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Abstract

Amorphous alloys identified as SAM2X5 (Fesq7Cr17.7Mn;9M07.4W16B152C3Si24) and
SAM1651 (FessM014Cri5Y,C15Bg) have been produced as melt-spun ribbons, drop-cast ingots
and thermal-spray coatings. Chromium (Cr), molybdenum (Mo) and tungsten (W) additions
provided corrosion resistance, while boron (B) enabled glass formation. Earlier electrochemical
studies of melt-spun ribbons and ingots of these amorphous alloys demonstrated outstanding
passive film stability. More recently thermal-spray coatings of these amorphous alloys have been
made and subjected to long-term salt-fog and immersion tests. Good corrosion resistance has
been observed during salt-fog testing. Corrosion rates were measured in situ with linear
polarization, while simultaneously monitoring the open-circuit corrosion potentials. Reasonably
good performance was observed. The sensitivity of these measurements to electrolyte
composition and temperature was determined. The high boron content of SAM2X5 also made it
an effective neutron absorber, and suitable for criticality control applications.

Introduction

The outstanding corrosion that may be possible with amorphous metals was recognized
several years ago [1-3]. 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 [4-6]. The
corrosion resistance of an iron-based amorphous alloy with yttrium (), FessM014Cri5Y2C15Bs
was also been established [7-9]. Yttrium was added to this alloy to lower the critical cooling rate.



Several nickel-based amorphous metals were developed that exhibit exceptional corrosion
performance in acids, but are not considered in this study, which focuses on iron-based
amorphous metals. 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 [10].

A family of iron-based amorphous metals with very good corrosion resistance was
developed that can be applied as a protective thermal spray coating. One of the most promising
formulations within this family was found to be Fesq7Cri7.7Mn19M074W16B152C338Siz4
(SAM2X5), which included chromium (Cr), molybdenum (Mo), and tungsten (W) for enhanced
corrosion resistance, and boron (B) to enable glass formation and neutron absorption. The parent
alloy for this series of amorphous alloys, which is known as SAM40 and represented by the
formula Fes;3CrigMn,;Mo,5W1 7B16C4Sizs, has less molybdenum than SAM2X5 and was
originally developed by Branagan [11-12]. SAM2X5 may have beneficial for applications such
as the safe long-term storage of spent nuclear fuel [13-16].

Experimental
Thermal Spray Coatings

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, which have typical bond strengths of 5,000 to 10,000 pounds per square
inch (5-10 ksi), porosities of less than one percent (< 1%) and extreme hardness. The cooling rate
that can be achieved in a typical thermal spray process such as HVOF are on the order of ten
thousand Kelvin per second (10* K/s), and are high enough to enable many alloy compositions to
be deposited above their respective critical cooling rate, thereby maintaining the vitreous state.
However, the range of amorphous metal compositions that can be processed with HVOF is more
restricted than those that can be produced with melt spinning, due to the differences in
achievable cooling rates. Both kerosene and hydrogen have been investigated as fuels in the
HVOF process used to deposit SAM2X5.

X-Ray Diffraction

The basic theory for X-ray diffraction (XRD) of amorphous materials is well developed and
has been published in the literature [17-18]. In an amorphous material, there are broad
diffraction peaks. During this study, XRD was done with CuK, X-rays, a graphite analyzing
crystal, and a Philips vertical goniometer, using the Bragg-Bretano method. The X-ray optics
were self-focusing, and the distance between the X-ray focal point to the sample position was
equal to the distance between the sample position and the receiving slit for the reflection mode.
Thus, the intensity and resolution were optimized. Parallel vertical slits were added to improve
the scattering signal. Step scanning was performed from 20 to 90° (20) with a step size of 0.02°
at 4 to 10 seconds per point, depending on the amount of sample. The samples were loaded into
low-quartz holders because the expected intensity was very low, thus requiring that the
background scattering be minimized.



Salt Fog Testing

Salt fog tests were conducted according to the standard General Motors (GM) salt fog
test, identified as GM9540P. The protocol for this test is summarized in Table 1. The salt
solution mists consisted of 1.25% solution containing 0.9% sodium chloride, 0.1% calcium
chloride, and 0.25% sodium bicarbonate. The four reference samples were Type 316L stainless
steel, nickel-based Alloy C-22, Ti Grade 7, and the 50:50 nickel-chromium binary.

Table 1. A description of the standard GM9540P Salt Fog Test is summarized here. Note
that the salt solution mists consisted of 1.25% solution containing 0.9% sodium chloride,
0.1% calcium chloride, and 0.25% sodium bicarbonate.

24-Hour Test Cycle for GM9540P Accelerated Corrosion Test
i Elapsed
Shift Time (hrs) Event
0 Salt solution mist for 30 seconds, followed by ambient exposure at 13-
28°C (55-82°F)
15 Salt solution mist for 30 seconds, followed by ambient exposure at 13-
Ambient ' 28°C (55-82°F)
Soak 3 Salt solution mist for 30 seconds, followed by ambient exposure at 13-
28°C (55-82°F)
45 Salt solution mist for 30 seconds, followed by ambient exposure at 13-
' 28°C (55-82°F)
Wet 810 16 High humidity exposure for 8 hours at 49 + 0.5°C (120 + 1°F) and
Soak 100% RH, including a 55-minute ramp to wet conditions
Dry 16 to 24 Elevated dry exposure for 8 hours at 60 + 0.5°C (140 = 1°F) and less
Soak than 30% RH, including a 175-minute ramp to dry conditions

Corrosion Rate Determination During Immersion Testing

The linear polarization method was used as a method for determining the 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 open-circuit
potential (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/AgCl 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), as defined in the published literature [19].
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A parameter (B) was defined in terms of the anodic and cathodic slopes of the Tafel lines, £ and
S, respectively:

B
2.303(8, + B.)

(2)

Values of B were published for a variety of iron-based alloys, and varied slightly from one alloy-
environment combination to another [19]. 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 is believed that a
conservative representative value of approximately 25 mV is 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 corrosion current density, icorr (A cm™), was defined in terms of
the Tafel parameter (B), the polarization resistance (Rp), and the actual electrode area (A):

. B

Leorr :m (3)
The corrosion (or penetration) rates of the amorphous alloy and reference materials were
calculated from the corrosion current densities with the following formula:

dp i
—_F corr 4
dt F ®)

palloy rlalloy

where p is the penetratlon depth, t is time, icorr is the corrosion current density, paioy is the density
of the alloy (g cm™), Naloy 1S the number of gram equivalents per gram of alloy, and F is
Faraday’s constant. The value of naey Was calculated with the following formula:

nalloy =Z(fjan (5)

i\ 4

where fj is the mass fraction of the j™ alloying element in the material, n; is the number of
electrons involved in the anodic dissolution process, and a; is the atomic weight of the j"
alloying element. Congruent dissolution was assumed, which meant that the dissolution rate of a
given alloy element was proportional to its concentration in the bulk alloy. These equations were
used to calculate factors for the conversion of corrosion current density to the penetration rate
(corrosion rate).



Standard Test Solutions Used for Immersion Testing

In addition to natural seawater and 3.5-molal sodium chloride solutions, several
standardized test solutions have been developed based upon the well J-13 water composition
determined by Harrar et al. [20]. Relevant test environments are assumed to include simulated
dilute water (SDW), simulated concentrated water (SCW), and simulated acidic water (SAW) at
30, 60, and 90°C. The compositions of all of the environments are given in Table 2. The
compositions of these test media are based upon the work of Gdowski et al. [21-23]. In general,
anions such as chloride promote localized corrosion, whereas other anions such as nitrate tend to
act as corrosion inhibitors. Thus, there is a very complex synergism of corrosion effects in the
test media.

Table 2. Composition of Standard Test Media Based Upon Well J-13 Water

lon SDW SCW SAW

(mg/L™) (mg/L™) (mg/L™)
K* 34 3,400 3,400
Na*™ 409 40,900 40,900
Mg* 1 1 1,000
Ca™ 1 1 1,000
Fl 14 1,400 0
cIt 67 6,700 6,700
NO;™* 64 6,400 6,400
S0,™ 167 16,700 16,700
HCO;5* 947 70,000 0
Si (60°C) 27 27 27
Si (90°C) 49 49 49
pH 8.1 8.1 2.7

Results

Crystalline and Amorphous Powders and Coatings

X-ray diffraction (XRD) data for SAM2X5 gas-atomized powders are shown in Figure 1.
These powders are identified as (a) Lot # 05-079 and and (b) Lot # 06-015. The data for Lot #
05-079 show the formation of deleterious crystalline phases, including Cr,B, WC, M3Cs and bcc
ferrite, whereas the data for Lot # 06-015 show broad halos at 26 ~ 44° and 78°, which are
indicative of amorphous powder (absence of residual crystalline structure). These two lots of
powder were used to prepare the thermal-spray coatings tested during this study.

XRD data for the corresponding SAM2X5 thermal-spray coatings are shown in Figure 2.
The left frame (a) shows XRD for the coating produced with Lot # 05-079 powder and deposited
on Type 316L stainless steel substrate. The broad halo at 26 ~ 44° is attributed to the presence of
an amorphous matrix, while the sharp pronounced peaks are attributed to the presence of Cr,B,
WC, M2Cs and bcc ferrite, which are believed to have a detrimental effect on corrosion
resistance. These deleterious precipitates deplete the amorphous matrix of those alloying



elements, such as Cr, Mo and W responsible for enhanced passivity. The distinctive satellite
peak at 26 ~ 36° may be due to the formation of tungsten carbide during the thermal spray
process. The structure seen near 26 ~ 60° may be due to bcc ferrite, and has been correlated with
increased susceptibility of such amorphous metal coatings to corrosion. Other structure is due to
M23Cg and Cr,B. Coatings with less residual crystalline phase have been successfully produced,
and will be discussed subsequently. The right frame (b) shows XRD data for the coating
produced with Lot # 06-015 powder, and deposited on a Type 316L stainless steel substrate,
identified as Sample # E316L511. Here too the broad halo observed at 26 ~ 44° is attributed to
the presence of an amorphous matrix. This coating appears to have less residual crystalline
structure than the one produced with Lot # 05-079 powder.
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Figure 1. (a) XRD data for SAM2X5 (Fes97Cr17.7Mn19M07.4W; 6B152C38Si2.4) powder identified
as Lot # 05-079. (b) XRD data for SAM2X5 powder identified as Lot # 06-015.

SAM2X5 HVOF Coating on Type 316L SS
Sample Produced with Powder Lot # 05-079
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Figure 2. (a) XRD data for SAM2X5 coating (powder lot # 05-079) on Type 316L stainless steel
substrate. (b) XRD data for SAM2X5 coating (powder lot # 06-015) on Type 316L stainless steel

substrate (sample # E316L511).



Salt Fog Performance

Photographs of samples after eight full cycles in the GM salt-fog test described in Table 1
are shown in Figure 3. These samples are: (a) 1018 carbon steel reference specimens [Samples #
Al14]; (b) HVOF coating of SAM2X5 on Type 316L stainless steel substrate [Sample # 316L-
W9], and HVOF coating of SAM2X5 on nickel-based Alloy C-22 substrate [Sample # C22-
W21] after 8 full cycles in GM salt fog test. Clearly, the thermal-spay coatings of SAM2X5 have
good resistance to corrosive attack in such environments.

C22-w21

(b)

Figure 3. Photographs of three samples after eight full cycles in the GM salt-fog test: (a) 1018
carbon steel reference sample; (b) SAM2X5 Lot # 06-015 on 316L; and SAM2X5 Lot # 06-015
on Alloy C-22.

Corrosion Rates with Linear Polarization

Corrosion rates and open-circuit corrosion potentials of HYOF SAM2X5 and SAM1651
coatings were determined in situ during long-term immersion testing in several relevant
environments and are reported here. SAM2X5 coatings were produced with both amorphous and
partially devitrified powder. Powder produced 2006 (Lot #06-015) was amorphous whereas
powder produced in 2005 (Lot #05-079) was partially devitrified due to problems encountered
with the gas atomization process. All SAM1651 powder was amorphous. Figure 4 shows OCP
values for the amorphous and partially devitrified SAM2X5 coatings. Coatings prepared with
amorphous powder (Lot # 06-015) had relatively low OCP values in seawater at 90°C (—275 to
—300 mV), whereas coatings produced with partially devitrified powder (Lot # 05-079) had
slightly higher values (—230 mV). Coatings prepared with amorphous powder (Lot #06-015) also
had relatively low OCP values in 3.5-molal NaCl solution at 90°C (=290 mV), whereas coatings
produced with partially devitrified powder (Lot # 05-079 powder) had higher values (—260 mV).
The trend in OCP appears to have reversed in 3.5-molal NaCl solutions at 30°C.

Figure 5 shows values of the corrosion rate determined with linear polarization during
long-term open circuit corrosion testing of SAM2X5 coating samples prepared with lots of
powder produced in 2004, 2005 and 2006. Coatings produced with completely amorphous
SAM2X5 powder (Lot # 06-015) had relatively low corrosion rates in seawater at 90°C (~1.5
um/yr). In contrast, coatings produced with partially devitrified SAM2X5 powder (Lot # 05-079)
had relatively high corrosion rates (~4.7 um/yr). Similarly, SAM2X5 coating samples produced
with Lot # 06-015 powder exhibited relatively low LPCR values in 3.5-molal NaCl solution at
90°C (~21.1 umlyr), in comparison to those samples with Lot # 05-079 powder (~107.2 um/yr).
Measurements of linear-polarization corrosion rate in 3.5-molal NaCl solution at 30°C were very



similar for SAM2X5 coating samples produced with Lots # 06-015 and # 05-079 (~2.7 and 3.6
um/yr, respectively). Since these as-sprayed samples were very rough, an estimated roughness
factor of 3.36 was used to convert apparent surface area to actual surface area.

Figures 6 and 7 show OCP values and corrosion rates for amorphous SAM2X5 (Lot #06-
015) and SAM1651 coatings in seawater, 3.5-molal NaCl solutions, and synthetic bicarbonate
brines (SDW, SCW and SAW). Based upon the corrosion rates of SAM2X5 coatings, solutions
are ranked from least- to most-aggressive: SDW at 90°C; 3.5-molal NaCl with 0.525-molal
KNO3 solution at 90°C; seawater at 90°C; 3.5-molal NaCl solution at 30°C; SCW at 90°C; SAW
at 90°C; and 3.5-molal NaCl solution at 90°C. The ranking for SAM1651 coatings are slightly
different. SAM1651 may perform better than SAM2X5 in hot 3.5-molal NaCl solution.

0
~ 50
&) arly Be a Powder
g’ -100 ~ 4 ed in 90°C Seawate Lot # 06-015
~
2 -150 - —
¢ 200 4 f
g -200 ‘ ‘ X
> 250 -k ———— s -—-—--F-—-—-—-=-===-
\E, hi-gg@a
% -300 - —&—seawater 90C
o) 350 3.5 m NaCl 30C
3o ecisuc 1
-400 : : ‘ ‘ : : :
< Lo [To] Lo n (o] (o] (o] N~
> > (8] = = b
o % [ % o) ] > &) %
z (T8 = N [a) = : o )
~ ¢ : o ©
@ — Q 0 3 Q = =

Figure 4. OCP values during long-term open circuit corrosion testing of as-sprayed SAM2X5
coatings prepared with Lot #05-079 and Lot #06-015 powders.
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Figure 5. Apparent corrosion rates determined with linear polarization during long-term open
circuit corrosion testing of as-sprayed SAM2X5 coatings prepared with lots of powder produced
with Lot #05-079 and Lot #06-015 powders. A roughness factor of approximately 3.36 was used
to convert current density to corrosion rate, to account for the rough as-sprayed surface.
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Figure 6. Comparison of OCP values for SAM2X5 and SAM1651 thermal spray coatings.
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linear polarization: (a) estimated roughness factor of approximately 3.36 assumed to account for
the as-sprayed surface; and (b) no roughness factor assumed.



Conclusions

An iron-based amorphous metal, SAM2X5 (Fe4g_7Cr17_7Mnl_gM07_4W1_6815_2C3_88i2_4), with
very good corrosion resistance was developed. This material was produced as a melt-spun
ribbon, as well as gas atomized powder and a thermal-spray coating. Chromium (Cr),
molybdenum (Mo) and tungsten (W) provide corrosion resistance, and boron (B) enables glass
formation. The high boron content of this particular amorphous metal make it an effective
neutron absorber, and suitable for criticality control applications. Earlier studies have shown that
ingots and melt-spun ribbons of these materials have good passive film stability. Thermal spray
coatings of these materials have now been produced, and have undergone a variety of corrosion
testing, including both atmospheric salt fog and long-term immersion testing.

After eight (8) full cycles in the standard GM salt-fog test, HVOF coatings of SAM2X5
on Type 316L stainless steel and nickel-based Alloy C-22 substrates demonstrated good
resistance to corrosive attack in such environments. In contrast, reference samples of 1018
carbon steel were aggressively attacked, and were covered with a heavy layer of rust and
corrosion product.

Linear polarization was used to determine the approximate corrosion rates of several
amorphous-metal thermal spray coatings in a variety of potentially relevant environments.
Coatings produced with completely amorphous SAM2X5 powder (Lot # 06-015) had relatively
low corrosion rates in seawater at 90°C (~1.5 um/yr). In contrast, coatings produced with
partially devitrified SAM2X5 powder (Lot # 05-079) had relatively high corrosion rates (~4.7
um/yr). Similarly, SAM2X5 coating samples produced with Lot # 06-015 powder exhibited
relatively low corrosion rates in 3.5-molal NaCl solution at 90°C (~21.1 um/yr), in comparison
to those samples with Lot # 05-079 powder (~107.2 um/yr). Measurements of linear-polarization
corrosion rate in 3.5-molal NaCl solution at 30°C were very similar for SAM2X5 coating
samples produced with Lots # 06-015 and # 05-079 (~2.7 and 3.6 uml/yr, respectively).
Corrosion rates were determined in a broad range of environments. Based upon the corrosion
rates of SAM2X5 coatings, solutions were ranked from least- to most-aggressive: SDW at 90°C,;
3.5-molal NaCl with 0.525-molal KNOj3 solution at 90°C; seawater at 90°C; 3.5-molal NaCl
solution at 30°C; SCW at 90°C; SAW at 90°C; and 3.5-molal NaCl solution at 90°C. The
ranking for SAM1651 coatings was slightly different. SAM1651 performed better than SAM2X5
in hot 3.5-molal NaCl solution.
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