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ABSTRACT

Crystallites consisting of Zr, Ti, Cu, and Ni were formed within an amorphous
matrix by reheating samples of the glassy metal LM 105 to 405°C. The absence of Al in
the crystallite formation suggests that this aluminum remained within the amorphous
matrix. The sequence of crystallite formation was investigated using standard x-ray
diffraction of samples heated to 5 different temperatures in 20°C steps from 365 to
405°C, and for times from 0 to 60 minutes. The glass transition temperature, measured
via differential scanning calorimetry in argon atmosphere, was verified to be between
385°C and 405°C using Archimedes density measurements. The optimal material for
interfacing with the molten LM105 alloy was also investigated via a superheated
interaction study. In this study, samples of polished, fully amorphous, LM105 were
placed on alumina, zircon, silicon nitride, silicon carbide, and Syalon 050, 101, 110, and
201 substrates. These were heated to 1250°C at 5°C per minute in a 95/5 Ar-H
atmosphere. The samples were then analyzed using a FEI Co., Inc., Quanta 200F
environmental SEM with an EDAX Genesis system. Substrate cross sections revealed
that zircon underwent the least corrosion in contact with superheated LM105, implying,
that out of the substrates tested, this is most robust for high temperature applications
where ceramics interface directly with molten LM105. This includes initial glass forming

techniques such as counter-gravity casting.
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INTRODUCTION

Due to the state of the ever changing, technology driven, societies we live in, new
advancements in materials have emerged. Metallic glasses are a product of these
advancements with their unique combination of metal alloys with amorphous structures
and their altered physical, chemical, and electrical properties. These properties present
advantages for a number of applications. Bulk metallic glasses, which can be processed
using methods similar to those used by inorganic glasses, find use in industrial coatings,
defense applications, electronics casings, fine jewelry, medical devices, sporting goods,
space projects, and hinge applications in the mobile phone industryl. Characteristic
properties of most metallic glasses include: high yield strength, high hardness, superior
strength to weight ratio, superior elastic limit, high corrosion resistance, high wear-

resistance, and unique acoustic propertiesl.

Metallic glasses were first discovered in 1960 by Pol Duwez and his colleagues at
California Institute of Technology® via the rapid solidification processes (RSP). RPS
produces metals with a glassy structure by cooling from a molten state at rapid cooling
rates, around 10°Ks™. In order to achieve these high cooling rates, the specimens needed
to be thin, along the lines of 20-50um. As a result of this requirement, the specimens
created were generally foil, wire, or powder. Combining the fact that these alloys would
crystallize after a period of 24 hours at room temperature and their small size, their use

for industrial or consumer applications was very limited®.

After the first discovery of metallic glasses via RSP, investigators began work in
two distinct systems, metal-metals and metal-metalloids. Metal-metal systems include
only non-metalloid constituents while metal-metalloid systems contain both metals and
metalloids (though the metalloids generally only constitute 20% of the total
composition)?. The following study was undertaken with the intent of studying only
metal-metal alloy systems or commercial viability. The original metallic glass alloys
were composed of only two components, Ag (75at.%) and Si (25at.%). After the
discovery of their instability, further research into more stable alloys was conducted.

1



The first advancements in the creation of bulk metallic glasses (BMGs), which are
inherently more stable as demonstrated by their slower cooling rates and could be created
in a larger, more useful size, began with the work of Chen in 19742. Chen was able to
create BMG rods of Pt and Pb by water cooling methods which are much slower than
RSP?. This brought about the first questions on what constitutes a bulk metallic glass.
According to Suryanarayana and Inoue, the conditions for consideration of an amorphous
metal as a bulk metallic glass are: (1) the alloy must have a thickness greater than 1mm
(2) the alloy must have at least three components, (3) the alloy must have a critical
cooling rate, R¢, no higher than 103Ks™ (thus promoting stability), and (4) the alloy must

exhibit a large supercooled liquid region®.

The original compositions developed by Chen and team contained hazardous
materials, thus limiting their industrial or commercial application. Through further
research the best modern candidate fitting the BMG requirements is called Vitreloyl, and
is composed of Zr, Ti, Cu, Ni, and Be system®. However, due to the toxicity of beryllium,
studies continued seeking to replace Be with a less hazardous, suitable replacement.
Through extensive research, it was found that a suitable replacement for Be in Vitreloyl
would be Al LiquidMetal Technologies in Santa Maragrita, CA has successfully created
one such commercially viable alloy, described hereto forth as LM105. LM105 is
comprised of Zr, Ti, Cu, Ni, and Al. Due to its forming capabilities, low toxicity, high
elastic modulus, high strength, and generally pleasing appearance, LM105 became a
prime candidate for consumer use. The first products created from this material were
focused on sporting equipment, including golf club faces, and baseball bats. Further use
of LM105 in industry relies on the ability of the glass to be formed in hollow shapes for

use in containers, such as flasks.

The primary method for the creation of hollow shape objects, made with LM105,
is counter gravity casting, as described in Patent # US 20140083646 A1°. The hollow
parts are created by “feeding a molten metal alloy in a counter-gravity direction into a
mold cavity to deposit the molten metal alloy on a surface of the mold cavity and then

solidifying the deposited molten metal alloy”®. During this process the molten metal, as



well as the cooled metallic glass are in contact with either another metal or crucible
materials. This patent states that impurities and cooling rate affect the formation of
crystals within the glass. However, for this study, it is assumed that all samples were
created using the same heating technique and were unaffected by a molten metal

interface.

Figure 1 depicts the apparatus used for counter gravity casting. The molten metal
is contained in a feed trough, part 440. From this trough the material travels through a
pipe, 450, and into the casting reservoir, 460. The part is then formed by injection of air,
into the mold cavity. Due to the purity needs of the final product and the high reaction
rate of molten metal with O, the atmosphere injected is most likely very low in oxygen.
The material used in part 460 is, at this time, unknown, but can be inferred to have a high
thermal conductivity or heat capacity in order to assist in the increased cooling rate
required for BMG creation, 10°Ks™.

Figure 1. Diagram of counter gravity cast method used for creation of hollow BMG
parts5. Parts #440, 460, and pipe materials are of particular interest.

Waniuk et al. believe that small changes in cooling rate have limited effect on the
properties, and crystal growth rate. However, the work of Antonysamy et al. shows that

varying the temperature at which the material is quenched can affect the localized cooling
3



rate of the metallic glasses®. This does affect the growth of micron or nanometer sized
crystallites.>® Antonysamy studied simple Cua7.5Zrs7.5Als metallic glass rods, with 2mm
diameter, which were created with >99.99% pure pre-alloyed ingots. Because these alloys
were pre-formed with high purity materials, it is believe that impurities were far less
likely and would have no effect on the final crystallite growth rate. The pre-formed ingots
were melted in an arc melter with an argon atmosphere and titanium getter, then molded
using copper mold suction casting®. Through this study it was noted that crystallites
formed at the ends and outer edges of the 10-14um rods. This preferential formation of
the crystallites is most likely due to the varied cooling rate at the edges of the copper
tubes. This team was able to use x-ray diffraction and physical property measurements to
distinguish between fully amorphous and partially crystallized metallic glasses. Figure 2
depicts Cus7.6Zra75Als x-ray diffraction patterns for fully amorphous and partially
crystallized samples. Mechanical analysis of the samples (Figure 3), shows that the CuZr
B2 crystallites had an effect on the max yield strength, and stress strain curves of the
CuZrAl glass.
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Figure 2. X-ray diffraction pattern of as cast samples of partially crystallized (in (a),
100A; in (b) 200A) and fully amorphous Cuaz.6Zra75Als® (all other patterns).
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Figure 3. Stress-strain relationship of fully amorphous (in (a), 220A, in (b), 100A) and
partially crystallized Cusz.6Zrs75Als® (all other readings).

There are two main methods for the introduction of crystals in a glassy matrix: (1)
devitrification of the glass (2) introduction of reinforcing crystals via the introduction of
fibers or particles of a different nature®. In order to reduce total cost of commercially
available materials, devitrification was pursued as the primary technique. Devitrification
can be achieved via two methods: (1) varied cooling rates such as those exhibited via

Antonysamy et al.®, or (2) by controlled heat exposure of fully amorphous metallic glass.

In an effort to pursue technique (1), varied cooling rates, a test was designed for
the creation of a BMG using pressed metal powders. Pressed metal powder pellets were
created using the compositions listed in Table Il. These metals were chosen based on the
availability of powdered metals and the wide range of atomic sizes. The variety of atomic
sizes helps to create a kinetic barrier to crystal growth during cooling. This is known as
the confusion principle. The actual percentage of each metal used was based the works of
Dong, et. al., Kuhn, et. al., and Antonysamy, et al’. With the help of Justin Kase at
Ambrell Induction Heating Solutions, the pellets were melted using an Easy Heat

Induction Furnace, Figure 4.



Table I: Pressed Pellet Composition by Weight %.

I I 111 v v
Zr 5197 | 5498 | 6638 | 6491 45.99
Ti 6.01 0 0 0 0
Al 10.01 10.02 8.07 10 8.03
Ni 14 5 8.69 10.01 0
Cu 18 30 10.49 15.08 | 45.99
Nb 0 0 6.38 0 0

The original works referenced had proven that these pellets could be formed into
metallic glasses via rapid cooling upon contact with a copper plates®. The pellets were
melted using induction currents causing an induced magnetic field that forced the sample
to hover within the specially wrapped water cooled coils. At the suggestion of the
operator, and through some trial and error, these pellets were heated using 500 Amps at
284kHz. This allowed the sample to heat thoroughly and maintain induced levitation. Just
prior to stopping the current, liquid nitrogen was poured on and around the copper plate.
Once the current was stopped, the samples drop to the nitrogen cooled copper plate, as
depicted in Figure 5. The stabilizing bowl, filled with standard ice, was also filled with

liquid nitrogen just prior to shutting off the current from the Easy Heat Control Box.

Figure 4. Ambrell Easy Heat Induction Unit®.
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Figure 5. Induction furnace used to melt pressed pellets. Once current from the control
box ceased, the sample dropped onto liquid nitrogen cooled copper plate.

For samples | and 11, no atmosphere control was used. A dramatic and
instantaneous “burning” of the samples was observed. This event took place once the
samples were heated to a red hot state. This reaction was best described as super-fast
oxidation. In order to prevent this occurrence during additional melting cycles, the best
practice would be to perform the melt under vacuum or Argon atmosphere. However,
atmosphere control was not available at Ambrell. As a replacement, liquid nitrogen vapor
was used to force O, away from the sample, Figure 6. Unfortunately the same reaction
occurred. It was therefore assumed that the powders used had absorbed high levels of O2
during storage, pressing, and transport. It is also possible, after examining Ellingham
diagrams, such as Figure 7, that the N> atmosphere introduced could react violently with

the titanium in the system.
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Figure 6. Depiction of additional N2 atmosphere used to force O, away from molten metal
during induction heating and rapid cooling.
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Figure 7. Ellingham diagram showing negative energy (AG) requirement for formation of
ZrN and TiN.10

Commercially available glass is ideal for controlled heat exposure as it is homogeneous

and cooled under a controlled rate in order to provide consistent product to customers. Samples of
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fully amorphous glass could be used to pursue for crystallite growth via method (2) controlled
heat exposure of fully amorphous metallic glass. LM105, created by LiquidMetal, comprised

of Zr, Ti, Al, Cu, and Ni (see MSDS in Table 1) is ideal for this pursuit as it is high purity and
commercially availability.

Table 11: LM105 Composition as listed in MSDS.

HAZARDOUS CASNUMBER OSHA PEL ACGIH % by weight
INGREDIENTS
TLV TLV-STEL

Zirconium 7440-67-7 Smg /m3 10 10 Balance
Titanum (in the 7440-32-6 Smg /m3 10 ND 10% max
form of respirable
Ti02)
Copper (in dust 7440-50-8 1.0mg / m3 1.0 2.0 20% max
form)
Nickel 7440-02-0 1mg / m3 1.5 10 15% max
Alummum 1429-90-3 15 mg/m3 (total) 10 mg/m3 10 mg/m3 5.0% max

5 mg/m3 (resp)

Liquid Metal technology compositions are proprietary and covered by many
patents, but upon contacting Stephanie O’Keefe of LiquidMetals, a data share agreement
was reached and samples of LM105 (an original alloy sample and fully amorphous
samples) were attained. The investigation of the crystallization behavior of LM105 was
pursued by heat treating the glass at a variety of times and temperatures as outlined in the
matrix in the experimental procedure. Along with the BMG samples, LiquidMetals
provided differential scanning calorimeter data for LM105. This data shows that the glass
transition temperature is ~399°C, while the onset of melting occurs at ~785°C. In order to
understand the low temperature crystallization behavior, the time time/temperature matrix
for heat treatment was designed around the glass transition. Samples would be heated
between 365 and 405°C. The total time needed for full affect at each temperature was
unknown, so times were varied from 0 to 60 minutes. The samples heated at these

temperatures are hereto forth referred to as “Sample Set 17,
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Figure 8. DSC plot for LM105 glass heated in an Ar atmosphere at 5°C/min showing
glass transition at ~399°C, and onset of melting at ~785°C.

As part of the data share agreement with alternative crucible materials for the
counter gravity casting process were investigated. Many different factors affect the
interaction of the ceramic crucible material and molten metal. These include: commercial
availability, cost, resistance to corrosion, and maximum use temperature!!. Substrates
were gathered at a variety of costs, availabilities, and max temperature ranges. Zircon and
alumina were chosen due to their high commercial availability and low cost. Silicon
carbide, and silicon nitride were selected in order to test the effect of non-oxide ceramics
on the molten metal, and vice versa. Syalon 101, 110, and 201 were suggested by
LiquidMetal due to their status as “advanced ceramic solutions for extreme

environments”. See Appendix B for more information on material properties.

As wetting angle is a well-known method for understanding the interaction
between liquids and solids, the optimal testing method focused on this interaction. Sessile
drop testing is often considered the best lab scale method for gaining this type of
understanding®?. Unfortunately, initial attempts at sessile drop testing of LM105 led to

oxidation of the metal prior to melting, see Experimental Procedure Section C. An
11



alternative method for investigation of high temperature interaction is via the
investigation of interaction/corrosion depths for materials treated at high temperatures.
Generally, this should occur when one material, in this case LM105, is in the molten
state. Samples of LM105 were ground and polished to create pristine surfaces for
interaction, then heated to ~1250°C, much higher than the onset of melting observed at

~799°C. The samples treated under these conditions were labeled “Sample Set 2.”

Using controlled crystallization and improved forming capability, such as that
brought about by improved metal-ceramic interaction, it is possible that future metallic
glass-crystallite composites could be created. This will enable new technologies through

altered physical, chemical, and electrical properties including increased yield strength.
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EXPERIMENTAL PROCEDURE

A. Experimental Setup

1. Sample Preparation

5mm x 5mm x 1mm LM105 samples were cut from the bulk amorphous LM105
using a water cooled diamond Dremel cutting wheel. 20mm x 20mm substrate samples of
the alumina, zircon, silicon nitride, silicon carbide, and Syalon 050, 101, 110, 200, and
XP, were also cut using a water cooled slow saw. BMG samples from Sample Set 1 and
Sample Set 2, as well as the substrate to be investigated, were ground and polished to
create smooth interaction surfaces. The samples were polished using: 50, 80, 120, 180,
240, 320, 340, 400, 600, 800, 1200, and 1500 grit Silicon Carbide paper followed by a
cerium oxide polish. Each of these steps was maintained for 30 seconds, and checked for
any visible inconsistencies in the surface texture. If an uneven or scratched surface was

observed, polishing continued until no flaws were visible to the eye.

2. Confirming Composition via Energy Dispersive Spectroscopy

As LM105 is highly electrically conductive, these samples were not sputter coated
before ESEM analysis. An FEI Co., Inc., Quanta 200F (indicating it is equipped with a
field emission gun) with an EDAX Genesis system (EDS) was used to confirm the
composition of the LM105 glass prior to heat treatment, Figure 9. The SEM was set to a
spot size between 5 and 6, 0.76 Torr atmosphere, 10.60mm working distance, 20kV, and
100s readings time. Each of the 5 measurements was within 0.5wt% deviation of the
composition reported in the MSDS, Table 11, Table I1I.

13
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Figure 9. EDS Spectra for crystalline LM105 sample.
Table I11: LM105 Composition Measurements Taken via Energy Dispersive

Spectroscopy.
LM105  Zr Cu Ni Al Ti
1 64.64 15.72 12.74 3.67 3.23 r 100.0
2 64.43 1671 12,07 3.67 3117 100.0
3 6442 1625  12.47 3.62 3327 100.1
4 64.48  16.05 12.6 3.6 3277 100.0
5 65.96 1521  11.57 4.19 3.06°  100.0
Average 64.79 1599  12.29 3.75 320  100.0
STDEV 0.592 0504 0424 0222  0.098

B. Low Temperature Heat Treatment of Sample Set 1

Sample Set 1 was used for the investigation of crystallite formation via controlled
heat exposure. A Barnstead Thermolyne 21100 tube furnace to be used to heat treat these
samples. In this investigation, the prepare LM105 samples were placed on substrates, as
listed in Table X. They were then placed in the quartz lining tube with a titanium getter.
A 95/5 Argon/Hydrogen atmosphere was pumped through the quartz tube at a rate to
induce 5 bubbles per second in bubbler setup in the outgassing tube. This bubble rate was

maintained as the samples were heated according to programs in Table 1V. The heating
14



cycle was performed at a rate of 5°C per minute, ascending to and descending from, the
desired heat treatment temperatures, with holds from 0 to 60 minutes. This rate was
chosen as it is the maximum speed for temperature increase imposed by the furnace
capability. The substrates used here included zircon, alumina, silicon carbide, silicon
nitride, and graphite. Graphite was added to this study as a test for the effects of carbon
on the LM105 samples. Each of the substrates listed was used for a full series of LM105

samples as listed in Table IV. This made for a total of 40 samples in sample set 1.

Table 1V: Time and Temperature Matrix for Heat Treatment of Sample Set 1.

Temperature (°C) Time \

385 0
385 15
385 30
385 60
405 30
425 30
445 30
465 30

Once samples returned to room temperature they were carefully removed from the
furnace and transferred to sample containers for storage and transfer. The ceramic-metal
interface was marked to ensure they could be measured separately. Samples were cleaned
with isopropyl alcohol to remove any non-bound species, and mounted on a plastic x-ray
diffraction mount using removable putty. They were placed in an XRD D2-phaser in
order to obtain x-ray diffraction patterns. The ceramic-metal interface, and the air-metal
interface were measured separately. Due to the thickness of the samples, it is believed
that the x-ray patterns were not altered by the mounting putty or the plastic mount
underneath. As the samples were extremely flat and polished smooth, a longer scan time
was used to gather maximum data, Table V. There was no notable difference between the

ceramic-metal and air-metal surface x-ray Diffraction patterns.

Table V: X-ray Parameters for Sample Set 1.

Start Angle 5°
15



End Angle 65.017°

# of Steps 1980
Time/step 0.6s
Total Scan Time 0.905556

Spin Rotation Clockwise

The samples were then cleaned again using isopropyl alcohol and measured for
density changes. A standard Archimedes density measurement technique was used to
measure the density of each of the metallic glasses. Each sample was weighed three times
in air, then submerged in kerosene and measured another three times. The densities were
then calculated as shown in equation 1 in which mg,., = sample dry weight, m,,,., =
weight when submerged in kerosene, and 0.7776 is the standardized density of kerosene

at room temperature. The summary results are listed in table VI.

p=0.7776 « —2¥

Myry—Myer

Table VI: Results of Archimedes Density Measurements.

Treatment Treatment Average StDEV

g/cm?

0 0 6.570 0.009
385 0 6.602 0.004
385 15 6.596 0.011
385 30 6.625 0.007
385 60 6.644 0.019
405 30 6.696 0.006
425 30 6.696 0.007
445 30 6.696 0.006
465 30 6.708 0.004

A gauge R&R (reproducibility repeatability test) was run in which 10 samples
densities were measured 9 times. Though inherent variability is expected in this type of
density measurement, the majority of the variation in sample density was a result of
sample to sample variation (part-to-part). This was found using a two-way ANOVA
analysis within the Excel SixSigma program. The analysis shows that the vast majority of

variation was part-to-part variation, with a small contribution from repeatability (or the
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ability to measure the same density when measuring the same part at different times).
Figure 10 shows the analysis results. Reproducibility (or the ability to measure the same

density between operators) is inherently 0 as only one operator was measuring the
densities.

Measurement System Variance Components

0.0030 -

e
8
~
(sl

0.0020 -

0.0015

Density Variation (g/cm?3)

0.0010

0.0005 -

0.0000 - -
Part-to-Part ' ' ] -

Repeatability

Reproducibility

Figure 10. Measurement system variability for 10 sample densities measured 9 times
each.

C. High Temperature Heat Treatment of Sample Set 2

A Carbolite 300 series furnace was used to investigate the interaction of the
molten LM105 with the substrate materials. These samples are referred to as sample set
2. The Carbolite 300 series furnace was capable of achieving 1500°C, and was modified
to meet the inert atmosphere requirements. The furnace provided the capability to heat to
1500°C, but lacked all of the necessary parts. The parts (including the liner tube) were
ordered and installed. The alumina tube, supported at both ends by steel ring stands (to
prevent sagging during high heat exposure) was inserted into the furnace and windowed
end caps were installed and sealed using o-rings and high temperature silicone sealant,

Appendix A. After drying, the furnace was tested for air tight capabilities using a positive
17



pressure soap bubble test. Any leaks were repaired by either resealing or adjustment of

the o-rings and end caps. This was repeated between every sample run

Exhaust
Pressure
T Vacuum Pump
Regulator (& l Gauge
| Ball Valve
Needle
Valve
95/5 Stand Stand
Ar/H
I QMMIOS -Camera
= il .75 4= Substrate i
Thermocouple
| |
1300°C

Figure 11. Carbolite tube furnace setup for high temperature heat treatment and sessile
drop observation of sample set 2.

Sample Set 2 was run with a similar set of substrates to sample set 1, however
Syalon products were added and graphite was removed. The substrates (alumina, zircon,
silicon nitride, and Syalons [of International Syalons] 050, 101, 110, and 201) were

prepared as per experimental procedure Section A.1.

Each metallic glass sample was placed with its polished side facing the polished
substrate surface to ensure proper surface area interface for interaction. The substrate was
then placed on a carbon getter to assist in the removal of any oxygen present in the
system during heat treatment. The sample and getter were then placed in the furnace and

positioned below the thermocouple, as pictured in Figure 11.

In order to remove the atmosphere, a vacuum was pulled on the alumina tube for ~2
minutes. The atmosphere gas, 95%Ar 5%H was then purged through the system for 2

minutes using the vacuum pump. After the vacuum pump was turned off, and the furnace
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allowed to fill with gas, the pressure from the gas supply was increased until the bubbling
system in Figure 11 reached approximately 3 bubbles per second. Positive pressure was
maintained during all testing in order to ensure that any leaks that formed at higher
temperatures or over time were accounted for.

For the initial run, the furnace was ramped to a set point of 1300°C for 60 minutes.
The actual temperature was recorded every minute for 10 minutes, and the furnace was
found to be at 1250£20°C. Visual observation of the samples were made through the
heating cycle, but the samples did not appear to melt as expected. Each sample was run
through their cycles and carefully removed for analysis.

After removing each sample, digital images of the interaction surfaces were taken,
see Appendix C. As the substrates were electrically insulating ceramics, they were then
sputter-coated with a thin layer of gold for SEM analysis. The metallic glass sample
placed on Syalon 201, silicon nitride, and zircon were destroyed as in Figure 12. Others
remained intact, but were not suitable for cross sectional analysis as originally desired.
All substrates survived the high temperatures and were suitable for further investigation.
The sample surfaces were analyzed using ESEM in low vacuum and in contact with

carbon tape in order to minimize surface charging, see results and discussion.

Figure 12. Sample Set 2 examples of destroyed LM105 on associated substrates (left:
Zircon and right: Syalon 201).

After initial investigations, see Appendix C, all samples were cleaned using
isopropanol and cut perpendicular to the interaction surface using a water cooled slow

saw. They were then mounted in epoxy, ground, polished, and coated with a thin layer of
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gold coating. Measurements were taken throughout the process to ensure the cross

section to be observed was in the center of the interaction area.
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RESULTS AND DISCUSSION

A. X-ray Diffraction Results

1. Individual Diffraction Results
Using Jade diffraction pattern analysis program the polished but untreated LM105

x-ray diffraction pattern was analyzed. The samples showed that the glass was highly

amorphous, Figure 13.
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Figure 13. X-ray diffraction pattern of polished, fully amorphous LM105 shows no
distinct peaks.

2. Crystallization Sequence
The x-ray diffraction patterns for each sample in sample set were measured, and

analyzed for crystalline peaks. These samples showed crystallization of the nickel,
titanium, zirconium, and iron. The presence of a large oxide peaks, Figure 14, shows that
there was limited success in creating an inert atmosphere, though some can be attributed
to the TiO2 used as a primary component. Figure 17 shows the peaks present after heat
treatment at 425°C for 30 minutes. This was used as a bench mark for understanding the

crystallization sequencing.
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From the x-ray diffraction plots shown below (Figure 14 -Figure 18) the
crystallization sequence was recorded. The first peaks to form were indicative of ZrO; in
the form of Tazheranite, Figure 14. After this phase, a Zirconium, Titanium, Nickel alloy,
in the form of Zr1.79Tio.2:Ni, formed, Figure 15. Figure 16 shows the addition of CuZr
followed by Figure 17, showing a Titanium Nickel, in the form of Tio.094Nio.906. Lastly,
Figure 18 shows high titanium, nickel, zirconium alloy in the form of Zro3s Tio.6sNi. Ni,
Zr, and Ti fall out of solution first (visible in Figure 16). The Aluminum does not appear
to be as prevalent in the crystal regions of the patterns suggesting that it remains in the
glassy structure. This is similar to results seen by Antonysamy, et al®. This may also be

attributed to the fact that the Aluminum constitutes only 10wt% of the total glass.

1. ZrO, - Tazheranite
AW (PDF 00-049-1642)
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Figure 14. X-ray diffraction pattern of samples treated at 385°C with no hold time. The
first peaks formed during crystallization of LM105 are indicative of Taxheranite -
Zr0Os.
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Figure 15. X-ray diffraction pattern of LM105 after heat treatment at 385°C for 60
minutes, showing the additional crystal formation of Zr1.79Ti0.21Ni.
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Figure 16. X-ray diffraction pattern of LM105 after heat treatment at 405°C for
30minutes, showing the additional crystal formation of CuZr.
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Figure 17. X-ray diffraction pattern of LM105 after heat treatment at 425°C for 30
minutes, showing the additional crystal formation of Zr0.26Ti0.64Ni.
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Figure 18. X-ray diffraction pattern of LM105 after heat treatment at 425°C for 30
minutes, showing the additional crystal formation of ZrN.
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Figure 19. X-ray diffraction patterns aligned based on increasing time and temperature, as
listed in Table VII.

Table VII: Samples used for Comparison of Crystallization Sequence in Figure 23.

Sample number,  Treatment  Treatment Average  SIDEV Figure
Number

figure 17 Temp (°C)  Time (Min)
2 385 0 6.602 0.004
3 385 15 6.596 0.011
4 385 30 6.625 0.007
5 405 30 6.696 0.006
6 425 30 6.696 0.007
7 445 30 6.696 0.006
8 465 30 6.708 0.004

“Somewhere between the amorphous glasses and the rigidly regimented periodic
crystals lie the quasicrystal: ordered predictable, yet non-periodic arrangements of
atoms.”** It is possible that these crystallization that is occurring is in the form of
crystallites or quasicrystals. Qualitative observations of Figure 19 shows that the
unidentified peak at ~30° 20 does not appear to broaden as it intensifies. This implies that

the associated crystallites are not growing in size, merely in number!3, This also appears
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to be true for the CuZr peak, though it is somewhat convoluted by the secondary Zr1 .79
Tio.21Ni peak near 38° 20. All other peaks (those associated with Taxheranite,
Tio.094N1o.906, and Zro.3s Tlo.64aNi) appear to broaden as they intensify. This may be a
results of the slow conditions required for x-ray analysis. However, it is also possible that
this broadening is due to an increase in crystallite size as the samples are heated for
longer times and at hotter temperatures. Full crystallization of this glass should occur
when these crystallites reach critical mass and act as nucleation sites for greater crystal
growth.2® This is only true if the crystallites (or other nucleation sites within the glassy
matrix) exist while thermal and kinetic barrier are easily overcome. This occurs when the
glass is held at high enough temperatures for long enough times for the full movement of

surrounding ions.

B. Density Measurements

The density of sample set 1 was analyzed to understand the physical changes that
occurred during heating. Samples treated at 385°C for 30 minutes showed the least
overall variation, Figure 20. Because of this, 30 minutes was used as the baseline for
analysis of the effect of temperature on density. Figure 21 shows the density of untreated
samples, and those treated for 30 minutes from 385°C to 465°C. As expected, the density
change is reduced above the glass transition temperature. This implies that the glass
transition for LM105 lies somewhere between 385°C and 405°C. This confirms the DSC
analysis showing transition at 398°C. Each set of data was also plotted independently, see

Appendix D.
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Figure 20. Density over time with £2 standard deviation showing increased
average density with increased soak time.
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Figure 21. Density of samples treated for 30 minutes with +2 standard deviation
showing max density increase is obtained at 405°C.
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When analyzing the density change vs. substrate used during treatment, there is a
limited effect. Figure 22 shows the density for LM 105 treated on each substrate for 30
minutes with two standard deviations. However, when analyzing the variability in the
sample density vs. the substrate used, it becomes more apparent that samples treated on
oxide substrates have the least variability, followed by graphite, then silicon nitrides,
Figure 23. It is possible that this increase in variability with nitride samples is due to the
high interaction of Ti or Zr with the nitrogen present in the substrate. Carbon would cause

less variability than the nitride samples as the carbon acts as a getter for any O in the

atmosphere.
LM105 Density vs. Treatment Temperature +2 stdev
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Figure 22. LM105 density +2 standard deviations vs. substrate shows no change in glass
density when placed on various substrates.
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Figure 23. Average variability of density measurements by substrate shows increasing
density variability when treated with carbon containing or nitrogen containing
substrates.

C. SEM Imaging

1. LM105
SEM images taken of the LM105 alloy (non-amorphous) provided by
LiquidMetal Technologies showed what appeared to be grain boundaries, Figure 24. For

the fully amorphous samples, such as those exhibiting an x-ray diffraction pattern shown
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in Figure 13, the surface showed no grain boundaries. The vertical marks observed here

were created during counter gravity casting, Figure 25.

Figure 24. SEM Image of Crystalline LM105 Alloy. Highlighted regions showing grain
boundaries.
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Figure 25. SEM image of fully amorphous LM105, with no apparent grain boundaries.
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2. Zircon

Digital images of all samples are provided in Appendix E. It was important,
however, to observe the same samples using SEM. Figure 26, for example, shows that
there is an obvious interaction zone on the surface of zircon after being in contact with
superheated LM105. Though it is obvious in the digital images, it was not known if the
interaction reached below the surface. If this was caused by contaminants in the
atmosphere that simply couldn’t contact and interact with the surface where LM105 was
blocking it, it could be seen in the SEM. Back scatter imaging, Figure 27, shows that this
region of interaction does in fact reach lower than the top most layer of Zircon. The
interacting region appear brighter suggesting that heavier elements are present in this
area. It is likely caused by a loss of O in this region, causing an increase in the relative
zircon density. This may have occurred when oxygen interacted with the LM105. The
hypothesized oxidation of the LM105 may be explained this way, but it was also present
on the silicon carbide and silicon nitride samples. A cross sectional analysis, Figure 28,
of this sample showed consistent Zircon grain structures and relative atomic densities

outside of the interaction region, suggesting this was a local interaction.

Figure 26. Digital image of Zircon substrate after heat treatment, square highlights the
interaction region.
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Figure 27. Top down view of overall zircon interaction region using BSE. The brighter
region, where LM105 was placed on the surface, is representative of the heavier
elements present.
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Figure 28. Zircon interaction zone cross section. The white arrows point to the corners of
the interacting zone, and the line highlights the lower edge.

3. Alumina
The interaction of LM105 with alumina appears in the digital images as well, Figure

29. Upon further inspection with SEM imaging, it is apparent that there is a change in the
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grain size at the interaction location, Figure 30. When examined via cross-sectional
analysis, it can be seen that this change in grain size reached ~30um into the material,

Figure 31.

Figure 30. Top down view of alumina interacting region edge. Note the smaller grain size
in the area of interaction.
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Figure 31. Alumina cross section showing clear grain size change in interacting region.

4. Measured Corrosion Distance
The maximum depth of interaction for each sample was measured as demonstrated

in Figure 32. The Zircon sample showed no depth of attack in cross section, simply a
change in the atomic density in the area of interaction, Figure 27. Each sample was
measured 20 times. The average maximum depth and standard deviation are listed in

Table VIII. The 20 measurements taken were done so in a random order in an
attempt to remove operator measurement bias. The resultant measurements showed some

variation, but all were less than 8.5um in standard deviation.
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Figure 32. Example of depth of interaction between Syalon 201 substrate and superheated
LM105. The red line shows initial surface location.

Figure 33 shows a box plot comparison of corrosion depth for all samples
measured. It is clear from this plot that Syalon 110 (S110) had the highest interaction
depth. This sample was removed and depths were plotted again in Figure 34. It is clearer,
with this comparison, that Syalon 201 (S201 interaction depth), had statistically less

interaction than all other samples.

Table VIII: Substrate Maximum Corrosion Depth (20 readings each)

Average Standard

Substrate Interaction  Deviation
Alumina 37.22 1.63
Silicon Nitride 32.48 0.50
Syalon 050 33.40 0.50
Syalon 101 33.86 1.53
Syalon 110 76.32 8.40
Syalon 201 27.20 1.15
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Figure 34. Box plot comparison of corrosion depth showing Syalon 201 as least corroded.
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CONCLUSIONS AND FUTURE WORK

A. Crystallization behavior of LM105 and possible conclusions

The crystallite formation in LM105 suggests that is possible to create a composite
material with a variety of Zr/Ti crystallites in a metallic glass matrix via the heat
treatment of fully amorphous LM105. The inclusion of these crystallites should lead to a
change in physical properties including hardness, strength, electrical conductivity,
corrosion, and even ductility. By studying these physical changes, it may be possible to
optimize heat treatment of LM105 to create desired properties for a variety of
applications. Further study of the glass transition zone of LM105 may also lead to greater
insight into the bonding behavior of metallic glasses. The formation of these crystallites
may suggest that there are covalently bound species within the largely metallic and glassy

matrix.

B. Best material for crucible melting

Through the simple technique of creating an extreme environment for the
interaction of superheated LM105 and a variety of substrates, it was possible to see that
the zircon material tested underwent the least corrosion. This is most likely due to the
high level of Zr present in both the metallic glass and the substrate. The inability for the
zircon to interact with the already bound oxygen may also be a contributing factor in its
resistance to corrosion by this specific glass. However, it is also apparent that it had a
fairly deep level of interaction. It is unclear as to how this will affect the behavior of the
zircon as far as re-use and physical property changes. Further testing on the affected
zircon material is required before use in industrial applications. Bulk testing of zircon (in
situ with the production process) would give the best insight into industrial use. It is
suggested that both Zircon and Syalon201 would undergo further testing. Though the
sessile drop test could offer a more conclusive result for the interaction of molten
LM105, the action of superheating LM105 also gives good insight into the real-world
interactions seen during product formation of LM105.
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C. Future Work

A comparison of properties for samples undergoing a fast or slower heat cycle could
lead to interesting learnings. With faster ramping speeds it may be create more, smaller
crystallites. This would likely change the physical and chemical properties of the metallic
glass. It would also be beneficial to investigate the position of ions within grains of fully
crystallized alloys. This should be done via the re-heating method for comparison to the
as cast non-glassy alloy. This should give insight into the bonding nature of the metallic
glass. The grain boundaries and core of grains should be measured. This will give insight
into the ionic movement during cooling. The existence of higher concentration of
alumina near grain boundaries would imply that it is one of the last elements to leave the
glass matrix for a crystalline structure. Should this process be stopped mid-
crystallization, and the glassy matrix left behind is alumina rich, perhaps the crystalline

regions etched away to leave behind a metallic glass that could otherwise not be formed.
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APPENDIX

A. Carbolite Furnace Diagrams
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Figure 35. Carbolite Furnace End Cap Construction Diagram.
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Figure 36. Carbolite Furnace Viewing Port and gas exhaust.
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Input End Cap Front View
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Figure 37. Carbolite Furnace Gas Inlet and Thermocouple location.
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B. Substrate Material information >16

Physical property data for Syalon 101

Property Value Units
Composition B-Sialon -
Density 3.24 g/cc
Porosity 0 %o

3 point Modulus of Rupture at 20°C 945 MPa
(Specimen 3 x 3 x 50mm, span 19.05mm)

3 point Modulus of Rupture at 1000°C 700 MPa
Weibull Modulus 15 -
Compressive Strength >3500 MPa
Young's Modulus of Elasticity 288 GPa
Poisson's Ratio 0.23 -
Hardness (HRA) 92 -
Hardness (Vickers Hvsgg) 14.71 (1500) GPa (Kg/mm?)
Fracture Toughness K¢ 7.7 MPa m*z
Thermal Expansion Coefficient (0-1200°C)  3.0X107° K1
Thermal Conductivity 28 W/ (mK)
Specific Heat 650 1/ka/K
Thermal Shock Resistance 900 AT®C guenched in cold water
Maximum Use Temperature 1200 HC
Electrical Resistivity 1012 ohm cm
Dielectric Constant 8.1 -

Loss Tangent (10GHz) 0.0019 -
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Physical property data for Syalon 110

Property Value Units
Composition B-Sialon/BN -

Density 2.65 gfcc

Porosity 10 %o

3 point Modulus of Rupture at 20°C 500 MPa
(Specimen 3 x 3 x 50mm, span 19.05mm)

3 point Modulus of Rupture at 1000°C 400 MPa

Weibull Modulus 10 -

Young's Modulus of Elasticity 139 GPa

Poisson's Ratio 0.19 -

Hardness (HRA) 88 -

Hardness (Vickers Hvsg) 11.77 (1200) GPa (Kg/mm?)
Fracture Toughness K¢ 3.5 MPa m"z
Thermal Expansion Coefficient (0-1200°C)  3.0X107° K1

Thermal Conductivity 27.0 W/ (mK)
Thermal Shock Resistance 800 AT°C quenched in cold water
Maximum Use Temperature 1450 oC

Electrical Resistivity 1012 ohm cm

Physical property data for Syalon 201

Property Value Units
Composition B-Sialon -

Density 3.24 g/cc

Porosity 0 Y

3 point Modulus of Rupture at 20°C 825 MPa
(Specimen 3 x 3 x 50mm, span 19.05mm)

3 point Modulus of Rupture at 1000°C 750 MPa

3 point Modulus of Rupture at 1350°C 600 MPa

Weibull Modulus 10 -

Young's Modulus of Elasticity 290 GPa

Poisson's Ratio 0.23 =

Hardness (HRA) 92.7 -

Hardness (Vickers Hvsg) 16.18 (1650) GPa (Kg/mm?)
Fracture Toughness Ki¢ 4.5 MPa m "2
Thermal Expansion Coefficient (0-1200°C)  3.0X10°° K1

Thermal Conductivity 21 W/ (mK)
Thermal Shock Resistance 600 AT®C quenched in cold water
Maximum Use Temperature 1450 °C

Electrical Resistivity 1012 ohm cm

C. Digital Photographs of Sample Set 2
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Zircon

Figure 39. Alumina digital images before and after heat treatment.
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Silicon Nitride
Before

Figure 40. Silicon Nitride digital images before and after heat treatment.

SYALON 050

Figure 41. SYALON 050 digital images after heat treatment.
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Figure 42. SYALON 101 digital images after heat treatment.

_SYALON 110 geme

Figure 43. SYALON 110 digital images after heat treatment.
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Figure 44. SYALON 201 digital images after heat treatment.

D. Density Measurement Data Plots

LM105 Density 2 Stdev
Heat treated on Zircon Substrate

Density (gfom?)
™

Untreated [i] 10 20 30 40 S0 &0 70
Hold Time at 385°C [min)

Figure 45 LM105 Density +-2 standard deviations when treated on zircon substrate at
385°C.
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LM105 Density 2 Stdev
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Figure 46. LM105 Density +-2 standard deviations when treated on alumina substrate at
385°C.
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Figure 47. LM105 Density +-2 standard deviations when treated on silicon nitride
substrate at 385°C.
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LM105 Density 2 Stdev
Heat treated on Graphite Substrate
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Figure 48. LM105 Density +-2 standard deviations when treated on graphite substrate at
385°C.
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Figure 49. LM105 Density +-2 standard deviations when treated on zircon substrate for
30 minutes.
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LM105 Density 2 Stdev
Heat treated on Alumina Substrate for 30 minutes
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Figure 50. LM105 Density +-2 standard deviations when treated on alumina substrate
for 30 minutes.
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Figure 51. LM105 Density +-2 standard deviations when treated on silicon carbide
substrate for 30 minutes.
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LM105 Density +2 Stdev
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Figure 52. LM105 Density +-2 standard deviations when treated on silicon nitride
substrate for 30 minutes.
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Figure 53. LM105 Density +-2 standard™ deviations when treated on graphite substrate
for 30 minutes.
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E. SEM Surface Images

1. Zircon
Mag| HV Spot| Sig | 1/28/2015 —210 11| | —
24x [15.0kV[12.9 mm| 40 [BSE|515:22PM|  AluminaAfter |
Figure 54. Backscatter image of zircon interaction region.
2. Alumina

Spot|Sig| 1/28/2015 [———
24x [15.0 kV[12.2 mm| 4.0 |SE|5:52:14 PM AluminaAfter

Figure 55. Scanning electron image of alumina after interaction.
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3. Silicon Nitride

Figure 56. Scanning Electron image of silicon nitride interaction region.

4. Syalon 050

Mag| HV WD | Spot|Sig| 1/29/2015 —A 01101
25x [12.5kV/11.8 mm| 4.0 [SE|3:28:00 PM alon050-After

Figure 57. Scanning electron image of Syalon 050 after interaction.
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5. Syalon 101

Mag| HV Spot|Sig| 1/29/2015
25x [10.0 kV111.6 mm| 5.0 | -- |3:49:42 PM

Figure 58. Combination backscatter and scanning electron image of Syalon 101 after
interaction.

6. Syalon 110

Mag| HV Spot|Sig| 1/29/2015
25x [10.0 kV[11.6 mm| 5.0 | --- |4:12:41 PM

Figure 59. Combination backscatter and scanning electron image of Syalon 110 after
interaction.
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7. Syalon 201

Mag| HV WD [Spot| Sig | 1/30/20
25x [12.5 kV|11.6 mm| 5.0 |BSE|11:39:2

Figure 60. Scanning electron image of Syalon 201 after interaction.
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