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Statement of the Problem

The work summarized in this report falls in several areas. The first part deals with
determining experimental aqueous chloride potential-pH diagrams using potentiodynamic
polarization techniques for pure iron, iron five weight percent chromium bulk alloys, and
iron implanted with an average chromium concentration of eight percent in the surface
modified region. These diagrams were compared with each other and to available
equilibrium Pourbaix diagrams for the appropriate systems in order to help evaluate the use
of ion implanted alloys to obtain corrosion data for bulk alloys with the same chemical
composition.

The microstructure in the surface modified region of aluminum annealed after
implantation with a range of maximum molybdenum concentrations were examined in both
the as-implanted and as-implanted-annealed states using trar:smission electron microscopy
techniques. After annealing for a certain range of maximum molybdenum concentration, a
continuous film of the phase Alj2Mo formed in the surface modified region with both a
metastable and stable microstructure.

In the third part of this report, the corrosion properdes, as determined by
potentiodynamic polarization techniques, of alloys containing these two different types of

continuous Al12Mo films in the surface modified region are summarized.

Summary of the Results
1.0 rrosion Behavior of Iron-Chromium Alloys
The corrosion behavior of Aramco iron, a bulk Aramco iron-5w/o chromium alloy,
and an Aramco iron base alloy with an average as-implanted chromium concentration of
approximately 8 w/o were compared in an aqueous solution with and without 0.1 molar
chloride 10n in the pH range of 2 to 12 by examining the experimental potential -pH

diagrams censtructed trom potentiodynamic polarization measurements [1,2]. One of the




goals of this study was to help evaluate the usefulness of representing alloy corrosion
bzhavior by experimental potential-pH diagrams determined in this way. Another goal was
to evaluate the corrosion behavior of bulk alloys using ion implanted alloys with the same
approximate surface solute concentration as the bulk alloy.

The experimental potential-pH diagram for pure iron (Fig. 1) is in good agreement
with the equilibrium Pourbaix diagram for the iron-water system [3] which is a good
indication this is a useful method for representing the corrosion behavior of metals. The
effect of chloride ion on the potential -pH diagram for pure iron in aqueous solution is to
reduce the passive region for pitting as is seen by comparing Fig. 1 and Fig. 2. The effect
of chromium implantation on the experimental potential -pH diagram for an aqueous
solution without chloride ions, as illustrated in Fig. 1 and Fig. 3, is to shift the corrosion
potential to a more noble potential than that of the unimplanted iron and to extend the
passive region from pH7 to pH4.

For the 0.1 molar chloride solution, as can be observed by comparing Fig. 1 and
Fig. 4, the major difference between the Aramco iron and the iron implanted with
chromium is that the range of passive film stability is limited to pH6 at the lower pH limit
for the chromium implanted alloy. The implanted alloy is immune to corrosion at potentials
more noble that the unimplanted alloy, but the improvement is limited to pH less than 8.
The pitting potential is essentially the same for both the implanted and unimplanted alloy in
the presence of chloride ion.

A comparison of the overall corrosion behavior in 0.1 molar chloride solution of the
chromium implanted alloy (Fig. 4) with the bulk alloy containing a similar chromium
composition (Fig. 5) reveals the corrosion behavior of both alloys is very similar, except
that the passivation range of the implanted alloy is limited to pH 6-14, whereas, the passive
film on the conventional iron-chromium alloy is stable in the range extending to pH 3.5. It
appears that the major enhancement of corrosion behavior by chromium implantation is due

to the implanted surface chemistry and not an effect due to 1on damage.




The rest.lts of this investigation indicate (1) experimental potentiz! -pH diagrams
determined from potentiodynamic polarization measurements are useful for representing
general and pitting corrosion behavior for alloys in aqueous solution, and (2) the corrosion
behavior of bulk alloys in aqueous chloride solutions can be represented by ion implanted

alloys with the same average solute composition in the surface modified region as bulk

alloys.

2.0 Microstructure of Aluyminum Annealed After Impl ion with Mol num Ion

The microstructure formed in aluminum annealed after implantation with a range of
molybdenum concentrations was examined using selected analytical electron microscopy
techniques and Rutherford backscattering spectroscopy [4-11]. Dual 50-100 KeV implant
energies were employed in order to produce a broader surface modified region for
formation of these micrestructures. For each alloy in the as-implanted state, a crystalline
material containing ion damage was observed using TEM techniques. When aluminum was
annealed at 550°C for two minutes after implantation with maximum molybdenum
concentrations in the range of 2.5 to 3.5 atomic percent (a/o), a lamellar Alj2Mo precipitate
structure (Fig. 6a) was observed throughout the surface modified region [8,11]. An
interlocking AljaMo precipitate structure (Fig. 6b) formed throughout the near surface
region when specimens with the same molybdenum concentration range were annealed at
550°C for one and a half hours [8,11].

For aluminum annealed after implantation with molybdenum in the approximate
concentration range of 8 to 11 a/o, a continuous film of AjpMo formed in the surface
modified region. The microstructure of the continuous AljsMo film formed depended on
the annealing temperature. A metastable Alj2Mo film with a mottled microstructure (Fig.
7a) formed on annealing at 400°C for forty eight hours [8]. A stable film of AljoMo grains
(Fig. 7b) formed during annealing at 550°C for one and a half hours [8]. Selected area

diffraction and convergent beam electron diffraction analysis along with molybdenum




concentration profiles determined by Rutherford backscattering spectrometry all indicated
the Aly1oMo films were continuous. The molybdenum concentration of all the films
determined by x ray microanalysis was also consistent with the films being Al;2Mo [9].
Selected area diffraction and convergent beam electron diffraction analysis indicated the
crystal structure of the continuous precipitate films were the same as reported for bce
Al;2Mo [9]. Sequential annealing of specimens at 550°C for one and a half hours followed
by an anneal at 400°C for forty eight hours produced the metastable Alj2Mo continuous

fiim followed by the stable Al}2Mc continuous film [10].

3.0 The Corrosion Behavior of Specimens Containing Continuous AljoMo Films

The corrosion behavior of specimens containing the continuous AljpMo film with
either the mottled, metastable or granular, stable microstructure in the surface modified
region was characterized in an aqueous solution with and without 0.1 molar chloride ion at
pH 6 and 3 usirg potentiodynamic polarization measurements [13]. Dual energy
molybdenum implants were carried out at either 25 KeV followed by 95 KeV or at 95 KeV
followed by 25 KeV. The lower energy implant was done at 25 KeV in order to have a
high molybdenum concentration as close as possible to the specimen surface. For the
potentiodynamic-polarization measurements, the variation in specimen current at the anoidic
specimen surface as the potential on the specimen is varied indicates what type of process is
occurring at the anoidic specimen surface. Correlations between the metallurgical
microstructure, composition profiles, and corrosion behavior were explored. A model was
developed to explain the corrosion behavior of aluminum implanted with molybdenum in
0.1 molar aqueous chloride solution that was consistent with the experimental
evidence [13].

Pure aluminum owes its general corrosion resistance to the formation of an
aluminum oxide film at pH6 (Fig. 8) but suffers pitting attack in 0.1 molar chloride

solution at the same pH (Fig. 9). Aluminum as-implanted with molybdenum exhibits a




more noble corrosion potential than pure aluminum and exhibits a protective molybdenum
oxide film without chloride ion present at hoth pH6 (Fig. 8) and pH3. This tilm is hard to
break down in chloride solution at pH6 (Fig. 9 or Fig. 10) but is unstable in a solution
containing chloride ion at pH3 (Fig. 11). Auger spectroscopy indicates there is a high
molybdenum concentration adjacent to the ion implanted surface in the as-implanted
specimens and that the molybdenum concentration in the near surface region increases
during corrosion in 0.1 molar chloride solution at pH6.

Annealed specimens containing a continuous Alj2Mo film in the surface modified
region with both types of film microstructures have good corrosion resistance in solutions
without chloride ions at both pH6 (Fig. 8) and pH3 due to the formation of a molybdenum
oxide passive film. The Auger spectroscopy results of Fig. 12 where the (Mo/Al) and
(O/Mo) concentration profiles are plotted indicate that a molybdenum oxide film exists
between the surface and the continuous AljsMo film after the specimens are annealed at
both annealing temperatures.

Annealed specimens exhibit different types of corrosion behavior in chloride
solution which depends on the dual energy molybdenum implant sequence, the type of
microstructure in the continuous film which is determined by the annealing conditions, and
the pH of the solution. Specimens annealed at 400°C for forty eight hours after
implantation with a sequence of 25 — 95 KeV molybdenum ions (Fig. 9) or 95 — 25 KeV
molybdenum ions (Fig. 10) to produce a metastable, mottled continuous film
microstructure exhibited a considerable degree of passivation with respect to pitting
corrosion in a 0.1 M chloride solution at pH6. A specimen annealed at 550°C for one and a
half hours after implantation with molybdenum by a 25 — 95 KeV energy sequence
exhibited some passivation in a 0.1 M chloride solution at pH6 [Fig. 9], whereas a

specimen annealed at the same conditions after a 95 — 25 KeV energy implant sequence

did not exhibit any passivation in the same solution (Fig. 10).




An atomic number analytical electron microscopy (AEM) technique where the
Rutherford backscattering image from molybdenum atoms is examined in the transmission
mode indicates a nonuniform Alj2Mo film thickness in specimens annealed at 400°C for
forty eight hours for both implant energy sequences. However, for the specimen annealed
at 550°C for one and a half hours after an implant sequence of 95 — 25 KeV (i.e. granular
film structure), the continuous Alj;Mo film appears to be of uniform thickness. Both the
as-implanted and as-implanted-annealed molybdenum concentration profiles form
Rutherford backscattering measurements are consistent with these interpretations of the

continuous film thickness {13].
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Figure 6. Precipitate morphologies in aluminum implanted with
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atomic percent: (a) lamellar morphology in specimen annealed at
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in the range of 8 to 11 atomic percent: (a) granular stable
structure formed by annealing at 550°C for one and a half hours,
(b) mottled metastable structure formed by annealing at 400'C
for forty-eight hours.
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