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ABSTRACT

Ion implantation technology has been extended to include
the ionization of monomer gases and their subseaquent accelera-
tion and implantation into metallic and other substrates. The
variables and options involved in the process are numerous and
are discussed in the report. The resulting thin films are poly-
meric in nature and possess no traditional interface with the
substrate, thus improving adhesion. The purpose of this study
is to investigate these ion heam-related film formation techniques
for their ability to protect 6061-T6 aluminum alloy from corrosion
attack in natural seawater. Improved resistance to pitting cor-
rosion was observed for several of the treatments tested. The best
resistance to pitting was produced by the following treatment:
a 30-keV hydrogen ion beam is directed through a butadiene col~
lisional gas with a 13.6-V/cm field applied to the substrate.
This treatment is believed to promote hydrocarbon polymerization,
resulting in a thin film possessing increased adhesion and film
integrity. It should be re-emphasized that the purpose of this
investigation was to screen a number of possible treatments for
protection of one alloy in seawater. The positive results will
hopefully encourage broader experimentation with this unique and
potentially very useful rechnology.

ADMINISTRATIVE INFCRMATION
The ionized monomer implantation technique was tested as a potential corrosion
control method for aluminum. The program was sponsored by the Maval Sea Systems
Command. Treatment of the specimens was contracted to the University of Virginia
and to Gannon University. Corrosion testing was done by the Marine Corrosion Rranch
of this Center in cooperation with the LaQue Center for Corrosion Technology. The

pltting analysis was also conducted at the University of Virginia.
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INTRODUCTION

The application of ion beams and plasmas to modify the surface and near-surface
properties of materials has gained recognition as a potentially diverse and useful
tool in the materials sciences. The control of ion species/substrate combinations
and ion energies has been utilized extensively as a method of doping semi-
conductors,l*r2 as well as improving tribological properties,3’4 metal film
adhesion,5 and corrosion resistance.%:7 By controlling ion energies and ion
fluences, one can deposit thin films, implant atoms below the surface, or form
films which extend into the substrate on an atomic scale.

Thin-film formation techniques utilizing low-energy ion plasmas (=100 eV#%*)
include ion beam sputter coating,8 and ion beam plating.s‘lo The relatively low
energies used in these techniques provide sufficient kinetic energy for thin-film
nucleation and growth but do not allow for subsurface implantation. These low-energy
processes have the capability of depositing metallic, insulating (polymeric), and
semiconducting films on any solid substrate.

Ion implantation, however, is a process by which high~velocity ions can bhe
injected into the near-surface region of a solid substrate using accelerating volt-
ages ranging from tens to hundreds of kilovolts. High-energy ions (3100 keV)
are able to penetrate to depths of thousands of angstroms before collisions with
substrate atoms dissipate the kinetic energy of the incident ion. 1l Depth profiles
can be produced with a high degree of controllability and reproducibility and have
been calculated for a large number of implant species/host combinations. 12

The nonequilibrium nature of ion implantation has the potential to overcome the
limitations imposed by equilibrium phase concentrations. Thus, components can be
alloyed in concentrations beyond normal solubility limits, and solid solutions of
components which are normally immiscible using conventional alloying techniques can
be produced. Consequently, one can create novel, metastable, single-phase, surface

alloys without altering desirable bulk properties.

*A complete listing of references is given on page 47.

**Definitions of abbreviations used are given on page v.




Until recently, all ion implantation processes have used pure elements (solids
or gases) as the implant species. The technique nf ion implantation has been ex-
tended into a new technology involving the ionization, beam formation, acceleration
(10-100+ keV), and implantation of monorer gases (e.g., ethylene and butadiene).13
Two basic implantation procedures bave been used: (a) the direct ionization, beam
formation, and implantation of a monomer gas, and (b) implantation via a collisional
process whereby an ion beam of either an elemental (e.g., H+) or monomeric (e.g.,
ethylene) species is directed into a monomeric target gas in front of the substrate
(Figure 1). The result of these processes is a thin (50-500A) organic film whose
elemental constituents (C and H) have been implanted in the near-surface region of
the target (metal, glass, polymer) as demonstrated by ISS (Ion Scattering Speétros—
copy) and SIMS (Secondary Ion Mass Spectroscopy).la

One of the unique advantages of this thin-film formation technique is the
enhancement of film adhesion, an important aspect of thin-film protection. 1In the
ideal case of monomer implantation, the atomic constituents of the polymer film are
integrated into the substrate on an atomic level, thus eliminating the concept of a
classical interface as associated with other coating techniques. Even if there is
deviation from the ideal, there will be points of strong bonding between the C in
the film and the C implanted in the near-surface region of the target.

The purpose of this study 1s to investigate these ion-hbeam-related film forma-
tion techniques for their ability to protect the lightweight aluminum alloy 6061-T6
in a seawater immersion test. Due to the large number of processing techniques
(elemental beam only, monmer beam only, elemental beam into monomer, monomer beam
into monomer, etc.) and process variables (accelerating voltage, time, beam gas,
collisional gas, etc.) a series of five treatments was selected (Table 1). A two-
fold rationale was used for process selection: Some processes were intuitively
chosen on the basis of offering the best corrosion resistance, while other processes

were chosen for experimental verification.




EXPERIMENTAL METHODS

SAMPLE PREPARATION
Sixty five circular discs (2.5 cm diam x 0.3 cm thick) of 6061-Té aluminum

alloy were cut from standard sheet. The discs were prepared using this sequence:
(a) thorough cleaning with reagent-grade hexane, (b) polishing with 500 grit sand-
paper to remove machining marks, (c¢) hand polishing with O.l-micron (u) aluminum
oxide in water, and (d) a final hexane cleaning. Samples which were to be processed
by irradiation treatment remained immersed in hexane to assure the ahsence of
undetermined hydrocarbon contamination which might polymerize upon irradiation and
invalidate any conclusions drawn from the experiment. The samples were divided into
six sets. Five sets containing eleven specimens each were prepared for various ir-
radiation treatments, and one set of ten specimens was prepared to serve as a refer-
ence. All sample sets were kept under identical conditions until subjected to the
irradiation treatment, and all samples within a set were irradiated as identically
as possible. This procedure assured that any differences in surface properties
noted between sets could be directly attributed to the irradiation treatment rather
than to preirradiation handling. However, it must be noted that some variability
within a sample set was expected due to the extreme difficulty in sustaining con-
stant radiation parameters.

The irradiation treatments described below were undertaken at the State Univer-
sity of New York, College at Fredonia, Particle Accelerator Facility. The acceler-
ator is a Crockcroft-Walton 150-keV neutron generator which was modified to function
as an ion implantation device (Figure 2). The modified accelerator can produce ion
beams of any material having a room temperature vapor pressure of greater than 50u.
The beams have energies up to 150 keV with an energy spread of approximately 100 eV.
The ion beam can be focused from a 2-mm to a 2.5-cm—diam spot on a sample using a
gap lens and focusing electrode combination. The ions are produced by a radio-~
frequency glow discharge which yields almost totally singly ionized species. Vacuum

is achieved in the accelerator by means of a 4-in. oil diffusion pump system, with a
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rating of 700 /s, to produce a static vacuum in the low 0.N001-u range and an
operating vacuum in the 0.001-u range. Hydrocarbon contamination from the oil
diffusion system is minimized by the inclusion of a water-cooled baffle mounted
directly over the vacuum pump assembly. Attached to the end of the accelerator is
a gas cell consisting of a 10.6~cm~long, 4.13-cm-internal-diam pyrex glass tube
capped at both ends by electrically isolated aluminum housings. The cell is shown
in Figure 3. One of the aluminum housings contains an indentation for holding the
appropriate specimens, while the other holds two tantalum discs with 0,5-cm—-diam
holes drilled into their centers. As shown in Figure 3, the discs are positioned
so that the holes are aligned and form an aperture which allows the entry of the
ion beam while permitting containment of any gas or material in the vapor phase.
It was experimentally found that pressures of 200u could he maintained within the
gas cell when the accelerator was operated below a 0.05-u threshold. As shown in
this figure, the gas cell contains an inlet for a gas or material in vapor phase.
Control of gas flow into the gas cell, and thus control of the gas cell pressure,
is accomplished by means of a thermomechanical leak valve attached to this gas cell
inlet. An electric field could be produced and maintained within the gas cell

simply by creating a potential difference between the aluminum housings.

Sample Set 1

Each of the specimens of Set 1 were irradiated using a bydrogen ion beam at an
energy of 30 keV. No gas or electric field was present in the gas cell; however,
due to the tantalum apertures, a 0.5-cm—-diam spot on the samples was treated.
Samples were irradiated until a charge of 0.0012 coulomb was delivered. Tecause of
secondary electron emission produced by the hydrogen ions colliding with the
samples, this charge can only give a crude approximation of the total number of
ions arriving at the specimen. Therefore, approximately 7.5 x 1015 jons struck
each sample. Trradiation treatment of Sample Set 1 was performed in order to deter-
mine whether or not the effects of a hydrogen ion beam alone would sufficiently
alter the specimen surface so as to produce anticorrosion properties. It is known

that ion irradiation of a surface will produce a number of alterations, including a
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reduction of grain size, an increase in the number of surface dislocations and de-
fects, an alteration of surface and near-surface elemental and molecular composition
due to ion implantation and ion-induced chemical reactions, and changes in surface
morphology due to both uniform and preferential sputtering and recoil reactions.

All of the above effects can cause changes in the corrosion properties of a mater-
ial. Corrosion testing of Sample Set 1 would determine the cumulative effect of all

of these alteration processes in inhibiting corrosion.

Sample Set 2

Each of the specimens of Sample Set 2 were irradiated with an ion beam con-
sisting of the products produced when ethylene is ionized using a radio-freguency-
initiated glow discharge. The ion beam consists of singly ionized ethylene and all
possible ionic fragments thereof, in unknown proportion (although it may be reason-
able to assume that the principal ingredient of the beam is singly ionized ethylene),
at an energy 30 keV. As in the irradiation treatment of Sample Set 1, no gas or
electric field was present in the gas cell. However, in order to expose as much of
the specimen as possible to the alteration process, the tantalum apertures were
removed. The specimens were irradiated until a charge of 0.03 coulomb was delivered,
and again, ignoring secondary electron emission effects as well as sputtered ion
production, this charge represents delivery of 1.9 x 1017 ions. The irradiation
treatment on Sample Set 2 would serve to determine the effects of hydrocarbon im~
plantation and high-energy surface and near-surface interactions on corrosion in-
hibition as compared to that induced by a hydrogen ion heam. It is noted that the
kinetic energy of the ethylene—-derived ion beam far exceeds the binding energy of
any bond in the ethylene molecule, so that it is reasonable to assume that such
bonds would be destroyed in the ion/specimen collision. To a first approrximation,
irradiation of the specimen in this manner would bte functionally equivalent to
irradiation by a composite beam of carbon and hydrogen ions and molecules, the
latter being inferred since an ion/specimen collision can produce neutral fragments

and elements. The effects of the collision of this composite beam is manyfold.
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For example, the range in depth of the 30-keV carbon ions and elements in the

specimen is far less than the range of equivalent energy hydrogen ions and elements,
and their damage capability is far greater.12 Thus the damage profile of this com-
posite beam is expected to be distinctively different from that produced by the
hydrogen ion beam, and all consequential reactions ana alterations dependent upon
the damage profile will be different. Further, there is evidence that a hydro-
carbon ion beam impacting upon a specimen will create polymeric species on and in
the specimen surface.* These species appear to be similar to a polymer which {is
merged with the specimen surface such that no clear boundary exists between the

altered surface and the bulk material.

Sample Set 3
Each of the specimens of Sample Set 3 were irradiated using a hydrogen ion beam
at an energy of 30 keV. 1,3 butadiene at a pressure of 60y was present in the gas

cell, as was an electric field directed to the specimen. The electric field was

established by grounding the apertures through a 9.1-Mohm resistance while essential-

ly grounding the specimens. Since about 15 pamps of the hydrogen ion beam inad-
vertently struck the apertures, the resistance assured that the apertures were typi-
cally 136 V above the specimen. Thus an electric field of about 13.6 V/cm directed
toward the specimen existed in the gas cell. The specimens were irradiated until a
charge of 0.015 coulomb was delivered. It is noted that this charge has a much more
complex source than that delivered in either Sample Sets 1 or 2. This charge
represents the sum of the hydrogen beam ions, the positive butadiene-~derived ions,
the sputtered ions, the electrons, and the negative ions arriving at or leaving the
specimen. TIgnoring negative charge contribution and sputtered ion effects,

9.4 x 106 jons were delivered. Sample Set 3 was prepared in order to determine
whether the net effects of a hydrogen ion beam and the electric~field-directed
secondary butadiene ions produced therefrom would cause significant corrosion-
inhibiting surface alterations. There is evidence that the above sample processing
serves both to activate the specimen surface and to cause polymerization of the
hydrocarbon in the gas cell preferentially onto the activated surface, resulting

in increased adhesion and film integrity on the specimen.13’*

*M.W. Ferralli, private communication (1983).
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Sample Set 4

Each of the specimens of Sample Set 4 were irradiated in a manner and under
conditions identical to those of Sample Set 3 until a charge of 0.003 coulomb was
delivered. After such treatment, however, a potential of 1000 V was placed between
the apertures and the specimen (the specimen being negative), and the irradiation
was continued for an additional 5 minutes. In this additional processing, the con-
figuration used did not allow measurement of the accumulated charge and/or current.
The additional processing significantly differs from the treatment of Sample Set 3
in that the 100-V/cm electric field is large enough to produce a glow discharge in
the gas cell wherein the ion/electron pairs are not only produced by the hydrogen
ion beam but also by the directed electric field. The net effect of this treatment
is to substantially increase the number of butadiene ions arriving at the specimen
surface and thus significantly increase the rate of surface polymer film formation.
Sample Set 4 was prepared to determine whether the additional coating would signifi-

cantly enhance the corrosion resistance properties of the specimens.

Sample Set 5

Each of the specimens of Sample Set 5 were irradiated by an ethylene-derived ion
beam similar to that used in the treatment of Sample Set 2. The gas in the gas cell
was 1,3 butadiene at a pressure of 30u. The apertures were grounded through the
9.1-Mohm resistor, while the specimens were directly grounded, a configuration essen-
tially similar to that used in processing Sample Sets 3 and 4. However, the reduced
beam current resulted in an electric field of 9 V/em. The gas cell pressure of 30u
was used in order to stabilize accelerator conditions. As in the irradiation of
Sample Set 4, an additional 5-minute processing was carried out in order to increase
butadiene ion production which, consequently, increases the polymer film formation on
the specimen surface. Sample Set 5 was prepared in order to determine whether
changing the ion beam to one capable of creating hydrocarbon species within the
specimen surface would significantly increase the corrosion resistance properties

over those found in Sample Set 4.
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Sample Set 6
In order to establish a baslc corrosion reference, a set of ten specimens was
prepared by cleaning and polishing, as previously outlined, but was not irradiated.

The terms “Sample Set 6,” "sample 6,” and "control” will be used interchangeably.

SEAWATER IMMERSION

The previously described ion-beam-modified discs were tested by full immersion
in quiescent, filtered, 30°C natural seawater and by exposure to marine atmosphere.
Three nonconductive test panels (7.5x37.5x0.3 cm) were utilized. Each panel
contained two specimens of each of the five ion beam surface treatments as well as
two control samples (Sample Set 6). The sample discs (2.5%x0.3 cm) were affixed
to the test panels with General Electric RTV-108 Silicone Rubber. The perimeter of
each disc, as well as the crevices between the disc and test panel, was coated with
a stopoff lacquer (Tolber Microstop) to assure exposure of only the top flat surface

of the samples.

The test panels were exposed at the LaQue Center for Corrosion Technology, Inc.,

Wrightéville Beach, N.C., facility. One panel was exposed for 31 days and a second
for 120 days in full immersion. The seawater was replenished during testing by a
slow-drip feed which did not disturb the quiescent conditions. The third panel is
presently exposed at the Kure Beach 25-m lot. The third panel is intended to be a
long~term exposure and will be analyzed after severe attack has been observed on the
control specimens.

Once recovered, immersion samples were cleaned in two steps. Heavy macrofouling
was removed by light brushing and flowing water. A second cleaning procedure used
a warm chromic acid/phosphoric acid solution (ASTM Gl-81) to remove corrosion pro-
ducts from the pit interiors. This provided better pit visibility for the quaniti-

fication procedures.
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PITTING QUANTIFICATION

Preliminary examination of corroded aluminum samples revealed minute pits
(1-10u diam) in certain regions of the sample, as would be expected for a passive
metal in a chloride environment. Since weight loss measurements are not very mean-
ingful in the assessment of pitting corrosion, the amount and degree of pitting was
quantified by three morphological features: (a) the percent of sample area covered
by pits, (b) pit depth mode, and (c) maximum pit depth. Due to the small size of the
pits, all measurements were made at a magnification of 400X on an inverted-stage
metallograph (Zeiss Model ICM-405). At this magnification, a scan of the entire
sample surface would be extremely laborious. This, in addition to the radial distri-
bution of the beam energy (and, consequently, the surface treatment), necessitated a
sampling system as shown in Figure 4. Two randomly selected radial scans were made
on each sample, starting from the center of the beam-treated area and extending radi-
ally outward to the sample perimeter. The central frame was designated as “frame 1,"
and each subsequent frame could be counted as the microscope stage radially traversed
the sample (Figure 4). Measurements were typically made on Frames ), 5, 7, 10, 20,
30, 40, 50, 60, and 70. This sampling scheme was adhered to closely in order to
eliminate sampling bias. A description of the three morphological features measured

follows.

Percent Pitted Area

Some regions contained small numbers of individual pits and other regions con-
tained large numbers of interconnecting pits. Therefore, measurements were made on
the percentage of sample area covered by pits. Photographs were taken of each pre-~
designated frame of interest (i.e., 1, 5, 7, 10, etc.). By superimposing a regular
grid over the photograph, a quantitative method of point counting can be used. 4
The percent pitted area is proportional to the ratio of the number of grid inter-
sections lying on pits to the total number of grid intersections. The grid was
rotated in different directions so that four counts (an average of 1050 grid points)
were made for each frame for increased accuracy.lS The data tor corresponding
frames from the two scans was averaged, and 95% confidence intervals were calculated

according to Student's t-test.l®
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Pit Depth Mode

Pit depths could be measured by focusing the objective lens first on the sample
surface, and then down into the pits, and noting the distance traversed during this
focusing maneuver (indicated on the focusing knob). The units from the focusing knob
were converted into micron units.

When focusing from the sample surface into the pits, a point is reached where
the bottoms of a majority of the pits come into focus. This depth was recorded and

designated as the "pit depth mode.” The term "mode"” rather than "average” 1is used
because mode refers to the quantity within a distribution which occurs with the

highest frequency.

Maximum Pit Depth

In any particular frame, there was a point where only one pit remained in focus
as one was focusing down into the pits. This was recorded as the "maximum pit
depth.” The maximum pit depth is considered as one of the more important parameters
in pitting corrosion. Therefore the data presented in Figures 9 and 12 represent
the most severe pit depth for each frame and not the average of the two data points

taken.

RESULTS
Marine immersion tests of 30 and 120 days were performed on these 6061-T6 alumi-
num alloy samples treated by the ion beam treatments outlined in Table 1 and de-
scribed previously. For ease of discussion, the samples will be referred to bhv
treatment number and the number of days in seawater. Thus, sample "3-30" refers to
the sample with ion beam Treatment Number 3 and a 30-day marine immersiom; sample

"4-120" refers to Treatment Number 4 and a 120-day marine immersion.

11
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MACROSCOPIC EXAMINATION

Prior to Seawater Immersion

All sample surfaces had small multidirectional scratches approximately 0.5-1.0u
in width (Figure 5). Occasionally, larger (5-10u) scratches were observed. The
proton beam treatment (Sample Set 1) was restricted to a circular area approximately
0.5 cm in diameter, displaced slightly offcenter, and appearing as a dark grey
region. Sample Treatment 2 had a slightly discolored circular region 1.8 cm in dia-
meter, but the sample was reflective over the entire surface. Sample Treatment 3
was similar in appearance to Treatment l; however, the outside border of the treat-
ment was diffuse, and discoloration gradually faded out within 0.5 cm from the treat-
ment center. Treatment 4 contained a l.6-cm—diam discolored region composed of
concentric rings of varying density. Sample Treatment 5 was similar to Sample Treat-
ment 3. There was a small dark (almost bluish) region of beam treatment which faded

away gradually with distance from the center.

Post Immersion

Biofouling was evident on all sample surfaces after 31 days of immersion, and
was considerable after 120 days. No effort was made to examine the extent of bio-
fouling on the treated and untreated surface regions. Figure 6a shows Sample Treat-
ment 4 after 120 days in seawater; Figure 6b is the same sample after the initial

mechanical cleaning.

After Cleaning .

An interesting result was observed following the chromic acid/phosphoric acid
cleaning (ASTM-61-81). Film detachment was observed in the region outside of the
O.5~cm central beam area on Sample Treatments 3-5. These regions correspond to
areas where plating of ionized monomer occurred. While Specimens 4 and 5 were in
the cleaning solution, film separation was observed at the outer edges of the
treated area. A visible film began to lift from the treatment area circumference,
and the separation front moved radially inward with time. Film separation ceased
at the perimeter of the ion beam irradiated region, suggesting an improved film

adhesion as a result of ion beam treatment.
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PITTING QUANTIFICATION

The pitting data (i.e., percent area, pit depth mode, and maximum pit depth)
were plotted as a function of radial distance r from the center of the beam treat-
ment (Figures 7-12). In general, two basic regions on the sample surfaces could be
distinguished: a central beam-treated region (0<r<€2.0 mm), and an outer
region beyond the range of direct beam impact (r>2.0 mm). The processing techniques
were, therefore, assessed by comparing the data obtained from these two regions.

The data presented in Tables 2-5 were used to compare and rank the treatments.
Table 2 compares the average percent pitted area for all treatments for the 30~ and
120-day exposures. For Treatments 1, 3, 4, and 5 the data are displayed as beam
area and outer area. Beam area refers to the 0- to 2.0-mm radius central region of
direct beam impact, and outer area refers to the region from 2-mm radius out to the
perimeter, excluding the edge. For Treatment 2, the distinction is not made bhecause
the treated area (beam-impacted area) for this treatment was essentially the entire
surface. Also, no distinction is made for the control specimen. The averape per-
cent pitted area for the heam area is determined from four frames in each case, and
five frames each were used to determine those of the outer areas. For Treatments 2
and 6, nine frames were utilized to determine the averages. These procedures were
also employed in generating Tables 3-5.

Table 3 is a comparison of the average pit depth mode for all treatments for
both the 30- and 120-day exposures. The data were averaged over the number of
frames indicated above for each case, and the pit depth mode for each frame was
determined as previously indicated.

Table 4 is a comparison of the maximum pit depth observed for each frame.

These figures are not averages but represent the most severe pit depth.

A pitting parameter (Univ. of Virginia Pitting Parameter, or UVAPP) was defined
for each frame. The UVAPP is the percent pitted area for the frame multiplied by
the pit depth mode for the frame. This parameter is proportional to the volume lost
due to pitting. 1In Table 5 a comparison of the average UVAPPs for all treatments at
30 and 120 days 1s shown. The distinctions and number of frames used to determine

the averages are as previously described.
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30-Pay Immersion Tests

Percent Pitted Area. The data profiles for samples 1, 3, 4, and 5 reveal clear de-

I‘ marcations of the central beam area treatments (Figure 7). Sample 2 possessed uni-
form pit area coverage across the surface due to the absence of beam restriction by
an aperture. The control sample (Sample 6) also displayed a uniform pit area pro-
file, as one would expect.

II Sample 1 (H+ beam only) exhibited a uniqug phenomenon. The central beam area,
which contained a low level of pit area, was surrounded by an annular region (=0.1
cm wide) of intense corrosion. Moving out radially along the sample, the pit area
diminished back to the low level observed in the beam area.

:: Samples 3-5 revealed low levels of pitting in the beam area with a gradual in-
crease in the case of Samples 3 and 4 and a sharp increase in pit coverage in the
case of Sample 5 as one moves to the perimeter of the sample. The high levels of
pitting in the outer regions of these samples are associated with the ion-plated

’4 polymer films. 1In all cases (Samples 3-5), individual pits were seen in the central

beam areas. Beyond 2000u the pitting took on the appearance of interconnecting

channels with few individual pits.
The beam—treated areas of all samples showed markedly reduced levels of pit area

when compared to the control sample. The central region of Sample &4 displayed a

level of pit coverage which was 4.47 that of the control. Sample 2, however, demon-

strates a consistent level of pitting across the entire sample (30.17 that of the

control).

Pit Depth Mode. Sample 1 displays a similar profile in the pit depth mode (Figure ®)

as seen in the percent pit area (Figure 7). There iIs a low average pit depth in the
beam—-treated area which is surrounded by a band of increased corrosion.
No correlatable trends in pit depth data could be seen in Samples 2 and 6, and
therefc ‘e the pit depths were considered to be constant across the entire specimens.
Samples 3-5 show a general level of increased pit depth in comparison to the
control sample. The average pit depths are not reduced in the beam treated areas,
and in Sample 4 they show marked increase. A general Inverse relationship between

pit area and pit depth mode can be seen in Sample 4.
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The central beam area of Sample 1 demonstrated the best average pit depth
(61.3% that of the control). However, it is unclear what effect the outer region
bhas on the overall corrosion process with regards to cathodic protection by this

highly corroding outer region.

Maximum Pit Depth. Sample 1 again displays the profile seen in the previous measure~

ments (reduced central region with a ring of increased corrosion). The deepest pits
were observed in the outer regions of all beam—treated samples with the exception
of Sample 5 (Figure 9).

The data in Table 4 were obtained by considering the deepest pit in each of the
respective regions (i.e., beam area vs. outer region). Sample 1 displays the hest
protection in the beam area as compared to the control, followed by 2, 3, 4, and 5,

successively.

120-Day Immersion Test

Percent Pitted Area. The pit area profiles observed in the 30-day test samples

(Figure 7) were essentially duplicated in the 120-day test samples (Fipure 10). Any
minor discrepancies in the beam area size were a result of cutting the samples away
from the center line. The general level of corrosion as measured by pit area is
increased in all samples at 120 days over the 30-day test.

A comparison of the beam—-treated areas in Samples 1-5 to the control sample
demonstrated a reduced pit area in all of the treated samples. Sample 3 reveals the
best performance, followed by Samples 5, 4, 2, and 1. Figures 13-18 represent typi-
cal pitting observed in the major areas (central beam vs. outer area) of each sample
after 120-day seawater immersion. Since no large differences were observed in pit-
ting across Samples 2 and 6, only one figure is shown.

An equally important consideration of the data is that of kinetics. That is,
one must look at the change in pitting measurements with respect to time. As an ex-
ample, Table 2 shows a 5887 increase in the pit area in the beam-treated region when
comparing the 30- and 120-day data, while Sample 3 reveals no increase. These will

be important considerations in the final assessment of the processing techniques.
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Pit Depth Mode. Pit depth mode profiles for Samples 1, 2, and 6 for the 120-day ex-

posure (Figure 11) were similar in shape to their respective 30-day profiles
(Figure 8). 1In all cases except Sample 4, there is a general increase in the average
pit depth at 120 days. The beam area of Sample 5 contained so few pits that any
given field of view contained either one or no pits; consequently, a pit depth mode
measurement was not applicable.

The beam areas of Samples 1~4 revealed depth modes which were 867%, 947, 987,
and 1257 respectively, that of the control value. However, the.control (Sample 6)
displayed the smallest increase in pit depth mode from 30 to 120 days. Samples 3
and 4 reveal a decrease in pit depth mode with time, which is implausible and most

likely a result of sampling statistics.

Maximum Pit Depth. There is a general trend for maximum pit depths to occur in

regions containing the smallest percentage of pit area, specifically in the beam
areas (Figure 12). This is true in Samples 3-5. The deepest pitting in Sample 1,
however, occurs in the ring of corrosion just outside the beam treated area. There
is a large macroscopic pit in this ring which is orders of magnitude deeper than any
other pit observed.

The central beam areas of Samples 1-3 perform much better than the control with
regards to maximum pit depths in these regions. 1In view of kinetics, the pits in the
beam area of Sample 3 demonstrate the greatest stability, where the pits in Samples

1 and 5 appear to be growing at a very rapid rate.

Final Assessment
The overall performance of the ion beam treatments was determined by ranking

e

the samples in three categories: (a) the average "pit area”™ data in the central
beam region (Table 2), (b) the maximum pit depth in the central beam region (Table
4), and (c) the UVAPP in the central beam region (Table 5). Pit depth mode dats was

not considered because it did not exist for every sample.
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The data in Table 5 is proportional to the volume of material lost in the pit-
ting corrosion process. This data was calculated on a frame-by-frame basis, so that
when there was only one pit (no depth mode available), the data for this frame was
simply the pit depth (maximum pit depth) of that particular pit multiplied by the
percent pitted area corresponding to that pit.

Samples were ranked according to performance relative to the control sample
(Sample 6), as well as to the kinetics of pit development (i.e., the percent change
from 30 to 120 days). Only the 120-day data were used to compare sample treatments
to the control.

Once ranked in order of performance, the sample treatments were assigned a score
of from 1 through 5 (5 is the best) in each of the three categories. The results are
shown in Table 6. A second assessment was made simply on the calculated percentages
themselves with the intention of providing a more precise ranking. This is shown in
Table 7.

By ranking the treatments from 1 to 5, the best corrosion performance is ob-
served in Sample Treatment 3 (H+ beam into butadiene), followed by Sample Treatment
2. Samples 4 and 5 received the same score. The more refined analysis again showed
Sample Treatment 3 as the best, but Sample Treatment 5 outperformed Treatment 4.
Based on these results, both Sample Treatment 3 and Sample Treatment 2 (ethylene
beam only) consistently perform better than the other ion beam proéesses and show

the most promise in improving the corrosion behavior of aluminum in seawater.

DISCUSSION
The tendency of a coated metal to corrode is dependent on three factors: (a)
the nature of the substrate, (b) the character of the Interfacial region between the

17 Interest in monomer

coating and the substrate, and (c¢) the nature of the coating.
ion implantation has stemmed from its ahility to affect all three of these factors
and, in particular, the interfacial region.

The process of monomeric ion implantation incorporates topics such as atomic
collision theory, bonding theory, film formation, and adhesion; consequently, many

questions may arise with regards to the elemental depth profiles, the chemical and
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electrical properties of the film, and the mechanism of ion/substrate interaction.
These matters will be the topic of future experimentation. The intent of this study
was to examine the practical application of these novel plasma-based films for their
ability to protect an alloy in a corrosive environment. The organic films examined
were formed by three basic methods: monomer beam inplantation, collisional implanta-
tion, and plasma polymerization.

As mentioned, monomer ion implantation can affect the substrate, the film, and
the film/substrate Iinterface. Therefore, the discussion will be broken down accgrd-

ing to these topics for convenience.

EFFECT OF ION IMPLANTATION ON THE SUBSTRATE

The atomic collision theory of Lindhard!®:1% has been applied in the general
treatment of low—energy ion/matter interactions. Although the complexity of mono-
meric ions and their corresponding collision processes precludes the development of
an accurate collision model, there are some general features common to most implan-
tation processes which may help in understanding the process of monomeric ion
implantation.

Singly ionized monomer molecules are produced in the ion source via the col-
lision between excited free electrons (generated by a tuned radio frequency) and the
monomer gas molecules. These positive monomeric ions are then pushed out of the ion
source (by a positively biased probe), accelerated (30 keV), and focused into a beam
which typically has a gaussian-shaped energy distribution. Therefore, in the most
simple case of an ion beam with no collisional gas, one would expect a central area
of intense treatment which tapers off as one moves to the sample perimeter.

A monomer ion with a kinetic energy of 30 keV has four orders of magnitude more
energy than the binding energy of a C-C or C-H bond.20 Therefore, when this molecule
impacts against the substrate, these bonds are broken and the carhon and hydrogen
atoms implant as individual moieties.

As an energetic atom penetrates into the target material, it initiates a large

number of atomic collisions in the material, forming a collision cascade. Collisions
in the near-surface region can lead directly to sputtering. Collisions inside the

material can result in atomic mixing due to recoil implantation, radiation-defect-
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is the formation of a surface alloy of graded composition that poses no well-defined
interface with respect to the substrate, as does the deposited layer formed in ion
plating (e.g., plasma polymerization). Elemental depth profiles on silver targets
using SIMS have shown that a 30-keV ethylene beam produces carbon penetration to an
approximate depth of 150A and hydrogen penetration to an approximate depth of 1000A.
Due to the self-reactivity of the monomer ions, a 30A film is also formed. The ratio
of carbon to hydrogen in this film is the same as the implant gas. The attractive-
ness of this implantation process relies on the possible reestablishment of bonds
between the carbon and hydrogen in the substrate and the carbon and hydrogen in the
film.

Implantation of an energetic elemental species into a metal has the potential
to produce several alterations in the target surface: increased oxide thickness,
amorphization, and a carbon contamination film. All of these can have some effect
on the corrosion characteristics of the substrate material.

Enhanced oxide growth is almost a universal feature to the ion implantation
process, and improved corrosion resistance has been attributed to this phenomenon.7
Another possible mechanism for improved corrosion resistance is amorphization of
the surface region. When either the host or the implanted species is nonmetallic,
then damage effects are more prominent due to anisotropy of bonding.20 As the ion
dose increases, stresses in the implant layer increase, which results in the increasé
of the dislocation density. Eventually, a point is reached where the surface is
essentially amorphous with few or no inhomogeneities. Although improved corrosion
resistance has been noted in amorphous metals,22 some feel that the damage introduced
into the surface layers by ion implantation is insufficient to effect the corrosion
reaction.’»23

All electron and ion beam processes are subject to the potential of hydrocarbhon
contamination, which can lead to carbon layer formation.2! It is unclear what effect
this may have on the corrosion behavior of a metal.

Sample Treatment 1 (30-keV H* beam) displayed improved corrosion behavior in
the beam—treated region, which may have been a result of one or a combination of the

mechanisms just described (i.e., oxide enhancement, amorphization, contaminant
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film production). So in essence, the hydrogen beam functioned as a processing con-
trol. The appearance of the annular region of corrosion around the beam-treated
area may be due to the cathodic nature of the beam area driving the unprotected
region around it. There is also the possibility of sputtering some of the aperture
material into the fringes of the beam area, resulting in an alloy with galvanic
activity. However, no tantalum aperture material was detected in this region using
energy dispersive x-ray microanalysis. As already mentioned, there is a gaussian-
type distribution of energy across the beam cross section. It is possible that
beyond a certain point in the beam cross section, there is insufficient energy to
produce the oxidation or amorphization of the surface necessary to protect the
metal.

The ability of an organic coating to protect a metal substrate from corrosion
is primarily a function of two factors: (a) the barrier properties of the coating,
and (b) the ability of the film to adhere to the substrate in the prescence of watur.
If a film provides a barrier to the reactants, i.e., water, oxygen, and ions, the
corrosion process cannot proceeu. Organic coatings are not total barriers to these
species; therefore, the most critical consideration in formulating a coating for
corrosion protection is to assure interfacial adhesion in the presence of water and

hydroxyl ions.24

THE METAL/FILM INTERFACE

Film integration into the substrate aluminum can be accomplished by direct im-
plantation of the atomic series or by recoil implantation in atomic mixing.<! This
latter process could be the potential mechanism for film stabilization in the col-
lisional implantation processes. It is also possible that the production of lattice
imperfections (i.e., vacancies, dislocations, and stacking faults) by ion bombardment
will enhance the transport of surface film atoms into the substrate and contribute to
the adhesion of the film.?

Pits which formed under the plasma polymerized films (outer regions of Sample 3,
4, and 5) formed "channels” whereby pits developed interconnnecting paths similar to
filiform corrosion (a form of blistering?®4). Filiform corrosion (and blistering) is

a result of poor film adhesion. The strong attractive forces of water to the metal




oxide surface are greater than the dispersion forces between the C-H groups of the
film and metal oxide.24 The pits which formed in the implanted regions of all
samples studied did not reveal undercutting and remained as isolated pits, which
suggests lmproved adhesion. The issue of cathodic delamination has not been con-
sidered because of the poor reactivity of the aluminum oxide surface for the oxygen

reduction reaction.

THE FILM

The properties of a polymeric coating depend not only on the size, shape, and
chain structure of the individual units, but also on the spatial shape.of the polymer
molecules.17 Through thermal motion of the polymer molecules, points of water and
electrolyte passage are inherent. This is in addition to the fact that the high

osmotic pressure which drives water into an organic £11m25

makes the production of
an impermeable barrier very difficult.

When water and oxygen (or H*) reach the substrate, corrosion begins. The cor-
rosion reactions result in the formation of soluble ionic products dissolved in the
water at the interface. Osmotic forces cause additional water to permeate and, if
the coating adhesion is insufficient, a blister will form. This is somewhat sup-
pressed for the ilon-implanted coatings because of the elimination of the interface.
The barrier properties of the coatings can be further improved by increasing the
diffusion path for the reaction species by increasing the film thickness or addition
of fillers, by increasing the cross-link density, or by producing films which can
resist hydrolysis.u’24 The reduced blister formation in the heam-treated areas may
be a result of radiation-enhanced cross linking (in addition to, or independent of,
improved adhesion). An osmotic cell under a highly cross-linked film will not expand
due to the higher rigidity of the cross—-linked polymer. The pressure inside the cell
will resist the osmotic pressure, and net diffusion stops.24

There is reduced pitting (with regard to pit area) in the beam—treated areas of
all samples (1, 3, 4, and 5) when compared to the control sample. One must consider

two possible effects other than the ion treatment itself. That is, is the reduced

pitting a result of a sacrificial anode effect where the increased corrosion in the
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outer region is protecting the central area? Or is the reduced pitting in the beam
area a result of increased film thickness in these regions? If the outer region were
operating as a sacrificial anode, then one would not expect the increase in the max-—
imum pit depth observed in the beam treated area in these samples (Figure 12). There
is certainly some variation in film thickness as one traverses the sample. One would
expect a gaussian—type curve, with the thickness tapering off as one went radially
out from the center of the sample. Therefore, the pit area should be an inverse of
this curve since the diffusion of reacting species is inversely related to thickness.
This phenomenon is observed in Sample 4 (see Figure 7); however, Samples 3 and 5 show
a sharp increase in pit area beyond the beam area. The differences in these regions
(beam vs. outer region) are probably more a function of polymer structure (i.e., mo-
lecular weight and crosslink density). Film characterization with respect to thick-

ness and chemical properties are presently underway.

CONCLUSION

The technique of monomer ion implantation has been demonstrated as a viable pro-
cess for producing corrosion-resistant organic films. 1In particular, films produced
by the collision of a 30-keV it beam into 1,3 butadiene, and those produced by a
30-keV ethylene beam, provide the best protection of the ion beam techniques
screened. Inferior barrier and adhesion properties of ion-plated films resulted in
poor corrosion resistance in comparison to films formed by the implantation process.
Some corrosion resistance was provided by a 30-keV ¥t beam treatment; bowever, this
protection diminished rapidly with time.

Monomer ion implantation provides the flexibility and potential to perform a
multitude of surface treatments. Along with this flexibility, however, come many
processing variables. This investigation was not intended as an examination of the
participating operational variables, nor was it an examination of the solid-state
interactions hetween implant and target species. 1In addition to processing mecha-
nisms, questions exist as to the mechanism of corrosion protection provided by these
organic films. That is, what are the roles of the barrier properties and adhesion
of these films in their ability to protect a metal surface? The answers to these

questions can only be provided by future experimentation.
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SUGGFSTED FUTURE WORK

The electrical properties of these ion-beam-related polymer films should be
analyzed. The pure resistance of polymer coatings can be related to their ability
to protect metal substrates. Parameters derived from ac impedance measurements can
be correlated with ionic permitivities of the films as well as water uptake. Dis-
bonding of films can be determined by changes in slope of complex permitivity vs.
log frequency plots. There is also a potential benefit in the reverse direction.
A monowerimplanted film may provide a means of better understanding ac impedance

responses. There are many situations where it is difficult to determine water dis-

tribution in the film, i.e., is the water collecting at the film/substrate interface

or is it dispersing in the film? A film which does not possess a classical inter-
face may function as a control in order to separate these effects.

The adhesion of these films needs further investigation. This may be achieved
by standard techniques (ASTM D 1654-79a) or by specially designed methods.

The feasibility and potentially large benefits of grafting other polymers onto
these monomer implanted films needs to be established.

The effect of substrate preparation should be examined. Pre-sputtering prior
to implantation may provide a more suitable surface for ion/substrate interation.
This can be compared with natural oxides and anodically produced oxides.

The possibility exists of forming fluorocarbon films by the monomer implanta-
tion process. This has the potential to provide superior barrier properties, as
well as improved friction and chemical stability.

The effect of individual C and H beams together must be analyzed and compared
with monomer beams in their effect on corrosion properties.

The effect of variations of important beam parameters, such as accelerating
voltage, target bias voltage, time, collisional gas partial pressure, etc., must he

vigorously investigated.
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BEAM IMPLANTATION:

COLLISIONAL IMPLANTATION:

0O 00 0O
o

t2

t2

Figure 1 - Implantation Modes
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Figure 4 - Sampling Schemes Used to Assess Specimen Corrosion
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TREATMENT 1 TREATMENT 2

TREATMENT 3 TREATMENT 4

TREATMENT 5 CONTROL ]
Figure 5 - Appearance of Typical Sample Treatments and Control Specimen
Before Corrosion Testing (l-in.-dfam discs) )
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Figure 6a - Specimen Upon Seawater Removal

Figure 6b - Specimen After Light Mechanical Cleaning

Figure 6 - Sample Treatment 4 After 120 Days of Seawater Immersion
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CENTRAL BEAM AREA {450X)

ANNULAR REGION OF CORROSION
JUST OUTSIDE OF THE BEAM
AREA (450X)

OUTER REGION (450X}

Figure 13 - Sample Treatment 1 After 120-Day Exposure
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CENTRAL BEAM AREA (450X)

OUTER REGION (450X)

Figure 15 - Sample Treatment 3 After 120-Day Exposure
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OUTER REGION (450X)

Figure 16 - Sample Treatment 4 After 120~Day Exposure
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OUTER REGION (450X)

Figure 17 - Sample Treatment 5 After 120-Day Exposure
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TABLE 1 - SUMMARY OF SAMPLE TREATMENTS

Tf'z:rt’i:nt Beam Gas EﬁZ::y Apertures Collé:ional Targc-(:‘t;)Bias
(keV)
1 H 30 Yes - -
l 2 Ethylene 30 No - -
3 H+ 30 Yes 1,3 Butadiene 136
4 ' 30 Yes 1,3 Butadiene 1000
5 Ethylene 30 Yes 1,3 Butadiene 90
n 6 Control Set

TABLE 2 - COMPARISON OF SAMPLE TREATMENTS AS TO AVERAGE PERCENT
PITTED AREAS AFTER TWO IMMERSION PERIODS

30 Days 120 Days
Sample Regéon Pitted Compared to Pitted Compared to g:z;ggo
Treatment IntZrest Area Control Pit'g. Area Control Pit'g. to 120 Days
E (Avg. %) %) (Avg. %) %) )
1 Beam Area 2.5 16.3 17.2 73.9 588
(" Beam Only) Outer Area 10.4 68.1 22.5 96. 4 116
2 Treatment
' (Ethylene Beam Only) Area* 4.6 30.1 7.9 33.7 n
3 Beam Area 2.2 14.2 1.3 5.7 --
(H+ Beam Into Butadiene) Outer Area 44.2 288.9 75.5 324.4 71
1
4
. . . . 07
(H+ Into Butadiene Plus Beam Area 0.7 4.4 4.1 17.6 5
; Glow Discharge) Outer Area 18.3 119.9 34.5 148.2 88
!- 5 Beam Area 2.5 16.3 4.0 17.2 60
(Ethylene Into Butadiene) Outer Area 67.4 440.4 76.0 326.6 13
6
b _— _— . o
(Control) 15.3 23.3 52
*Sample treatment 2 covered the entire specimen surface.
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TABLE 3 - COMPARISON OF AVERAGE PIT DEPTH MODE

30 Days 120 Days
Sample Reg?on Pitted Compared to Pitted Compared to g:z:ggo
Treatment Interest Area Control Pit'g. Area Control Pit'g. to 120 Days
(avg. %) (%) (avg. %) ) e
1 Beam Area 1.2 61.3 .7 86.3 50.0
(H+ Beam Only) Outer Area 2.1 113.8 2.8 142.4 25.1
2 Treatment
(Ethylene Beam Only) Area* 1.6 86.6 1.9 93.8 14.7
3 Beam Area 2.3 122.7 2.0 97.5 -
(" Beam Into Butadiene) | Outer Area 2.2 106.4 3.4 173.7 63.3
!‘ bl ——
(H* Into Butadiene Plus Beam Area 2. 137.3 2. 124.8
Glow Discharge) Outer Area 2.6 136.2 3. 189.9 39.4
5 Beam Area 2.0 106.7 - — -
(Ethvlene Into Butadiene) Outer Area 2.6 136.2 4.8 194.9 43.1
6
-— . - 2. ~- .
(Control) 1.9 0 6.4
*Sample treatment 2 covered the entire specimen surface.
TABLE 4 - COMPARISON OF MAXIMUM PIT DEPTH
30 Days 120 Days
Sample Region Pitted Compared to Pitted Compared to Change
of . L. From 30
Treatment 1 Area Control Pit'g. Area Control Pit'g.
nterest o v e o to 120 Days
(Avg. %) (%) (Avg. %) (%) )
1 Beam Area 2.8 28.9 7.0 20.6 150.0
(4" Beam Only) Outer Area 8.0 82.5 12.0 35.3 50.0
2 Treatment
(Ethvlene Beam Only) Area* 3.3 36.7 9.1 26.8 63.5
3 Beam Area 9.0 92.8 11.5 33.8 27.8
(4" Beam Into Butadiene) | Outer Area 9.5 97.9 10.5 30.9 10.5
+ 4 Beam A 9.0 92.8 18.1 53.2 101.1
(H Into Butadiene Plus €am Area - i . 20 - .
Glow Discharge) Outer Area 10.0 103.1 15.0 44,1 50.0
5 Beam Area 12.5 128.9 20.3 59.7 62
(Ethvlene Into Butadiene) Outer Area 8.0 82.5 14.0 41.2 75.0
6
(Control) - 9.7 - 34.0 - 250.5

*Sample treatment 2 covered the entire specimen surface.
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TABLE 5 - COMPARISON OF AVERAGE PITTING PARAMETERS (UVAPPs)

30 Days 120 Days
Sample Region Pitted Compared to Pitted Compared to Change
of . ’ From 30
Treatment Interest Area Control Pit'g. Area Control Pit'g. to 120 Days
(Avg. %) 3 (Avg. %) *%) oW
1 Beam Area 3.0 10.2 29.5 63.0 882.5
(4" Beam Only) Outer Area 34.4 117.3 98.8 211.2 187.2
2 Treatment :
(Ethylene Beam Only) Area* 7.5 25.6 14.8 31.5 96.6
3 Beam Area 5.1 17.2 8.5 18.0 67.3
(4" Beam Into Butadieme) | Outer Area | 126.4 431.1 257.2 549.9 103.5
4 5 25
(H* Into Butadiene Plus Beam Area 2.3 7.7 9.6 20.5 325.6
Glow Discharge) Outer Area 124.4 424.2 136.7 292.1
5 Beam Area 5.3 18.2 34.3 73.3 544.1
(Ethvlene Into Butadiene) Quter Area 158.8 541.6 301.0 643.5 89.6
6
(Control) - 29.3 - 46.8 - 59.5

*Sample treatment 2 covered the entire specimen surface.
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