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ABSTRACT

New corrosion-resistant, iron-based amorphous metals have been identified from published data
or developed through combinatorial synthesis, and tested to determine their relative corrosion
resistance. Many of these materials can be applied as coatings with advanced thermal spray
technology. Two compositions have corrosion resistance superior to wrought nickel-based Alloy
C-22 (UNS # N06022) in some very aggressive environments, including concentrated calcium-
chloride brines at elevated temperature.

Two Fe-based amorphous metal formulations have been found that appear to have corrosion
resistance comparable to, or better than that of Ni-based Alloy C-22, based on breakdown
potential and corrosion rate. Both Cr and Mo provide corrosion resistance, B enables glass
formation, and Y lowers critical cooling rate (CCR). SAM1651 has yttrium added, and has a
nominal critical cooling rate of only 80 Kelvin per second, while SAM2X7 (similar to SAM2X5)
has no yttrium, and a relatively high critical cooling rate of 610 Kelvin per second.

Both amorphous metal formulations have strengths and weaknesses. SAM1651 (yttrium added)
has a low critical cooling rate (CCR), which enables it to be rendered as a completely amorphous
thermal spray coating. Unfortunately, it is relatively difficult to atomize, with powders being
irregular in shape. This causes the powder to be difficult to pneumatically convey during thermal
spray deposition. Gas atomized SAM1651 powder has required cryogenic milling to eliminate
irregularities that make flow difficult. SAM2X5 (no yttrium) has a high critical cooling rate,
which has caused problems associated with devitrification. SAM2X5 can be gas atomized to
produce spherical powders of SAM2X5, which enable more facile thermal spray deposition.

The reference material, nickel-based Alloy C-22, is an outstanding corrosion-resistant
engineering material. Even so, crevice corrosion has been observed with C-22 in hot sodium
chloride environments without buffer or inhibitor. Comparable metallic alloys such as SAM2X5
and SAM1651 may also experience crevice corrosion under sufficiently harsh conditions.
Accelerated crevice corrosion tests are now being conducted to intentionally induce crevice
corrosion, and to determine those environmental conditions where such localized attack occurs.
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Such materials are extremely hard, and provide enhanced resistance to abrasion and gouges
(stress risers) from backfill operations, and possibly even tunnel boring. The hardness of Type
316L Stainless Steel is approximately 150 VHN, that of Alloy C-22 is approximately 250 VHN,
and that of HYOF SAM2X5 ranges from 1100-1300 VHN.

These new materials provide a viable coating option for repository engineers. SAM2X5 and
SAM1651 coatings can be applied with thermal spray processes without any significant loss of
corrosion resistance. Both Alloy C-22 and Type 316L stainless lose their resistance to corrosion
during thermal spraying. Containers for the transportation, storage and disposal of spent nuclear
fuel (SNF) and high-level radioactive waste (HLW) with corrosion resistant coatings are
envisioned. For example, an enhanced multi-purpose container (MPC) could be made with suchc
coatings, leveraging existing experience in the fabrication of such containers. These coating
materials could be used to protect the final closure weld on SNF/HLW disposal containers,
eliminate need for stress mitigation. Integral drip shield could be produced by directly spraying it
onto the disposal container, thereby eliminating the need for an expensive titanium drip shield. In
specific areas where crevice corrosion is anticipated, such as the contact point between the
disposal container and pallet, HVOF coatings could be used to buildup thickness, thereby
selectively adding corrosion life where it is needed.

Both SAM2X5 & SAM1651 have high boron content which enable them to absorb neutrons and
therefore be used for criticality control in baskets. Alloy C-22 and 316L have no neutron
absorber, and cannot be used for such functions. Borated stainless steel and Gd-doped Ni-Cr-Mo
alloys are being shown to have relatively poor corrosion performance.

NOMENCLATURE

Multi-Purpose Container MPC
Critical Cooling Rate CCR
Cyclic Polarization: CP
Corrosion Rate CR
Defense Advanced Projects Agency DARPA
Defense Sciences Office DSO
Department of Energy DOE
Electrochemical Impedance Spectroscopy EIS
Equivalent Weight EW
Conversion Factor K
Melt-Spun Ribbon MSR
High Level Waste HLW
Hardness Rockwell C HRC
High-Velocity Oxy-Fuel Process: HVOF
Multi-Purpose Container MPC
Office of Civilian Radioactive Waste Management OCRWM
Office of Science & Technology International OSTI
Potential-Step Test PST
Structural Amorphous Metal SAM
Spent Nuclear Fuel SNF
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Vickers Hardness Number VHN
Modulation Frequency f
Corrosion Current Density icorr
Electrode Area A
Tafel Parameter B
Critical Potential: Ecritical
Open Circuit Corrosion Potential: Ecorr
Reversal Potential: Erev
Potential of Anodic Oxidation Peak: Epeak
Repassivation Potential: Erp
Faraday’s Constant F
Corrosion Current leorr
Universal Gas Constant R
Polarization Resistance Rp
Temperature T
Complex Impedance z

Real Part of the Complex Impedance
Imaginary Part of the Complex Impedance

Zrea| (a|SO Z,)
Zimag (a|SO Z")

Amplitude of Complex Impedance /z/
Anodic Tafel Slope Pa
Cathodic Tafel Slope Jor
Impedance Phase Angle ¢
Density Yo,
INTRODUCTION

Corrosion costs the Department of Defense billions of dollars every year, with an immense
quantity of material in various structures undergoing corrosion. For example, in addition to fluid
and seawater piping, ballast tanks, and propulsions systems, approximately 345 million square
feet of structure aboard naval ships and crafts require costly corrosion control measures. The use
of advanced corrosion-resistant materials to prevent the continuous degradation of this massive
surface area would be extremely beneficial. The Fe-based corrosion-resistant, amorphous-metal
coatings under development may prove of importance for applications on ships. The possible
advantages of amorphous metals has been recognized for some time [Latanison 1985].

Two Fe-based amorphous metal formulations have been found that appear to have corrosion
resistance comparable to, or better than that of Ni-based Alloy C-22, based on breakdown
potential and corrosion rate. Both Cr and Mo provide corrosion resistance, B enables glass
formation, and Y lowers critical cooling rate (CCR). SAM1651 has yttrium added, and has a
nominal critical cooling rate of only 80 Kelvin per second, while SAM2X7 (similar to SAM2X5)
has no yttrium, and a relatively high critical cooling rate of 610 Kelvin per second.

Both amorphous metal formulations have strengths and weaknesses. SAM1651 (yttrium added)

has a low critical cooling rate (CCR), which enables it to be rendered as a completely amorphous
thermal spray coating. Unfortunately, it is relatively difficult to atomize, with powders being

FY05 HPCRM Annual Report 3



HPCRM FY05 Annual Report - UCRL-TR-234799
DOE-DARPA Co-Sponsored Advanced Materials Program

irregular in shape. This causes the powder to be difficult to pneumatically convey during thermal
spray deposition. Gas atomized SAM1651 powder has required cryogenic milling to eliminate
irregularities that make flow difficult. SAM2X5 (no yttrium) has a high critical cooling rate,
which has caused problems associated with devitrification. SAM2X5 can be gas atomized to
produce spherical powders of SAM2X5, which enable more facile thermal spray deposition.

These new materials provide a viable coating option for repository engineers. SAM2X5 and
SAM1651 coatings can be applied with thermal spray processes without any significant loss of
corrosion resistance. Both Alloy C-22 and Type 316L stainless lose their resistance to corrosion
during thermal spraying. Containers for the transportation, storage and disposal of spent nuclear
fuel (SNF) and high-level radioactive waste (HLW) with corrosion resistant coatings are
envisioned. For example, an enhanced multi-purpose container (MPC) could be made with suchc
coatings, leveraging existing experience in the fabrication of such containers. These coating
materials could be used to protect the final closure weld on SNF/HLW disposal containers,
eliminate need for stress mitigation. Integral drip shield could be produced by directly spraying it
onto the disposal container, thereby eliminating the need for an expensive titanium drip shield. In
specific areas where crevice corrosion is anticipated, such as the contact point between the
disposal container and pallet, HVOF coatings could be used to buildup thickness, thereby
selectively adding corrosion life where it is needed. Such materials are extremely hard, and
provide enhanced resistance to abrasion and gouges (stress risers) from backfill operations, and
possibly even tunnel boring. The hardness of Type 316L Stainless Steel is approximately 150
VHN, that of Alloy C-22 is approximately 250 VHN, and that of HVOF SAM2X5 ranges from
1100-1300 VHN. Both SAM2X5 & SAM1651 have high boron content which enable them to
absorb neutrons and therefore be used for criticality control in baskets, while C-22 and 316L
have no neutron absorber, and cannot be used for such functions. Borated stainless steel and Gd-
doped Ni-Cr-Mo alloys are being shown to have relatively poor corrosion performance.

MATERIALS DESIGN AND SYNTHESIS

This project has three primary long-term goals, all directed towards development of advanced
amorphous-metal thermal-spray coatings with corrosion resistance superior to: (1) Type 316L
stainless steel [UNS # S31603], (2) nickel-based Alloy C-22 [UNS # N06022], and (3) Ti Grade
7 (UNS # R52400). Computational materials science has been used to help guide the design
these new materials [Kaufman 2004; Farmer et al. 2004].

Several thermal spray processes have been developed by industry and include: flame spray, wire-
arc; plasma spray; water-stabilized plasma spray; high-velocity oxy-fuel; and the detonation gun.
Any of these can be used for the deposition of Fe-based amorphous metals, with varying degrees
of residual porosity and crystalline structure. The coatings discussed here were made with the
high-velocity oxy-fuel (HVOF) process, which involves a combustion flame, and is
characterized by gas and particle velocities that are three to four times the speed of sound (mach
3 to 4). This process is ideal for depositing metal and cermet coatings. These coatings have
typical bond strengths of about 8,600 pounds per square inch, porosities of less than one percent
(<1%), and micro-hardness of 68 HRC.
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Full Density Corrosion-Resistant Compositions

The development of an appropriate powder composition for the production of a corrosion-
resistant thermal-spray coating requires that the alloy first be tested in a form with no porosity,
and with little or no crystalline phases present. Testing of such materials enables determination
of the best possible corrosion performance for a given composition. Melt spinning and arc-
melting with drop casting have been used as methods to synthesize completely amorphous, Fe-
based, corrosion-resistant alloys with near theoretical density, thereby enabling the effects of
coating morphology on corrosion resistance to be separated from the effects of elemental
composition.

Melt Spinning Process.

Cooling rates as great as one billion Kelvin per second (10° K/s) have been achieved with melt
spinning. In contrast, the cooling rate in a typical thermal spray process such as HVOF are on the
order of ten thousand Kelvin per second (10* K/s). The melt-spun ribbons produced with this
equipment are several meters long, several millimeters wide, and approximately 150 microns
thick.

The melt spinning involves the ejection of a liquid melt onto a rapidly moving copper wheel with
a pressure-controlled gas. The liquid melt solidifies onto the wheel, with subsequent separation
from the wheel by thermal contraction and centrifugal force, and collection in a chamber. By
changing the tangential velocity of the wheel, as well as other processing parameters, the cooling
rate can be controlled over a very broad range. The specific processing parameters for the melt-
spinning process can be selected to establish cooling rates that are representative of a given
thermal spray process. If a specific cooling rate produces an amorphous, glassy metal during
melt spinning, it should also produce a glassy structure during thermal spray. It is therefore
possible to use melt spinning to simulate the type of microstructure that can be achievable with
thermal spraying, such as the high-velocity oxy-fuel process. Furthermore, an entire series of
developmental materials, with different compositions, heat capacities, and thermal conductivity,
can be made with the exact same cooling rate, thereby enabling materials scientists and engineers
to determine the relative ease of processing.

Several alloy compositions of Fe-based amorphous metals have been produced, characterized,
and tested [Farmer et al. 2005]. In principle, all were intended to be compositional modifications
of the SAMA40 parent material, obeying the following the general formula: [(SAM40)100-x + Yx]
where Y is the added element, and x is the amount of the addition in atomic percent. Additives
investigated included nickel, chromium, molybdenum, tungsten, yttrium, titanium and
zirconium.  The nickel and molybdenum additions are known to greatly influence the
electrochemical properties of conventional stainless steel alloys [Asphahani 1980]. The yttrium,
titanium, and zirconium additions, while not normally added to steels are known to form very
stable oxides and are expected to increase the stability and passivity of the oxide film in a variety
of environments. The SAM1651 formulation has the same nominal elemental composition as the
P-containing Fe-based amorphous metal formulation discussed in the literature by Pang et al.
[2002]. These materials have been selected with particular emphasis on glass forming ability,
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thermal stability, hardness, and corrosion resistance, all under conditions of interest [Farmer et
al. 2004].

The melt-spinning process was used to perform a systematic study of various elemental
compositions, each based on the Fe-based SAM40 composition, with 1, 3, 5, and 7 atomic
percent additions of specific elements believed to be beneficial to glass formation or corrosion
resistance (Table 1). Elemental additions investigated included nickel, molybdenum, yttrium,
titanium, zirconium, and chromium. The densities of the amorphous metals prepared with melt
spinning were determined, and all were less dense than nickel-based N06022 (Alloy C-22), and
therefore offer a weight advantage over such classical corrosion-resistant alloys. The first re-
crystallization peak for each of melt-spun ribbons was determined with DTA, and was similar to
that of the parent material (SAM40). The formula with the yttrium additions showed re-
crystallization peaks at higher temperatures than achieved with other formulae, showing that
yttrium additions do indeed promote thermal stability and glass formability. Some formulae
exhibited a second re-crystallization process at a higher temperature than the first, with titanium
and zirconium based formulations showing these processes at the highest temperatures. All of the
*as-cast” amorphous metal formulae produced by the HPCRM Team exhibited hardness far
superior to many of the conventional materials of interest, such as Type 316L stainless steel, and
nickel-based N06022 (Alloy C-22). Thus, coatings of these materials would also be expected to
be less prone to erosion, wear and gouging than conventional engineering alloys. Partially de-
vitrified samples of the HPCRM materials exhibited dramatic increases in hardness. Thus,
carefully controlled heat treatment of these materials can be used to achieve dramatic
improvements in resistance to erosion, wear and penetration.

Arc Melting with Drop Casting

In addition to the melt-spinning process, arc-melted drop-cast ingots were synthesized for
corrosion testing. These ingots were cast into cylindrical molds, thus forming long rods with a
nominal diameter of 2-3 millimeters. By exploring the findings of Poon et al. [2004], it has been
learned that additions of 2-3 atomic percent yttrium or zirconium can enhance the glass-forming
ability (GFA), and substantially lower the required critical cooling rate (CCR). Such
formulations are relatively easily cast as large-diameter (several millimeter) rods. X-ray
diffraction (XRD) patterns for a SAM2X5 melt-spun ribbon, and a SAM1651 drop-cast ingot,
were determined at various temperatures [Yang et al. 2004]. The data at 150, 300 and 500°C
indicate very little crystalline structure, with the broad peaks suggesting the presence of
dispersed crystalline phases in an amorphous matrix. These data also show the onset of
devitrification of SAM1651 and SAMA40 (parent material) at 800°C and above. From the electron
backscatter images, the advantages of rare earth additions are evident. The exact composition of
this material, which has also been produced as melt-spun ribbon, is published elsewhere [Farmer
et al. 2004].

Optimization of the thermal spray process through careful selection of powder size and process
temperature, has now yielded coatings of SAM40 (non-optimized elemental coating) that are
virtually pore-free, and for all practical purposes, fully dense. These new coating architectures
have also been shown, through detailed examination with XRD and SEM, to be amorphous. An
optimized thermal spray process is now being used to render SAM2X5 and SAM1651
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amorphous metal formulations as high-performance corrosion-resistant coatings, with nearly full
density, no significant porosity, and good bond strength.

THERMAL PROPERTIES

In addition to having enhanced corrosion resistance, these new Fe-based amorphous metals have
substantially improved thermal characteristics, which will improve processing ability, and
performance in targeted applications, as shown by the University of Wisconsin at Madison
[Perepezko et al. 2004; Farmer et al. 2004]. While there was some sample-to-sample variability,
results were generally consistent For example, SAM2X5 has a glass transition temperature of
~579°C, a recrystallization temperature of ~628°C, a melting point of ~1133°C, and a reduced
glass transition temperature of ~0.57 (with a value of 0.6 being ideal). SAM2X7, an alloy in the
same family as SAM2X5, has a glass transition temperature of ~573°C, a recrystallization
temperature of ~630°C, a melting point of ~1137°C, and a reduced glass transition temperature
of 0.57. Similarly, SAM1651 has a glass transition temperature of ~584°C, a recrystallization
temperature of ~653°C, a melting point of ~1121°C, and a reduced glass transition temperature
of ~0.55. The critical cooling rates for SAM2X7 and SAM1651, have been determined to be ~
610 and < 80 K per second, respectively. Clearly, the yttrium additions in SAM1651 enhance
glass-forming ability, as reported by Guo and Poon [2003]. A summary of thermal analyses
(DTA or DSC) of the Fe-based amorphous metals of interest to HPCRM are shown in Table 2.

ELECTROCHEMICAL CORROSION TESTING

Range of Environments

Actual Yucca Mountain brines are categorized with the trilateral diagram shown in Figure 1. The
boundary between the sulfate-chloride ((SO4) and calcium chloride (Ca*) regions is idealized.
Many of the water compositions that fall in the idealized calcium chloride (Ca*?) region may
actually evolve to sulfate-chloride (SO4?) or bicarbonate (HCO3) type brines due to the presence
of fluoride. The matrix of test solutions now being used at LLNL for the evaluation of iron-based
amorphous metals is given in Table 3, and represents extremes of composition that could evolve
from the evaporative concentration of natural ground waters and dust deliquescence.

Determining Critical Potential with Cyclic Polarization

Spontaneous breakdown of the passive film and localized corrosion require that the open-circuit
corrosion potential exceed the critical potential:

Ecorr > Ecritical
The resistance to localized corrosion is quantified through measurement of the open-circuit
corrosion potential (Ecorr), the breakdown potential (Ecriticar) and the repassivation potential (Ep).

The greater the difference between the open-circuit corrosion potential and the repassivation

potential (AE), the more resistant a material is to modes of localized corrosion such a pitting and
crevice corrosion.
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Cyclic polarization (CP) is used as a means of measuring the critical potential (Ecritical) Of
corrosion resistant materials, relative to their open-circuit corrosion potential (Ecorr). In the
published scientific literature, different bases exist for determining the critical potential from
electrochemical measurements. Some have defined the critical potential for crevice corrosion of
Alloy 22 as the point where the current density increases to 1 to 10 pA/cm? (10 to 10° A/cm?)
during the forward (anodic) scan, whereas others define the repassivation potential as the point
where the current density drops to 0.1 to 1 pA/em® (10° to 107 A/cm?), and use the
repassivation potential as a conservative estimate of the critical value [Farmer et al. 2000a].

Cyclic polarization measurements have been based on a procedure similar to ASTM G-5, with
slight modification [American Society for Testing and Materials]. For example, ASTM G-5
calls for an electrolyte of 1IN H,SO,4, whereas natural seawater, synthetic bicarbonate brines,
synthetic sulfate-chloride brines, 4M NaCl solutions, and 5M CacCl, solutions with various levels
of nitrate were used in this study. The compositions of the synthetic brines are given in the
literature [Farmer et al. 2000]. Furthermore, ASTM G-5 calls for the use of de-aerated solutions,
whereas aerated and de-aerated solutions were used here. After a 24-hour hold period, during
which the open circuit corrosion potential is determined, the potential is scanned in the positive
(anodic) direction from a level slightly more negative than the corrosion potential (cathodic
limit), to a reversal potential (E,) near that required for oxygen evolution (anodic level). During
the positive scan, anodic oxidation peaks may be observed (centered at Epea) that have been
correlated with the oxidation of molybdenum at the alloy surface (passive film), as well as
current excursions that are usually associated with breakdown of the passive film. During the
negative (cathodic) scan, a hysteresis loop will be observed in cases where passivity has been
lost. As the scan continues, the current density may eventually decrease to a level equivalent to
that experienced during the positive scan, and indicative of reformation of the passive film. The
potential at which this occurs is known as the repassivation potential (Erp).

Temperature-controlled borosilicate glass (Pyrex) electrochemical cells like the one shown in
Figure 2 were used for cyclic polarization and other similar electrochemical measurements. This
cell has three electrodes, a working electrode (test specimen), the reference electrode, and the
counter electrode. A standard silver silver-chloride electrode, filled with near-saturation
potassium chloride solution, is used as the reference, and communicates with the test solution via
a Luggin probe placed in close proximity to the working electrode, thereby minimizing Ohmic
losses. Numerical corrections for the reference electrode junction potential have been estimated,
and have been found to be insignificant (Farmer et al. 2000). The electrochemical cell is
equipped with a water-cooled junction to maintain reference electrode at ambient temperature,
thereby maintaining integrity of the potential measurement, and a water-cooled condenser to
prevent the loss of volatile species from the electrolyte.

There competing methodologies (Methods A, B and C) for the determination of the threshold
potential for localized corrosion from cyclic polarization curves are shown in Figure 3, which is
an actual cyclic polarization curve for Alloy C-22 in 5M CacCl, at 105°C. Method A is the point
during the anodic potential scan when the passive oxide film breaks down, thereby allowing
anodic dissolution of the underlying metal, with a relatively high anodic current density. The
current density corresponding to a complete loss of passivity is assumed to be either 20 or 200
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nwA/cm? When it can be accurately measured, this is the true “critical potential.” Alternatively,
the repassivation potential can be determined with either Methods B or C. The repassivation
potential is determined during the reverse scan, and is the point following passive film
breakdown where the current density decreases to a level known to correspond to the passive
current density (the current density that can be sustained by an intact oxide film). The passive
current density can either be assumed, shown as Method B, or it can be established from the
intersection of the forward and reverse potential scans, shown as Method C. Method C is
considered to be the most rigorous approach for determining the repassivation potential, since the
intersection point occurs at the actual (not assumed) passive current density.

e Method A - Initial Breakdown of Passive Film
o0 Critical Potential (Ecritical) = Breakdown Potential (E or E2qo)
0 Based Threshold Current Density of 20 or 200 pA/cm?
e Method B — Repassivation of Surface
o Critical Potential (Ecritical) = Repassivation Potential (Egy Or Egry)
0 Based Threshold Current Density of 1 or 2 pA/cm?
e Method C — Repassivation of Surface
o Critical Potential (Ecritical) = Repassivation Potential (Erp)
o0 Intersection of Forward Scan with Hysteresis Loop (Cross-Over Point)

As illustrated by Figure 4, the repassivation potential, determined by Method C in most cases,
has been used as a quantitative metric for screening elemental compositions of competing iron-
based amorphous metals, thereby determining the specific composition (of those tested) with the
best resistance to passive film breakdown in the test solution. A wide variety of alloy
compositions, which are shown in Table 1, were explored using cyclic polarization as a
screening method. However, as will be evident in the discussion of subsequent potential-step test
data, superior and more credible methods exist for the determination of the critical potential. The
potential step-methods are used after the initial screening, and provide better results.

Alloy Screening with Cyclic Polarization

As shown in Figure 5, cyclic polarization was used as a means of evaluating the relative passive
film stability of a drop-cast ingot of SAM1651, a disk of wrought nickel-based Alloy C-22
(reference material), and a thermal spray (high-velocity oxy-fuel or HVOF) coating of Alloy C-
22. The test was conducted in Half Moon Bay seawater at 30°C, and the potential was measured
relative to a standard silver / silver chloride reference electrode. The scan rate was 0.1667 volts
per second. The current density for the ‘as-sprayed’ Alloy C-22 HVOF coating is based upon
apparent electrode area, and was not corrected for surface roughness. In the case of the
SAM1651, no passive film breakdown was observed, which is evident from the lack of
hysteresis, even after scanning the voltage to a level close to oxygen evolution. Passive film
breakdown was observed with wrought Alloy C-22, with a repassivation potential by Method C
easily identified. Surprisingly, the Alloy C-22 coating loses has very poor corrosion resistance in
comparison to both the SAM1651 ingot and the wrought Alloy C-22, which is reflected in a low
repassivation potential.
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As shown in Figure 6, cyclic polarization was used to compare the performance of a drop-cast
ingot of SAM1651 against that of wrought Alloy C-22 in 5M calcium chloride at 105°C, which
is an extremely aggressive environment. In the case of the drop-cast ingot of SAM1651, no
significant passive film breakdown was observed at 0.9 to 1.0 volts. There was no positive
hysteresis loop observed with this iron-based amorphous metal. There was hysteresis, but with
the observed current density during the reverse less than that observed during the forward scan
(indicative of even lower reactivity). In sharp contrast, there is an obvious breakdown of the
nickel-based Alloy C-22 passive film at only 0.2 volts, showing a clear vulnerability in this
aggressive environment. The repassivation potential is easily identified from the intersection of
the hysteresis loop with the forward scan.

Cyclic polarization of melt spun ribbons was used to compare the relative corrosion resistance of
a large number candidate alloy compositions in 5M CaCl, at 105°C, with the results summarized
in Figure 7. The alloy compositions are defined in Table 1. As previously discussed, the
quantifiable metric used as a basis of comparison was the difference between the open circuit
corrosion potential (Ecorr) and the repassivation potential (Er). Several of the candidate alloy
compositions had a larger metric value (Eqp- Ecorr) than the reference material, which has been
established as nickel-based Alloy C-22, due to its own outstanding corrosion performance. Note
that DARPA Milestone 1 corresponds to the metric value for Type 316L stainless steel and
DARPA Milestone 2 corresponds to the metric value for nickel-based Alloy C-22. It is therefore
concluded that several types of iron-based amorphous metals exist which all have passive film
stabilities that are comparable to that of the reference material.

Cyclic polarization of melt spun ribbons was also used to compare the relative corrosion
resistance of a large number candidate alloy compositions in near-ambient Half Moon Bay
seawater at 30°C, with the results summarized in Figure 8. The alloy compositions are defined in
Table 1. DARPA Milestone 1 corresponds to the metric value for Type 316L stainless steel and
DARPA Milestone 2 corresponds to the metric value for nickel-based Alloy C-22. It is therefore
concluded that several types of iron-based amorphous metals exist which all have passive film
stabilities in seawater at 30°C that are comparable to that of the reference material.

Cyclic polarization of melt spun ribbons was further used to compare the relative corrosion
resistance of a large number candidate alloy compositions in near-boiling Half Moon Bay
seawater at 90°C, with the results summarized in Figure 9. The alloy compositions are defined in
Table 1. DARPA Milestone 1 corresponds to the metric value for Type 316L stainless steel and
DARPA Milestone 2 corresponds to the metric value for nickel-based Alloy C-22. It is therefore
concluded that several types of iron-based amorphous metals exist which all have passive film
stabilities in seawater at 90°C that are comparable to that of the reference material.

Determining Corrosion Rate with Linear Polarization

The linear polarization method has been used as a method for determining the corrosion rates of
the various amorphous metal coatings, including SAM2X5 and SAM1651. This method is based
upon experimental determination of electrokinetic parameters in the classic Tafel equation with a
potentiostat. The classic Butler-Volmer expression collapses into the well-known anodic Tafel
equation at high anodic potential, where the contribution of the electrochemical reduction
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(cathodic) reaction to the overall current at the electrode surface becomes insignificant (defined
as < 1%). At high cathodic potential, where the contribution of the electrochemical oxidation
(anodic metal dissolution) reaction to the net electrode current is insignificant, the Butler-Volmer
expression becomes the cathodic Tafel equation.

The procedure used for linear polarization testing consists of the following steps:

e Hold the sample for ten (10) seconds at the open circuit potential (OCP).

e Beginning at a potential 20 mV below the OCP (OCP-20 mV), increase the potential
linearly at a constant rate of 0.1667 mV per second, to a potential 20 mV above the OCP
(OCP+20 mV).

e Record the current being passed from the counter electrode to the working electrode by
the potentiostat, as a function of potential relative to the standard/silver silver-chloride
(Ag/AgClI) reference electrode.

e Determine the parameters in the cathodic Tafel line by performing linear regression on
the voltage-current data from 10 mV below the OCP (OCP-10 mV) to 10 mV above the
OCP (OCP+10 mV). The slope of this line is the polarization resistance, Rp.

The polarization resistance (Rp) is defined as:

A parameter (B) is defined in terms of the slopes of the anodic and cathodic branches of the Tafel
line:

. B
2303(/Ba _ﬂc)

The corrosion current (lorr) is then defined as;

The corrosion rate (CR) is then calculated as:

CR= K|°¢(EW) (mmpy)
Ax p

The parameter K is a conversion factor used to express the corrosion rate (CR) in the units of
millimeters per year (mmpy) and has a value of 3.27x10° (mm-g)/(nA-cm-yr); leorr is the
corrosion current in microamps (uA); A is the surface area of the sample in square centimeters
(cm?); and p is the density of the sample in grams per cubic centimeter (g/cm®).
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Linear polarization was used to determine the approximate corrosion rates of the thermal spray
coatings of two amorphous metals of interest (HVOF SAM1651 and SAM2X5 coatings) and the
reference material (wrought nickel-based Alloy C-22) in three relevant environments, Half Moon
Bay seawater at two temperature levels, and in hot concentrated calcium chloride (5M CacCl, at
105°C). This data is summarized in Figure 10. In seawater at both 30 and 90°C, the corrosion
rates of HVOF SAM2X5 and SAM1651 coatings exhibited slightly lower corrosion rates than
either wrought sample of Alloy C-22. The corrosion rates of all materials increased with
temperature, as expected. In calcium chloride at 105°C, the corrosion rates of HVOF SAM2X5
and SAM1651 coatings were comparable to, or slightly lower than that of wrought Alloy C-22.
In general, the corrosion rates observed in the hot calcium chloride (105°C) were higher than
those observed in the heated seawater (90°C), which was also expected.

Validation with Salt Fog Testing

The corrosion resistance of the amorphous metal coatings was verified during salt fog testing. As
previously discussed [Farmer et al. 2004], the salt fog test was used to compare various wrought
ant thermal-spray alloys, melt-spun ribbons, arc-melted drop-cast ingots, and thermal-spray
coatings for their susceptibility to corrosion by salt sprays, like those that might be encountered
aboard naval ships (this test is also known as the ‘salt spray’ test). The most recent tests have
focused on refined, state-of-the-art Fe-based amorphous-metal formulations, in the form of arc-
melted drop-cast ingots, melt-spun ribbons, and high-velocity oxy-fuel coatings with no
significant porosity and near theoretical density. In contrast, the first tests focused on early
thermal-spray coatings, which had residual porosity and crystalline structure, and lower
resistance to corrosion.

Both salt fog tests were conducted according to ASTM B117 “Standard Test Method of Salt
Spray (Fog) Testing.” A General Motors (GM) test cycle, GM9540P, was used in both tests. The
performance of the test developmental amorphous metal samples was evaluated by qualitative
comparison to baseline or reference samples. Four types of reference samples were included to
establish baseline performance. These references include: Type 316L stainless steel, nickel-based
Alloy C-22 (N06022), Ti Grade 7, and the 50:50 nickel-chromium binary.

Salt fog testing was conducted on several thermal spray coatings, including HVOF coatings of
Alloy C-22, Type 316L stainless steel, SAM40 (also referred to as DAR4)), SAM2X5 (also
referred to as LDAR2X5) and SAM1651 (also referred to as CBCTL1651 or LDAR7) by
Aprigliano et al. [Aprigliano et al. 2005]. After 13 cycles in the ASTM Standard B-117 Salt Fog
Test, the HVOF coatings of Type 316L stainless steel and SAM40 showed substantial corrosion
(Figure 11). Very slight rust spots were observed on the C-22 coating. In contrast, the newer
SAM2X5 and SAM1651 formulations showed no corrosion at 30 cycles. The salt fog testing of
SAM2X5 and SAM1651 were continued to almost 60 cycles with no evidence of corrosion.

Threshold for Passive Film Breakdown with Potential-Step Method

Potentiostatic step tests have been used to determine the potential at which the passive film
breaks down on the reference material, Alloy C-22, and on the two amorphous metals of primary
interest, SAM2X5 and SAM1651. During prolonged periods of potentiostatic polarization, which

FY05 HPCRM Annual Report 12



HPCRM FY05 Annual Report - UCRL-TR-234799
DOE-DARPA Co-Sponsored Advanced Materials Program

are typically 24 hours in duration, the current is monitored as a function of time. In cases where
passivity is lost, the current increases, and the test sample is aggressively attacked. In cases
where passivity is maintained, the current decays to a relatively constant asymptotic level,
consistent with the known passive current density. In these tests, periods of polarization are
preceded by one hour at the open circuit corrosion potential.

Thresholds for Passive Film Breakdown in Seawater

See Figure 12. Potential-step testing has been performed on wrought Alloy C-22 (reference
material); fully dense and completely amorphous melt spun ribbons of SAM2X5; optimized
HVOF coatings produced with -53/+30 micron powders of SAM2X5; and optimized HVOF
coatings produced with -30/+15 micron powders of SAM2X5. All were tested in Half Moon Bay
seawater heated to 90°C. To eliminate the need for surface roughness corrections in the
conversion of measured current and electrode area to current density, the SAM2X5 and
SAM1651 coatings were polished to a 600-grit finish prior to testing. The curves represent the
asymptotic current density reached after 24 hours at the corresponding potential (each data point
represents a 24 hour test). The constant potential was applied after 1 hour at the open circuit
corrosion potential (OCP). From previous work presented in the FY04 Annual Report (given in
references), it has been found that coatings produced with SAM2X5 powders below a critical
size are fully dense and are completely amorphous. The coatings produced with finer powders
are therefore expected to have lower porosity and less residual crystalline phases present than
those produced with larger particles. These data enable a clear and unambiguous determination
of the threshold potentials for passive film breakdown in a non-creviced condition. First, it is
clear that the passive film on wrought Alloy C-22 commences breakdown at a potential of
approximately 200 mV relative to a standard Ag/AgCI reference electrode (approximately 600
mV above the open circuit corrosion potential), and has the least corrosion resistance of any
sample evaluated during this test. Passive film breakdown on the SAM2X5 melt-spun ribbon did
not occur until a potential in excess of 1200 mV vs. Ag/AgCl (1400 mV above OCP) was
applied. Furthermore, the observed passive current density observed with this sample was
extremely low. Both HVOF coatings of SAM2X5 (large and small powder sizes) also exhibited
outstanding passive film stability, superior to that of the reference material. The passive film on
the coating produced with -30/+15 micron powder remained intact until application of 1000 mV
vs. Ag/AgCl (1200 mV above OCP), with a current density well within the passive range of
several microamps per square centimeter. Similar observations were made with the coating
produced with -53/+30 micron powders. Any differences in morphology did not have significant
impact on corrosion resistance

See Figure 13. Transients in current density at a constant applied potential of 2000 mV vs. OCP
for wrought Alloy C-22 (reference material), a fully dense and completely amorphous melt spun
ribbon (MSR) of SAM2X5, HVOF coatings produced with -53/+30 micron powders of
SAM2X5, and HVOF coatings produced with -30/+15 micron powders of SAM2X5, all in Half
Moon Bay seawater heated to 90°C, are compared. The constant potential was applied after 1
hour at the open circuit corrosion potential (OCP). The passive film on the melt spun ribbon and
HVOF coatings of SAM2X5 is more stable than that on wrought nickel-based Alloy C-22 under
these conditions, leading to the conclusion that this iron-based amorphous metal has superior
corrosion resistance. These coatings were produced with TNC powder by UCD and Plasmatech.
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See Figure 14. Transients in current density at various levels of constant applied potential
ranging from 100 to 1400 mV vs. OCP for Alloy C-22 in Half Moon Bay seawater at 90°C. This
reference material was polished to a 600-grit finish. The constant potential was applied after 1
hour at the open circuit corrosion potential (OCP). Passive film stability is lost above 700 mV vs.
OCP. These coatings were produced with TNC powder by UCD and Plasmatech.

See Figure 15. Transients in current density at various levels of constant applied potential
ranging from 100 to 1600 mV vs. OCP for a melt-spun ribbon of SAM2X5 in Half Moon Bay
seawater at 90°C are indicative of good passive film stability. The constant potential was applied
after 1 hour at the open circuit corrosion potential (OCP). The passive film stability of this
SAM2X5 sample is maintained at potentials up to 1500 mV vs. OCP, which is approximately
800 mV higher than the critical potential observed with Alloy-C22. At an applied potential of
1600 mV vs. OCP, passivity is lost after several hours. These coatings were produced with TNC
powder by UCD and Plasmatech.

See Figure 16. Transients in current density at various levels of constant applied potential
ranging from 100 to 1500 mV vs. OCP for a recently optimized SAM2X5 HVOF coating (-
30/+15 micron powder) in Half Moon Bay seawater at 90°C are indicative of good passive film
stability. The constant potential was applied after 1 hour at the open circuit corrosion potential
(OCP). To eliminate the need for surface roughness corrections in the conversion of measured
current and electrode area to current density, the SAM2X5 coating was polished to a 600-grit
finish prior to testing. The curves represent the asymptotic current density reached after 24 hours
at the corresponding potential (each data point represents a 24 hour test). The specified fixed
potential was applied after 1 hour at the open circuit corrosion potential (OCP). The passive film
stability of this SAM2X5 sample is maintained at potentials up to 1400 mV vs. OCP, which is
approximately 700 mV higher than the critical potential observed with Alloy-C22. At an applied
potential of 1500 mV vs. OCP, passivity is lost after several hours. These coatings were
produced with TNC powder by UCD and Plasmatech.

See Figure 17. Transients in current density at various levels of constant applied potential
ranging from 100 to 1500 mV vs. OCP for a recently optimized SAM2X5 HVOF coating (-
53/+30 micron powder) in Half Moon Bay seawater at 90°C are indicative of exceptional passive
film stability. To eliminate the need for surface roughness corrections in the conversion of
measured current and electrode area to current density, the SAM2X5 coatings were polished to a
600-grit finish prior to testing. The constant potential was applied after 1 hour at the open circuit
corrosion potential (OCP). The passive film stability of this SAM2X5 sample is maintained at
potentials up to 1400 mV vs. OCP, which is approximately 700 mV higher than the critical
potential observed with Alloy-C22. At an applied potential of 1500 mV vs. OCP, passivity is lost
after several hours. These coatings were produced with TNC powder by UCD and Plasmatech.

See Figure 18. Potential-step testing has been performed on HVOF coatings of SAM1651 in
deaerated Half Moon Bay seawater heated to 90°C. Tests were also performed on the reference
material, Alloy C-22, in both wrought and thermally sprayed condition. To eliminate the need for
surface roughness corrections in the conversion of measured current and electrode area to current
density, the SAM1651 coating was polished to a 600-grit finish prior to testing. The Alloy C-22
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thermal spray coating was tested in the as-sprayed condition, so a roughness factor must be
applied to convert the apparent current density into actual current density. The curves represent
the asymptotic current density reached after 24 hours at the corresponding potential. In this series
of experiments, the passive film on wrought Alloy C-22 also commences breakdown at a
potential of approximately 600 mV above the open circuit corrosion potential. Passive film
breakdown on the HVOF coating of SM1651 occurred at an applied potential between 500 and
600 mV, where breakdown occurred at approximately 400 mV for the Alloy C-22 HVOF
coating. In near-boiling seawater, the passive film stability of SAM1651 is comparable to that of
Alloy C-22, but inferior to that of SAM2X5.

See Figure 19. Transients in current density at various levels of constant applied potential
ranging from 100 to 800 mV vs. OCP for a HVOF coating of SAM1651 in Half Moon Bay
seawater at 90°C are indicative of good passive film stability, comparable to that of wrought
Alloy C-22. To eliminate the need for surface roughness corrections in the conversion of
measured current and electrode area to current density, the SAM2X5 coatings were polished to a
600-grit finish prior to testing. To eliminate the need for surface roughness corrections in the
conversion of measured current and electrode area to current density, the SAM1651 coating was
polished to a 600-grit finish prior to testing. Passive film breakdown on the HVOF coating of
SM1651 occurred at an applied potential between 500 and 600 mV vs. OCP, with a clear loss of
passivity at 700 mV. These coatings were produced by TNC and INL before fabrication of the
optimized UCD-Plasmatech coatings previously discussed.

See Figure 20. Transients in current density at various levels of constant applied potential
ranging from 100 to 800 mV vs. OCP for a polished HVOF coating of SAM1651 on a Type
316L stainless steel substrate (S/N No. E316L.409) in Half Moon Bay seawater at 90°C are
indicative of good passive film stability, comparable to that of wrought Alloy C-22. To eliminate
the need for surface roughness corrections in the conversion of measured current and electrode
area to current density, the SAM2X5 coatings were polished to a 600-grit finish prior to testing.
To eliminate the need for surface roughness corrections in the conversion of measured current
and electrode area to current density, the SAM1651 coating was polished to a 600-grit finish
prior to testing. Passive film breakdown on the HVOF coating of SM1651 occurred at an applied
potential between 500 and 600 mV vs. OCP, with a clear loss of passivity at 700 mV. The
coating represented by this figure is one of the first known thermal spray coatings with the
SAM1651 composition, and was produced by TNC and their subcontractor before fabrication of
the optimized UCD/Plasmatech coatings, which are represented by the preceding figures.

See Figure 21. Transients in current density at various levels of constant applied potential
ranging from 100 to 500 mV vs. OCP for an unpolished (as sprayed) HVOF coating of nickel-
based Alloy C-22 on a Type 316L stainless steel substrate (S/N No. E316L255) in Half Moon
Bay seawater at 90°C show a clear and unambiguous loss of passivity at the highest potential
level. Since this Alloy C-22 coating was tested in the as-sprayed condition, a roughness factor
must be applied to convert the “apparent’ current density into the “actual’ current density. The
coating represented by this figure was produced by TNC and their subcontractor before
fabrication of the optimized UCD/Plasmatech coatings, which are represented by the preceding
figures.
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See Figure 22. Transients in current density at various levels of constant applied potential
ranging from 100 to 736 mV vs. OCP for an unpolished (as sprayed) HVOF coating of
SAM1651 on a Type 316L stainless steel substrate (S/N No. E316L410) in Half Moon Bay
seawater at 90°C are indicative of good passive film stability, comparable to that of wrought
Alloy C-22. Since this as-sprayed SAM1651 coating was tested in the as-sprayed condition, a
roughness factor (which is expected to range from a minimum of x2 to more than x10) must be
applied to convert the “apparent’ current density into the “‘actual” current density. While passivity
at 158 mV vs. OCP is clear, polished samples with minimal roughness, or unambiguous
knowledge of the roughness factor is required to interpret measured ‘apparent’ current densities
at higher applied potential in terms of passivity, or the loss of passivity. From visual inspection,
it was evident that passivity was maintained at higher potentials. The ambiguity associated with
early electrochemical test data such as this has lead the investigators to use polished samples
with 600-grit finish for clear determinations of critical potentials. The coating represented by this
figure is one of the first known thermal spray coatings with the SAM1651 composition, and was
produced by TNC and their subcontractor before fabrication of the optimized UCD/Plasmatech
coatings, which are represented by the preceding figures.

See Figure 23. Transients in current density at various levels of constant applied potential
ranging from 100 to 615 mV vs. OCP for an early unpolished (as sprayed) HVOF coating of
SAM2X5 on a Type 316L stainless steel substrate (S/N No. E316L445) in Half Moon Bay
seawater at 90°C are indicative of good passive film stability, comparable to that of wrought
Alloy C-22. Since this as-sprayed SAM2X5 coating was tested in the as-sprayed condition, a
roughness factor (which is expected to range from a minimum of x2 to more than x10) must be
applied to convert the “apparent’ current density into the “actual’ current density. While passivity
at 315 mV vs. OCP is clear, current transients are observed at 415 mV on this as-sprayed surface
that may be indicative of the onset of passive film breakdown. Such breakdown is clearly evident
at a slightly higher potential of 515 mV vs. OCP. While this data shows very good corrosion
resistance, more recent optimization has resulted in far better performance with this formulation.
The coating represented by this figure is one of the first known thermal spray coatings with the
SAM2X5 composition, and was produced by TNC and their subcontractor before fabrication of
the new optimized UCD/Plasmatech coatings, which are represented by the preceding figures.
The importance of supplier standardization and qualification is illustrated by the enhanced
performance that has evolved as we have continued to work with these materials.

See Figure 24. Transients in current density at various levels of constant applied potential
ranging from 100 to 460 mV vs. OCP for an early unpolished (as sprayed) HVOF coating of
SAM40XV on a Type 316L stainless steel substrate (S/N No. E316L325) in Half Moon Bay
seawater at 90°C are indicative of good passive film stability, comparable to that of wrought
Alloy C-22. SAM40XV was an early version of SAM2X5 that TNC prepared for HPCRM with
slightly less molybdenum added, and a corresponding lower critical potential. Since this as-
sprayed SAMXYV coating was tested in the as-sprayed condition, a roughness factor (which is
expected to range from a minimum of x2 to more than x10) must be applied to convert the
‘apparent’ current density into the ‘actual’ current density. While passivity at 100 to 244 mV vs.
OCP is clear, current transients observed at 460 and 560 mV are clearly indicative of passive
film breakdown. Such high apparent current densities occur at higher potential in the case of
SAM2X5. The coating represented by this figure is one of the first known thermal spray coatings
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with the SAM40XV composition, and was produced by TNC and their subcontractor before
fabrication of the new optimized UCD/Plasmatech coatings, which are represented by the
preceding figures. The importance of supplier standardization and qualification is illustrated by
the enhanced performance that has evolved as we have continued to work with these materials.

Thresholds for Passive Film Breakdown in Hot Calcium Chloride

See Figure 25. Potential-step testing has been performed on HVOF coatings of SAM1651 on a
Type 316L stainless steel substrate (S/N No. E316L475) in extremely aggressive 5M CacCl,
heated to 105°C. Tests were also performed on the reference material, Alloy C-22, in both
wrought and thermally sprayed condition (S/N Nos. CC-22 4008 and E316L 256, respectively).
To eliminate the need for surface roughness corrections in the conversion of measured current
and electrode area to current density, the SAM1651 coating was polished to a 600-grit finish
prior to testing. The Alloy C-22 thermal spray coating was tested in the as-sprayed condition, so
a roughness factor must be applied to convert the apparent current density into actual current
density. The curves represent the asymptotic current density reached after 24 hours at the
corresponding potential. In this series of experiments, the passive film on wrought Alloy C-22
also commences breakdown at a potential of only 240 mV above the open circuit corrosion
potential, with evidence of repassivation at potentials above 400 mV. Even with the
repassivation at higher potential, the window of vulnerability between 240 to 400 mV is
problematic for the reference material (Alloy C-22). Passive film breakdown on the HVOF
coating of SAM1651 occurred at a significantly higher applied potential, between 360 and 400
mV, where breakdown of the passive film on thermally sprayed Alloy C-22 was virtually
spontaneous. The new SAM1651 coating provides clear advantages for operation in corrosive
hot chloride brines with divalent cations, such as calcium.

See Figure 26. Transients in current density at various levels of constant applied potential
ranging from 100 to 450 mV vs. OCP for a polished HVOF coating of SAM1651 on a Type
316L stainless steel substrate (S/N No. E316L475) in 5M CaCl, at 105°C are indicative of good
passive film stability, which is superior to that of wrought Alloy C-22 in this environment this
very aggressive environment. To eliminate the need for surface roughness corrections in the
conversion of measured current and electrode area to current density, the SAM1651 coating was
polished to a 600-grit finish prior to testing. Passive film breakdown on the HVOF coating of
SAM1651 occurred at an applied potential between 360 and 400 mV vs. OCP, with a clear loss
of passivity at 450 mV. The coating represented by this figure is one of the first known thermal
spray coatings with the SAM1651 composition, and was produced by TNC and their
subcontractor before fabrication of the optimized UCD/Plasmatech coatings, which are
represented by the preceding figures. The performance of this SAM1651 coating was very
impressive.

See Figure 27. Transients in current density at various levels of constant applied potential
ranging from 100 to 550 mV vs. OCP for wrought Alloy C-22 (S/N No. CC-22 4008) in 5M
CaCl;, at 105°C, and shows complete breakdown of the passive film in two potential regimes,
one regime located between 300-400 mV vs. OCP (350 mV), and the second located above 500
mV vs. OCP (550 mV). Like the polished SAM1651 coating, this reference was also polished to
a 600-grit finish.
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See Figure 28. Transients in current density at various levels of constant applied potential
ranging from 100 to 350 mV vs. OCP for an unpolished (as-sprayed) HVOF coating of Alloy C-
22 on a Type 316L stainless steel substrate (S/N No. E316L.256) in 5M CaCl, at 105°C appears
to be passive at 100-150 mV vs. OCP, but has a clear loss of passivity at potentials above 200
mV vs. OCP (250-350 mV). Since this as-sprayed Alloy C-22 coating was tested in the as-
sprayed condition, a roughness factor (which is expected to range from a minimum of x2 to more
than x10) must be applied to convert the ‘apparent’ current density into the *actual’ current
density. The coating represented by this figure was produced by TNC and their subcontractor
before fabrication of the optimized UCD/Plasmatech coatings, which are represented by
preceding figures.

Effect of Devitrification on Corrosion Resistance

See Figure 29. To assess the sensitivity of these iron-based amorphous metals to devitrification,
which can occur at very elevated temperature, melt-spun ribbon of SAMA40 (also referred to as
DAR40) were intentionally devitrified by heat treating them at various temperatures for one
hour. After heat treatment, the samples were evaluated in low temperature seawater (30°C), to
determine the impact of the heat treatment on passive film stability and corrosion resistance. The
temperatures used for the heat treatment were: 150, 300, 800 and 1000°C. Untreated (as
received) ribbons were also tested, and provide insight into the baseline performance. These
samples showed no significant hysteresis and change in repassivation potential at heat treatments
of 150-300°C, but showed a dramatic loss of corrosion resistance when heat treatments were
performed at 800-1000°C, which are above the known recrystallization temperature of
approximately 600-650°C (623°C) given in Table 2 (Perepezko et al. 2004). Both ribbons treated
at elevated temperature show large hysterisis loops, which are indicative of passive film
breakdown, with a clearly defined repassivation potential near -600 mV vs. Ag/AgCl (about 100
mV above the OCP). The operational limit for these materials, when being used for corrosion
resistance, appears to be bounded by the recrystallization temperature.

See Figure 30. Melt spun ribbons of SAM40 (DAR40) were also intentionally devitrified by heat
treating at 800°C for one hour and then subjected to cyclic polarization in 5M CaCl2 at 105°C.
In comparison to the as-received sample, the sample heat-treated at 800C showed a dramatic loss
of corrosion resistance. As discussed in regard to the preceding figure, this heat-treatment
temperature was known to be above the recrystallization temperature of approximately 600-
650°C (623°C) given in Table 2 (Perepezko et al. 2004). The heat-treated ribbon showed a large
hysterisis loop in the hot concentrated calcium chloride solution, which is indicative of passive
film breakdown, with a clearly defined repassivation potential neat the OCP. The post heat-
treatment microstructural characterization with electron microscopy and X-ray diffraction by
Yang et al. verify the existence of a completely amorphous material below the recrystallization
temperature, and the development of crystalline precipitates during heat treatment above this
limit. These electron microscopy images may also indicate that the corrosive attack of the
precipitated crystalline phases occur to a depth of approximately 10 microns. When being used
for corrosion resistance in hot geothermal brines such as calcium chloride, the operational limit
also appears to be bounded by the recrystallization temperature.
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See Figure 31. Melt spun ribbons of SAM2X5 were also intentionally devitrified by heat treating
at 800°C for one hour and then subjected to cyclic polarization in 5M CaCl2 at 105°C. In
comparison to the as-received sample, the sample heat-treated at 800C showed a dramatic loss of
corrosion resistance. As discussed in regard to the preceding figure, this heat-treatment
temperature was known to be above the recrystallization temperature of approximately 600-
650°C (623°C) given in Table 2 (Perepezko et al. 2004). The heat-treated ribbon showed a large
hysterisis loop in the hot concentrated calcium chloride solution, which is indicative of passive
film breakdown, with a clearly defined repassivation potential neat the OCP. The post heat-
treatment microstructural characterization with electron microscopy and X-ray diffraction by
Yang et al. verify the existence of a completely amorphous material below the recrystallization
temperature, and the development of crystalline precipitates during heat treatment above this
limit. These electron microscopy images may also indicate that the corrosive attack of the
precipitated crystalline phases occur to a depth of approximately 10 microns. When being used
for corrosion resistance in hot geothermal brines such as calcium chloride, the operational limit
also appears to be bounded by the recrystallization temperature.

LONG-TERM CORROSION TESTING

See Figure 32. Temperature controlled baths for long-term corrosion testing of weight loss and
crevice corrosion samples, with simultaneous monitoring of the open-circuit corrosion potential,
corrosion rate via linear polarization, and passive film stability with electrochemical impedance
spectroscopy (EIS). Water cooled condensers are used to prevent the loss of water and other
volatiles from the baths, and a water-cooled reference electrode junction is used to enable the
Ag/AgCI reference electrodes to be operated at standard temperature, thereby providing a sound
thermodynamic reference. The upper photograph show LLNL technicians attending to the test
equipment.

Geometries of Coated Samples

See Figure 33. Weight loss and crevice samples for the long term test are 4-inch x 4-inch x Y-
inch Alloy C-22 substrates with a 40-mil thermal spray coating of amorphous metal (SAM2X5,
SAM1651, etc.). The crevice samples have a hole in the center to accommodate a crevice former,
and are not shown. The long-term measurements of open-circuit corrosion potential, corrosion
rate via linear polarization, and electrochemical impedance spectra are done with a %-inch
diameter Alloy C-22 rod with a hemispherical end, and with a 40-mil thermal spray coating of
amorphous metal (SAM2X5, SAM1651, etc.). Small disks are used for quick screening tests
with cyclic polarization, but are not considered truly representative coatings due to their small
size and differences in cooling rate experienced by the disks and larger substrates with greater
thermal mass and cooling capacity. The granularity of these disks is not representative can be
easily seen. While small circular disk samples are relatively inexpensive and easy to produce,
and can be employed in standard corrosion test cells with relative ease, they may not provide the
best source of data.
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Open Circuit Corrosion Potential During Long-Term Exposure

See Figure 34. The long-term corrosion test for the SAM2X5 has been initiated, and the initial
open circuit corrosion potentials for this material has been measured in several fully aerated
environments, and will be monitored as a function of time for the next year. These environments
include Half Moon Bay seawater, 3.5 m NaCl, 3.5 m NaCl with 0.5 m KNOg3, 6.0 m NaCl and
6.0 m NaCl with 0.9 m KNOs. For each solution composition, tests are being done at two
temperature levels, 30 and 90°C.

Corrosion Rates with Linear Polarization During Long-Term Exposure

See Figure 35. In addition to monitoring the open circuit corrosion potential in these fully aerated
solutions, linear polarization is also being used periodically to measure the corrosion current,
which is normalized by the apparent area of the electrode, and used to estimate the general
corrosion rate. The roughness factor for these unpolished (as sprayed) SAM2X5 HVOF samples
must be used to convert the apparent current density to the corrosion rate. In this figure, the first
series of bars (blue) represent the estimated corrosion rate with no roughness correction, and the
second series of bars (magenta) represent the estimated corrosion rate with the minimum
estimated roughness factor of 2. The actual roughness may be significantly higher, and is in the
process of being quantified. Even without the roughness factor correction, the measured
corrosion rates are very low. It is somewhat surprising that in this case, the presence of nitrate
appears to accelerate the general corrosion rate, both at 3.5 and 6.0 NaCl concentrations.

Complex Impedance During Long-Term Exposure

See Figure 36. In addition to obtaining corrosion rates with linear polarization during the long
term test, electrochemical impedance spectroscopy is used to periodically measure the complex
impedance as a function of frequency. Such measurements are made for each environment. The
data is presented in the form of a standard Bode plot, with the impedance amplitude as a function
of frequency shown here. Interpretation of these data in terms of a simple linear circuit model is
enabling the resistance and capacitance of the thermally sprayed samples, along with the
electrolyte resistance to be determined as a function of time, temperature and environment. As
the nature of the passive film changes, it will be detected through these impedance
measurements. The corresponding phase angle of the complex impedance is given in the
following figure.

See Figure 37. The phase angle as a function of frequency is shown here for the complex
impedance data being gathered during the long-term test, and corresponds to the impedance
amplitude in the previous figure.

See Figure 38. This figure shows the gamma pit at LLNL. Actual spent fuel containers will be
subjected to relatively high fluxes of gamma radiation, which will cause radiolytic reactions in
the agueous environment, including the production of hydrogen peroxide and other species.
Work has begun on making electrochemical corrosion measurements inside the gamma pit, so
that the impact of radiation on the amorphous metal coatings, and on the Alloy C-22 reference
material can be assessed.
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SUMMARY

The current Fe-based amorphous metals include specific elements known to impart corrosion and
oxidation resistance, such as Cr, Mo, W. Additions of Y and Zr improve glass formability, while
forming protective oxide scales at high temperature. In the future, the addition of titanium may
also lead improved passive film stability at higher temperatures, and is being explored.

Ingots and melt-spun ribbons of the Y- and Mo-containing Fe-based amorphous metals have no
grain boundaries, and therefore have more corrosion resistance in than nickel-based Alloy C-22.
While the passive film on nickel-based C-22 undergoes breakdown in 5M CaCl; at 105°C at low
potential, the passive film on the new Fe-based amorphous metal remains stable at a potential
above that required for oxygen evolution.

Electrochemical tests have proven that corrosion performance superior to wrought and thermally
sprayed coatings of nickel-based Alloy C-22 can be achieved with the new iron-based
amorphous metals. For example, the passive film on wrought Alloy C-22 undergoes breakdown
at 100 to 200 mV vs. Ag/AgCI in 5M CacCl, at 105°C, whereas SAM1651 maintains stable
passivity, even as the potential is increased to levels approaching that required for oxygen
evolution. These materials are far superior to thermal-spray coatings of Alloy C-22 in seawater.
While it has not been possible to render Alloy C-22 as a corrosion resistant, thermal spray
coating, such possibilities do exist with the amorphous metal formulations.

These novel materials can be produced as either bulk alloys or coatings. For example, melt
spinning and arc melting with drop casting can be used to render these materials as fully dense
pore-free bulk alloys. Coatings can be produced with advanced thermal spray processes, or by
physical vapor deposition processes such as magnetron sputtering or electron-beam evaporation.
The materials can also be rendered as bulk alloys by using HVOF to form large plates on a flat
mandrel. Near theoretical density is achieved through precise control of powder size with
atomization and classification.

Early HVOF coatings of SAM35, SAM40, SAM40X3 had non-optimal elemental compositions,
and were produced with non-optimal thermal spray parameters (powder size, gun pressure, and
particle velocity), and exhibited light rusting after 13 cycles in the classic salt fog test. However,
additional work with optimized elemental compositions of these Fe-based amorphous metals,
and samples in the form of fully dense pore-free materials, have shown no corrosion after 24
cycles in this aggressive test. The most promising formulations at the present time are believed
to be SAM2X5 and SAM1651. Salt-fog testing of HVOF coatings of these materials showed no
corrosion after more than 30 cycles (and up to 54 cycles) in the salt fog test. Such performance
cannot be achieved with thermally sprayed Type 316L stainless steel, as this material loses most
of its desirable corrosion-resistance during the thermal spray process. To a lesser extent, similar
difficulties are encountered during the thermal spraying of Alloy C-22.

The reference material, nickel-based Alloy C-22, is an outstanding corrosion-resistant

engineering material. Even so, crevice corrosion has been observed with C-22 in hot sodium
chloride environments without buffer or inhibitor. Comparable metallic alloys such as SAM2X5
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and SAM1651 may also experience crevice corrosion under sufficiently harsh conditions.
Accelerated crevice corrosion tests are now being conducted to intentionally induce crevice
corrosion, and to determine those environmental conditions where such localized attack occurs.

Such materials could also be used to coat the entire outer surface of containers for the
transportation and long-term storage of spent nuclear fuel, to protect welds and heat affected
zones, thereby preventing exposure to environments that might cause stress corrosion cracking,
and as a means of criticality control inside containers [Farmer et al. 2000a & 2000b]. In the
future, it may be possible to substitute such high-performance iron-based materials for more-
expensive nickel-based alloys, thereby enabling cost savings in a wide variety of industrial
applications.
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TABLES

Table 1 — The melt-spinning process was used to perform a systematic study of various elemental
compositions, each based on the Fe-based DAR40 composition, with 1, 3, 5, and 7 atomic
percent additions of specific elements believed to be beneficial to glass formation or corrosion
resistance. Elemental additions investigated included nickel, molybdenum, yttrium, titanium,
zirconium, and chromium.

Original

Data Formula Fe| Cr{Mn|Mo| W | B C | Si Y | Zr| Ti | Ni P | Other
DAR27 (FeogCrg.2)73M0,W,B;4C,Si;Mn, 584 (146 2.0 | 2.0 | 20 |16.0| 40 | 1.0

DAR35 Fess sMn,CrisMo,Wy 5B16C,4Sis 54.2(15.0( 2.0 | 2.0 | 1.5 [16.0| 4.0 | 5.0 0.3
DAR40 Fes, sMNn,CrigMo, s W, 7B 16C,Siy 5 52.3119.0|1 20| 25| 1.7 | 16.0| 4.0 | 25

DAR40X3 |Fesg;Mny oCrig 4M0s s W, 6B15.5C3.Sin4 50.7(184| 1.9 | 54 | 1.6 [155( 39 | 24 0.2
LDARL  |(DAR40)go + Niy

LDAR1X1 [(DAR40)gq + Nij 51.8(18.8| 2.0 | 25| 1.7 [ 158 4.0 | 25 1.0
LDAR1X3 |(DAR40)g; + Nij 50.7|1 184 19 | 24 | 16 [155| 39| 24 3.0
LDAR1X5 [(DAR40)g5 + Nis 49.7(18.1| 19| 24| 16 |152| 38 | 24 5.0
LDAR1X7 |(DAR40)g; + Ni; 486|177 19 | 23 | 1.6 |149]| 3.7 | 2.3 7.0
LDAR2X1 [(DAR40)gq + Mo, 51.8(18.8| 2.0 | 35| 1.7 [ 158 40 | 25

LDAR2X3 [(DAR40)y; + Moy 50.7(184| 1.9 | 54 | 1.6 [155( 3.9 | 24

LDAR2X5 [(DAR40)y5 + Mos 49.7118.1( 19| 74| 16 |152]| 3.8 | 24

LDAR2X7 [(DAR40)y; + Mo, 486|177 19 | 93 | 1.6 |149]| 3.7 | 2.3

LDAR3X1 [(DAR40)gg + Y, 51.8(188| 2.0 | 25| 1.7 [158| 40| 25| 1.0

LDAR3X3 [(DAR40)y; + Y3 50.7|1184| 19| 24 | 16 [155( 39| 24| 3.0

LDAR3X5 [(DAR40)gs + Y5 49.7|1181( 19| 24| 16 |152| 38| 24| 5.0

LDAR3X7 [(DAR40)y; + Y 4861771 19| 23| 16149 37| 23] 70

LDAR4X1 |(DAR40)gq + Tiy 51.8(18.8| 2.0 | 25| 1.7 [ 158 4.0 | 25 1.0

LDAR4X3 |(DAR40)g; + Tis 50.7|1 184 19 | 24 | 16 [155| 39| 24 3.0

LDAR4X5 |(DAR40)gs + Tis 49.7(18.1| 19| 24| 16 |152| 38 | 24 5.0

LDAR4X7 |(DAR40)g; + Ti; 486|177 19 | 23 | 1.6 |149]| 3.7 | 2.3 7.0

LDAR5X1 |(DAR40)gg + Zry 51.8|118.8| 20| 25| 1.7 [ 158 4.0 | 25 1.0

LDAR5X3 |(DAR40)g, + Zr3 50.7(184| 19| 24 | 1.6 [155( 3.9 | 24 3.0

LDAR5X5 [(DAR40)gs5 + Zr5 49.7(181| 19| 24| 16 |152| 38 | 24 5.0

LDAR5X7 |(DAR40)g; + Zry 486|177 19 | 23 | 1.6 |149]| 3.7 | 2.3 7.0

LDAR6 Fe;3CrisMo16B5C1oP1g 43.0|16.0 16.0 5.0 | 10.0 10.0
LDAR7 CBCTL1651 = Fe,gMo0,,Cr15Y,C15Bg 48.0 [ 15.0 14.0 6.0 | 15.0 2.0

LDARS (CBCTL161)g; + W4 46.6 | 14.6 13.6| 3.0 | 58 [ 14.6 1.9

LDAR9 (DAR40)q, + Mo; + Y3 47.1(171| 18| 93| 15|144( 36 | 23| 3.0

LDAR10 |Fes73Cryy4M0y W1 gBig g 57.3(214 26| 1.8]169
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Table 2 — Summary of thermal analysis (DTA or DSC) on Fe-based glass forming alloys
suitable for spray deposition.

Alloy T4 (°C) T, (°C) Tm(°C) T.(°C) T (°C)
DAR35 545-565 613 1074 1350 0.51
DAR40 568-574 623 1110 1338 0.53
DAR40X3 561-567 630 1130 1260 0.55
LDAR1X1 not clear 612 1121 min. 1270 N.A.
LDAR1X3 560 589 1119 min. 1300 0.53
LDAR1X5 540 572 1115 min. 1300 0.52
LDAR1X7 510 545 1112 min. 1300 0.50
LDAR2X1 575 620 1124 1190-1210 0.57
LDAR2X3 578 626 1131 1190-1210 0.57
LDAR2X5 579 628 1133 1190-1210 0.57
LDAR2X7 573 630 1137 1190-1210 0.57
LDAR3X1 560 614 1108 min. 1320 0.52
LDAR3X3 573 659 1138 min. 1380 0.51
LDAR3X5 590 677 1143 min. 1400 0.52
LDAR3X7 not clear 697 1164 min. 1420

LDAR4X1 573 621 1135 min. 1300 0.54
LDAR4X3 568 623 1146 min. 1320 0.53
LDAR4X5 580 623 1194 1290 0.55
LDAR4X7 558 616 1198 1255 0.54
LDAR5X1 570 622 1134 min. 1360 0.52
LDAR5X3 575 641 1147 min. 1410 0.50
LDAR5X5 596 659 1193 min. 1420 0.51
LDAR6 580 623 2 995 1238-1250 0.56
LDAR7 584 653 ) 1121 1290 0.55
LDARS 565 637 ¥ 1137 1350-1370 0.52
LDAR9 572 677 ¥ 1146 1223 0.56
LDAR10 535 568 1210 1350-1370 0.50
LDAR11 535 572 Y 1202 1365-1395 0.49
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Table 3 — Current Test Matrix at Lawrence Livermore National Laboratory

Test Matrix at Lawrence Livermore National Laboratory

Test Solution Type NaCl KNO; T CaCl, Ca(NO3), T
Morm Morm °C Morm Morm °C

Half Moon Bay SW 30, 90

Half Moon Bay SW 30, 90

Chloride-Nitrate 1M None 30, 90

Chloride-Nitrate 3.5m None 30, 90

Chloride-Nitrate 35m 0.175m 30, 90

Chloride-Nitrate 3.5m 0.525m 30, 90

Chloride-Nitrate 6.0 m None 30, 90

Chloride-Nitrate 6.0m 0.300 m 30, 90

Chloride-Nitrate 6.0m 0.900 m 30, 90

Calcium Chloride 5M None 105

Calcium Chloride 12m None 130

Calcium Chloride 12m 6m 130

Published References: PVP 2005-71173; 71174; 71175; 71176.
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FIGURES
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CacCl, region may actually
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type brines due to the
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R Ca*?
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Figure 1. The classification of actual Yucca Mountain brines is shown in this pseudo ternary
(trilateral) diagram. The boundary between the sulfate-chloride ((SO42) and calcium chloride
(Ca*™) regions is idealized. Many of the water compositions that fall in the idealized calcium
chloride (Ca*?) region may actually evolve to sulfate-chloride (SO,?) or bicarbonate (HCO5)

type brines due to the presence of fluoride.

Water-cooled
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prevent loss |
of volatiles

Temperature S
controlled bath i

to requlate cell . . -

Figure 2. Electrochemical corrosion measurements at LLNL are made in special temperature
controlled electrochemical cells which enable testing at elevated temperature for prolonged
periods of time (years if necessary). Water cooled condensers are included to prevent the loss
of volatiles from the electrochemical cell, while a water cooled junction enables the reference
electrode to be maintained at standard temperature during testing, thereby minimizing error.

FY05 HPCRM Annual Report

—

29

e Amorphous metal
e sample serves as
== working elecirode

/i Water cooled junction
maintains reference

electrode at ambient

temperatue {~25°C)



HPCRM FY05 Annual Report - UCRL-TR-234799
DOE-DARPA Co-Sponsored Advanced Materials Program

Method A: Breakdown Potential Based on Current
Excursion or Fixed Threshold {20 or 200 pAfcm’)

Ecrr| orF Ex or Ezgy

0.1 1 -

0.z

Method B:

L e Repassivation
Potential Based
Fixed Threshold

{1 or 2 pAlem?)

Potertisl [ ve. AgiagCl]
&

0zt
Method C: Repassivation
Potential Based on Intersedcion

of Hysteresis Loop with Forward
Scan (Cross-Over Point)

03T

-0.4 t t t t t t t
-3.0 -2.0 -7.0 -B.0 5.0 4.0 -30 20 -1.0
Log Currert Dersity [Acmz]

Figure 3. There competing methodologies (Methods A, B and C) are shown for determination
of the threshold potential for localized corrosion from cyclic polarization curves, such as the
one shown here for nickel-based Alloy C-22 in 5M CaCl, at 105<C.. Method A is the point
during the anodic potential scan when the passive oxide film breaks down, thereby allowing
anodic dissolution of the underlying metal, with a relatively high anodic current density.
When it can be accurately measured, this is the true “critical potential.” Alternatively, the
repassivation potential can be determined with either Methods B or C. The repassivation
potential is determined during the reverse scan, and is the point following passive film
breakdown where the current density decreases to a level known to correspond to the passive
current density (the current density that can be sustained by an intact oxide film). The passive
current density can either be assumed, shown as Method B, or it can be established from the
intersection of the forward and reverse potential scans, shown as Method C. Method C is
considered to be the most rigorous approach for determining the repassivation potential, since
the intersection point occurs at the actual (not assumed) passive current density.
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Figure 4. The repassivation potential, determined by Method C in most cases, has been used
as a quantitative metric for screening elemental compositions of competing iron-based
amorphous metals, thereby determining the specific composition (of those tested) with the best
resistance to passive film breakdown in the test solution. A wide variety of alloy compositions,
which are shown in Table 1, were explored using cyclic polarization as a screening method.
However, as will be evident in the discussion of subsequent potential-step test data, superior
and more credible methods exist for the determination of the critical potential. The potential
step-methods are used after the initial screening, and provide better results.
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Cyclic Polarization of HPCRM Fe-Based SAMIin
Sea Water at 30°C (Navy Mission)
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Figure 5. Cyclic polarization was used as a means of evaluating the relative passive film
stability of a drop-cast ingot of SAM1651, a disk of wrought nickel-based Alloy C-22
(reference material), and a thermal spray (high-velocity oxy-fuel or HVOF) coating of Alloy
C-22. The test was conducted in Half Moon Bay seawater at 30C, and the potential was
measured relative to a standard silver / silver chloride reference electrode. The scan rate was
0.1667 volts per second. The current density for the ‘as-sprayed’ Alloy C-22 HVOF coating is
based upon apparent electrode area, and was not corrected for surface roughness. In the case
of the SAM1651, no passive film breakdown was observed, which is evident from the lack of
hysteresis, even after scanning the voltage to a level close to oxygen evolution. Passive film
breakdown was observed with wrought Alloy C-22, with a repassivation potential by Method C
easily identified. Surprisingly, the Alloy C-22 coating loses has very poor corrosion resistance
in comparison to both the SAM1651 ingot and the wrought Alloy C-22, which is reflected in a
low repassivation potential.
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Cyclic Polarization of Alloy C-22 and HPCRM
Fe-Based SAM in 5M CaCl2 at 105°C (DOE Mission)
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Figure 6. Cyclic polarization was used to compare the performance of a drop-cast ingot of
SAM1651 against that of wrought Alloy C-22 in 5M calcium chloride at 105 <C, which is an
extremely aggressive environment. In the case of the drop-cast ingot of SAM1651, no
significant passive film breakdown was observed at 0.9 to 1.0 volts. There was no positive
hysteresis loop observed with this iron-based amorphous metal. There was hysteresis, but with
the observed current density during the reverse less than that observed during the forward
scan (indicative of even lower reactivity). In sharp contrast, there is an obvious breakdown of
the nickel-based Alloy C-22 passive film at only 0.2 volts, showing a clear vulnerability in this
aggressive environment. The repassivation potential is easily identified from the intersection of
the hysteresis loop with the forward scan.
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Figure 7. Cyclic polarization of melt spun ribbons was used to compare the relative corrosion
resistance of a large number candidate alloy compositions in 5M CaCl, at 105<C. The alloy
compositions are defined in Table 1. As previously discussed, the quantifiable metric used as a
basis of comparison was the difference between the open circuit corrosion potential (Ecor) and
the repassivation potential (Ep). Several of the candidate alloy compositions had a larger
metric value (Erp- Ecorr) than the reference material, which has been established as nickel-
based Alloy C-22, due to its own outstanding corrosion performance. Note that DARPA
Milestone 1 corresponds to the metric value for Type 316L stainless steel and DARPA
Milestone 2 corresponds to the metric value for nickel-based Alloy C-22. It is therefore
concluded that several types of iron-based amorphous metals exist which all have passive film
stabilities that are comparable to that of the reference material.
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SAM2X5 & SAM1651

Cyclic Polarization Data for
DARPA-DOE Fe-Based Amorphous Metals in Seawater at 30°C

]
1400 N
/ _ =

1200 - T

1000

800 - A"Oy C-22

600 - 1
A

Erp'Ecorr (mV)

400

200 - l
o

Figure 8. Cyclic polarization of melt spun ribbons was used to compare the relative corrosion
resistance of a large number candidate alloy compositions in near-ambient Half Moon Bay
seawater at 30<C. The alloy compositions are defined in Table 1. DARPA Milestone 1
corresponds to the metric value for Type 316L stainless steel and DARPA Milestone 2
corresponds to the metric value for nickel-based Alloy C-22. It is therefore concluded that
several types of iron-based amorphous metals exist which all have passive film stabilities in
seawater at 30 C that are comparable to that of the reference material.
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Figure 9. Cyclic polarization of melt spun ribbons was used to compare the relative corrosion
resistance of a large number candidate alloy compositions in near-boiling Half Moon Bay
seawater at 90<C. The alloy compositions are defined in Table 1. DARPA Milestone 1
corresponds to the metric value for Type 316L stainless steel and DARPA Milestone 2
corresponds to the metric value for nickel-based Alloy C-22. It is therefore concluded that
several types of iron-based amorphous metals exist which all have passive film stabilities in
seawater at 90 € that are comparable to that of the reference material.
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Figure 10. Linear polarization was used to determine the approximate corrosion rates of the
thermal spray coatings of two amorphous metals of interest (HVOF SAM1651 and SAM2X5
coatings) and the reference material (wrought nickel-based Alloy C-22) in three relevant
environments, Half Moon Bay seawater at two temperature levels, and in hot concentrated
calcium chloride (5M CacCl; at 105 <C). In seawater at both 30 and 90 <C, the corrosion rates of
HVOF SAM2X5 and SAM1651 coatings exhibited slightly lower corrosion rates than either
wrought sample of Alloy C-22. The corrosion rates of all materials increased with
temperature, as expected. In calcium chloride at 105<C, the corrosion rates of HVOF
SAM2X5 and SAM1651 coatings were comparable to, or slightly lower than that of wrought
Alloy C-22. In general, the corrosion rates observed in the hot calcium chloride (105 <C) were
higher than those observed in the heated seawater (90 C), which was also expected.
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Figure 11. Salt fog testing was conducted on several thermal spray coatings, including HVOF
coatings of Alloy C-22, Type 316L stainless steel, SAM40 (also referred to as DARA4)),
SAM2X5 (also referred to as LDAR2X5) and SAM1651 (also referred to as CBCTL1651 or
LDARY7). After 30 cycles in the ASTM Standard B-117 Salt Fog Test, the HVOF coating of
Alloy C-22 showed slight rusting (not shown), while the HVOF coatings of Type 316L
stainless steel and SAM40 showed substantial corrosion. In contrast, the newer SAM2X5 and
SAM1651 formulations showed no corrosion at 30 cycles. The salt fog testing of SAM2X5 and
SAM1651 were continued to almost 60 cycles with no evidence of corrosion.
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Figure 12. Potential-step testing has been performed on wrought Alloy C-22 (reference
material); fully dense and completely amorphous melt spun ribbons of SAM2X5; optimized
HVOF coatings produced with -53/+30 micron powders of SAM2X5; and optimized HVOF
coatings produced with -30/+15 micron powders of SAM2X5. All were tested in Half Moon
Bay seawater heated to 90 C. To eliminate the need for surface roughness corrections in the
conversion of measured current and electrode area to current density, the SAM2X5 and
SAM1651 coatings were polished to a 600-grit finish prior to testing. The curves represent the
asymptotic current density reached after 24 hours at the corresponding potential (each data
point represents a 24 hour test). The constant potential was applied after 1 hour at the open
circuit corrosion potential (OCP). From previous work presented in the FY04 Annual Report
(given in references), it has been found that coatings produced with SAM2X5 powders below a
critical size are fully dense and are completely amorphous. The coatings produced with finer
powders are therefore expected to have lower porosity and less residual crystalline phases
present than those produced with larger particles. These data enable a clear and unambiguous
determination of the threshold potentials for passive film breakdown in a non-creviced
condition. First, it is clear that the passive film on wrought Alloy C-22 commences breakdown
at a potential of approximately 200 mV relative to a standard Ag/AgCl reference electrode
(approximately 600 mV above the open circuit corrosion potential), and has the least
corrosion resistance of any sample evaluated during this test. Passive film breakdown on the
SAM2X5 melt-spun ribbon did not occur until a potential in excess of 1200 mV vs. Ag/AgCI
(1400 mV above OCP) was applied. Furthermore, the observed passive current density
observed with this sample was extremely low. Both HVOF coatings of SAM2X5 (large and
small powder sizes) also exhibited outstanding passive film stability, superior to that of the
reference material. The passive film on the coating produced with -30/+15 micron powder
remained intact until application of 1000 mV vs. Ag/AgCl (1200 mV above OCP), with a
current density well within the passive range of several microamps per square centimeter.
Similar observations were made with the coating produced with -53/+30 micron powders. Any
differences in morphology did not have significant impact on corrosion resistance.
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Figure 13. Transients in current density at a constant applied potential of 1000 mV vs. OCP
for wrought Alloy C-22 (reference material), a fully dense and completely amorphous melt
spun ribbon (MSR) of SAM2X5, HVOF coatings produced with -53/+30 micron powders of
SAM2X5, and HVOF coatings produced with -30/+15 micron powders of SAM2X5, all in Half
Moon Bay seawater heated to 90 <C, are compared. The constant potential was applied after 1
hour at the open circuit corrosion potential (OCP). The passive film on the melt spun ribbon
and HVOF coatings of SAM2X5 is more stable than that on wrought nickel-based Alloy C-22
under these conditions, leading to the conclusion that this iron-based amorphous metal has
superior corrosion resistance. These coatings were produced with TNC powder by UCD and
Plasmatech.
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Figure 14. Transients in current density at various levels of constant applied potential ranging
from 100 to 1400 mV vs. OCP for Alloy C-22 in Half Moon Bay seawater at 90 <C. This
reference material was polished to a 600-grit finish. The constant potential was applied after 1
hour at the open circuit corrosion potential (OCP). Passive film stability is lost above 700 mV
vs. OCP. These coatings were produced with TNC powder by UCD and Plasmatech.
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Figure 15. Transients in current density at various levels of constant applied potential ranging
from 100 to 1600 mV vs. OCP for a melt-spun ribbon of SAM2X5 in Half Moon Bay seawater
at 90 < are indicative of good passive film stability. The constant potential was applied after 1
hour at the open circuit corrosion potential (OCP). The passive film stability of this SAM2X5
sample is maintained at potentials up to 1500 mV vs. OCP, which is approximately 800 mV
higher than the critical potential observed with Alloy-C22. At an applied potential of 1600 mV
vs. OCP, passivity is lost after several hours. These coatings were produced with TNC powder
by UCD and Plasmatech.
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Figure 16. Transients in current density at various levels of constant applied potential ranging
from 100 to 1500 mV vs. OCP for a recently optimized SAM2X5 HVOF coating (-30/+15
micron powder) in deaerated Half Moon Bay seawater at 90 < are indicative of good passive
film stability. The constant potential was applied after 1 hour at the open circuit corrosion
potential (OCP). To eliminate the need for surface roughness corrections in the conversion of
measured current and electrode area to current density, the SAM2X5 coating was polished to
a 600-grit finish prior to testing. The curves represent the asymptotic current density reached
after 24 hours at the corresponding potential (each data point represents a 24 hour test). The
specified fixed potential was applied after 1 hour at the open circuit corrosion potential (OCP).
The passive film stability of this SAM2X5 sample is maintained at potentials up to 1400 mV vs.
OCP, which is approximately 700 mV higher than the critical potential observed with Alloy-
C22. At an applied potential of 1500 mV vs. OCP, passivity is lost after several hours. These
coatings were produced with TNC powder by UCD and Plasmatech.
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Figure 17. Transients in current density at various levels of constant applied potential ranging
from 100 to 1500 mV vs. OCP for a recently optimized SAM2X5 HVOF coating (-53/+30
micron powder) in Half Moon Bay seawater at 90 € are indicative of exceptional passive film
stability. To eliminate the need for surface roughness corrections in the conversion of
measured current and electrode area to current density, the SAM2X5 coatings were polished
to a 600-grit finish prior to testing. The constant potential was applied after 1 hour at the open
circuit corrosion potential (OCP). The passive film stability of this SAM2X5 sample is
maintained at potentials up to 1400 mV vs. OCP, which is approximately 700 mV higher than
the critical potential observed with Alloy-C22. At an applied potential of 1500 mV vs. OCP,
passivity is lost after several hours. These coatings were produced with TNC powder by UCD
and Plasmatech.
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Final Current Density vs. Applied Potential for
600-Grit Polished HVOF SAM1651, HVOF C-22 &
Wrought C-22 in Seawater at 90°C
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Figure 18. Potential-step testing has been performed on HVOF coatings of SAM1651 in
deaerated Half Moon Bay seawater heated to 90<C. Tests were also performed on the
reference material, Alloy C-22, in both wrought and thermally sprayed condition. To eliminate
the need for surface roughness corrections in the conversion of measured current and
electrode area to current density, the SAM1651 coating was polished to a 600-grit finish prior
to testing. The Alloy C-22 thermal spray coating was tested in the as-sprayed condition, so a
roughness factor must be applied to convert the apparent current density into actual current
density. The curves represent the asymptotic current density reached after 24 hours at the
corresponding potential. In this series of experiments, the passive film on wrought Alloy C-22
also commences breakdown at a potential of approximately 600 mV above the open circuit
corrosion potential. Passive film breakdown on the HVOF coating of SM1651 occurred at an
applied potential between 500 and 600 mV, where breakdown occurred at approximately 400
mV for the Alloy C-22 HVOF coating. In near-boiling seawater, the passive film stability of
SAM1651 is comparable to that of Alloy C-22, but inferior to that of SAM2X5.
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CC-22 4007 Wrought Alloy C-22 in Seawater at 90°C
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Figure 19. Transients in current density at various levels of constant applied potential ranging
from 100 to 800 mV vs. OCP for a HVOF coating of SAM1651 in deaerated Half Moon Bay
seawater at 90 < are indicative of good passive film stability, comparable to that of wrought
Alloy C-22. To eliminate the need for surface roughness corrections in the conversion of
measured current and electrode area to current density, the SAM2X5 coatings were polished
to a 600-grit finish prior to testing. To eliminate the need for surface roughness corrections in
the conversion of measured current and electrode area to current density, the SAM1651
coating was polished to a 600-grit finish prior to testing. Passive film breakdown on the
HVOF coating of SM1651 occurred at an applied potential between 500 and 600 mV vs. OCP,
with a clear loss of passivity at 700 mV. These coatings were produced by TNC and INL before
fabrication of the optimized UCD-Plasmatech coatings previously discussed.
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E316L409 SAM1651 with 600-Grit Polish in Seawater at 90°C
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Figure 20. Transients in current density at various levels of constant applied potential ranging
from 100 to 800 mV vs. OCP for a polished HVOF coating of SAM1651 on a Type 316L
stainless steel substrate (S/N No. E316L409) in Half Moon Bay seawater at 90<C are
indicative of good passive film stability, comparable to that of wrought Alloy C-22. To
eliminate the need for surface roughness corrections in the conversion of measured current
and electrode area to current density, the SAM2X5 coatings were polished to a 600-grit finish
prior to testing. To eliminate the need for surface roughness corrections in the conversion of
measured current and electrode area to current density, the SAM1651 coating was polished to
a 600-grit finish prior to testing. Passive film breakdown on the HVOF coating of SM1651
occurred at an applied potential between 500 and 600 mV vs. OCP, with a clear loss of
passivity at 700 mV. The coating represented by this figure is one of the first known thermal
spray coatings with the SAM1651 composition, and was produced by TNC and their
subcontractor before fabrication of the optimized UCD/Plasmatech coatings, which are
represented by the preceding figures.
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E316L255 HVOF Alloy C-22 in Seawater at 90°C
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Figure 21. Transients in current density at various levels of constant applied potential ranging
from 100 to 500 mV vs. OCP for an unpolished (as sprayed) HVOF coating of nickel-based
Alloy C-22 on a Type 316L stainless steel substrate (S/N No. E316L255) in Half Moon Bay
seawater at 90 € show a clear and unambiguous loss of passivity at the highest potential level.
Since this Alloy C-22 coating was tested in the as-sprayed condition, a roughness factor must
be applied to convert the *apparent’ current density into the ‘actual’ current density. The
coating represented by this figure was produced by TNC and their subcontractor before
fabrication of the optimized UCD/Plasmatech coatings, which are represented by the
preceding figures.
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E316L.410 SAM1651 in Seawater at 90°C
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Figure 22. Transients in current density at various levels of constant applied potential ranging
from 100 to 736 mV vs. OCP for an unpolished (as sprayed) HVOF coating of SAM1651 on a
Type 316L stainless steel substrate (S/N No. E316L410) in Half Moon Bay seawater at 90 C
are indicative of good passive film stability, comparable to that of wrought Alloy C-22. Since
this as-sprayed SAM1651 coating was tested in the as-sprayed condition, a roughness factor
(which is expected to range from a minimum of x2 to more than x10) must be applied to
convert the ‘apparent’ current density into the ‘actual’ current density. While passivity at 158
mV vs. OCP is clear, polished samples with minimal roughness, or unambiguous knowledge
of the roughness factor is required to interpret measured ‘apparent’ current densities at
higher applied potential in terms of passivity, or the loss of passivity. From visual inspection, it
was evident that passivity was maintained at higher potentials. The ambiguity associated with
early electrochemical test data such as this has lead the investigators to use polished samples
with 600-grit finish for clear determinations of critical potentials. The coating represented by
this figure is one of the first known thermal spray coatings with the SAM1651 composition,
and was produced by TNC and their subcontractor before fabrication of the optimized
UCD/Plasmatech coatings, which are represented by the preceding figures.
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E316L445 SAM2X5 in Seawater at 90°C
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Figure 23. Transients in current density at various levels of constant applied potential ranging
from 100 to 615 mV vs. OCP for an early unpolished (as sprayed) HVOF coating of SAM2X5
on a Type 316L stainless steel substrate (S/N No. E316L445) in Half Moon Bay seawater at
90 € are indicative of good passive film stability, comparable to that of wrought Alloy C-22.
Since this as-sprayed SAM2X5 coating was tested in the as-sprayed condition, a roughness
factor (which is expected to range from a minimum of x2 to more than x10) must be applied to
convert the *apparent’ current density into the ‘actual’ current density. While passivity at 315
mV vs. OCP is clear, current transients are observed at 415 mV on this as-sprayed surface that
may be indicative of the onset of passive film breakdown. Such breakdown is clearly evident at
a slightly higher potential of 515 mV vs. OCP. While this data shows very good corrosion
resistance, more recent optimization has resulted in far better performance with this
formulation. The coating represented by this figure is one of the first known thermal spray
coatings with the SAM2X5 composition, and was produced by TNC and their subcontractor
before fabrication of the new optimized UCD/Plasmatech coatings, which are represented by
the preceding figures. The importance of supplier standardization and qualification is
illustrated by the enhanced performance that has evolved as we have continued to work with
these materials.
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Figure 24. Transients in current density at various levels of constant applied potential ranging
from 100 to 460 mV vs. OCP for an early unpolished (as sprayed) HVOF coating of
SAM40XV on a Type 316L stainless steel substrate (S/N No. E316L325) in Half Moon Bay
seawater at 90 € are indicative of good passive film stability, comparable to that of wrought
Alloy C-22. SAM40XV was an early version of SAM2X5 that TNC prepared for HPCRM with
slightly less molybdenum added, and a corresponding lower critical potential. Since this as-
sprayed SAMXYV coating was tested in the as-sprayed condition, a roughness factor (which is
expected to range from a minimum of x2 to more than x10) must be applied to convert the
‘apparent’ current density into the ‘actual’ current density. While passivity at 100 to 244 mV
vs. OCP s clear, current transients observed at 460 and 560 mV are clearly indicative of
passive film breakdown. Such high apparent current densities occur at higher potential in the
case of SAM2X5. The coating represented by this figure is one of the first known thermal
spray coatings with the SAM40XV composition, and was produced by TNC and their
subcontractor before fabrication of the new optimized UCD/Plasmatech coatings, which are
represented by the preceding figures. The importance of supplier standardization and
qualification is illustrated by the enhanced performance that has evolved as we have
continued to work with these materials.
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Final Current Density vs. Applied Potential for
600-Grit Polished HVOF SAM1651, HVOF C-22 &

Wrought C-22 in 5M CacCl, at 105°C
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Figure 25. Potential-step testing has been performed on HVOF coatings of SAM1651 on a
Type 316L stainless steel substrate (S/N No. E316L475) in extremely aggressive 5M CacCl,
heated to 105<C. Tests were also performed on the reference material, Alloy C-22, in both
wrought and thermally sprayed condition (S/N Nos. CC-22 4008 and E316L256, respectively).
To eliminate the need for surface roughness corrections in the conversion of measured
current and electrode area to current density, the SAM1651 coating was polished to a 600-grit
finish prior to testing. The Alloy C-22 thermal spray coating was tested in the as-sprayed
condition, so a roughness factor must be applied to convert the apparent current density into
actual current density. The curves represent the asymptotic current density reached after 24
hours at the corresponding potential. In this series of experiments, the passive film on
wrought Alloy C-22 also commences breakdown at a potential of only 240 mV above the open
circuit corrosion potential, with evidence of repassivation at potentials above 400 mV. Even
with the repassivation at higher potential, the window of vulnerability between 240 to 400 mV
is problematic for the reference material (Alloy C-22). Passive film breakdown on the HVOF
coating of SAM1651 occurred at a significantly higher applied potential, between 360 and 400
mV, where breakdown of the passive film on thermally sprayed Alloy C-22 was virtually
spontaneous. The new SAM1651 coating provides clear advantages for operation in corrosive
hot chloride brines with divalent cations, such as calcium.
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E316L475 SAM1651 with 600-Grit Polish in 5M CaCl, at 105°C
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Figure 26. Transients in current density at various levels of constant applied potential ranging
from 100 to 450 mV vs. OCP for a polished HVOF coating of SAM1651 on a Type 316L
stainless steel substrate (S/N No. E316L475) in 5M CaCl, at 105 are indicative of good
passive film stability, which is superior to that of wrought Alloy C-22 in this environment this
very aggressive environment. To eliminate the need for surface roughness corrections in the
conversion of measured current and electrode area to current density, the SAM1651 coating
was polished to a 600-grit finish prior to testing. Passive film breakdown on the HVOF
coating of SAM1651 occurred at an applied potential between 360 and 400 mV vs. OCP, with
a clear loss of passivity at 450 mV. The coating represented by this figure is one of the first
known thermal spray coatings with the SAM1651 composition, and was produced by TNC and
their subcontractor before fabrication of the optimized UCD/Plasmatech coatings, which are
represented by the preceding figures. The performance of this SAM1651 coating was very
impressive.
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CC-22 4008 Wrought Alloy C-22 in 5M CaCl2 105°C
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Figure 27. Transients in current density at various levels of constant applied potential ranging
from 100 to 550 mV vs. OCP for wrought Alloy C-22 (S/N No. CC-22 4008) in 5M CaCl, at
105<C, and shows complete breakdown of the passive film in two potential regimes, one
regime located between 300-400 mV vs. OCP (350 mV), and the second located above 500 mV
vs. OCP (550 mV). Like the polished SAM1651 coating, this reference was also polished to a
600-grit finish.
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E316L256 HVOF Alloy C-22 in 5M CaCl, at 105°C
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Figure 28. Transients in current density at various levels of constant applied potential ranging
from 100 to 350 mV vs. OCP for an unpolished (as-sprayed) HVOF coating of Alloy C-22 on a
Type 316L stainless steel substrate (S/N No. E316L.256) in 5M CacCl, at 105 < appears to be
passive at 100-150 mV vs. OCP, but has a clear loss of passivity at potentials above 200 mV vs.
OCP (250-350 mV). Since this as-sprayed Alloy C-22 coating was tested in the as-sprayed
condition, a roughness factor (which is expected to range from a minimum of x2 to more than
x10) must be applied to convert the ‘apparent’ current density into the ‘actual’ current
density. The coating represented by this figure was produced by TNC and their subcontractor
before fabrication of the optimized UCD/Plasmatech coatings, which are represented by
preceding figures.
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Figure 29. To assess the sensitivity of these iron-based amorphous metals to devitrification,
which can occur at very elevated temperature, melt-spun ribbon of SAMA40 (also referred to as
DARA40) were intentionally devitrified by heat treating them at various temperatures for one
hour. After heat treatment, the samples were evaluated in low temperature seawater (30 ), to
determine the impact of the heat treatment on passive film stability and corrosion resistance.
The temperatures used for the heat treatment were: 150, 300, 800 and 1000 <. Untreated (as
received) ribbons were also tested, and provide insight into the baseline performance. These
samples showed no significant hysteresis and change in repassivation potential at heat
treatments of 150-300<C, but showed a dramatic loss of corrosion resistance when heat
treatments were performed at 800-1000<C, which are above the known recrystallization
temperature of approximately 600-650 € (623 C) given in Table 2 (Perepezko et al. 2004).
Both ribbons treated at elevated temperature show large hysterisis loops, which are indicative
of passive film breakdown, with a clearly defined repassivation potential near -600 mV vs.
Ag/AgCI (about 100 mV above the OCP). The operational limit for these materials, when
being used for corrosion resistance, appears to be bounded by the recrystallization
temperature.
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Figure 30. Melt spun ribbons of SAM40 (DAR40) were also intentionally devitrified by heat
treating at 800 < for one hour and then subjected to cyclic polarization in 5M CaCl2 at 105 <C.
In comparison to the as-received sample, the sample heat-treated at 800C showed a dramatic
loss of corrosion resistance. As discussed in regard to the preceding figure, this heat-treatment
temperature was known to be above the recrystallization temperature of approximately 600-
650 T (623 ) given in Table 2 (Perepezko et al. 2004). The heat-treated ribbon showed a
large hysterisis loop in the hot concentrated calcium chloride solution, which is indicative of
passive film breakdown, with a clearly defined repassivation potential neat the OCP. The post
heat-treatment microstructural characterization with electron microscopy and X-ray
diffraction by Yang et al. verify the existence of a completely amorphous material below the
recrystallization temperature, and the development of crystalline precipitates during heat
treatment above this limit. These electron microscopy images may also indicate that the
corrosive attack of the precipitated crystalline phases occur to a depth of approximately 10
microns. When being used for corrosion resistance in hot geothermal brines such as calcium
chloride, the operational limit also appears to be bounded by the recrystallization temperature.
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Figure 31. Melt spun ribbons of SAM2X5 were also intentionally devitrified by heat treating at
800 <C for one hour and then subjected to cyclic polarization in 5M CaCl2 at 105<. In
comparison to the as-received sample, the sample heat-treated at 800C showed a dramatic loss
of corrosion resistance. As discussed in regard to the preceding figure, this heat-treatment
temperature was known to be above the recrystallization temperature of approximately 600-
650 T (623 <C) given in Table 2 (Perepezko et al. 2004). The heat-treated ribbon showed a
large hysterisis loop in the hot concentrated calcium chloride solution, which is indicative of
passive film breakdown, with a clearly defined repassivation potential neat the OCP. The post
heat-treatment microstructural characterization with electron microscopy and X-ray
diffraction by Yang et al. verify the existence of a completely amorphous material below the
recrystallization temperature, and the development of crystalline precipitates during heat
treatment above this limit. These electron microscopy images may also indicate that the
corrosive attack of the precipitated crystalline phases occur to a depth of approximately 10
microns. When being used for corrosion resistance in hot geothermal brines such as calcium
chloride, the operational limit also appears to be bounded by the recrystallization temperature.
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Figure 32. Temperature controlled baths for long-term corrosion testing of weight loss and
crevice corrosion samples, with simultaneous monitoring of the open-circuit corrosion
potential, corrosion rate via linear polarization, and passive film stability with electrochemical
impedance spectroscopy (EIS). Water cooled condensers are used to prevent the loss of water
and other volatiles from the baths, and a water-cooled reference electrode junction is used to
enable the Ag/AgCI reference electrodes to be operated at standard temperature, thereby
providing a sound thermodynamic reference. The upper photograph show LLNL technicians
attending to the test equipment.
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Figure 33. Weight loss and crevice samples for the long term test are 4-inch x 4-inch x %s-inch
Alloy C-22 substrates with a 40-mil thermal spray coating of amorphous metal (SAM2X5,
SAM1651, etc.). The crevice samples have a hole in the center to accommodate a crevice
former, and are not shown. The long-term measurements of open-circuit corrosion potential,
corrosion rate via linear polarization, and electrochemical impedance spectra are done with a
¥-inch diameter Alloy C-22 rod with a hemispherical end, and with a 40-mil thermal spray
coating of amorphous metal (SAM2X5, SAM1651, etc.). Small disks are used for quick
screening tests with cyclic polarization, but are not considered truly representative coatings
due to their small size and differences in cooling rate experienced by the disks and larger
substrates with greater thermal mass and cooling capacity. The granularity of these disks is
not representative can be easily seen. While small circular disk samples are relatively
inexpensive and easy to produce, and can be employed in standard corrosion test cells with
relative ease, they may not provide the best source of data.
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Figure 34. The long-term corrosion test for the SAM2X5 has been initiated, and the initial
open circuit corrosion potentials for this material has been measured in several fully aerated
environments, and will be monitored as a function of time for the next year. These
environments include Half Moon Bay seawater, 3.5 m NaCl, 3.5 m NaCl with 0.5 m KNOs, 6.0
m NaCl and 6.0 m NaCl with 0.9 m KNOs. For each solution composition, tests are being done
at two temperature levels, 30 and 90 <.
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Figure 35. In addition to monitoring the open circuit corrosion potential in these fully aerated
solutions, linear polarization is also being used periodically to measure the corrosion current,
which is normalized by the apparent area of the electrode, and used to estimate the general
corrosion rate. The roughness factor for these unpolished (as sprayed) SAM2X5 HVOF
samples must be used to convert the apparent current density to the corrosion rate. In this
figure, the first series of bars (blue) represent the estimated corrosion rate with no roughness
correction, and the second series of bars (magenta) represent the estimated corrosion rate with
the minimum estimated roughness factor of 2. The actual roughness may be significantly
higher, and is in the process of being quantified. Even without the roughness factor
correction, the measured corrosion rates are very low. It is somewhat surprising that in this
case, the presence of nitrate appears to accelerate the general corrosion rate, both at 3.5 and
6.0 NaCl concentrations.

FY05 HPCRM Annual Report 62



HPCRM FY05 Annual Report - UCRL-TR-234799
DOE-DARPA Co-Sponsored Advanced Materials Program

1.E+04 | | | |
* M5S1 SW 90C
= M5S2 3.5m NaCl 30C
M5S3 3.5m NaCl 90C
M5S4 3.5m NaCl+ 0.5m KNO3 90C
1.E+03 :e’ x M5S5 6.0m NaCl 30C
e, e M5S6 6.0m NaCl 90C
XX'A;, +M5S7 6.0m NaCl+ 0.9m KNO3 90C
ar XXX%‘
+ X p
+ X%

1.E+02 +—t ¢

1.E+01

Impedance Amplitude (ohms)

1.E+00

1.E-01 T
1.E-02 1E-01 1E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05

Frequency (Hz)

Figure 36. In addition to obtaining corrosion rates with linear polarization during the long
term test, electrochemical impedance spectroscopy is used to periodically measure the complex
impedance as a function of frequency. Such measurements are made for each environment.
The data is presented in the form of a standard Bode plot, with the impedance amplitude as a
function of frequency shown here. Interpretation of these data in terms of a simple linear
circuit model is enabling the resistance and capacitance of the thermally sprayed samples,
along with the electrolyte resistance to be determined as a function of time, temperature and
environment. As the nature of the passive film changes, it will be detected through these
impedance measurements. The corresponding phase angle of the complex impedance is given
in the following figure.
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Figure 37. The phase angle as a function of frequency is shown here for the complex
impedance data being gathered during the long-term test, and corresponds to the impedance
amplitude in the previous figure.
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Figure 38. This figure shows the gamma pit at LLNL. Actual spent fuel containers will be
subjected to relatively high fluxes of gamma radiation, which will cause radiolytic reactions in
the aqueous environment, including the production of hydrogen peroxide and other species.
Work has begun on making electrochemical corrosion measurements inside the gamma pit, so
that the impact of radiation on the amorphous metal coatings, and on the Alloy C-22 reference
material can be assessed.
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