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ABSTRACT

Novel iron-based amorphous metals, including SAM2X5 (Fe4q,Cri77Mn; gM07.4W1 6B15.2C3 8Siz.4),
SAM1651 (Fess0Cri50M014.0Bs.0Ci50Y20), and other compositions have been developed for use as
corrosion-resistant coatings for spent nuclear fuel containers, as criticality control materials, and as
ultra-hard corrosion-resistant material for ship applications. These amorphous alloys appear to have
corrosion resistance comparable to (or better than) that of Ni-based Alloy C-22 (UNS # N06022), based
on measurements of breakdown potential and corrosion rate in seawater. A variety of characterization
tools, including scanning electron microscopy, cyclic polarization, linear polarization and
electrochemical impedance spectroscopy, have been used to develop a thorough understanding of the
corrosion performance of these alloys over prolonged exposure in seawater and concentrated brines at
elevated temperature.

Key words: high performance corrosion resistant materials, iron based amorphous metals, structural
amorphous metals, SAM, SAM2X5, SAM1651, high velocity oxy fuel coating, HVOF, corrosion testing,
salt fog, immersion testing, cyclic polarization, CP, linear polarization, LP, electrochemical impedance
spectroscopy, EIS

INTRODUCTION

Novel iron-based amorphous metals, including SAM2X5 (Fe497Cri77MnygMo74W 1 B152C38Siz.4),
SAM1651 (Feus0Cri50M014.0B6.0C150Y20), and other compositions have been developed for use as
corrosion-resistant coatings for spent nuclear fuel containers, as criticality control materials, and as
ultra-hard corrosion-resistant material for ship applications. These amorphous alloys appear to have
corrosion resistance comparable to (or better than) that of Ni-based Alloy C-22 (UNS # N06022), based



on measurements of breakdown potential and corrosion rate in seawater. Chromium (Cr) and
molybdenum (Mo) provide corrosion resistance, boron (B) enables glass formation, and rare earths
such as yttrium (Y) lower critical cooling rate (CCR). SAM1651 has a nominal critical cooling rate of
only 80 Kelvin per second due to the additions of yttrium, while SAM2X5 is characterized by relatively
high critical cooling rates of approximately 600 Kelvin per second and has no yttrium. As previously
reported, 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. Such hardness
makes these materials particularly attractive for applications where corrosion-erosion and wear are also
issues. Since SAM2X5 has high boron content, it can absorb neutrons efficiently, and may therefore
find useful applications as a criticality control material within the nuclear industry. A variety of
characterization tools, including scanning electron microscopy, cyclic polarization, linear polarization
and electrochemical impedance spectroscopy, have been used to develop a thorough understanding of
the corrosion performance of these alloys over prolonged exposure in seawater and concentrated
brines at elevated temperature.

The outstanding corrosion that may be possible with amorphous metals has been recognized for
several years with a thorough discussion of their evolution previously published [1-11]. Compositions of
several iron-based amorphous metals were published, including several with very good corrosion
resistance. Examples included: thermally sprayed coatings of Fe-10Cr-10-Mo-(C,B), bulk Fe-Cr-Mo-C-
B, and Fe-Cr-Mo-C-B-P. The corrosion resistance of an iron-based amorphous alloy with yttrium (Y),
Fe4sMo014Cri5Y2C15Bs was also been established. Yitrium was added to this alloy to lower the critical
cooling rate. Several nickel-based amorphous metals have been developed that exhibit exceptional
corrosion performance in acids, but have not been included in this study, which is restricted to Fe-
based materials. Very good thermal spray coatings of nickel-based crystalline coatings were deposited
with thermal spray, but appear to have less corrosion resistance than nickel-based amorphous metals.
Two iron-based amorphous metal coatings presented here as examples are SAM2X5
(Fe49.7Cr17.7Mn1,9MO7.4W1.6815.2C3.8Si2.4) and SAM1651 (Fe48MO14cr15Y2C15Be). These materials have
been developed in the form of thin coatings, as well as thick layers forming composite surfaces, to
provide exceptional corrosion resistance in environments including, but not limited to 5M CaCl, at 105-
120°C and natural seawater at 30-90°C.

EXPERIMENTAL PROCEDURE

Samples of these coatings were produced by depositing corresponding amorphous metal powders on
Ni-based Alloy C-22 substrates with a hydrogen-fueled high-velocity oxy-fuel (HVOF) process. In the
case of linear polarization and corrosion potential measurements, the Alloy C-22 substrates were
cylindrical rods, each having one hemispherical tip, with SAM2X5 deposited on the outer diameters of
the rods, as well as over the entire surface of the hemispherical tip. The nominal length and diameter of
each rod were 8 and 5/8 inches, respectively. The coating thickness was approximately 17 + 2 mils.

Specific environments used for immersion testing of the SAM2X5 and SAM1651 HVOF coatings
included: (1) natural seawater at 90°C; (2) 3.5-molal NaCl solution at 30°C; (3) 3.5-molal NaCl solution
at 90°C; (4) 3.5-molal NaCl and 0.525-molal KNO; solution at 90°C; (5) simulated dilute water, referred
to as SDW, at 90°C; (6) simulated concentrated water, referred to as SCW, at 90°C; and (7) simulated
acidic water, referred to as SAW, at 90°C. Long-term corrosion testing was done with the standardized
samples and electrochemical test stations like those shown in Figure 1.



Figure 1: Samples of Standardized Iron-Based Amorphous-Metal HVOF Coatings Tested During
Study (Upper Image) and Three Stations for Long-Term Corrosion Testing (Lower Image)



The linear polarization method was used as a method for determining the apparent corrosion rates of
the various amorphous metal coatings. The procedure used for linear polarization testing consisted of
the following steps: (1) holding the sample for ten seconds at the OCP; (2) beginning at a potential 20
mV below the OCP, increasing the potential linearly at a constant rate of 0.1667 mV per second to a
potential 20 mV above the OCP; (3) recording the current being passed from the counter electrode to
the working electrode as a function of potential relative to a standard Ag/AgCI reference electrode; and
(4) determining the parameters in the cathodic Tafel line by performing linear regression on the voltage-
current data, from 10 mV below the OCP, to 10 mV above the OCP. The slope of this line was the
polarization resistance, Rp (ohms), and was defined in the published literature [12]. While no values for
the Tafel parameter (B) of Fe-based amorphous metals have yet been developed, it was believed that a
conservative value of approximately 25 mV was reasonable, based upon the range of published values
for several Fe- and Ni-based alloys. The corrosion current density was then defined in terms of B, R,
and A, the actual exposed area of the sample being tested.

oE
R, =| — Equation 1
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The parameter (B) was defined in terms of the slopes of the anodic and cathodic branches of the Tafel
line:

B= P, (Equation 2)

2.303(8, + )

Values of B were published for a variety of iron-based alloys, and varied slightly from one alloy-
environment combination to another. For example, values for carbon steel, as well as Type 304, 304L
and 430 stainless steels, in a variety of electrolytes which include seawater, sodium chloride, and
sulfuric acid, ranged from 19 to 25 mV. A value for nickel-based Alloy 600 in lithiated water at 288°C
was given as approximately 24 mV. While no values have yet been developed for the Fe-based
amorphous metals that are the subject of this investigation, it was believed that a conservative
representative value of approximately 25 mV was appropriate for the conversion of polarization
resistance to corrosion current. Given the value for Alloy 600, a value of 25 mV was also believed to be
acceptable for converting the polarization resistance for nickel-based Alloy C-22 to corrosion current.

The general corrosion rate was calculated from the corrosion current density through application of
Faraday’s Law. The corrosion current, /.., (A) was then defined as:

B
I, = s (Equation 3)

p

where the parameter B was conservatively assumed to be approximately 25 mV. The corrosion current
density, i (A cm™), was defined as the corrosion current, normalized by electrode area, A (cm?). The
corrosion (or penetration) rates of the amorphous alloy and reference materials were calculated from
the corrosion current densities with the following formula:

d ] .
WD o (Equation 4)
dt palloy nalloy F

where p was the penetration depth, t was time, i, Was the corrosion current density, p.i,, was the

density of the alloy (g cm™), na,, was the number of gram equivalents per gram of alloy, and F was
Faraday’s constant. The value of ng,, was calculated with the following formula:



N .
Rty = Z(L] (Equation 5)
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where f was the mass fraction of the j"" alloying element in the material, n; was the number of electrons
involved in the anodic dissolution process, which was assumed to be congruent, and g; was the atomic
weight of the | alloying element. Congruent oxidation or dissolution was assumed, which meant that
the dissolution rate of a given alloy element was assumed to be proportional to its concentration in the
bulk alloy. These equations were used to calculate factors for the conversion of corrosion current
density to the corrosion rate. The conversion factors for converting corrosion current density to
corrosion rate are approximately: 6.38 to 10.7 um cm? pA™ yr for Type 316L stainless steel; 5.57 to
9.89 um cm® pA™' yr' for Alloy C-22; and 5.39 to 7.89 um cm? pA™ yr' for SAM2X5, depending upon
the exact composition of each alloy within the specified ranges.

In addition to periodic in situ measurements of corrosion rate based upon the linear polarization
method, it was also possible to use the potentiostat to perform electrochemical impedance
spectroscopy (EIS), with the corrosion resistance of the two amorphous alloys in the various test
environments over time reflected in the amplitude of the impedance measurements. During EIS the
specimen produces a current response to an alternating potential signal. A small-amplitude sinusoidal
voltage modulation (e) is applied between the reference and working electrode and a corresponding
current response (i) flows between the counter and working electrodes [13-16]:

e = E sin(ar)) (Equation 6)

i = I sin(ax + @) (Equation 7)

The voltage modulation (e) and current response (i) can also be represented in phasor notation as (E')

and (7). The voltage modulation and current response are than related through the complex
impedance (Z):

E=1Z (Equation 8)

The complex impedance consists of real and imaginary parts, which are used to define the phase angle
between the potential and current, as well as the magnitude of the impedance:

Z(0)=2,(0)+jZ,(o) (Equation 9)
The complex impedance, both its real and imaginary parts, is frequency dependent. From simple

geometric arguments, the phase angle, the arctangent of the ratio of the imaginary to the real part of
the complex impedance, can be determined:

Z (w)

Similarly, the amplitude is defined as:

o ()= arctan[ Zi (w)j (Equation 10)

1Z(w) = Z} (0)+ Z} () (Equation 11)

Typically, materials resistant to corrosion in a particular environment, with corresponding good
passivity, will exhibit a relatively high impedance amplitude at low frequency [16].



RESULTS

SAM2X5 HVOF coating samples were subjected to immersion testing. During these tests, linear
polarization was used to determine the corrosion rate SAM2X5 HVOF coatings in the various test
environments over period of approximately 135 days (the last linear polarization measurement made
after 133 days). Following immersion testing and linear polarization measurements, samples were
removed and photographed. This material experienced very little corrosion in SDW and SAW at 90°C,
with slight corrosive attach in SCW at 90°C, as shown in Figure 2. The most severe attach was
experienced in 3.5m NaCl solution at 90°C, with that corrosion mitigated by the addition of 0.525m
KNO; inhibitor. These SAM2X5 samples performed reasonably well in heated seawater. The
corresponding corrosion rates (microns per year) were determined from linear polarization
measurements during the course of the test, and from weight loss and dimensional change at the end
of the test. As shown in Figure 3, the corresponding corrosion rates based upon linear polarization after
more than four months immersion were: (1) 12.3 um/yr in natural seawater at 90°C; (2) 2.91 um/yr in
3.5-molal NaCl solution at 30°C; (3) 176 wm/yr in 3.5-molal NaCl solution at 90°C; (4) 2.83 um/yr in 3.5-
molal NaCl and 0.525-molal KNOj; solution at 90°C; (5) 2.61 um/yr SDW at 90°C; (6) 12.4 um/yr in
SCW at 90°C; and (7) 81.1 um/yr in SAW at 90°C.

A comparison of the electrochemical impedance spectra (EIS) for SAM2X5 HVOF samples in the
aforementioned environments at the end of the immersion period are shown in Figure 4. As expected,
the sample showing the most corrosive attack (SAM2X5 HVOF coating in 3.5m NaCl solution at 90°C)
als0 gave the lowest impedance amplitude at low frequency (10 mHz). The sample in SDW remained
pristine, and had the highest interfacial impedance at low frequency. Changes in EIS with time are
shown in Figures 5, 6 and 7. In the case of EIS in 3.5m NaCl solution at 30°C (Figure 5), the low
frequency impedance amplitude increased from 100 to 500 ohms over the duration of the test. In the
case of EIS in NaCl at 90°C (Figure 6), the low frequency impedance amplitude increased from 20 to
70 ohms over the duration of the test. As expected, increased temperature decreased interfacial
impedance and increased the corrosion rate. By adding 0.525m KNOj; inhibitor to the 3.5m NaCl
solution at 90°C, the interfacial impedance increased, and the corrosion rate decreased to the same
levels measured without the inhibitor at 30°C (Figure 7).

After several years of additional materials development, optimized SAM1651 coatings were produced
and subjected to immersion testing in the various test environments at 90°C. These coatings exhibited
exceptional corrosion resistance in all environments, with some very sparse rust spots observed in
near-boiling seawater {Figures 8 and 9). These spots have been attributed to ferrite particle impurities
embedded in the amorphous metal coating during thermal spray operations. Examination of the coating
cross-section with an environmental scanning electron microscope (ESEM) equipped with energy
dispersive spectroscopy (EDS) showed that the spots were only superficial, with no through-coating
corrosion (Figures 10 and 11). These spots may have been due to the corrosion of embedded particles
of ferrite fed to the HVOF spray gun, which were virtually eliminated through process improvement and
optimization.

The corrosion rate and corrosion potential of the optimized SAM1651 HVOF coating were monitored in
situ during exposure for several months, and are graphically in Figures 12 through 13. As previously
discussed, the linear polarization method was used to determine the corrosion rates shown in Figure
12. After 70 days, all corrosion rates were less than 10 micron per year, with rates in several cases less
than 1 micron per year. Corresponding measurements of the open circuit corrosion potential are shown
in Figure 13. The trend in OCP values towards more positive levels are believed to be due to slight
changes in the passive film or surface composition during the test period. These tests show that the
optimized SAM1651 HVOF coating has exceptional corrosion resistance, even after 4 months in
concentrated brines at 90°C.mThe corrosion resistance of the amorphous metal coatings has also been
verified during salt fog testing, and is discussed elsewhere [1-10].
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Figure 11: Mapping of Fe, Ni, Y, Mg, O, Cr, Mo and Si at Corrosion Site with Energy Dispersive
Spectroscopy (EDS)
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CONCLUSIONS

Novel iron-based amorphOUS metaIS, inCIUding SAM2X5 (Fe49,7Cr17.7Mn1.9M07.4W1,6815.203.88i2.4),
SAM1651 (Fess.0Cri50M014.0Bs.0C150Y20), and other compositions have been developed for use as
corrosion-resistant coatings for spent nuclear fuel containers, as criticality control materials, and as
ultra-hard corrosion-resistant material for ship applications. These amorphous alloys appear to have
corrosion resistance comparable to (or better than) that of Ni-based Alloy C-22 (UNS # N06022), based
on measurements of breakdown potential and corrosion rate in seawater. Long term immersion tests
were conducted with these materials. Corrosion rates were determined throughout the test with linear
polarization, while electrochemical impedance spectroscopy was used to gain additional insight into the
integrity of the passive film. SAM1651 exhibited better passivity and lower corrosion rates than the
SAM2XS5 in the test environments explored during this study.
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