
were fabricated by machining slots into high purity (99.99%) Al plates and
inserting high purity (99.9%) Mo slugs. Composition was controlled by
moditying the area ratio of Mo to Al in the target. Initially, a hollow cathode
configuration was investigated, but the alloy coated fibers contained residual
stresses that caused the fibers to curl. Therefore a upper and lower planar
target arrangement was used to coat the graphite fibers. Details and results of
both the hollow cathode and planar cathode methods are presented in the
following paragraphs. Amoco P75 and P120, and DuPont E120 Gr fiber tows
containing 2000-7 pym diameter fiber filaments were coated in this study. Alloy
thickness on the fiber was targeted at 3 ym to achieve a consolidated composite
fiber volume of 50 % as shown in Figure 21.

Initially a hollow cathode magnetron configuration was used in which the
spread fibers pass through the center of a cylindrical cathode. The advantage
of the hollow cathode is the thickness of the alloy is very uniform around the
fiber and the target yield is high (>90%). The holiow cathode was fabricated
from a pure aluminum hollow cylinder with Mo plugs. Approximately 90 g (280
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Table 2. Summary of Galvanic Current Densities Obtained using
Polgrization Overiays.

Alloy igaty (WAJCM?)
— ’ pH=3 pH=8 pH=12
Al-58Ti - 0.04 0.07 4.7
"Al-10Mg-14T] 95 2.1 2.0
_—‘Q‘TAl-SMg-w i 12 1.2 0.59
Pure Al 670 130 1200
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Figure 20. Galvanic Diegram of Al-58Ti, Al-5Mg-19Ti, and Al-10Mg-14Ti Coupled to Graphite in
0.1 M NaCl st pH 8.
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meters) of fiber were coated in the hollow cathode configuration. Although the
tiber coating was fairly uniform, SEM/EDS analysis indicated a Mo
concentration of only 3 atomic percent. In addition, the alloy coating was in
compression and caused to the fibers to curl when removed from the mandrel.
The curling made it very difficult to handle the fibers and as a result the holiow
cathode contiguration was discontinued.

A planar cathode configuration was then considered for fiber coating. In this
process, spread fibers are passed between upper and lower planar cathodes
(15 x 8 in.) illustrated in Figure 22. The cathode targets were fabricated from
pure Al with slots machined for Mo plugs that cross the target. Initially the Al:Mo
ratio was scaled proportional to the area ratio used in the hollow cathode
experiment to achieve 15 to 18 atomic percent Mo. This target configuration
was used to coat approximately 100 meters of fibers. Although the coating was
uniform, EDS compositional analysis indicated the Al alloy contained
approximately 30 atomic percent Mo. In the next trail run haif of the Mo plugs
were removed and an additional ~100 meters of fibers were coated. EDS
analysis of this run indicated a Mo concentration of 17 atomic percent. Once a
Mo concentration of 17 atomic percent was achieved, 0.91 kg (2800 meters) of
fiber were coated. Figure 23 shows the representative morphology of the Al-
14Mo coated P120 graphite fiber. The ~2 to 3 ym thick coating is relatively
uniform and exhibits a niorphology similar to the conventional pure Al and 6061
Al alloy coated Gr fibers.

X-ray diffraction of the alloy coated fibers (Figure 24) revealed that the alloy
contains both some amorphous material as indicated by the broad peak at
diffraction angles of 21° and 41° (similar to alloys that were sputtered onto Si
wafers) and some crystalline material which was indexed to aluminum shifted to
slightly higher diffraction angles. From the diffraction angles, d values were
calculated for each peak using Bragg's law.11 Using the space lattice
relationship for a cubic structure:

1 -RP+k+PR
d2 a2

a lattice parameter, a, of 4.010 A was calculated for the crystalline Al-Mo. Since
Mo is in solid solution in Al, the atomic percent of Mo can be calculated based
on peak shift according to Figure 25. The lattice parameter, a, for a face center
cubic structure can be calculated using simple geometry and the radius of the
atoms:

a2+ a=(2r)
a=2v2r
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Fiber Tow Fiber Spreading Argon Glow Magnetron Alloy Coated Fiber
Spool Discharge Sputtering Take-up Reel
Cathodes

Figure 22 Schematic of the Physical Vapor Deposition Process using the Upper and Lower
Planar Magnetron Cathodes.

Figure 23, SEM micrographs of the Al-17Mo Alloy Coated P120 Gr fibers. These Micrographs
Show a Uniform Coating Thickness that has Grown Radially Outward from the
Fibers.
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Figure 24. X-ray Diffraction Pattern of the Al-17Mo Alloy Coated P120 Gr Fiber Showing the
Presence of both an Amorphous Phase and a Solid Solution Phase of Mo in FCC Al.

-

Pure Al
d a2 +a2=(4r?2
a a=r2¥2

a a = Lattice Parameter
r = Atom Radius

Solid Solution Alloy

a2 + a2 = [(1-Xmo)2r a1 + (Xmo)2rmol?

a =2 [(1-Xp10)2.86 + (Xp0)2.72]

Where: X = Atomic Fraction Molybdenum

Figure 25. Geometric Schematic lllustrating the Relationship Between Lattice Parameter and
Atomic Fraction Solid Solution Molybdenum in Aluminum.
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By solid solution substitution of the smaller molybdenum atom in the aluminum
face center cubic lattice, the lattice parameter can be calculated by the
foliowing:

a2 + @2 = [(1-X md 2ny +(X Md2r mol?
a=Y2[(1-Xmo)2.86 +(Xmo)2.72]

where X is the atomic fraction of molybdenum in solid solution in the face center
cubic lattice. Using this relationship, 17.5 atomic percent Mo in the alloy on the
Gr fibers was calculated which correlates well with the 17 atomic percent Mo
measured using EDS.

Eiber Consolidation

A diffusion bonding consolidation tool has been machined from 304 stainless
steel with a 2.54 x 7.62 cm cavity area. Key parameters for the consolidation
study of temperature and pressure are listed in the test matrix in Table 3. Based
on the hardness values determined eartier’ which indicated that the Al-Mo
alloys have a flow strength of ~ 2X high strength aluminum, a much higher
pressure may be required as compared to traditional Al matrix materials.

Nonequilibrium Mg Alioys

Initially, several nonequilibrium Mg alloys, including Mg-Cr, Mg-Y, Mg-Mo, Mg-
Ta, and Mg-W, were fabricated by magnetron co-sputter deposition and tested
to determine their corrosion properties. From this testing, it became evident that
alloying additions of yttrium demonstrated enhanced corrosion behavior when
compared to pure Mg or any of our other Mg alloys. A total of six Mg-Y alloys
(ranging from 7.5 to 25.4 At. %) were fabricated for corrosion testing and alloy
characterization. Anodic polarization, galvanic testing, and potentiostatic
testing have all been conducted for corrosion analysis. XRD and microscopy
were used for alloy characterization.

Anodic potentiodynamic polarization experiments of the Mg-Y alloys conducted
in 0.1M NaCl adjusted to a pH value of 8 revealed slightly better corrosion
behavior when compared to pure Mg and a commercially available WE43 alloy
(Mg-3.75-4.25wt. %Y-2-2.5 wt. %Nd-0.75-1.25 wt. %heavy rare earth) (Figure
26) while the same experiments conducted in pH 12 solution showed
dramatically enhanced polarization behavior (Figure 27). Polarization
behavior similar to that of the pH 8 results was observed when raising the
solution pH to 10. Unlike the pH 8 and 10 results, breakdown potentials
observed at pH 12 were quite varied (but still well above Ecorr for pure Mg - no
passivity was observed for pure Mg or WE43). The cause for this variability is
still being investigated but is believed to be related to defects. While conducting
potentiostatic tests in 0.1 M Cl- solution buffered to a pH of 12 (by mixing 500

mi of 0.05 M NaaHPOQO4-7H20 and 269 ml of 0.1 M NaOH and diluting to 1 L
using deionized water), it became clear that film defects played an important




Table 3.

Diffusion Bonding Test Matrix for the Al-17Mo Alloy Coated Fibers.

Number of Diffusion Bonding Trials
res.
Time 8 15 20
60 1 1 1
120 1 1 1
240 1 1 1

» Temperature = 500°C and 550°C

¢ Tme in Minutes

e Pressure in ksi (103 psi)

* Repeat experiment using 3 most promising conditions
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role in the quality of the alloy. Approximately 33 % of the potentiostatic tests
were stopped immediately due to corrosion of the alloy occurring upon
immersion in the 0.1 M CI- solution. It is believed that corrosion initiated at
defects (either inherent or caused by handling), such as the ones shown in
Figures 28 and 29, in the alloy fiim.5.6 Those tests which were not terminated
due to defects demonstrated promising resuits with one alloy exhibiting a
current of 0.5 pA at a potential of +300 mVgce. Galvanic testing (coupling the
Mg alloys to P75-Gr) revealed that, over a period of time, the pH of the NaCli
solution was dropping significantly, causing rapid corrosion in the tests
conducted in pH 12 solution. All galvanic tests conducted in pH 8 solution
began corroding immediately upon coupling of the alloy with graphite.
Therefore, a 0.1 M CI- solution buffered to pH 12 was used to determine
whether the changing pH was affecting the results and the graphite area was
decreased to simulate a small exposure of graphite fiber in a metal matrix
composite. The alloys tested in the buffered solution exhibited much better
corrosion behavior with one alloy (Mg-13.7Y) lasting for 6 days.

XRD was conducted on the sputtered Mg-Y alloys to determine whether the
yttrium was in solid solution with the Mg or in the form of MgxYy precipitates.
Figure 30 shows XRD patterns tor several Mg-Y alloys with the ooncentratlon of
Y decreasing moving down the Figure. As can be seen, the two lower solute
composition alloys have very sharp peaks, indicating a crystalline structure,
whereas, the alloys with higher compositions have very broad peak, denoting a
nanocrystalline and/or amorphous structure. The primary peak present in the
crystalline alloys was at approximately 34° and was indexed to the (002) plane
of Mg. The sharp peak observed at 55.5° is for the oriented Si wafer. These
patterns do not correlate to the relative peak intensities of polycrystalline Mg,
indicating that the sputter deposited film has preferentially grown on the Si
wafer. The broad peaks observed for the higher concentration alloys were
centered at 33.6° and 33.3° for Mg-20.6Y and Mg-25.4Y, respectively.

XPS was conducted on one of the alloys (Mg-22Y) to determine some of
the surface characteristics of the alloy. Figure 31 is a plot showing elemental,
oxide and total Mg/Y ratios (representing the integrated intensities (i.e., areas)
for the respective characteristic photoelectron peaks) for the alloy. The Mg/Y
(total) ratio indicated a greater amount of Mg only in the "as-received" material.
Once the Mg-22Y was placed in 0.1 M NaCl solution, this ratio dropped
dramatically, indicating a large increase in Y in both elemental and oxide forms.
For the elemental Mg/Y ratio, a less dramatic effect was observed in going from
"as-received” to pH 12 at Eqorr and a greater change was noted in going from
"as-received"” to pH 8 at Ecorr. When analyzing the data for the elemental Mg/Y
ratios at a potential 400 mV anodic to Ecorr, NO elemental Mg was found. The
dramatic decreases in Mg in total, oxide, and elemental could indicate several
things. First, upon immersion, the Mg could have gone into solution, creating a
Y-enriched layer at the surface of the alloy. Second, the oxide layer may have
grown sufficiently enough so that the XPS did not detect the elemental Mg.
Finally, significant Y-enrichment in the passive film could have occurred.
Analysis of one of the as-sputtered data sets did not yield good information
regarding the Mg/Y oxide and elemental ratios and therefore was not plotted.
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SLM Micrograph Showing Defects on the Surface of an Uncleaved, Untested
Mg-25Y Alloy.
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SLM Micrograph Showing Two Scratches on the Surface of an Uncleaved,

Untested Mg-14Y Alloy.
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Inhibitive Surface Treatments

As an expansion of the original program, we investigated the use of inhibitive
surtace treatments for enhancing the corrosion resistance of Mg and Mg-based
composites. Earlier research conducted by Mansfeld et. a/.12 with Al, was used
as the basis for our research. Table 4 shows the treatments we have evaluated
to date for Mg. Inhibitors which, thus far, have demonstrated the best
improvements in the anodic polarization behavior of Mg are: (1) immersion in
0.01 M cerium nitrate (pH 10) for 4 hrs at 60 - 70 °C followed by polarization in
0.1 M sodium molybdate (pH 12) in the passive region at room temperature for
2 hrs, and (2) immersion in 0.01 M yttrium nitrate (pH 4.6) for 4 hours at a
temperature of 60 - 70 °C. Figure 32 shows anodic polarization curves for Mg in
a 0.1 M chloride solution following these treatments. For aluminum, the
inhibitive treatment consisting of immersion in 0.01 M Ce(NOz3)3 (pH 3.4) for 2
hrs followed by immersion in 0.005 M CeCls (pH 5.5) for 2 hours followed by
polarization in 0.1 M sodium molybdate (pH 7) at a potential of -1 Vgcg for 2 hrs,
resulted in the polarization behavior shown in Figure 33. While the
improvements noted for the Mg substrate are not nearly as good as those
observed for Al, the positive shift in Eqqrr (resulting from the inhibitive treatment)
could significantly reduce the corrosion of Mg in a galvanic couple. Based on
the results of the thin-film work, we have recently initiated some experiments
using a yttrium treatment which has also shown promise of increasing the
corrosion resistance of Mg. Recent experiments using CeF3 have also shown
some promise of enhancing the polarization behavior of Mg.

33




"80y 2 10} uoiBes enrssed ey uf repuelod e 18 prey pue (£ HA) YOONCEN W |°0 Ul pessewsus uey) sem eidues,.,.
"oy g Joj uoibes enssed ey w eayelod e 18 prey pue (01 Hd) POOWSEN I |0 Ul Pesseww) uewy) sem edues .,
"sInoy 2 10} uorbes enssed ey wy uejod € Je pey pue (21 Hd) FOOWZEN W 10 Ul pesiewniy uei sem edures

9 v 0100 E(EoNeD
9 2 0100 E(EoN)eD
ye 2 0100 E(Eon)eo
ve 2 $00°0 E(€oNeD
ve 2 S00°0 E(EON)eD
ve woas z S000 E(EOND |
whupunty
9's 0L-09 2 1000 €400
0409 z 1000 “teo| ot 001 z 0100 E€oNe0
0408 2 1000 ot 004 2 0100 E(EON)®D
004 2 0100 wolos | oi-00 z 1000 6390
2t 0L-09 2 100°0 MM
9's 0L-08 ¥y 1000
9s | o.-00 z 1000 €90 |
_9'S 001 g S00°0 MM
9's woal 2 S00'0
9s | os-00 Z S00'0 €90 |
0L-09 2 0100 mwozvvo oy | or-08 2 0100 maoﬂw
0L-09 2 0100 (CONJA | o1 0L-08 2 0100 E(EON
_ 9y | o/-00 ¥ 0100 ~ S(CONIA
9y 0L-00 e S00°0 E(EON)A
oy woa 2 0100 EEON)A
or 001 z 0100 __E(EON)A |
9v | 0/-00 2 0100 E(EON)A
ol 00!t ¥ 0100 E(EON)®D
[ 00} ¥ 0100 S(Eon)eo
ve 001 ¥ 0100 SEONIO
oL 0L-00 v 0100 T(EOND |
ol 0L-09 v 0100 E(EON)eD
v'e 0L-09 2 0100 E(EoN)eD
ye 0L-09 Y 2000 S(EoN)eD
0l 0.-08 1 4 S00°0 E(EON)eD
2t | o0L-08 ¥ S00°0 “S(EoN)eD |
ve | o0.-00 v 9000 _ES(EON®O |
ve | o-00 2 $00°0 _EEoNo |
S5s| oL-00 z 000 So%0| ve | oL-08 z S00°0 ﬂ»@.u.volo..
WwnjseudbeN
W | ©Jduey () ous( (W) U0 woanos | W | (OJdwey (W) ouoD uonos

'Iv pus By 105 18} SN S1801 PRIBNIEAT SIUSUNRBLL SARIGIYU| edBuNG

‘T ol|qe)

34
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Figure 32.
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Anodic Polarization Behavior for Untreated Mg, Mg Treated in

10 mM Ce(NO3)3 (pH = 10) for 4 hrs at 60 to 70 °C Foliowed by
Immersion in 0.1 M Na2MoOg4 (pH = 12) and Holding the Mg at a
Potential in the Passive Region for 2 hrs [Treatment #1], and Mg
Treated in 10 mM Y(NO3)3 (pH = 4.6) for 4 hrs at a Temperature of
60 - 70 °C [Treatment #2]. Polarization Curves were Generated at
& Scan Rate of 0.2 mV/s in 0.1 M NaCl Solution (pH = 8).
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Figure 33.
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Comparison of Anodic Polarization Behavior for Pure Al Untreated
and Pure Al Treated for 2 hrs in 10 mM Ce(NO3)s (pH = 3.4) at

100 °C Followed by 2 hrs in § mM CeCls (pH = 5.5) at 100 °C
Followed by Immersion in 0.1 M Na2MoOg4 (pH = 7) and Holding the
Al at a Potential in the Passive Region for 2 hrs. Polarization
Tuﬂngwm Conducted in 0.1 M NaCl (pH = 8) at a Scan Rate of
0.2 mV/s.
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Summary

Sputter-deposited nonequilibrium Al and Mg alloys have been shown to exhibit
significantly increased corrosion resistance when compared to their pure
counterparts. XRD of the as-deposited Al-Mo and Mg-Y alloys revealed no
second phase precipitates. Heat treatment of Al, containing 18 to 23 % Mo,
revealed no precipitation at temperatures up to 400 °C for periods of up to 8 hrs
and these alloys exhibited corrosion behavior similar to the as-deposited alloys.
TEM was conducted on the Al-18Mo and revealed that no precipitates were
present when the alloy was heat-treated at 400 °C (for up to 8 hrs} but that heat
treatment at 500 °C for 1 hr or longer resulted in the formation of precipitates.

Successtul fiber coating with Al, containing 15 - 18 % Mo, was accomplished
using a planar cathode configuration. XRD of these coated fibers revealed that
Mo was in solid solution with Al and that both amorphous and crystalline Al-Mo
wera present.

Breakdown potentials were quite varied for the Mg-Y tested in pH 12 0.1 M
NaCi, while smaller differences were noted for the Al and lower pH Mg alloys.
These variation:s in Sy for both alloys appear to be the result of defects such as
pinholes, scratches and dust inclusions caused by both the sputter process and
handling of the thin-film alloys.

XPS of Mg-22Y revealed that, once immersed in Cl- solution, yttrium became
enhanced in both oxidized and elemental forms. This Y-enhanced oxide film
was believed to be a major contributor in the significantly enhanced corrosion
resistance observed in the high pH solution.

inhibitive treatments on pure Mg revealed small increases in corrosion
resistance and positive shifts in Eqorr When compared to untreated Mg, while
treatments for the pure Al resulted in significantly greater corrosion resistance
and also a positive shift in Ecorr.  While the improvements noted for the Mg
substrate are not as good as those observed for Al, positive shifts in Ecorr could
significantly reduce the corrosion of Mg in a galvanic couple.

As a result of this yéar's work, one paper has been published and one has been

accepted for publication (both in Corrosion Journal). These papers are
presented in appendices 1 and 2.
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CORROSION SCIENCE

Technical Note:

Improving Corrosion Resistance
of Magnesium by Nonequilibrium Alloying

with Yttrium*

P.L. Miller. B.A. Shaw.* R.G. Wenat. and W.C. Moshier**

ABSTRACT

Signriicant improvements were actveved in the anodic
polanzahon behavior of magnesium (Mg) by noneguaibrium
alioymg with 9 at% to 22 at% yttrium (Y). Alloys were
fabncated using the nonequabnum technique of magnetron
cosputter 0eposition. Anodic poianzabon
expenments were conducted at vanous scan rates and pH
values 1o assess the corrosion resistance of several MgY
alioys. These alloys exiwbited significantly enhanced
corrosion behavior compared (0 pure Mg. Differences
ncluded higher breakdown polentials and lower passive
current densihes. X-ray ditfraction of each alloy reveaied the
Y was retained in Sokd sokstion.

KEY WORDS. anodic polanzation, breakdown potential,
COITOSION resIStance. magnesium, nonequikbnium alioying,
pH. x-ray arffraction. yttnum

INTRODUCTION

Previous researchers have reported that alioying
additions of yttrium (Y) to magnesium (Mg) enhanced
castability and improved its COrrosion resistance
modestly.' > Unsworth and King documented that an
alloy of Mg. Y. and neodymium (Nd) exhibited
increased corrosion resistance and better overail
castability compared to other Mg alloys.' One concemn
associated with this research was the presence of

* Submitied for pubkcabon August 1993 n revised form. October 1993
* Penngyivarva Siate University, Universty Park. PA 16802.
** Marun Manefia Astronautcs Group. Denver. CO 8020t

precipitates in the Unsworth and King alloy. Second
phases increase susceptibility of Mg to galvanic -
corrosion. Since Mg is extremetly electrochemically
active, microgaivanic cells could have been
established between the Mg and any other phases
present. in addition, the formation of precipitates may
have tied up the Y, preventing it from contributing to
passive film formation.

Krishnamurthy, et al., noted a pseudopassive
behavior in rapidly solidified Mg alioys containing
15 wi% to 26 wt% Y.? These alioys exhibited a large
active nose in the polarization curves prior to formation
of the pseudopassive film at relatively high potentials
(from S00 MV e to more than 1,000 MVee). Current
densities of a few hundred pA/cm? were observed in
the pseudopassive region. Since enhanced passivity
was not observed for ingot alloys with the same
composition, Krishnamurthy, et al.. attributed the
improved polarization behavior to the more
homogeneous and refined microstructures obtained
through rapid solidification of the alloys. While these
results showed promise for improving the corrosion
resistance of Mg with the addition Y, the large active
nose in the polarization curve at the open-circuit
potential (E,.) was a significant concem.

Retaining Y in solid solution with Mg is an
important step in enhancing the MgY alioy's corrosion
behavior. Of the meit spun ribbons tested by
Krishnamurthy, the Mg-15 at% Y and Mg-20 at% Y
both contained Y-rich precipitates, while the
Mg-26 at% Y displayed a “martensitic” type of structure
without precipitates.? Based on the MgY binary phase
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chagram. Y alloying additions have a hmited solubiiity
{3.75 at%) in Mg.*

Magnetron cosputter deposition 1S a non-
equilibnum atloying technigue which has been shown
10 increase the amount of solute that can be
maintained in solid solution.* '* The objective of this
study was 10 investigate the corrosion behavior of
several MgY alloys made by this nonequiibrium
alloying technique.

EXPERIMENTAL

MgY alloys were fabricated using magnetron
cosputter depasition. Two targets. pure Mg (99.95%)
and pure Y (99.95%). were sputtered onto single
crystal silicon (Si) substrates. yielding a MgY film
~ 2 um thick. The substrate was rotated at 30 rom to
ensure unitorm solute concentration across the alloy
films. Two alloys. Mg-9 at% Y and Mg-22 at% Y. were
tabricated for evaluation and testing. Y concentrations
in the alloys were estimated using semiquantitative
anergy dispersive spectroscopy (EDS). Alioys were
characterized using x-ray diffraction (XRD). which
confirmed that Y solute was retained in solid solution
with Mg after the sputtering process.

Specimens for corrosion testing were fabricated by
cleaving the alloy-coated Si water into 16 pieces, each
with an area of ~ 4 cm?to 5 cm?. Individuai pieces were
then coupled to a potentiostat through a lead wire.
Except for the test area, all regions were coated with
an adherent marine epoxy to ensure that environ-
mental and electrical isolation were maintained. Anodic
potentiodynamic polarization of all alloys was
perforrmed using a conventional three-electrode
technique on a potentiostat interfaced with a personal
computer. All testiag was conducted at ambient lab
temperature (~ 25°C) in quiescent, 0.1 M sodium
chioride (NaCl) solution at pH values of 8. 10. and 12,
adjusted using dilute sodium hydroxide (NaOH). All
reported potential values were referenced to a
saturated calomel reference electrode ISCE). The
anodic scans were generated at 0.2 mv/s and
0.05 mV/s. At least two anodic polarization curves
were generated for each condition. Prior to anodic
polarization, E,. were aliowed to stabilize for
approximately 30 min. The data were corrected for
impedance resistance (IR) drop every 10 s using the
current interrupt feature of the potentiostat.

RESULTS AND DISCUSSION

Figure 1 shows anodic polarization curves for Mg.
Mg-9 at% Y, Mg-22 at% Y. and Y. generated at a scan
rate of 0.2 mV/s in 0.1 M NaCl at pH = 8. Polarization
curves for Mg were generated using wrought Mg
{99.95%), while sputtered films were used for the Y
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FIGURE 1. Anodic potentiodynamic polanzanon curves for
Mg. Mg-9at% Y. Mg-22at% Y.and Y generated al a scan rate
of0.2mV/sin 0.1 MNaCl.pH 8. 25 C

and MgY alloys. Sputtered Mg was not used because
of its extremely rapid degradation in atmosonere and in
solution. The only notable difference between wrought
and sputtered Mg was E,.. which for wrought Mg
ranged from ~1,560 mMVgce 10 -1.580 mVy,. E.. values
for sputtered Mg were 120 MV 10 140 MV, More
electrochemically active than those of wrought Mg
More active E,. values for the sputtered Mg were
believed to result from impurmes going nto sohd
solution with the Mg and from finer grain sizes incurred
during the deposition process. At pH = 8. the Mg-22
at% Y maintained a lower passive current density
(icass). Whereas the Mg-9 at% alloy dispiayed the higher
breakdown potential (E,). Values for .. ranged trom
0.7 Aicm?to 4.9 Alem? for Mg-22 at® Y alues for
Mg-9 at%Y were between 40 yA cm- and 128 pArerm
€, values tor Mg-9 at% Y ranged trom ~1.338 mVg to
-1.460 MV, whereas E, values tor Mg-22 at% Y
were between —1,543 mV¢. and -1.597 mv,..,. E, for
both alloys decreased with the aodition of Y to Mg
Lower E,. values for the MgY alloys compared 10 pure
Mg probably resulted from difterences i Tate! behawior
and exchange current density {1.). Mg exhibited an i,
value (10°¢ A/cm?to 10-° A/cm*) greater than that of Y
(10 A/em?to 1012 Avem?).

Experimental data revealed 1. values ot 10~ Asiem®
to 107 Aicm? for Mg and 10-* Aicm tor Y Tne data
were consistent with resuits reponed by West
Theretfore, a lower £ value was obtained by alloying
Mg with Y. These trends aiso appued 10 anodic
polanzation curves generated at the scan rate ot
0.05 mVss. The slower scan rate curves were
generated to ensure that decreasing the scan rate did
not affect E, significantly.
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FIGURE 2. Anodic potentiodynamic polarization curves
tor Mg. Mg-9 at% Y. Mg-22 at% Y. and Y generated at a scan
rate ot 005 mv s in 0.1 MNaCl. pH 12. 25C.

Based on thermodynamic behavior alone. Mg
might be expected to have better corrosion resistance
at pH values above ~ 11.6.% Increasing the solution pH
from 8 10 10 yielded little change in the anodic
polarization behawvior of the MgY alloys. The only
notable difference was an increase in E,
(approximately 100 mVece) for the Mg-22 at% Y alloy.
Compared to that of pure Mg. anodic polarization
curves for MgY alloys generated at pH values of 8 and
10 exhibited increased corrosion resistance. Changing
solution pH from 10 to 12 resulted in significant
changes in the polanzation behavior of the MgY alloys.

Figure 2 shows anodic polarization curves for
pure Mg. Mg-9 ar% Y. Mg-22 at% Y. and pure Y
generated at a scan rate of 0.05 mv/s in 0.1 M NaCi,
PH = 12. VaIuBS Of ine, fOr the Mg-22 at% Y alloys
were slightly lower (0.5 pA/cm?) than those of the
Mg-9 at% Y alloys (1.3 pA/cnr). E, values were more
electro-chermically nobig in the pH 12 solution,
compared to values observed at pH 8 and 10. Values
of E, for both alloys tested at pH 12 varied from
465 MVg.g 10 -972 MVsce for Mg-9 at% Y and
+340 MV 10 =92 MVgee for the Mg-22 at% Y alioy.
The wide range of E, values was believed to be a
resuit of film defects. such as the one shown in
Figure 3. created during the sputtering and handiing
processes.’ Another passibility for the vared E, values
was that the 0.05 mV/s scan rate used for the anodic
potentiodynamic curves was not siow enough to aliow
electrolyte-film surface reactions to reach steady state.
In contrast to the anodic polarization curves generated
ata pH of 8. E, at a pH of 12 for the alioy containing
righer concentrations of Y was consistently greater
than that ot Mg-9 at% Y.
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FIGURE 3. Scanning laser microscope photo of an uncieaved.
untested Mgy alloy showing disparities on the surface (950x).

Krishnamurthy, et al., conducted anodic
potentodynamic polarization expenments with Mg-Y
(approximately 5 at%to 9 at%) in 0.01 M NaCl (pH
not mentioned) and found that ribbons and spiats
exhibited a pseudopassive behavior at high potentials
of 300 pA/cm? to 400 uA/cm?.2 Comparing those
pseudopassive current densities to those obtained
in the present work, much lower passive current
densities were observed for the sputterdeposited
alloys tested in a higher (0.1 M) concentration NaCl
solution.

Pseudopassive behavior of Krishnamurthy's alioys
at such high overpotentiais may be unrealistic in most
practical applications. At low to moderate
overpotentials, the sputterdeposited MQY afloys
exhibited significantly lower current densities comparec
to the splat-quenched alioys. The enhanced corrosion
resistance obtained for the sputter-deposited alloys
likely resuited from the absence ot second phases.
which freed more Y solute to be used for passivity
enhancement of the alloy.

CONCLUSIONS

4 Addition of Y to Mg significantly altered its
poiarization behavior. Differences included increased
€, and lower i,,,, values compared to pure Mg.

94¢




CORROSION SCIENCE

<+ Both MgY ailoys exhitited greater carroson
resistance than pure Mg when tested in 0.1 M NaCl
solution at pH =12. These resuits were a dramatic
improvement in both E, and «,,,, for Mg alloys. Values
for E, were quite vaned at the high pH for both scan
rates. Even with the wige vanability in E, noted for the
low-solute-concentration alloy. this polarization
behavior represented a signiicant improvement over
pure Mg and other Mg atioys.

ACKNOWLEDGMENTS

The authors acknowiedge the support of A.J.
Sedriks of the U.S. Otfice ot Naval Research. This
project was funded by the ONR under contract number
NO0O14-91-J-1196.

REFERENCES

1 W Unswonh. J King. Metaturgsa 53 (1906).p 199

2. S Knshnamunhy M Xnooad E Robertson. F M Froes. Mater. Sci. E.
99 (1988): p. 507

3. A, Jostw, R.E. Lewss. AGvances « Magnesum Aloys and Composnies.
M Pans. WC Hum. 008 . 35 iWarendsle. PA: TMS.1988).

4 T8 Massaisiu. ea . Binary Angy Prase Ouagrams. 2ng od . VoOI. 3
Motas Park O ASM internanonas 1990). p 2.568.

5 TR Schrecengos:. 8 A Shaw R G Wenat. W.C. Mosiver. Corromon 43
(1999): p. 842

ARG wenat D ot Cor Revstant Ak Alioys tor
Graprite Fioer Composites (Masier 8 thesrs. Coioraao School of
Mines 1992;

WC Mosrver GO Davis. u S Anearn H F Hougn J Eiecwrochem
Soc 133(1966) p ' 063

WC Mosnier GO Davis 4 S Anearn W F Hougn J Electrochem
Soc 134 11987) p 2677

w;‘m GO Dawis GO Cow. J Eiectrocnem Soc. 136 (1989)
- .

GO Davs. WC Moawer T Friz. GO Cote. 4 Elecwochem. Soc.
13711950) p 422

B.A Shaw TL Faiz. G.O. Daws. W C Mosnier J Ewcirochem. Soc.
137 (1900): 0 1t 17

G.0.Dawe. W C Mosiver. G.G. Long. D R Black. J Eiectrochem Soc.
138 (1991) 0. 3.194

B.A.Shaw. G.O.Oavs. TL Frez. 8.J Rees. W C Mosrwer. J.
Electrochem. Soc. 138 (1991) p. 3.288

B.A Shaw. G.O Davs. TL Friz. 8. Rees. W C. Modiwer. n Crce
Factors in Locakzed Corroson. G S. Franket. R C. Newman. eds . PV
92-9. (Pencungion. NJ' The Electrocnemicsl Soasty Soiouno
Procsedngs Senes. 1992). p. 323.

G.S Franket. M A. Russak. C V. Jahnes. M Mrzamasm. V A. Brusc, J.
Electrachem. Soc 136 (1989) p. 1 243.

. H. Yosivoha. M. Mabazaks. A Kawashna. K Asami. K. HESlmMOw,

Corros. Sci. 32 (1981) p 213

Model EQCN-600

ELCHEMA P.O. Box 5067 f

Potsdam, NY 13678

1-{315)-268-1608

FAX: 1-(315)-208-1700




Appendix 2
Corrosion Resistant Aluminum Matrix for Graphite-Aluminum Composites

44



Corrosion Resistant Aluminum
Matrix for Graphite/Aluminum Composites

Robert G. Wendt and William C. Moshier
Martin Marietta Astronautics
Denver CO, 80201

Barbara Shaw and Paul Miller
Pennsylivania State University
University Park, PA 16802

David L. Olson
Colorado School of Mines
Golden, CO 80401

ABSTRACT

Graphite/Aluminum (Gr/Al) metal matrix composites possess several attractive
mechanical and thermal properties but use of this material has been limited, in part,
because it is extremely susceptible to corrosion. In this study, cormrosion resistant
aluminum alloys that contained non-equilibrium concentrations of molybdenum were
developed as the matrix for Gr/Al composites using co-sputter deposition. Corrosion
testing included potentiodynamic polarization and galvanic coupling of as-sputtered and
heat treated alloys. Polarization behavior of the as-sputtered and heat treated alloys
measured in NaCl solutions was found to be greatly improved over pure aluminum and
traditional Gr/Al matrix alioys such as 6061 Al. Galvanic current density values for as-
deposited and heat treated Al-18Mo and Al-23Mo alloys coupled to equal areas of P75
Gr fibers were measured and found to be up to three orders of magnitude lower than for
pure sputtered Al-to-Gr couples. Galvanic diagrams for the Al-Mo alloys indicated
corrosion was controlled by the anodic reaction irrespective of the cathode-to-anode
area rauo.

1.0 INTRODUCTION

High modulus Gr/Al metal matrix composites (MMCs) offer a high specific modulus
and strength (E/p and UTS/p), high thermal conductivity (K), and a coefficient of thermal
expansion (a) that can be designed to be 0 ym/m/°C by selecting the appropriate Gr
fiber type, volume, and lay-up. These properties are ideal for designing mechanically
(E/p) and thermally (o/K) stable structures. However, Gr/Al is very susceptible to
corrosion, which has severely limited its application in aircraft, spacecraft, and marine
structures.
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Gr/Al composites have been shown to corrode eighty times faster than monolithic
Al alloys in an aerated 3.15 weight percent NaCl solution at room temperature [Ret 1).
One key factor behind the rapid corrosion of Gr/Al composites was residual
microstructural chlorides introduced during the liquid metal infiltration (LMI) process
used to fabricate precursor Gr/Al wires [Ref 1-4]. Corrosion of Gr/Al composites
initiated by pitting of the aluminum facesheet foils at a rate commensurate with Al alloys.
Once the Al facesheet foils were penetrated, corrosion was accelerated by residual
microstructural chiorides within the composite and by exposure of the Gr fibers creating
a galvanic couple.

To improve the corrosion resistance of Gr/Al, several techniques, including
coatings, cathodic protection, and cathodic inhibitors, have been investigated [Ref 1,5).
These methods provided various levels of improved corrosion resistance but only
delayed pitting and subsequent galvanic interaction between the Al matrix and Gr fiber.
None of these techniques addressed the true problem, which was poor corrosion
resistance of the Al matrix in chioride environments, especially when the metal was
galvanically coupled to Gr fibers.

An alterate method for preparing Gr/Al composites is to deposit the Al matrix
directly onto each individual Gr fiber by physical vapor deposition (PVD) [Ref 6]. The
flexible alloy coated fibers are arranged in the desired orientations and consolidated by
diffusion bonding. The versatility of the PVD process allows for virtually any matrix alloy
to be deposited onto the Gr fibers. Advantages of the PVD process over the LMI|
process include: 1) eliminating fiber/matrix reactions because the composites can be
consolidated well below the melting point of Al where the kinetics for aluminum carbide
formation are sluggish, 2) minimizing thermal strain hysteresis due to the high strength
of the sputtered alloy matrix and the smaller thermal excursion required for diffusion
bonding as compared to meiting, 3) providing near-net shape processing capability, and
4) eliminating residual microstructural chlorides.

Several Al-Mo alloys have been fabricated using sputtering which is similar to the
PVD process used for Gr/Al composites [Ref 7-11]. These Al-Mo alloys were
electrochemically tested and demonstrated to exhibit improved corrosion resistance
over typical Al alloys. In this study, Al-Mo alloys were investigated to determine the
feasibility of using these alloys as the matrix for Gr/Al composites. Alloys were
fabricated and corrosion tested to assess whether the improvement in corrosion
behavior was maintained after heat treating at typical composite consolidation
temperatures. In addition, galvanic corrosion experiments were conducted to determine
the electrochemical stability of Al-Mo by coupling the non-equilibrium alloys to P75 Gr
fibers embedded in a non-conductive epoxy. Throughout this work, the increased
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density which resulted from the addition of refractory metals to Al was always taken into
consideration. This work focused on Mo additions to Al as well as investigating the
impact of adding magnesium as a fow density ternary element to assess whether highly
noble breakdown potentials could be achieved and maintained after heat treatment.

2.0 EXPERIMENTAL PROCEDURE

Binary Al-Mo and temary Al-Mg-Mo alloys were fabricated by co-sputtering from
pure element targets onto either 100-mm-dia. silicon wafers in the case of the binary
alloys or single crystal sapphire for the Al-Mg-Mo alloy. Sapphire was used for the
ternary alloy to eliminate the formation of MgSio at low temperatures and short heat
treatment times. However, sapphire was also found to react with the Mg to form spinels
and oxides during heat treating. Hence, it was difficult to identify an inert substrate for
the ternary alloy study.

Substrate temperature was not controlled during sputtering and reached a
maximum of approximately 100°C during a 1 h deposition that resulted in a ~1um thick
alloy film. Alloy composition was controlled by holding the Al cathode power constant at
485 W RF while the power to the Mo and Mg cathodes was varied between 10 and 100
W DC. High purity argon (10 parts per billion oxygen) working gas was introduced at a
flow rate of 200 standard cubic centimeters per minute (SCCM) and pressure was held
constant at 7.0 mtorr by adjusting the conductance of the system. The sputtering heads
were spaced approximately 100 mm from the substrate focused at 60° from the
substrate normal. By rotating the substrate at 30 revolutions per minute (RPM), alloy
composition uniformity could be maintained to within a few atomic percent solute across
the substrate.

Composition of the sputtered alloys was measured using energy dispersive
spectroscopy (EDS) on a scanning electron microscope (SEM). Compositions of
several specimens were also measured by inductively coupled plasma (ICP) for
comparison.

X-ray diffraction (XRD) was conducted using a 12 kW rotating anode diffractometer
with a monochromatic Cu-Kq x-ray source. Both as-sputtered and heat treated Al-Mo
alloys were analyzed to determine whether the Mo was either in solid solution with the
Al and readily available for incorporation into the passive film or whether precipitation
had occurred, resulting in the formation of AlxMoy intermetallic compounds.

Anodic polarization tests were conducted at ambient pressure and temperature in
a quiescent (non-stirred with no purge gas, i.e., neither aerated nor deaerated but in
open air) 0.1M NaCl solution with the pH adjusted to 8 using reagent grade NaOH.
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Alloys that exhibited enhanced corrosion behavior were prepared for additional
polarization tests where the concentration of chloride in solution was varied (either 0.1
M or 0.55 M NaCl) and the solution was aerated. Using a potentiostat/galvanostat,
specimens were allowed to reach a stable open circuit potential and were polarized in
the anodic direction starting at a potential 10 mVc cathodic to the open circuit potential
(Eoc) at a rate of 0.2 mV-s-1 until breakdown occurred.

Galvanic corrosion response of the Al-Mo and Al-Mg-Mo alloys was estimated
using galvanic diagrams that were constructed from the polarization data [Ref 12]. In
these diagrams, the anodic data for the Al-Mo alloys and pure sputtered Al were
superimposed on the cathodic curve for the P75 Gr fiber. Assuming the IR drop
between the metal and Gr fibers was insignificant, there were no contributions from
reverse reactions, and a uniform current distribution between the metal and graphite;
the intersection of the anodic and cathodic curves was used to estimate the current
present in the galvanic couple.

To confirm the galvanic diagram predictions, galvanic currents were measured by
coupling either the as-sputtered or heat treated alloy specimens to P75 Gr fibers. The
P75 Gr fibers were prepared for testing by embedding them into a non-conductive
epoxy and electrically connecting them to a external lead. Area fractions of the exposed
Gr fibers were measured using a image analyzer. Nominal cathode-to-anode area
ratios ranged from 0.2 to 1.1. The alloy specimen and the P75 Gr/epoxy composite
were electrically coupled and immersed in a pH 8, 0.1 M NaCl solution. Galvanic
current was monitored as a function of time using a potentiostat/zero resistance
ammeter (operating in the ZRA mode).

3.0 RESULTS
3.1 Alloy Fabrication and Heat Treatment

Compositions and anodic polarization results of the as-sputtered Al-Mo and Al-
Mg-Mo alloys are listed Table 1. All as-sputtered alloys had a highly reflective metallic
appearance after sputtering indicating low levels of oxygen contamination. After heat
treating, most of the alloys retained their highly reflective appearance.

XRD revealed that all of the as-sputtered alloys were amorphous as shown in the
representative pattern in Figure 1. Table 2 summarizes the XRD resuits of the alloys
that were heat treated at 400°C, 500°C and 600°C for 1, 2, and 8 h to determine the
effect of composite consolidation on the alloy structure. This table shows that as the
concentration of Mo in the Al alloy increased, its propensity to form precipitates during
heat treatment decreased. For example, Al-11Mo precipitated at the lowest time (1 h)
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and temperature (400°C), whereas the Al-23Mo remained amorphous after being heat
treated at 600°C for 2h. This result was unexpected because as the Mo concentration
increases, the thermodynamic driving force for precipitation increases. Lack of
precipitation indicated the kinetics for precipitation in these alloys was very sluggish.
The Al-Mg-Mo alloys were also amorphous in the as-sputtered condition but were found
to react at all heat treatment times and temperatures forming precipitates as well as
oxides due to reaction of the Mg with the sapphire substrate.

3.3 Polarization Testing

As-Deposited Alloys - Table 1 and Figure 2 summarize the results of the anodic
polarization experiments for the binary Al-Mo and temary Al-Mg-Mo non-equilibrium
alloys in the as-sputtered condition. All the as-deposited Al-Mo alloys exhibited a
extended passive region and an open circuit potential that was 500 to 600 mV more
noble than pure Al. Open circuit potential values for all of the alloys were measured to
be between -600 to -450 mVgce with the majority of the measured Eq¢ values ranging
from -520 mVgce t0 -580 mVgce. There was no apparent trend in Eqc as a function of
solute concentration for the Al-Mo alloys tested, agreeing with the previous work on Al-
Mo alloys [Ref 7,8,10]. Passive current densities (ipags) for the as-deposited binary Al-
Mo and temnary Al-Mg-Mo alloys ranged between 0.1 and 10.0 pA-cm2, but as in the
case of Eqc, No correlation between solute concentration and ipags Was evident.
Variations in ipags Were attributed to general defects, i.e., scratches, pinholes, etc., in
the alloy film. Breakdown potential (Ep) values for most of the as sputtered alloys were
between 100 and 500 mVgce as compared to -690 mVsgce for pure Al.

Additional polarization experiments were conducted on the Al-18 Mo alioy in
aerated and quiescent NaCl solutions (pH 8) with CI- concentrations of 0.1 and 0.55 M.
Figure 3 shows that the polarization response was not significantly altered by either
increasing the CI- concentration, by solution aeration, or both.

SEM examination and EDS analysis of a newly formed pit on the as-deposited
Al-18Mo specimen immediately after polarization to the breakdown potential showed the
Mo concentration had risen from 18 to 25 atomic percent in the pit. Increase in Mo in
the forming pit indicates the pitting process involves the preferential dissolution of Al
from the alloy, which is consistent with x-ray photoelectron spectroscopy work
conducted during earlier studies [Ref 8,10].

Heat Treated Alloys -- The polarization response of as-deposited and heat
treated Al-11Mo alloys is shown in Figure 4. Although the breakdown potential (Ep) for
the heat treated Al-11Mo alloys decreased from ~420 mVgce (as-sputtered) to 50 mVgce,
(heat treated), Eqc remained reiatively constant at approximately -550 mVsce.
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Reduction in Ep, was likely the result of precipitates formed during heat treatment
creating microgalvanic cells with the surrounding alioy. Conversely, ipass decreased
from ~1 yA-cm-2 for the as-deposited alloy to ~0.1 pA-cm-2 after heat treatment.

Both Eqc and Ep, for the Al-18Mo alloy were not dramatically affected by heat
treating up to 500°C for 2 h (Fig. 5). Similar to the Al-11Mo alloys, ipass for the heat
treated Al-18Mo specimens was less than that for the as-sputtered alloy, with the
exception of specimen heat treated at 400°C for 1 h. No cracks or defects which may
contribute to lower Ep values were found during SEM examination of the heat treated
alloys.

The Al-12Mg-13Mo alloy exhibited an Eq¢ value of -580 mVgce and Ep of 55 mVgce
in the as-deposited condition which is similar to the Al-Mo alloys (Fig. 6). The Eq¢ value
was maintained after heat treating at 400°C for 1 h, however, heat treating the temary
alloy at longer times and higher temperatures resulted in a more active Eqoc
(approximately -800 mVgce ) with no passive response during polarization.

3.4 Galvanic Corrosion Behavior

Galvanic diagrams [Ref 12] based on equal metal/Gr areas for pure Al, 6061 Al,
and the Al-Mo alloys coupled to P75 Gr fibers are shown in Figure 7. This diagram
estimates that the galvanic corrosion of pure sputtered and 6061 Al coupied to P75 Gr
fibers was cathodically controlled with a high current density value of 12.5 yA-cm-2. For
a cathodically controlled reaction, the cathodic curve shifts to a higher current density as
the Gr-to-Al area ratio increases, which accelerates the corrosion rate of the Al matrix.
Converse to pure Al, galvanic corrosion was anodically controlled for the Al-Mo alloys
with an estimated galvanic current density of 1 yA-cm-2. For anodic controlled corrosion
changing the Gr-to-Al ratio and subsequently shifting the cathodic curve to higher
current density values (or anodic curve to lower current density) would not significantly
change the corrosion rate for the Al-Mo alloys. This result is important because
modifying the Gr fiber volume, which is a key design feature of composites to achieve
specific thermal or mechanical properties, will not result in dramatic changes in the
corrosion response of the Gr/Al-Mo composite.

Galvanic corrosion reaction remained anodically controlled for both the Al-11Mo
(Fig. 8) and Al-18Mo (Fig. 9) alloys after heat treatment. Referring to Table 2, although
some of the Al-11Mo and Al-18Mo alloys precipitated during heat treatment, they still
exhibited passive polarization response and the galvanic diagrams predicts the
corrosion will be controlled by the anodic dissolution of metal. Only after heat treating




the Al-11Mo to 500°C for 8 h was control for the galvanic reaction changed from anodic
(Al passivation) to cathodic (oxygen reduction on Gr fibers).

To confirm the predictions made using the galvanic diagrams, long term galvanic
current tests were conducted on sputtered Al, Al-11Mo, Al-18Mo, Al-23Mo, and ternary
Al-12Mg-13Mo in the as-deposited condition by coupling the alloy to P75 Gr fibers
(Figure 10). Galvanic currents values are equivalent to current densities since the
anode areas were 1 cm2. For all the alloys, the galvanic current initially starts off at
relatively high values between 3 and 30 pA-cm2, but quickly drops to a low steady state
value. The Al-18Mo and Al-23Mo reached low measured galvanic current densities of
~0.04 and ~0.08 pA-cm-2, respectively which were up to three orders of magnitude
lower than the galvanic current density values of 30 pA-cm-2 measured for pure
sputtered Al. Current density of the Al-18 Mo after heat treatment at 400°C for 2 h were
comparable to the as-sputtered value of 0.08 pA-cm2. Even after heat treatment at
500°C for 2 h the galvanic current density was an order of magnitude lower than for
pure sputtered Al. After galvanic testing of seven days (605 ks) the pure sputtered Al
had completely dissolved from the Si wafer whereas the Al-Mo alloys remained intact
and highly specular.

The Al-12Mg-13Mo alloy exhibited a galvanic current value of 10 yA-cm2 which
is greater than the binary Al-Mo alloys but still 3 times lower than for pure Al. However,
in less than 12 h (40 ks) after immersion in the 0.1 M NaCl, pH 8, solution, the Al-Mg-Mo
alloys coupled to P75 Gr fibers had exfoliated and completely lifted away from the
sapphire wafer. Due to the short time in solution for the Al-12Mg-13Mo alloy, data for
this alloys is not included in Figure 10.

4.0 DISCUSSION

XKD examination indicated that the Al-Mo alloys containing more than 11 atomic
percent Mo were amorphous even though the substrate was aliowed to heat to
approximately 100°C during the sputtering process. The broad peak at 21° was
attributed to short range order associated with the AlxMoy intermetallic compounds
which have high intensity peaks at these low angles. Similarly, the broad peak at 41°
was indexed to amorphous Al and is indicative of what has been found for other
sputtered and rapidly solidified Al alloys [Ref 13-15]. XRD indicated Mo had not
precipitated to form AlxMoy intermetallic compounds and thus was available for
incorporation into the passive film. Alloys that did not form precipitates during heat
treatment exhibited Eoc and Ep values very similar to the as-deposited alloys; whereas
Eoc remained similar to the as-deposited alloys but Ep was more electrochemically
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active for heat treatments which produced precipitates. For the Al-18Mo alloy, a noble
breakdown potential of approximately 400 mVgce was observed after heat treatment to
500°C for 2 h even though XRD indicated secondary phases had precipitated.

Galvanic corrosion for all of the as-deposited Al-Mo alloys was controlled by the
anodic reaction as indicated by the intersection of the passive region of the anodic curve
with the oxygen reduction portion of the P75 cathodic curve. The galvanic diagrams
showed that galvanic corrosion of pure Al and 6061 Al alloy were cathodically controlied
whereas the galvanic corrosion of the non-equilibrium alloys is anodically controlied.
For anodic controlied reactions, corrosion is controlied by ingress of oxygen through the
passive film for subsequent reaction with the alloy. Whereas for cathodic controlled
corrosion, dissolution of the alloy will occur at a high rate corresponding to the rate of
the red.. :tion reaction. The result is the non-equilibrium alloys corrode at a rate about
two orcers of magnitude lower than pure aluminum of conventional aluminum alloys
when gaivanically coupled to graphite fibers. Because Ep, for the anodic reaction is
more noble than the Eq for the cathodic reaction, Al-Mo alloys coupled to Gr fibers are
expected to be stable regardless of the area ratios. Decreasing the anode area (or
conversely increasing the cathode area) generally results in lateral displacement of the
polarization curves, and the corrosion reaction remains anodically controlled. This is
beneficial because the composite corrosion behavior will not be adversely aftected by
increasing the Gr fiber volume.

Even after heat treatment, the binary Al-Mo alloys exhibited high Eqc of -550
mVsce and a Ep of between 100 and 400 mVsce. As a result, the galvanic diagrams
indicate the couple is anodic controlled and the current density is >1 yA-cm2,

Hihara measured the cathodic reaction of P100 Gr, SiC and, TiB2 in an aerated
3.15 weight percent (0.55 M) NaCl solution [Ref. 3]. Superimposing these results onto
the galvanic diagrams presented in this paper shows that the cathodic reaction on the
P100 Gr fibers in a higher chloride concentration solution was very similar to the P75 Gr
fiber cathodic reaction in 0.1M NaCl, pH 8 (Fig. 11). The open circuit potentials for both
P75 and P100 Gr fibers were approximately 0 mVgce. Figure 11 shows that the Al-Mo
alloys would also be galvanically stable with higher modulus Gr fibers such as P100, as
well as other reinforcements such as silicon carbide (SiC) and with fiber coatings such
as titanium diboride TiBa. This result is significant because it is the first time that
corrosion of Gr reinforced composites has been shown to be controlied by the alloy
matrix rather than driven by the Gr fibers.
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5.0 CONCLUSIONS

Non-equilibrium Al-Mo alloys fabricated by magnetron sputtering have clearly
been shown to be promising matrix alloys for Gr/Al composites. Al with 18 to 23 atomic
percent Mo could be heat treated up to 400°C for 8 h without detectable precipitation or
change in corrosion behavior. In addition, the Al-23Mo could be heat treated to 600°C
for 2 h without degrading the corrosion performance. Al-18Mo heat treated at 400°C for
8 h exhibited an open circuit potential of -556 mVsce, a breakdown potential of 335 mVgce
and passive current density of ~0.4 pA-<cm-2in a 0.1 M NaCl, pH 8 solution. These
values are very similar to the as-sputtered Al-18Mo alloys and are a significant
improvement over pure both pure Al or 6061 Al alloy which are typical matrix materials
for Gr/Al composites. Galvanic current densities measured for Al-18Mo and Al-23 Mo of
~0.04 to ~0.08 pA-cm-2 were 3 orders of magnitude lower than the 30 yA-cm-2 measured
for pure Al in the 0.1 M NaCl, pH 8 solution when coupled to P75 Gr fibers. Galvanic
diagrams of the anodic response of the alloy superimposed with the cathodic curve for
the P75 Gr fibers predicted the galvanic corrosion rate to be controlied by the rate of the
anodic reaction and the Al-Mo alloys will be electrochemically stable when coupled to Gr
fibers regardless of the area ratios (in a 0.1M NaCl electrolyte). Galvanic current density
values for Al-18Mo alloy heat treated at 400°C for 2h were similar in magnitude to the as-
sputtered alioy but began to increased after the 500°C, 2 h treatment.

The temary Al-12Mg-13Mo alloy also exhibited improved polarization behavior
with respect to pure Al and 6061 Al and are a lower density than the Al-Mo alloys.
Unfortunately, the ternary alloys exhibited much higher galvanic current density values
(~10 pA-cm2) and were found to precipitate during heat treatment at the shortest time of
1 h and lower temperature of 400°C which resulted in a loss of passivation.

The polarization and galvanic data indicate that Al alloyed with between 10 and 26
atomic percent Mo provides a matrix that can be processed and consolidated at high
. temperatures and still retain its inherent corrosion resistance when coupled to the Gr
fibers in the composite. Therefore, the optimum alloy composition was determined to be
Al-18Mo because it was the lowest density alloy that could be coupled to Gr fibers after
heat treatment and retain its passive behavior, and not increase its galvanic corrosion.
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Table 1. Alloy Composition and Anodic Polarization Data in 0.1 M NaCl
(pH=8) for Binary Al-Mo and Ternary Al-Mg-Mo Non-Equilibrium

Alloys.
Alloy Composition Eoc "Bp ipass
(At. %) (mV vs. SCE) (mV vs. SCE) _(uAlcm2)
Al 1093 -690 0.10
-1224 -689 0.70
Al-12Mo -550 525 6.50
Al-26Mo -440 750 3.00
-427 700 0.60
-460 600 0.80
-495 770 1.90
-540 760 417
Al-19Mo -490 320 1.26
-545 470 1.26
Al-11Mo -581 220 2.69
-629 100 23.7¢
-681 0 46.61
Al-18Mo -520 461 0.89
-601 391 35
-555 456 3.63
Al-23Mo -582 563 45.6
-582 492 7.60
-591 496 7.60
Al-12Mg-13Mo -513 55 1.00
-573 85 4.50
-550 39 5.60
Al-11Mg-10Mo -555 * *
-494 ® *
L -542 * g
1 Alioy Started to Pa xivale, but then Rose o Higher ‘Current Density Before

Passivating
* Did Not Passivate
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Al-23Mo, As-Spittered

Amorphous
Mo Alloy

20 30 40 50 60 LY 80 0

A-23Mo, HT 500°C, 4h

Relative Intensity
o8
o

10 20 0 40 50 60 70 80 90
Diffraction Ange, 20

Figure 1. X-ray Diffraction of Al-23Mo Alloy in the As-Sputtered Condition and
| After Heat Treatment. As-Sputtered, the alloy is amorphous and it is
| just beginning to precipitate after heat treatment at 500°C for 2 h.
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Heat Treatment Time (h)

Table 2. Summary of Al-Mo Alloy Structure as a Function of Heat Treatment

Time and Temperature.
Heat Treatment Temperature
400°C 500°C 600°C

Al-11Mo, ppt Al-11Mo, ppt Al-11Mo, ppt
Al-18Mo, Amorphous | Al-18Mo, ppt Al-18Mo, ppt
Al-23Mo, Amorphous | Al-23Mo, Amorphous| Al-23Mo, Amorphous
Al-11Mo, ppt Al-11Mo, ppt Al-11Mo, ppt
Al-18Mo, Amorphous | Al-18Mo, ppt Al-18Mo, ppt
Al-23Mo, Amorphous | Al-23Mo, Amorphous| Al-23Mo, Amorphous
Al-11Mo, ppt Al-11Mo, ppt Al-11Mo, ppt
Al-18Mo, Amorphous | Al-18Mo, ppt Al-18Mo, ppt
Al-23Mo, Amorphous | Al-23Mo, Amorphous| Al-23Mo, ppt

ppt - fully precipitated
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Figure 2. Anodic Polarization Response of Various Al-Mo Alloys, Polarized in
Quiescent 0.1M NaCl, pH 8, 25°C.
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Figure 3.  Anodic Polarization Response of Al-18 Mo Used for Detailed Heat

Treatment Studies, Polarized in Quiescent and Aerated 0.1M and
3.15 wt. % (0.55M) NaCl, pH 8, 25°C.
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Figure 4. Anodic Polarization Response of Al-11Mo Alloy Before and After
Heat Treatment at 400°C for 1 and 2 h and 500°C for 1, 2, and 8 h,
Polarized in Quiescent 0.1 M NaCl, pH 8, 25°C.

61




0.8

o4r

Potential E vs. SCE (V)

-0.8

1 A 1

-10

Figure 5.

-8 -6 4

Current Density, log (A/cm2)

Anodic Polarization Response of Al-18Mo Alloy Before and After
Heat Treatment at 400°C for 2 and 8 h and 500°C tor 1 and 2 h,
Polarized in Quiescent 0.1 M NaCl, pH 8, 25°C.
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Figure 6. Anodic Polarization Response of Al-12Mg-13Mo Before and After
Heat Treatment at 400°C for 1, 2 and 8 hrs and 500°C for 1 hr,
Polarized in Quiescent 0.1M NaCl, pH 8, 25°C.
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Figure 7. Galvanic Diagram with Anodic Curve of Pure Sputtered Aluminum,

Wrought 6061 Al, and Various Sputtered Al-Mo Alloys Combined
with the Cathodic Curve for and Equal Area of P75 Graphite
Fibers, Tested in Quiescent, 0.1M NaCl, pH 8, 25°C.
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Galvanic Diagram for Equal Areas Al-11Mo Alloy Before and After

Heat Treatment at 400° for 2 and 8 h and 500°C for 1, 2, and 8 h
With P75 Gr Fibers, Tested in Quiescent 0.1 M NaCl, pH 8, 25°C.
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Figure 9. Galvanic Diagram for Equal Areas Al-18Mo Alloy Before and After

Heat Treatment at 400°C for 2 and 8 h and 500°C for 1 and 2 h
With P75 Gr Fibers, Tested in Quiescent 0.1 M NaCl, pH 8, 25°C.
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Figure 10.  Galvanic Current for Commercially Pure Aluminum and Al-18Mo
Alloys (As-Deposited and Heat Treated) Coupled to P75 Graphite
Fibers in Quiescent 0.1M NaCl, pH 8, 25°C.
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Figure 11.  Anodic Polarization Response of Al-18Mo Tested in Quiescent
0.1M and 0.55 M NaCl, pH 8, 25°C Superimposed with P75
Cathodic Curve and P100, SiC and TiB, Cathodic Data from
Hihara and Latanision [Ref. 3).




