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ABSTRACT

Iron-based amorphous metals have incredistrength and hdness, and with the
addition of alloying constituents, can also be formulated to have exceptional corrosion
resistance. Compositions of several ir@sdd amorphous metals have been published,
including several with verygood corrosion resistance. The benefits of chromium,
molybdenum, and tungsten on corrosion rasis¢ has been previously studied and
documented, however little is known about oth#oying constituents and their effect
upon devitrification and corrosion resistance. The compositions explored in this thesis
research are the SAM40 base alloy andatems including systematic additions of
nickel, yttrium, and titaniumNickel is added to improvieoth mechanical properties and
corrosion resistance. Yttrium is added twéo the critical cooling rate, thereby making

the metallic glass easier to create andrenstable once formed, thus improving the
corrosion resistance. Adding titanium will efalthe formation of an extremely stable
protective titanium oxide film on the alloy&irface, which could enhance the corrosion
resistance. Through x-ray diffraction and ceroo analysis, the effects of these alloy
additions on the devitrificain and corrosion resistance this new class of amorphous

metals have be quantified.
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l. INTRODUCTION

A. AMORPHOUS METALS AND BULK METALLIC GLASSES

Iron-based amorphous metals, also known as bulk metallic glasses (BMG) or
structurally amorphous metals (SAMs), arewdl that have no crystalline structure and
are completely vitreous. These alloys euaderistically have a gh strength and a high
elastic modulus, which makes them potentiaibeful in number of applications. With
the addition of carefully selected alloyiegnstituents, BMGs can also have exceptional
corrosion resistance. Compositions of sal@&on-based amorphous metals have been
published, including those witlery good corrosion resistanc&he beneficial effects of
chromium, molybdenum, tungsten additions corrosion resistance of iron-based
amorphous metals have been previously studied and repoiteds is known about the
possible beneficial effects of other alloying constituents on the corrosion resistance of
these new materials. Even less is known aioel effects of heating during processing
and during service conditions orethevitrification of these allys and the impact of such

recrystallizatioron corrosion resistance.

Specific compositions explored this thesis research include the amorphous iron-
based metal alloy known as SAM40 £F#1n,CrigMo2 sW1 7B16C4Siz 5), which serves as
the base alloy for this investigation, and compositional variations on this alloy, which
include systematic variations of the nickel, yttrium, and titanium concentrations. Nickel
(Ni) is added to alloys to improve both maaical properties and corrosion resistance.
In the specific case of the iron-based amorghmetals, yttrium (Y) lowers the critical
cooling rate, thereby making the bulk metatliass easier to create and more thermally

stable once it is formed, thus improving the corrosion resistance.

At the outset of this research, it was hymstized that additionsf titanium could
enable the formation of a pedttive titanium oxide film on #surface of the alloy, which

is known to be extremely stabld=ormation of such a protiaee layer on the surface of

1 Joseph C. Farmer, “High Performance Corroftesistant Materials: Fe Based Amorphous Metal
Coating and Composite Surfaces,” Encyclopedia of Composites LLNL BOOK 462191. (2010): 4-6.

1



these iron-based metallic glasses could enable them to have even greater corrosion
resistance than previously demonstrated.teNbat titanium atlys, which are protected
with titanium dioxide (rutile) films, are famore corrosion resistant in seawater that

stainless steels, which goeotected with chromium and molybdenum oxide layers.

Using x-ray diffraction and coosion analysis technigegthe effects of these
alloying addition on corrosion resistance of butk metallic glasses as cast and reheated
above their glass transition tematire have been quantified.

B. PROCESSING OF AMORPHOUS METALS

Bulk metallic glasses are produced using three basic methods: melt-spinning into
ribbons, drop casting ingots, and applying @aiomized powder in a thermal-spray
coating. The common factor bedan all of these miebds is that they have a cooling rate

that is high enough so that a glasformed upon solidification.

Melt spinning is done by ejecting liquithetal onto a cooled, copper spinning
disk, shown in Figure 1. Ehmaterial solidifies on the wheel with a completely
amorphous structure. Shortly after solyiify, the ribbon separates from the wheel due
to thermal contraction and the centrifudgafce the wheel imparts on the ribbon. The

separated ribbon is thrown indocollection chamber.

Melt spinning allows for a cooling rate up to one million degrees Kelvin per
second to be reached. This extremely rapidling allows for compositions with higher
critical cooling temperatures to be formedbitbulk metallic glasses. Samples prepared
using this method are approximately 150 mig thick and up to several meters in

length. All the samples for this thesvere preparedsing this method.

2 Larry Kaufman, “Calculation of Coating Composites for Use in Various Corrosive Environments
with Pourbaix and Thermal Stability Diagrams,” (HiBerformance Corrosion Resistant Materials Final
Report, 2004), 23.

3 Joseph C. Farmer, “High Performance Corroftesistant Materials: Fe Based Amorphous Metal
Coating and Composite Surfaces,” Encyclopedia of Composites LLNL BOOK 462191 (2010): 7-8.

2



Figure 1. Melt spinning ejects molten metal ora spinning cooled copper whéel.

Thermal-spray uses a high-velocity oxy-fald is used to coat metal with the
metallic glass. The process uses a combustion flame to heat and propel the atomized
powder onto a base metal at speeds betwasrh 3 and mach 4. The deposited metal
has a bond strength of 35-70 MPa and a porosity of less than@é6ling rates of ten
thousand Kelvin per second can be reachatthough this process is more restrictive
than melt spinning due to its lower coolirgte, it is still high enough to enable many
compositions to be deposited in a vitreouest The benefit aising thermal-spray over
melt spinning is the thicknessf the amorphous metal thaan be achieved. Free-
standing plates have been coated witthigkness of up to 20mm. This makes the
metallic glasses much more useful in protegstructures from corrosion as compared to

melt spun ribbon§.

4 Nano Magnetics, “Material Science: ierimental techniques,” Nano Magnetics,
http://www.nanomagnetics.orgftures_jlsanchez/index.ht(accessed June 8, 2011).

S Joseph C. Farmer, et al., “Corrosion Chimazation of Iron-Based High—Performance Amorphous
Metal Thermal-Spray Coatings,” (paper presenteé®dSME PVP: Pressure Vessels and Piping Division
Conference, July 17-21, 2005).

6 Joseph C. Farmer, “High Performance Corroftesistant Materials: Fe Based Amorphous Metal
Coating and Composite Surfaces,” Encyclopedia of Composites LLNL BOOK 462191 (2010): 9.

3



C. HISTORY AND BACKGROUND

The concept of amorphous metals islyamew. Pol Duwez invented metallic
glass in the 1980s and produced a fair amafimesearch on solid-state amorphization
and the superconductivity of metallic glassethwvtihe collaboration of Ricardo Schwarz.

In 1993, Bill Johnson, a student of Pol Duwez, discovered bulk metallic glasses, meaning

that the entirety or vast majority of the metal was vitreous.

After his discovery, Dr. Johnson fourtld.iquidmetal Technologies and has
found applications for BMG’s in placesofn golf club heads to a replacement for
depleted uranium as a high velocity penetratBill Johnson has continued his research
on bulk metallic glasses inclumdy the physical principles wolved in forming amorphous

metals8

Metallic glass golf clubs did not becormepular for several reasons. One of the
first alloys used in golf clubs was veryrbdaand “springy”, however it was also very
brittle. As balls were hit with the golf b, cracks would form and spread similar to
regular glass. The Liquidmetal website ddss “shear bands” that form at stress
concentrations in the material. In crylte material, grain boundaries help prevent
shear bands from propagating through théend. The companias found alternative
alloys to reduce the brittleness. Thedleys contain copper, nickel, phosphorous, and

over 60% platinum. These precious meta&ke the golf clubs extremely expensive.

D. PRACTICAL IMPLEMENTATION OF BMG

Besides being used to make golf clubstattie glasses have many other potential

applications. Liquidmetal predicts that thegn be used for arygh strength application

7 Caltech, “Professor William L. Johnson,” Caltech, http://www.its.caltech.edu/~vitreloy/index.htm#.
(accessed June 6, 2011).

8 Ibid.

9 Liquidmetal Technologies, “Metallic Glass: A Drop of the Hard Stuff,”
http://www.liquidmetal.com/nes/dsp.news.04x10&sp, (accessed March 15, 2011).

4



from tennis racket8 to scalpel bladesl The Navy has several uses for these materials
that make use of their corrosion and their high elastic modulus.

1. Shipboard Use

The SAM7 (FesM014CrisY2CisBs) composition, which is also known as
SAM1651is a candidate deck plating for Iibcombat ships (LCSs) and has already
been used to coat the sail cover plafes submarines, as a possible approach for
mitigation corrosion on the sail. Normally, slsiprfaces are painteéd protect them from
corrosion, however flight decks are exposed high temperatures which severely
degrades, if not evaporates thant. This limitation is espedadly true for ships that carry
vertical takeoff, fixed wing aircraft sucis the AV-8B Harrier. The deck surfaces are
blasted with the exhaust of the aircrdfiring takeoffs and landings. A HVOF BMG
coating applied to the surface of the fligleich would help protect the structure from the

heat while also protecting it from cosion of ever-present salt water.

The extreme hardness and corrosion resistance of BMGs also makes them ideal
for use on the bows of icebreakers. Thesmp@rties are also highly ideal for shafts in
systems that require corrosion resistance, lew, fand a hard surface. In this case, the

BMG would again likely be applied to the surface with a HVOF spray co&ing.

2. Spent Nuclear Fuel Storage

Current container designs for the geotogiisposal of spent nuclear fuel and
high—level radioactive wastes specify the wd nickel-based alloy C-22 as a corrosion
resistant outer layer. This particular Apgtion is especially demanding since these
packages will reach surface temperatures of@Q8Will experience substantial gamma

ray irradiation of the surroundlj environment, leading tthe formation of radiolysis

10 Liguidmetal Technologies, “Liquidmetal Sporting Goods and Leisure Products,”
http://www.liquidmetal.com/agjeations/dsp.sporting.asfaccessed June 6, 2011).

11 Ligquidmetal Technologies, “Liquidmetal Medical Devices,”
http://www.liquidmetal.com/agdjzations/dsp.medical.aspdcessed June 6, 2011).

12 joseph C. Famer, “High Performance Corroftesistant Material Bject's New Iron—Based
Amorphous Metal Coatings: Enhanced Corrosion Performance and Substantial Cost Savings,”
(presentation at Nuclear Wastechnical Review Board, Washington DC, November 16, 2005.

5



products, such as hydrogen peroxide, and mmaghtain their integrity in the presence of
hot, evaporatively concentrated, geotherimahes. Unfortunately, these nickel based
alloys are quite expensiveijth documented costs of last $37 per pound. The iron-
based amorphous metals proposed here ipono provide comparable corrosion
resistance, but at a substantially lower cbstieved to be on the order of $7 per pound
when deposited in the form of an HVOF dngt Given the life cycle cost of such
repositories, with cost 8mates ranging from $58 billio in 2002 to more recent
estimates approaching $130 billion, thisstcdlifferential forconstructing the 11,000

required containers could save théioraseveral tens—of-billions of dolla¥s.

These materials also promise to be exoepl criticality control materials for
applications on the basket assembly used to support the spent fuel rods inside the
containers. The best known borated matehaige absorption cross—sections for thermal
neutrons of less than 2Em whereas the materials hgi investigated here have
substantially higher boron concentrationgith the boron homogeneously dispersed
throughout the material, and have absorptiarssfrsections for neutrons of more than
7cmi?, the highest known value for any known m@leproposed forthis application.

Such materials are therefore importfortthe future of fission enerdyt.

13 Joseph C. Famer, “High Performance Corrofesistant Material Bject's New Iron-Based
Amorphous Metal Coatings: Enhanced Corrosion Performance and Substantial Cost Savings,”
(presentation at Nuclear Wastechnical Review Board, Washington DC, November 16, 2005.
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.  EXPERIMENTAL HYPOTHESES

This thesis research measures the effexft three carefully selected alloying
additions, nickel, yttrium, and titanium, to base alloy SAM40 on devitrification and
corrosion resistance. Each alloying additieais chosen for a specific reason and has its
own expected result. The following sectidiscusses the reasons that each alloying
addition was selected and how they wilflience the materials devitrification and

corrosion resistance.

A. NICKEL ADDITION

Nickel is present in many highly corrosigasistant alloys. In addition to the
chromium, molybdenum, and manganese thae l@ready been added to make SAM40
base alloy, nickel is expected to furthephnove the corrosion resistance and improve the

mechanical properties.

B. YTTRIUM ADDITION

Yttrium was added to SAM40 base allby lower the critical cooling rate to
establish a bulk metallic gda. This addition will hopefullynake it easier to manufacture
and install bulk metallic glass with bettegsults. HVOF spray coatings are a very
effective way to deposit metallic glass on sheface of a structure; however, the cooling
rates are not always as higs other methods of creati®@MG such as melt-spinning.
The yttrium addition will potentially immve the quality of HVOF sprayed BMG.
Higher quality BMG has less crystallinity whlave better corrosn resistance because it
will have a more homogenous microstructared less nucleation sites for corrosion to

attack.

It is further hypothesized that additionsytfrium could enable the formation of a
protective yttrium oxide film (¥Os3) on the surface of the all, a passive film known to
be extremely stable. Formation of sucpratective layer on theurface of these iron—

based metallic glasses could enable thernatee even greater corrosion resistance than



previously demonstratedt®Note that titanium alloys, whiicare protected with titanium
dioxide (rutile) films, are far more corrosioasistant in seawater than stainless steels,

which are protected with chromiuamd molybdenum oxide layers.

C. TITANIUM ADDITION

It is hypothesized that additions of titam could enable the formation of a
protective titanium oxide film (TiO2) on theurface of the alloy, a passive film known to
be extremely stable. Formation of sucpratective layer on theurface of these iron—
based metallic glasses could enable thernatee even greater corrosion resistance than
previously demonstrated. Note that titanialloys, which are pretted with titanium
dioxide (rutile) films, are far more corrosigasistant in seawater than stainless steels,

which are protected with chroom and molybdenum oxide layéis.

15 Jian Xu, et al., “Studies onetCorrosion Behavior of Yttrium—Implanted Zircaloy—4,” Journal of
Materials Science 35 (2000) 6225-6229.

16 Larry Kaufman, “Calculation of Coating Composites for Use in Various Corrosive Environments
with Pourbaix and Thermal Stability Diagrams,” (HiBerformance Corrosion Resistant Materials Final
Report, 2004), 23.
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lll.  COMPOSITIONAL CORRO SION CHARACTERISICS

A. EMPIRICAL METHODS USED IN DESIGNING ALLOYS FOR
CORROSION RESISTANCE

1. Pitting Resistance Equivalence Number

One of the first and most basic estipmatfor an austenitic alloy’s corrosion
resistance is its pitting resistance equimate number. (PREN) PREN is an empirical
way for comparing the corrosion resistance airdéss steels. This type of empirical
correlation has also been used to estimate the corrosion resistance of nickel-based alloys.

PREN is calculated using one of two equations:

PREN [%Cr] 3.3 uU%Mo 9%W] 30 t[%N] 1)
PREN [%Cr] 3.3 u[%Mo] 0.5 t[%W] k [%N] )

The second equation was developed becdusas recognized that some alloys
that performed better in testing had a loweERRhan alloys that performed worse. The
factor k is a coefficient that adjusts the impoda of the effects of nitrogen. It can range

from 12.8 to 30, however 16 is generally accepted.

These equations have been used to es#irthe corrosion resistance of previous
BMG formulations including SAM40 and itpredecessors. If the PREN estimate
approach is applied to the alloys analyzethis paper, the equation must be modified to
account for the additions of Ni, Y, and Tit would be reasonabl® describe the BMG
PREN as the PREN of SAM40 plus linear cdmitions for each of the new additives as

shown in Equation 3.
PRENg,c PRENgwuo A T%Ni] BT%Y] C T%Ti] ©)
With the knowledge gained in this resdathesis, it will be possible to estimate

the relative weighting coefficients, A, Bn&C, which will enable PREN to be applied to
a larger variety of bulk metallic glasses.

17 Joseph C. Farmer, “High Performance Corroftesistant Materials: Fe Based Amorphous Metal
Coating and Composite Surfaces,” Encyclopedia of Composites LLNL BOOK 462191 (2010): 5.
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2. Pourbaix Diagrams

Another method for predicting the corrosiresistance of new iron—based alloys
is the use of Pourbaix diagrams. Pourlkdiegrams account for both the complexity of
the alloy and the ramgof constituents in the sec@ environment, e.g., seawater.
Pourbaix diagrams are created by solving Nernst equation at various potentials and
pH’s. The constituent diagrams can be overlaid and an overall Pourbaix Diagram can be
created. The overlays help to identify wepkts where at certain potentials and pH’s the
alloy will be susceptible to corrosion. A spots are identified, the composition can be
adjusted and elements can be added hviave strong passivegions where active

corrosion exist.

This was done repeatedly for variousmamsitions of bulk metallic glasses in
order to maximize the corrosion resistancenis approach was one the major guiding
principles in the evolution of the BMGs Figure 2 shows the composite Pourbaix
diagram for all the constituenof iron—based alloy SAM40. The regions inside the band
of passive oxide films offers more protectito the material from active corrosion. The
areas outside the band are where pasdivs break down and active corrosion occurs
more easily. By adding constituent alloysttlextend the area of the band, the material

will be more corrosion resistant in more conditié®s.

Unfortunately, nickel (Pourbaix diagram shown in Figure 25) does not have a
definitive oxide film that extends beyond theea of the proactive oxide film region.
Even though nickel's passive film regialmes not extend beyond the current region, it
could still improve the corrosion resistarte bolstering the strength and redundancy of

the existing passive film region.

The red line on Figure 2 shows the theoretical benefit of adding titanium to
SAM40. The extremely stable passive fillitanium oxide, increases the area protected
from active corrosion substantially. More Pourbaix diagrams for the constituent elements

are included in the appendix. Pourbaix diaggdor yttrium were not available, however

18 Larry Kaufman, “Calculation of Coating Composites for Use in Various Corrosive Environments
with Pourbaix and Thermal Stability Diagrams,” (HiBerformance Corrosion Resistant Materials Final
Report, 2004), 2—-17.
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the effect on the passive filnegion would be similar to titaum. Note that the passive
film is a secondary effect @afdding yttrium. The primargurpose for adding yttrium is
to improve the stability ofhe amorphous microstructuamd making the BMG easier to

manufacture.

Figure 2. Overlaid Pourbaix Diagram of SAM46.

19 Larry Kaufman, “Calculation of Coating Composites for Use in Various Corrosive Environments
with Pourbaix and Thermal Stability Diagrams,” (HiBerformance Corrosion Resistant Materials Final
Report, 2004), 3.
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IV. EXPERIMENTAL DESIGN

A. COMPOSITION OF SAM40 BASE ALLOY AND ITS DERIVATIVES

Using the melt-spinning process and its high cooling rate, many compositions
were successfully produced as bulk metallic glasses. These compositions were created in
order to find better performing alloys in the area of corrosion resistance. One set of
compositional modifications started with SAM40 {F=dMn,CrigMo2 W1 B16CsSiz5) as
a base alloy and added specific elementstatvals of 1, 3, 5, and 7 atomic percent. The
elements added were nickel, molybdenumjuwttr titanium, and zirconium. The alloys
were named structurally amorphous metals with a two number identifier. The first
number designates the allogi element and the secondsdebes the amount of the
addition in atomic percentage. For exam@&M1X1 has a one atomic percent nickel

addition. SAM4X7 has a seven atomiercent addition of titanium.

These compositions were verified ngienergy dispersive x-ray spectroscopy
(EDS) on a Quanta Series 200 environmental SEM. There was a notable difference in the
roughness of the side of the ribbon that had lieeontact with theooled copper wheel.

The rough side also had small traces of cogpesent that had been transferred to the
melt spun ribbon during the cooling process. Each composition was analyzed at three
random locations and scanned at a magnifineof 10,000X. The averages are reported

in Table 120 Theoretical thermodynamic propeg were calculated for each
composition and are reported in Table 2. €&pected crystallization temperatures for

this new family of alloys should lie between 5407100

20 Joseph C. Farmer, et al., “@asion Characterization of IroBased High—Performance Amorphous
Metal Thermal-Spray Coatings,” (paper presenteédSME PVP: Pressure Vessels and Piping Division
Conference, July 17-21, 2005).
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Table 1. Composition of alloys analyzed.
Alloy Specification / Formula F¢ Cr Mn | Mo W B* | C* Si Y Ni Ti | Total
SAM40 gie:’zw'”ZC“gMOZ'sz’B“’C“ 523| 190 20 25 11 16p 4lo 00| 00| 00| 100
SAM1X3 | (SAMA40); + Nis 50.7| 184| 19 54 16 155 39 00| 30| 00| 100
SAM1X7 | (SAM40); + Ni; 486| 177 19| 93 1.6 14p 37 00| 70| 00| 100
SAM3X3 | (SAM40); + Y, 50.7 | 184| 19| 24 18 155 39 3 00| 00| 100
SAM3X7 | (SAM40);+Y; 486 | 17.7| 19| 23 18 149 3f 7 00| 00| 100
SAMAX3 | (SAM40)s + Tis 50.7 | 18.4| 19| 24/ 14 155 39 00| 00| 30| 100
SAMAX7 | (SAMA40Y; + Ti; 486 | 17.7| 19| 23 1.8 149 3f 00| 00| 70| 100
Table 2. Thermal Properties of alloys analyz&d.

Alloy Tg(°C) [Tx(°C) Tn(°C)

SAM40 | 56%74 624 1119

SAM1x3 56p 589 1119

SAMI1x7 51p 545 11312

SAM3x3 57B 659 1138

SAM3x7 notlear 691 1164

SAM4x3 568 623 1146

SAMAxXT 558 616 1198
B. ALLOY AND HEAT TREATM ENT TEMPERATURE SELECTION

analysis of their effect on corrosion resistarand how they affect the stability of the
amorphous microstructure. SAM40 was used as a control for comparison. In addition to
comparing the effects on as cast samples,simples were heat treated to analyze the
effects of the alloy addition at temparss near and above the glass transition
temperature and crystallization temperatufée heat treatment temperatures chosen for

analysis are as cast, 400 and 700C. The amount of alloying element added to the

base alloy that was chosen for analysiss Waree and seven atompercent.

Nickel, yttrium, and titanium additions to SAM40 base alloy have been chosen for

This

21 Joseph C. Farmer et al., “High PerformaBoerosion Resistant Iron Based Amorphous Metal
Coatings: Evaluation of Corrosion Resistance,” fHRgrformance Corrosion Rs&int Materials Annual
Report, 2005), 26.

22 hid., 27.
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compositional range is large enough to expedistinguishable differee in the results.
This addition diluted the SAM40 composititm97% and 93%, respiaeely, as shown in
the Table 1.

C. HEAT TREATMENT
1. Argon Purged Furnace

A small furnace was set up in the mateyib at the Naval Postgraduate School
to allow samples to be prepared on sitegyfe 3) The samples were placed in a small
Pyrex tube that was open at both ends. {lass was put in the bottom of the tube to
prevent the melt-spun ribbon samples from rigllout. The Pyrex tube was placed in a
copper test tube with a small bleed hole.e Tilbe was connected aovacuum pump and

to the argon tank throughthree-way valve.

Figure 3. Photograph showing the copper tedid connected to the vacuum/argon
tubing inside the furnace.
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First, a vacuum (shown fRigure 4) would be drawn on the sample with the bleed
hole plugged. The three way valve woulé@ritbe positioned to send argon gas into the
sample. As pressure built in the coppéare, the plug would be removed allowing the
gas to slowly flow and flus out any residual oxygen. THarnace was then turned on
and heated until reaching the desired tempegatvhere it would be held for one hour.

Argon was supplied continuoudligroughout the test.

Figure 4. Photograph of the assembled argon pufgedace. The vacuum pump is
seen below the counter.

2. Sandia Argon Purged Furnace

A set of melt-spun ribbon samples wesent to Sandia National Laboratory in
Livermore, CA to be annealed in an inttigd argon furnace. The samples had a vacuum

16



drawn on them before applyirgsupply of argon gas to thenThe samples were heat
treated for one hour and cooled under cardgus argon flow to room temperature.

3. Vacuum Furnace

A set of melt-spun ribbon samples weratde Metal Improvements Company to
be heat treated. The sangieere separated and labebgdcomposition. When received
by Metal Improvements Company, they put a piece of ribbon of each alloy composition
in a tantalum foil wrap. One piece of ribbon aid in each fold and the foil was etched
with the composition. When all the ribbonsreveenclosed in the wrap, the ends were
folded up to prevent thelrbons from sliding out.

Five tantalum foil packets were heat tezhto five different temperatures: 300,
400, 500, 600, and 700 degrees Celsius. Eacpdoket was heated up to its designated
temperature and held there for one hour.e Tlrnaces were then allowed to cool. A
vacuum was drawn on the furnace throughout the heat treatment and cooling to prevent
oxidation of the samples. Tantalum almavenges oxygen which further protects the

bulk metallic glass melt spun ribbons from oxidizing.

D. X-RAY DIFFRACTION SETUP AND PROCEDURE

X-ray diffraction testing was performed ¢ime samples, heat treated using Metal
Improvements Company’s vacuum furnacép measure varying degrees of
devitrification. The machine used wa$hilips XRD model PW1830, shown in Figure
5. It uses copper x-rays generated by a88B6ROmMA electron beam. The samples were
scanned continuously at a rate of .01 degreesqmond with an angle ranging from 20 to

90 degrees. The tests toaproximately two hours.
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Figure 5. Photograph of x-ray diffractometer.

Ribbons were scanned that had not beexgssed in any way other than the heat
treatment. Pieces of ribbon approximatelye inch in length were placed on a glass
slide, aligned in the direction of the x-regam. A small dab of vacuum grease was used

to hold the samples in place at eitkad during the scan. (Figure 6)
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Figure 6. Photograph of melt-spun ribbons mountedglass slide for an XRD scan.

E. CYCLIC POLARIZATION SETUP AND PROCEDURE

Cyclic polarization testing increases therrosion potential of a sample at a
constant rate up to a set point, then reverses and decreases the corrosion potential until it
ends at the sample material’s corrosion posénti-or this test #h samples were mounted
on a titanium disk using scotch tape satth conductive path was created and only the

sample material was exposed to the electrolyte.

The test apparatus uses a sealed cell, filled with salt water and sitting in a heater
(Figure 7). Nitrogen was buldal through the electrolytic kdion to remove oxygen. A
condenser and a gas trap were used &vgmt moisture from leaving the cell and
changing the electrolyte coentration. A Ag/AgCI reference electrode was used to
measure the cell potential and a graphite rod wsed for the counter and counter sense.
The working and working sense wires weramected to the sample mount. The system

was grounded through the ring stand and lab bench.
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Figure 7. Photograph of the cyclic palization test apparatus.

The potential was controlled with respeo the material’'s corrosion potential
(Ecom)- The test was started with a potentibbne volt below corrosn potential making
the reaction cathodic. Potentimas increased at a rate ®fmV/s, until it reached the
apex at 1.5 volts above thg,k At this point the potential reverses and decreases at the

same rate until it ends at the,E All tests were run at 30°C.
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V. EXPERIMENTAL RESULTS

A. STRUCTURAL CH ARACTERIZATION OF MELT-SPUN RIBBONS
1. SAM40 Base Alloy

The SAM40 base alloy has been analyttestoughly in the past. Figure 8 shows
XRD scans of SAM40 heated to variotsmperatures above and below the glass
transition temperature. Thescans were not done onltrspun ribbons, which is why
they have much lower background than the samples analyzed for this paper. Based on
the peaks present in the 830and 100QC samples, it was suspected that phases present

were ferrite (body centered cubic) 3@, and CsB.

Figure 8. SAM 40 XRD scan at multiple temperatufss.

2. SAM1X3 and SAM1X7 (Nickel Addition)

In the as cast sample (blue), aodd peak centered was observed around 44
degrees, as seen previouslysinucturally amorphous metal®revious analyses did not
show the broad peak centered around 25 degréhis was determined to be background
cause by the glass slides. It is present rging degrees becausetbe variation in melt-
spun ribbon size. The better the x-ray beam alggned with the saple and the larger

the sample was, the less background that was present. The broad peaks are expected

23 Nancy Yang et al., “Devitrification and Its influence on Corrosion Performance of SAM2x5 and
SAM1651” (High Performance Corrosion Resistant Materials Annual Report, 2005), 11.
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because neither the silica glass slide ther amorphous metal sample has a crystalline
structure. The same is seen in thet@0fample. It has not been heated above the glass
transition temperature and no crystalline phases have precipitated out. The plots for each
sample have been stacked vertically poevent overlapping. The heat—treating

temperature does not cause the entire satagiave a higher intensity count.

Figure 9. Overlay of SAM1X3 XRD scans as cast, heat treated t6CIQhd heat
treated to 70TC.

The sample heated to MMdisplayed sharp peaks, whimdicate the presence of
crystalline phases. In Figures 10-12, theZO@as analyzed usj X'Pert Highscore
which compares known diffraction patterns @néd in a crystallographic database to
the peaks present in order to determine what phases are present. The elements present in
the sample are input into the program, butoés not know how much of each element is

present.
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Figure 10. Plot of XRD peaks of possible phases in SAM1X3.

The program outputs a list of phases thati¢de present in the sample based on
their x-ray diffraction peaks, and how thosenpare to the peaks present in the scan.
The user must select what phases are likelyetpresent and whidre not. Those that
were selected are shown in Figure 11. For example, the program sees that carbon is
present in the sample and thinks thaapdrite and other forms of elemental carbon,
including fullerene and diamonds, are presditiis is unlikely because of the low carbon
composition of the samples and the homogengitthe molten metal used in the melt

spinning process.
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Figure 11. List of possible phases in SAM1X3.

When the peaks of the possible phases (multi-colored) are plotted against the scan
plot (red on Figure 10), we can see thatdaggoups of peaks are seen where there are
peaks on the scan. The program adjusts ¢héng of the peaks to what is thinks the
composition of each should be, but because the composition of the sample is very
complex, the program cannot accurately predietghantity of each phase that is present.
Also, many phases have similar peaks sashthose containing iron, chromium, and
nickel. This is well illustrated in FigurE, which shows that marof the phases that are
likely present have peaks around 44 degrees. Because of this, we cannot assume that the
peaks are caused by any single phase. &heynore likely caused by the presence of
many phases in smaller quaresi The base alloy, SAM40
(Fe52.3Mn2Cr19Mo02.5W1.7B16C455), has eight components with one component
added, Ni, Y, or Ti, for a total of nine. Blge Gibbs phase rule, the maximum number of

phases possible in equilibrium is

F CP 2@®
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where F is the number of degrees of freed0ns the number of chemical components in

the system, and P is the number of phases in equilibrium. For the alloys in this thesis, the
maximum number of phases thaha-exist in equilibrium igleven. It would be more
reasonable to assume that the maximum shoelldo more than nine for most regions of
phase equilibria. It should be notedathBMGs almost by definition are not in
equilibrium, but the Gibbs phasele gives an upper estineabn the number of expected
phases. The high score softwdees not have this knowledgesimply suggests phases
based on “best fit” betweendhdiffraction pattern and the tddase. With the low signal
levels in these measurements, we cannattity individual crystalline phases; however,

we can state whether crystalline phasespagsent and whether they might be the same

from one alloy to the next

24 Computational Thermodynami¢§ibbs Phase Rule,” CALPHAD,
http://www.calphad.com/gibbs_phasderttml (accessed June 12, 2011).
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Figure 12. Plot of XRD peaks of possible phases in SAM1X3.

SAM1X7 contains seven atomic percent of nickel added to base alloy SAMA40.
The as cast sample (blue) and the sample heat treated(at @60) appear to be fully
amorphous. There is a variation in the lgaokind caused by the gfaslide. This is
most likely due to variations in samplaeiand slight misalignments in the mounting.
The sample heat treated to @00(violet) shows sharp peaks indicating that there are

crystalline phases present.
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The peaks in the SAM1X7 700°C sample sderhe less intendhan those in the
1X3 700°C sample. The peaks around 82 eegrdo not appeaat all. This
demonstrates that there are diffiet phases present, which is likely an effect of the extra
nickel. Based on the lists of possible phas®d there diffraction fgterns, there appears
to be less chromium and iron phases presethianSAM 1X7 sample. It is difficult to

guantify the difference because of twmmplex composition of the alloys.

3. SAM3X3 and SAM3X7 (Yttrium Addition)

SAM3X3 has three atomic percent dirjum added to base alloy SAM40. We
can see that the as casu@) and 400°C (red) samplase amorphous once again and the
700°C (violet) sample shows some evidencergstalline phases. The peaks present are
even less intense than those seen in SAMaX8 SAM1X7 with the nickel addition.

The crystalline constituent still appearte composed mostly iron and chromium,
but in much lower quantity. The secondary peaks chromium and iron peaks shown in
Figure 30 at 81° and 82° are barely bisi above the background. The only phase

containing yttrium is YSi but there is very litd, if any, present.

SAMS3X7 is very similar to SAM 3X3 inthat the peaks are less intense than the
nickel containing samples. SAM3X7 does/éa slightly highepeak around 44° than
SAM3X3, but not by much. Iron and chram continue to make up most of the
crystalline phases, however none of the ptaephases scored very high. Yttrium seems
to have improved the materials ability tppaove devitrification, with is demonstrated

by SAM3X3 and 3X7. This has the potent@alimprove the corrosion resistance.

4, SAM4X3 and SAM4X7 (Titanium Addition)

SAM4X3 has a three atomic percent titanium addition to base alloy SAM40. The
as cast (blue) and 400°C (red) samples lsaveoth, broad peaks centered at 44 degrees
showing that they are amorphous. High msiey peaks appeared in the 700°C sample
(violet). These are the highest intensity pesdesn in the testing with intensities at over
300 counts above the backgrounidkewise, we also see tHaghest scores for phases

that are likely present. Iron and chromium phases appear the most prevalent, which is
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expected since they dominate the composition at 50.7% and 18.4%, respectively.
Titanium shows up in mixtures with iron andromium, but not in the expected carbides

or borides. Although these phasare potentially prest, they do not ast in any large
guantity.

SAM4X7 has similar x-ray diffraction resalto SAM4X3, but wth slightly lower
intensity.  Either titanium was increasddgh enough that it helped to reduce
devitrification, or, more likely, the lower intengiis a result of thevarying sample size.
The compositions are similar with a slighthgher relative score fditanium mixed with
iron and chromium. Once again, titanium carbaahe titanium boride did not appear in
any large quantity. Becam$oth the 700°C samples containing titanium had large peaks

we can conclude that titanium doeot improve devitrification.

5. Summary of X-ray Diffraction Results

The x-ray diffraction confirmed thatll melt-spun ribbon samples were
amorphous as cast and when heat treated t&C408amples with yttrium had the lowest
intensity peaks and the samples with titanioaad the highest intensity peaks. Although
we cannot identify what phases are present fileerelative weak peaks, we can see that
the alloy addition does affect whether crystalline phases are present and if they differ
between composition. This ghown by the difference in ¢hpeaks that are visible,

shown in Table 3.

Table 3.  Summary of x-ray diraction results.

Heat TreatedHeated TreatedCountsabove 2} Location of
Alloy AsCast to 400°C to 700°C background peaks
SAM1X3 |Amorphous |Amorphous |Devitrified 120 44.65,73,76,82
SAM1X7 |Amorphous |Amorphous |Devitrified 100 43,46,49,75
SAM3X3 |Amorphous |Amorphous |Devitrified 80 44,83
SAM3X7 |Amorphous |Amorphous |Devitrified 80 44
SAM4X3 |Amorphous |Amorphous |Devitrified 300 43,44,65,82
SAM4X7 |Amorphous |Amorphous |Devitrified 220 43,44,65,79,82
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B. ELECTROCHEMICAL CORROSI ON ANALYSIS OF MELT SPUN
RIBBONS

1. Studies of SAM40 Base Alloy

As potential increased from approximately00 mV, current decreased until the
corrosion potential was reachat -251 mV. As potential wascreased in the as cast
sample (blue), we saw that current incegharound a potentail of zero mV. This was
likely due to the oxidatio of molybdenum. As the reactistabilized, current returned to
its previous trend. As the potential appraatithe test limit oapproximately 1300mV,
the passive film began todak down and current incredse Before the passive film
could fully break down, potential started to neseeand the plot retraced itself. There was

no repassivation potential because of the retracing. (Figure 13)

In the sample heat treated at @({red), we saw a similar corrosion potential of -
258 mV. The reaction that we attributedtolybdenum was seen again, alhtough is had
a smaller effect on current. As the maximpatential reached in the test, current peaked
as the passive film broke dowimilarly to the as cast sample, but did not retrace the plot
as potential reversed. A repassivation poéicould be seen, although it was difficult to
state the value because of the molyhda phenomenon. The general corrosion

resistance of this sample decreasedaspared to the as cast sample.

In the sample heat treated to 830(violet), we saw very little resistance to
corrosion. The corrosion potential has deada® -526 mV, meaning that the anodic
reaction would occur sooner. When thipp@ned, current increased and the sample

corroded actively.

The general trend that was expected as these metallic glasses were heated is that
they would become less corrosion resistant. This is because when they were heated to
temperatures near or above their glagssition temperature, (approximately 539 they
will begin to devitrify. Crystaline phases, which were not as resistant to corrosion, would

begin to appear in the glassy matrix.
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Table 4. Electrochemical Parameters deired for SAM40 Base Alloy.

Ecorr (MV) Eotbd (MV) Ep (MV)
SAM40 as cast -251 1282 NA
SAM40-600°C -258 626 NA
SAM40-800°C -526 -361 NA

Figure 13. Cyclic polarization measurements for SAM40 base alloy.

2. Studies of SAM1X3 andSAM1X7 (Nickel Addition)

SAM1X3 has 3 atomic percent nickel addedase alloy SAM40. Nickel is used
in many high strength alloys where corrosiosistance is critical. As potential was
increased above the corrosion potentiab{Eof -305mV for the as cast sample (blue),
the passive film did not fully break down, whics why it retraced itself. This is very
similar to what was seen in the as csmhple of SAM40. Notice that the molybdenum

phenomenon did not occur.
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The passive film of the saple heat treated to 40 (red) started to break down
at a lower potential of 540mV and showadalear repassivatioaround 10mV (Figure
14). The corrosion potentialdreased to -229mV. Althougihe plot for this sample
seamed to be offset to the right of the oth#rs was most likely an effect of different

sample size. Nonuniform sample size ie#act of the melt spinning process.

The 700 & sample (violet) showed similaharacteristics to that of the 40§
sample, but with a slightly higherpassivation potentiat 161mV. The k. increased
again, this time to -198mV. Thermal expos did not appear to have reduced the
corrosion resistance of this compositioniadid on SAM40. The trend of increasing

corrosion potentialugoports this.

Table 5. Electrochemical Measurements for SAM1X3 Alloy

Ecorr (mV) Epfbd (mV) Erp (mV)
SAM1X3scast 305 r 1269 NA
SAM1X3#00°C 229 r 540 9
SAM1X3700°C 198 r 480 161

Figure 14. Cyclic polarization studies of SAM1X&s a function of heat-treatment
temperature.
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This composition has a 7 atomic % Nidi#ion to SAM40 base alloy. (SAM1X7)
Even the as cast sample (blue, Figure 15)ndidappear to be as corossion resistant as
SAM40 or SAM 1X3. The kK was -285mV and, there was a distinctive breakdown of

the passive film and eear repassivation.

The 400 & (red) sample had a similar break down and a slightly lower
repassivation, however itgdg was -258mV which was slightlyigher than as cast. The
700 & sampel (violet) had a much lower corossion resistance. ThedBpped
significantly to -507mV, the sive film broke down quickl and current increased as
the sample actively corroded. As potentads reversed, the sample appeared to be

headed towards a repassivation, but didmake it before the test ends.

Table 6. Electrochemical Measurements for SAM1X7 Alloy.

E<:orr (mV) Epfbd (mV) Erp (mV)
SAM1X7@ascast 285 520 120
SAM1X#400°C 258 515 (23
SAM1X#00°C 507 a8 NA

Figure 15. Cyclic polarization studies of SAM1X&s a function of heat-treatment
temperature.
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3. Studies of SAM3X3 andSAM3X7 (Yttrium Addition)

SAM3X3 has 3 atomic perceof yttrium added to the SAM40 composition. It
was expected that yttrium will make the metadjlass more stable since a slightly lower

cooling rate is required to cast yttrium caining alloys as a bkimetallic glass.

The as-cast sample (blue, Figure 16) had @n & -222 mV, which was a slight
improvement over SAM40. We see that gassive film did break down at 988 mV and
that there was a clear regsivation at 118 mV. The 40 sample (red) was slightly less
corrosion resistant as is expatt Its repassivation was atlower potential of 477 mV,
and there was a larger difference in currefhen the potential is reversed. The only

improvement was that the.f increased to -204 mV.

The 700 ¢ sample (violet) showed a highgorrosion resistance than the 46D
sample. The & is -202 mV. The passive filloroke down at a 963 mV, which was
similar to the as cast sample. It had a higkpassivation than tres cast sample at 298
mV. It was not expected that the 7@ sample would repassivate before the as cast or
be more corrosion resistant. This phennarewas seen again inetimext composition of

the same family.

Table 7. Electrochemical Measurements for SAM3X3 Alloy.

E<:orr (mV) Epfbd (mV) Erp (mV)
SAM3x3 as
cast 222 988 118 r
SAM3x3#00°C 204 477 r a35
SAM3x3JF700°C 202 963 r 298
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Figure 16. Cyclic polarization studies of SAM3X&s a function of heat-treatment
temperature.

In the as cast sample of SAM3X7 (bllregure 17), we saw a similar behavior to
the rest of the as cast samples. Ther E -283 mV, which was lower than both
SAM3X3 and SAM40. The passive film broklewn at 577 mV and there was a clear
repassivation at 122 mV. In the 4@ sample (red), we saw something unique to this
testing but very charagaistic of cyclic polaization curves. The & increased to -221
mV, back to the as cast value for SAM3XAs the passive film broke down at 1.09 V,
current increased, but insteadrefracing itself at all, this sample had a large hysteresis.
Eventually, it repassivated at -191 mV haltigh this was not veffar above the corrosion

potential.

The 700 ¢ sample does something rather unexpected. Afterthat188 mV,
while the potential was increasing, teewas no passive film breakdown. As the
potential reverses, it retracaéelf until current decreases below its initial path. This
sample has a much higher resistance toosan than the others of this family.
Something happened as the sample was hdzédade it more corrosion resistant.
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The Eor of -188 mV was the highest witreesd during experimentation of the
samples heat treated to 70. It was the second highest of all the samples at all
temperatures. It was suspected thatiwtircame out of solution as the sample was
heated and collected on the surface. It mail have formed yttrium oxide, which is an

extremely stable material and might eaiplthe favorable coosion behavior.

Table 8. Electrochemical Measurements for SAM3X7 Alloy.

Ecorr (MV) Eotbd (mV) Ep (mV)

SAM3Xascast 283 S77 122
SAM3X#00°C 221 NA a91
SAM3X#700°C 188 NA NA

Figure 17. Cyclic polarization studies of SAM3X&s a function of heat-treatment
temperature.
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4, Studies of SAM4X3 and SM4X7 (Titanium Addition)

SAM4X3 has a three atomic percent addition of titanium to the SAM40
composition. The titanium was added with ésphat a protective titanium oxide would
form on the surface giving the metallic glassreased corrosion resistance. This was

similar to the effect that was suspeciethe samples witlttrium addition.

In the as cast sample (blue, Figure 18), after the & -241 mV, we saw the
phenomenon that was attributed to therasion of molybdenum again. When the
potential was reversed, the plot retracedlfiteeefly then the current increased, and
finally repassivated at 194 mV. Theresmao clear passive film break down. The 400
& sample (red) was similar in the way it imperfectly retraced itself. The &ad
repassivations occurreat similar points to the as ¢asample at -240 mV and 245 mV

respectively.

The 700 @€ sample acted similarly to the high temperature SAM40 sample. After
the potential increased abotlee corrosion potentiaf -303 mV, current increased and

the sample corroded actively.

Table 9. Electrochemical Measurements for SAM4X3 Alloy.

Ecorr (mV) Epfbd (mV) Erp (mV)

SAM4X3&scast 241 r NA 194
SAM4X3A00°C 240 r NA 245
SAM4X3700°C 303 r302 NA
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Figure 18. Cyclic polarization studies of SAM4X&s a function of heat-treatment
temperature.

The as cast sample for this composition (blue), again showed the molybdenum
phenomenon. Thedk was extremely high at -164mVThe passive film did not fully

break down and actually increased in strergtihe potential revess in direction.

In the 400 € sample (red), thek: decreased to -294 mV. There was a clear
passive film breakdown at 520 mV, and we sasmall hysteresis and a repassivation at
125 mV. Although the curve shifted to the rigthis again was likely due to a difference

in sample size, caused by inconsistesdn the melt spinning process.

Similar to SAM4X3, the 700 sample (violet) had a very low corrosion
resistance. After the potential increassobve the corrosiopotential of -203 mV,
current increased. There is a small climb right before the passive film broke down and

current jumped up again. At this poineteample began to fully actively corrode.
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The general trend for adding titanium to SAM40 appeared to be improved
corrosion resistance while the material iseous. However, once the glass has been

exposed to heat the material losydenefit of the titanium addition.

Table 10. Electrochemical Measurements for SAM4X7 Alloy.

Ecorr (mV) Epfbd (mV) Erp (mV)
SAM4Xascast 164 966 NA
SAM4X'#A00°C 294 5201 125
SAMAX#00°C 203 1571 NA

Figure 19. Cyclic polarization studies of SAM4X&s a function of heat-treatment
temperature.
5. Summary of Electrochemical Results

Table 11 shows the effects of theoslladditions on the three parameters:
corrosion potential, passive film breakdowneputal, and repassivation potential. These
values do not independently state the qualitya sample’s corrosion resistance. They
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only quantify their representative parameters. The shapes seen in the curves significantly

and effectively demonstrate tbehavior of the material ia corrosive environment.

The green highlighted blocks showngpositions for which the passive film
remained stable and the sample demoredraglatively good corrosion resistance. The
red highlighted blocks show compositions for which the passive film broke down
completely and the sample actively corroded. The samples heat treated®@ of00
SAM40, SAM1X7 (nickel addition), SAM4X3 (titanium addition), and SAM4X7
(titanium addition) all had similar result3.he passive film destabilized and broke down
allowing the material to actively corrodelhe difference between these samples heat
treated to 70 and the samples heat treated to eraures less than the glass transition
temperature (J) of the same allo