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Abstract

In this project a CrVNbTaW high entropy alloy was evaluated. The samples were made
using radio frequency magnetron sputtering and were made under similar conditions. The
deposition parameters were explored to find the ideal deposition process. The process included a
pressure from 0.1-2mTorr, 600C, 1 hour duration, at 100W power to guns, and constant argon
flow. The samples were fabricated under similar parameters using silicon steel and sapphire
substrates. The samples were analyzed and characterized using X-ray diffraction, scanning
electron microscopy, atomic force microscopy, nanoindentation and corrosion testing. Based on

these results we were able to
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Chapter 1: Introduction

Metals are some of the most useful materials in the world all throughout the bronze, iron and
now steel ages. Since metals are very useful for many different things much research has gone
into developing new ways and methods of maximizing the life and usage of these metals. When
metals are mixed with other metals this creates an alloy which can have various different
desirable properties.3

These different attractive properties have caused high entropy alloys (HEA’s) to be a promising
area of research. HEA’s can have high temperature resistance, high strain rate, increased
hardness levels and anticorrosive qualities which have applications from high temperature
bearing structures, hard coatings to military armor.3® Although there is not a common overall
definition for high entropy alloys according to Zhang et al HEA’s can be defined as “alloys
containing at least 5 principal elements, each with an atomic percentage (at. %) between 5% and
35%.3

HEA’s are complex for the reason that they have many different intermetallic and intermediate
phases.! These numerous phases can at times have a desirable effect that can be useful for a
number of reasons. This myriad of different so called micro combinations of the metals that
formed within these alloys is very difficult to quantify and is barely at its infancy in terms of
researching these massive matrixes. There are many parameters which play into the formation of
an HEA coating on a surface which include the atomic sizes, mixing enthalpy, concentration of
valence electrons and electronegativities.! Considering the 5 different elements used there are
many different combinations which could potentially form.

Since around 2004 there has been extensive investigation into various compositions of these

high entropy alloys. Huang et al explain there are 4 core effects which come into play in the
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formation of microstructure of this composition and therefore influences the properties of this
HEA. These are the high entropy effect, sluggish diffusion effect, severe lattice distortion effect,
and cocktail effect.®

First, is the high entropy effect which involves the 2" law of thermodynamics using the formula

for mixing free energy:

AGmix = AHmix - TASmix (1)
Where AGnmix is the mixing free energy, AHmix IS mixing free enthalpy, T is temperature and ASmix
is the mixing entropy. This formula describes how various interacting factors play into the mixing
of the elements in this composition. AHmix being made up of internal energy, pressure, and volume
and ASmix being Boltzmann’s constant times natural logarithm of the number of possible
microscopic configurations or microstates of the individual atoms or molecules. These interlinked
factors determine how the structure and grain boundaries are formed.
The second sluggish diffusion effect is the factor that involves the phase formations and
transformations and how vacancies within the formed structure are filled. Since there are many
different elements with slightly different sizes and properties there is room for there to be a slower
rate of diffusion within the HEA. This is due to random layering that would occur within unit cells
and since all elements are equally likely to occupy this leads to a slower diffusion rate.> However,
this sluggish diffusion effect is believed to lead to HEA’s being able to reach a super saturated
state, higher recrystallization temperature, slower grain growth, and higher creep resistance.?® As
well as extraordinary high temperature strength and structure stability which could also lead to the
formation of nanoprecipitates.
Another effect is from the lattice distortion effect which is due to the variety of different bond

energies, atomic sizes, and crystal structure tendencies and these upon occupying lattice sites cause



stress and strains within them.'® Furthermore, this tends to lead to a distortion in the lattice and
since every lattice site could be potentially different from site to site this influences mechanical,
thermal and electrical properties both positively and negatively.

The final effect has to do with the mixing of various elements within the structure in turn forming
a “cocktail” or mixture of these which have various effects depending on the addition or reduction
of an element within the mix. For example, in the past there have been HEAs that have been tested
by varying the percentage of one of the elements within the HEA to see how the content change
would change the overall structure and properties. One such example comes from studying the
microstructure, wear, corrosion, and tribocorrosion behavior of a CoCr2FeNiMox HEA coating
onto a steel substrate. These HEA samples were found to have high durability, resistance to creep,
and high thermal resistance.® This composition included 5 BCC elements with varying properties
for each. BCC structured HEA’s are known for exhibiting high durability and low plasticity.!?
There has not been extensive research that has gone into this composition of high entropy alloy in
the form of a coating for a thin film. These 5 elements that are used in this target are ones with
different desirable properties such as anti-corrosion, high hardness levels, high thermal stability
and as well as other properties.'? For example, Tungsten is the hardest metal there is with
chromium in the top 5 hardest metals as well. Furthermore, all the metals demonstrate anti
corrosive properties in their elemental form. This mix of element has the potential to exhibit
attractive properties as a coating for thin films.

High entropy alloy thin films (HEAF’s) as they are sometimes referred to have properties that
could have useful applications in different fields.'? These thin films have shown to have excellent
properties such as wear resistance, high hardness levels, high temperature resistance and corrosion

resistance.’® Which could have applied as material for solar energy conversion, thermal barrier



coatings, diffusion barriers as well as others. These mechanical, thermal, and physical properties
have led to further exploration into the field.

The application of thin film HEA’s leverages the superior properties of nano and micro-structured
materials with the known capabilities of HEA’s. This leads to thin films with high hardness (in
excess of 22 GPA depending on the composition) as well as high crack and delamination
resistance. This can be attributed to a variety of factors including the formation of uniform phases
in thin films as opposed to bulk HEA’s that run the risk of phase separation during formation and
a larger grain size based on processing parameters.'% 13-16

The structural properties of HEA thin films can be extensively modified via methods such as the
introduction of separate metallic dopants such as Ge and In as demonstrated by Braeckman et. Al.
The modification of the thin film structure via non-metallic elements like nitrogen and modifying
processing parameters such as pressure and temperature also leads to varying properties within the
thin films .1"-1® One such example demonstrated by Xia et al. demonstrated that increase in
nitrogen content can lead to improvement in hardness values via shift from a body-centered to face
centered cubic structure within the thin film at the cost of increased embrittlement.?° This is a clear
indication that more work is needed into understanding the effects of processing parameters of

HEA thin films so that the final product can be precisely tailored for a given application



1.1 Motivation and Research Objectives

Based on our groups research into HEA’s the have shown there are promising properties that are
exhibited such as high temperature stability and excellent toughness.?! In the past our lab has
studied the bulk effects of this particular CrVVNbTaW composition in cube form. These cubes were
studied intensely by other members of our lab. Moreover, our lab is currently working on the
potential of this composition as a catalyst.

Since there are many different properties which HEA’s have there are many avenues to be studied
in particular its anti-corrosive properties which play a big factor in catalysts. It is important to
continue to find new high surface area materials for energy storage as well as materials that are
not easily degraded. Therefore, it is important to know the process it takes to fabricate these these
novel compositions and at what temperature, pressure, length etc.

CrVNbTaW all have individually exciting properties which therefore spark interest to see how
they would interact in a soup like mixing setting. In turn making the refining of these processes is
important for the future of material science research. The purpose of the present work is to study
the fabrication process, structure, crystallographic information, and mechanical properties.

The specific objectives are as follows:

1) Fabricating the HEA thin films using RF magnetron sputtering on silicon and sapphire.

2) Structural and mechanical evaluation and analysis of samples at different deposition
pressures

4) Deposition of HEA using co-deposition of silicon and HEA targets.

5) Structural analysis of the thin film as a function of substrate pressure.

6) Exploring the mechanical properties of HEA thin films.



Chapter 2: Literature Review
HEA’s have been broadly ever since they came into the scene around 2004 by Cantor.?? HEA’s
have been known for their attractive properties such as excellent hardness, thermal stability and
anti-corrosivity.? In this particular target Chromium Vanadium Niobium Tantalum and Tungsten
were brought together by Plasmaterials through powder metallurgy and in the past this exact alloy
has not been published about outside of CMR. There has been however much research into HEA’s
as a coating since they have been used in such as aerospace materials, catalysts, metallurgical

material and materials for nuclear applications?.
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Figure 1.1: Process flow of HEA’s [25]
When it comes to high entropy alloys and alloy in general there are many different methods in
which they are fabricated and used. The alloying synthesis is an important procedure and there are
different methods that can be used in order to have different effects or different properties. For
example, there is solid, liquid and gas processing but can include arc melting, induction melting,
bridgman solidification, ball milling followed by various powder metallurgy methods or spark
plasma sintering sputtering, molecular beam epitaxy, additive manufacturing, thermal spray, laser
cladding and electrodepositon.?® All these different methods to process HEA’s involves many

different parameters and variables when it comes to each process



Furthermore, HEA’s can come in many different shapes and sizes like shown below

Arc melting

— Melting Route

Induction levitation melting

Copper mold suction casting

Bulk form |-

Bridgeman
solidification

- Solidification route

Additive High gravity
manufacturing casting

Mechanical Ball milling

Powder form

alloying

Carbon thermal shock method
Powder
metallurgy  [L  Selective Laser Melting

Synthesis routes ~  Vapour deposition

Surface cladding

Coating + Magnetron sputtering

- Electrochemical deposition

- Atomic layer deposition

~ Taylor-ulitovsky

- Fibers 4 Extracted method

Hot drawing
method

Figure 1.2: Different types of synthesis of HEA’s [25]
With all these individual different forms of HEA’s there are many different applications for them
in their respective bulk, powder, coating/ thin film and fiber forms. Bulk form HEA’s ingots are
sometimes made to so that these HEA’s can be characterized and analyzed. Sun et al created
CoCrFeMnNi ingots using a magnetic levitation melting technique to be which found promising

properties in terms of strength and uniform elongation.® These ingots were found to have attractive
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balance of strength and ductility with the Hall-Petch in mind in their fabrication by reduction of
particle size through cold rolling and annealing process. This Hall-Petch can be seen as a function

of grain size (d) , stress(o), and material constant through theory or prediction(kyp).

o(d) = 0, + 71 2)

This relationship Li et al found that this effect came from micro-mechanics with availability of an
accurate material variable which they go on to explain is useful when interpolated but not so much
for extrapolating data.?” This effect is intuitive since stacking or conglomeration of particles would
be easier for smaller in terms of less amount of space between particles.In turn why depositions
parameters for HEA fabrications have the need to be optomized. Showing the need for more
experimentation to take place in terms of establishing a database for alloys and HEA’s in general
so there is more usable information for ideal fabrications of new materials and applications of
them.

Another form that HEA’s may come in is powder. There was a study done on a VNbMoTaW
powder which was investigated for its hardness properties. 2 This is important since if
Molybdenum was switched for Chromium, we would have the target used in this project. Xin et al
found that the smaller the particles in the powder the harder the samples would be since there
would be more room for packing and in turn higher particle density. Similar to the ingots above
this Hall-Petch relation was explored in this study and found promising results from their
formulated powders which concluded that this exceptional hardness may have come from solid
solution, grain boundary and dislocation hardening.

HEA fibers can be in a way a bulk form but in a different shape. For example, Li et al formed rods
from an AICoCrFeNi HEA using high-purity elements using vacuum-levitation melting.?° These

rods were essentially elongated cylinders which showed exceptional mechanical properties such



as fracture strength and were able to be stretched out without failure to a high degree. This studied
alloy form demonstrated not only the ability to not break when stretched nor when pressed on
which can have different useful applications.

Individually each element is fairly similar since they are all transition metals and some have similar
characteristics. Below is a table of their overall important properties to give a clearer idea of the

parameters that go into the formation that becomes a high entropy alloy.

Table 1.1: Table of Elements within HEA

Element Density | Crystal Melting | Radius Hardness(MPa) | Weight

(kg/m® | structure | point (picometers) (amu)
§®)

Chromium | 7190 BCC 1907 166pm 1120 51.996
kg/m?3

Vanadium | 6110 BCC 1910 171pm 628 50.94
kg/m?3

Niobium | 8750 FCC 2477 198pm 736 92.906
kg/m?3

Tantalum | 16,650 BCC 3017 200pm 800 180.95
kg/m?3

Tungsten | 19,250 BCC 3442 193pm 2750 183.84
kg/m?3




Silicon 2,330 Diamond | 1414 111pm 1130 28.085

kg/m?3 cubic

From these different properties we can see how certain elements may act during the deposition
process. For example all are body centered cubic crystal structure except for niobium and silicon
which can lead a different or awkward packing when the alloy is brought together. Another could
be the large jump in density in tantalum and tungsten and therefore these heavier atoms could form
and dislocate other atoms differently from the others. Overall all show fairly hard levels that are
attractive for the purpose if this experiment.

These differences play a role in how effective or purposeful a coating can be. For example,
Chromium in an HEA study was found to have shown increasing hardness properties as Chromium
content in the HEA increased.®® Chromium being known for being one of the hardest metals as
well as being used to harden steel. There are other uses for Chromium and its various properties
and uses can also including plating and reflective coatings.

Chromium is one of the main elements in the making of stainless steel due to its attractive anti-
corrosive properties. Chromium’s ability to form a passive oxide layer and the less dissolution of
a surface the less corrosion that occurs. In a study on surface corrosion Ma et al found that the
addition of chromium to an iron alloy helped with the dissolution and diffusion of a surface based

on a formula to do with thickness measurements.3!
R=22 @)
where, R is the corrosion rate (mm-h-1), a is the original thickness (mm), b is the final thickness

(mm), and t is corrosion time (h). It showed that with chromium addition surface degradation was

decreased to a degree.
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Vanadium is another element present in this HEA and is similar to Chromium in size, density,
melting point as well as others since they are both present in the 4™ period of elements. Vanadium
is an element that is also known for having excellent hardness values and is also used in the making
of steels. Another study that demonstrated the behavior of vanadium in an HEA was one done by
Dong et al which found high levels of compressive strength and plastic strains as well as Vickers
hardness.3? Another similar study found similar results in terms of increasing hardness with
increasing vanadium content but also showed excellent wear resistance also.%?

The only 5™ period metal niobium is another element in this particular HEA composition that also
has attractive properties like chromium and vanadium. This particular study found the increase of
Niobium content in a TiHfZrNbx high-entropy alloy was correlated with an increase in corrosion
resistance. 3 Specifically, through a series of static and dynamic electrochemical tests and surface
characterization testing for niobium’s role in passivation and dissolution.

Similar to vanadium a study found that the addition of niobium to a AICoCrFeNi HEA correlated
to an increase in the compressive yield strength and plastic strain measured.®® This similarity
between vanadium and niobium is understandable considering their respective placements on the
periodic table. Which in turn allows for certain different phases to be formed within the context of
this particular HEA and interestingly much work has gone into discovering new phases and new
materials. Atomic size differences (3), electronegativity (y), thermodynamic parameters (AHmix
and Q), and valence electron concentration (VEC) are theorized to play an important part in phase
formation but still much research into the subject remains.

Tantalum one of the two elements in the 6™ period is one that is known for its properties similar
to its other members of this HEA which include low ductile-to-brittle transition temperature, high

ductility, good workability, good corrosion resistance to liquid metals and high strength at high
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temperatures.®” From this study it was found that these films fabricated showed decreases in
surface roughness since an increase surface roughness can lead to electrical shorts this was an
admirable property found.

The final and largest element in the HEA is Tungsten which is hardest of all and has similar traits
to the others but different ones as well. In one extensive study not only were promising hardness
values found but also corrosion similar to previous members of the HEA however these were a to
a certain degree higher.3 Out of all the elements present within this HEA composition tungsten’s
properties might be the most impressive for various reasons. One study went so far as to categorize
them as their own type of HEA being TCHEA’s (Tungsten containing HEAs). 3 This study found
that not only were TCHEA’s hard and resistant to corrosion they had potential for being plasma-
facing materials in the fusion reactors. This is due to their irradiation resistance, toughness and
high melting temperature.

All together these elements all can complement as well as hinder one another when it comes to
them being brought together to form a coating for a thin film. In reality since HEA’s are still in
their infancy so to speak there is still lots of room for growth and since methods to optimize their
fabrication work still needs to be done. Ye et al explain that there is not yet a general and expansive
theoretical model for the prediction of the formation enthalpy of an ordered compound HEA. In
general entropy within alloys is a study that has gain attraction for research but has not yet been
improved drastically.

Zhang in his study used calculation of phase diagrams (CALPHAD) in order to get an idea of the
thermodynamic inter play between elements when forming into compositions through
computational methods.*! In order to see how the formation was like, databases and previous

experiments were used to drawn upon to establish a simulation of phases. Using various different
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parameters and variables to create systems of that contain amounts elements and diagrams give us
an idea of what is made. With that being said there has not yet been a CALPHAD study done on
this particular composition.

In terms of HEA thin films much research over the years have gone into finding new combinations
of HEA’s and constantly bettering the different properties. One such example is NbMoTaW high
entropy alloy thin films which showed very promising electrical and mechanical properties*?.
According to Feng et al these films showed superior levels of hardness as well as demonstrating
strong size-independent electrical resistance. They were also made using DC instead of RF
magnetron sputtering however these results proved promising since this alloy included 3 out of the
5 elements used in our samples.

Xiao et al found similar results to Feng in terms of high strength and enhanced fracture toughness.
Which was found through micro cantilever bending and deposited using ion beam assisted
deposition.** Moreover, there was a fairly similar study done on CrNbTaTiW-C HEA thin films
which spoke about the elemental distribution of it and how carbons addition played a role when
added to the alloy.** There are many different studies being done on this topic of research so it is

important to add to the library of knowledge on the material science of alloys and their uses.
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Chapter 3: Experimental

3.1 Sample Preparation

1. Chamber Vent

2. Gas Inlet

3.valve1l

4, Valve 2

5. Gate Valve

6. Mass-Flow Controllers
7. Multigas Controller

8. Motor

9. Viewing Slot

10. Sputter Gun A

11. Sputter Gun B

12. RF Power Generator A
13. RF Power Generator B
14, Chiller

15. Sample Holder

16. Shutter

17. Target

18. Turbo Vacuum Pump
19. Rough Pump

20. Argon Gas Tank

21. Oxygen Gas Tank

22. Nitrogen Gas Tank

Figure 3.1: CMR’s sputtering system diagram

RF-sputtering was used to deposit nanocrystalline CrVNbTaW coatings onto silicon (Si) (100) and
Sapphire wafers. Before the depositions substrates were ultrasonically cleaned and sonicated using
the Bransonic CPXH ultrasonic bath. Any excess solution on the wafers was dried using an Imp
Air-Blower and Kimtech Task Wipers before being introduced to the deposition chamber. Using
a roughing pump (Edwards E2M30 Rotary Vane Pump) and turbo pump (Pfeiffer HiPace 80 Turbo
Pump) an operating pressure of ~10-6 Torr was reached. A CrVNbTaW target (Plasmaterials,
Inc.), of 2 in. diameter and 99.999% purity, was utilized and a 2 in. sputter gun located 7 cm at a
25° from the substrate. The sputtering voltage of the Cesar RF Power Generator Power was
gradually increased to target until 200 W was reached. High purity argon (Ar) gas was introduced

into the chamber via MKS mass flow meters at a rate optimized for the sputtering chamber of 40
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sccm. Pre-sputtering was done on the target for 15 — 20 min with a closed shutter above the gun.
Once the shutter was opened and desirable substrate temperature (600°C) was reached the
deposition was done for 1 hour for each sample. A PolyScience chilling unit was utilized
throughout the deposition to prevent over-heating of the electron guns. The samples were rotated
during the entire deposition to ensure consistent coverage of the whole surface of the substrate.
The samples were then allowed to cool to ~25°C before removal from chamber.

For the 1% set of fabricated samples there were 2 substrates being coated at the same time one
being silicon and the other sapphire. They were done for 1 hour, at 600C, with 200W of power to
the HEA target in the gun with the previously explained procedure 10 samples at varying pressures
during depositions of 0.1, 0.5, 1, 1.5 and 2 mTorr in total producing 10 samples.

The 2" set was done with a different the same constants as the 1% but there was an effort to try and
incorporate silicon onto the same target using silver paste to attach them onto the target during
deposition 3 attempts were made but, on the 3rd, attempt the target began to spark and degrade
rapidly which led to another route. Which involved a change of a substate and a new target.

For the 3 set of samples were done with a different idea in mind this time. Using a new substrate
in this case being steel (insert details) came in sheets. These were made into square to fit the
substrate holder in the sputtering chamber utilizing the Mechanical engineering machine shop. The
steel substates were then deposited on using a similar procedure as the sapphire and silicon ones.
5 samples were fabricated at varying deposition pressures same as the ones listed above using
identical procedure.

The last set was done by incorporating the use of a 2" target which was a plasmaterials Si target
(insert details). This target was used on the other gun and varying watts of power were supplied to

the during at the beginning of the deposition. Same parameters as above except the same pressure
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was used for the different samples with varying power supplied to the Si target. However, this
time the co-depositions were done onto FA140521 Stainless Steel - AISI 304L substrates. Which
were studied to study how the effect and intermixing of substrate and coating was different from
sapphire and silicon.

3.2 Radio Frequency Magnetron Sputtering

The samples were fabricated using a RF Magnetron Sputtering system. This is a physical vapor
deposition technique. Which uses a chamber in a vacuum environment with an electrical field in

it as well as an inert gas to be able to knock off particles from the target onto the substrate.

Rotatable
manipulator

Mass
spectrometer

Pressure
gauge

Figure 3.2: Magnetron sputtering working principle [45]
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The material that is sputtered off of the target travels from the plasma cloud and nucleates onto the
surface of the substrate. Inert gases are used since they aid with the sputtering to knock of material
from target and its solidifying on the surface. The term sputtering comes from the phenomenon in
which microscopic particles of a solid material are ejected from its surface, after the material is
itself bombarded by energetic particles of a plasma or gas*®. Since these particles from the inert
gases do not form bonds with the elements inside the chamber these gases able to aid with

deposition and sputtering process.

Table 3.1:List of samples made

HEA on Si and 600°C 100W,0.01 mTorr
Sapphire
] 600°C
HEA on Si and 100W/0.5 mTorr
Sapphire
) 600°C
HEA on Si and 100W/ 1 mTorr
Sapphire
600°C
HEA on Si and 100W/ 10 mTorr
Sapphire
) 600°C
HEA on Si and 100W/ 20 mTorr
Sapphire
600°C
HEA and Si on Steel 100W/0.01,0.5,1,10,20 mTorr
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600°C
HEA and Si on Steel 20,40,60,80,100W for Si/100w for HEA

,0.ImTorr

These samples that were made in this case were made in this set up which was an Excel instruments
DCSS-12 RF magnetron sputtering system, an Edwards E2M30 Rotary Vane roughing pump and

Pfeiffer HiPace 80 Turbo Pump and Cesar RF Power Generator Power.

3.3 X-ray Diffraction (XRD)

In terms of characterization of materials XRD is one of the most used tools for analyzing a myriad
of different liquids and/or solids. This technique is not just used by material scientists but many
other different fields as well. Madam Curie who was known for her discovery of radioactivity
through the use of x-rays for diagnosis and treatment of soldiers in World War I. Thanks to her
discovery now we are able to know more about the crystal structure, identifying phases and
symmetry. The working principle behind XRD lies in Braggs law which has to do with the
difference between incident and diffracted waves and based on that mathematical relationship we

are able to say something about the atomic planes.
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Figure 3.3: Visualization of X-rays and Braggs law [45]

Essentially a single-color beam discharged from a source which are shot at a surface at certain
angles and bounce back generating certain peaks at certain angles. Which can therefore give us
an idea of the sort of structure which is present on the surface. In our case since we are
characterizing thin films, we need to use GIXRD to be able to avoid substrate interference. A
Malvern Panalytical Empyrean Nano edition multipurpose X-ray diffractometer was used in
Bragg—Brentano reflection geometry. To resolve each peak from the diffraction pattern clearly,
0/20 scans with a step size of © and an integration time of s/step were conducted on the thin films
at room temperature. A Cu Ka X-ray source with a wavelength (1) = 1.54 A which was used to
obtain the values. The substrate peaks were some of the biggest peaks which were discarded to
accentuate the gathered data. Xpert highscore was used to try and identify the peaks since there
was very little data on alloys let alone HEA’s there were many peaks that were left unidentified.

In terms of peak identification there has not been too much research that has gone into developing
a backing of scans taken for XRD’s. however there have been many studies which have undergone
much research when it comes to peak identification in HEA’s. In defining peaks binary and tertiary

systems are very important because without them there would be no data to draw upon from.
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However even these in themselves happen to be fairly limited so there grows a need for a more
extensive backlog of data for XRD scans for HEA’s. Which is why studies like these are important
to pursue so that in the future HEA structures can be more easily identified.

3.4 Atomic force microscope (AFM)

In this particular piece of equipment Hooke’s law is used to study the surface of samples using a
specialized tip that based on the relationship with force applied on a cantilever and deflection and
stiffness when the force is applied to it. Depending on the distance from the sample to the cantilever
there is a laser that measures that distance. Using a photodiode which picks up on those photons
from the laser and is able to send it to a detector. These images are produced based on the effect
of either Columbic or van der Waals forces causing a probe to deflect and measured using a

piezoelectric transducer.

» Detactor
+feedback
‘documies

Sample surface

[~

Figure 3.4: AFM probe working principle [45]
In this case studying the surface morphology of each sample is important to get an idea of the

structure and to try and get an idea of the grains and their sizes as well as get idea of peaks and
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valleys on the surface. The thin film samples were characterized using a Nanosurf Naio AFM in
phase contrast mode with CCSR-10 conical tip was utilized in the instrument where the 1 X 1 um
scans are acquired with 356 points/line and a time per line of 4 s for a total scan time of around 25
minutes each. Using WSXM and Gwyddion software these images were smoothed and flattened
to generate the images we have now. All samples’ images were obtained with the same procedures
and processed with the same software for all of the films.

3.5 Nano/Microindentor

For hardness analysis of these samples there were 2 different pieces of equipment which are a nano
and microindentator. Firstly, the nanoindentor which used was a Hysitron T1750 Tribo
nanoindentor with an attached triangular pyramid Berkovich diamond indenter with a normal angle
of 65.3° between the tip axis and triangular pyramid faces was used for the nanoindentation. The
effective size of the apex was approximately 100 nm and the indents were done on with increasing
force (mirconewtons) until the predicted 10% indentation depth was reached and then the 25
indents were done at that force to calculate hardness and other values. For this it is important to
have an idea of what the approximate thickness of the coating is in order to obtain accurate results.
The working principle behind indentors has to do with Pharr and his method of using a formula
involving the elastic modulus, stiffness and area as well as using the relationship between hardness
and maximum load over area. The method developed by Oliver and Pharr was employed to
calculate the mechanical characteristics (H and Er)*’. Using this method, Er can be calculated by
finding the stiffness (S) of the film from the slope of the unloading curve. The relation between

Er and S can be described using:

Ey =—— 3)
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where A is defined as the area of contact at peak load. To find the hardness values, the same value

for area of contact is used along with the maximum load (Pmax) in:

— Pmax
H = D @

When nanoindentation yielded results inconsistent with the theoretical expectations,
supplementary measurements were done using microindentation. (Struers Duramin-A300)
Hardness and modulus values were calculated as above. These formulas combined can give us an
accurate idea of the young’s modulus of elasticity as well as the hardness level for the sample.
These penetration depths and depending on how deep and easily the tip is unloaded will usually
determine how hard a sample is and also how elastic the surface is if it can deform plastically or
permanently.

For the samples that were evaluated with the Hysterion there were only a few that were able to be
analyzed accurately since the equipment had to be fixed twice. Even though a lot of data was
obtained from this system a large portion of it had to be discarded due to an error in the reading
having to do with the stage and the outputted readings. The results that were able to be used were
shown later on.

Following the 2" break down of the Hysterion another option was needed to be explored which
involved using a Streurs Duramin A-300 to determine the surface hardness of the samples surface.
The procedure for this piece of equipment is the same as nanoindentor but it is done at a micro
scale and has higher force and is less precise in terms of its measurements. It must be noted that it
was found that for the steel samples compared to the sapphire and silicon samples the values were

drastically different even though they were deposited in the exact same conditions.
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3.6 SEM/EDS

Scanning electron microscopes create images through the detection of backscattered electrons.
They tend to be used to see images of a surface using dispersive x-rays which hits away an
atomic electron from its shell leaving a hole which is filled by another electron that gives off a
distinctive x-ray. These rays are detected in order to give us an idea of the material that is present
depending on the energy level the x-rays spike at. For example, there are certain elements that

have distinct peaks on the x-ray energy spectrum.
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Figure 3.5: SEM working principle [45]

These particular samples were evaluated in using similar methods for each. Each sample was
imaged first with the SEM and using that image and frame size the EDS scan was taken with same
length and settings for each sample. With each scan a new spectrum was found which was the
bases for establishing molecular weight percentage ratios. It was possible to get an idea of the
percentage compositions of a certain image depending on the elements present from that said frame
area.

In this case the scanning electron microscopy was performed on the surface of the thin films with

a Hitachi SU 3500 using the backscattered electron and secondary electron mode. The relative
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elemental composition was determined by EDS with the use of x-ray color mapping to allow for
the determination of dispersion of individual elements.
Chapter 4: Results and Discussion

4.1 X-ray Diffraction (XRD)
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Figure 4.1: A)XRD data for Si substrates, B) XRD data for Sapphire substrates
The HEA thin films, while deposited under varying pressure, were all kept at the same elevated
temperature, leading to a relatively stable and consistent chemical makeup for the coatings as
indicated in figure 1. The exception to this seems to be at the elevated pressure where there is a
high potential for atomic scattering of the lighter elements and resulting in a slightly skewed
elemental makeup for the films in question. There is also variability associated with the substrate
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in question as indicated both by the varying peak patterns present between silicon and sapphire
substrates, and the fact that at the highest-pressure deposition, only a single substrate peak is
measured for sapphire.

Like was mentioned in previously there was no exact XRD scan done on this sort of sample before.
Due to its novelty the exact identification of peaks posed to be a challenge. Using Xpert Highscore
the peaks were in a way inferred using this software based on past XRD scans from a large
database. These databases contain a myriad of different compounds that have been test using XRD
and have their results published so that they can be compared. From these results the substrate
peaks were removed and it showed that at 36 and 44 degrees non substrate peaks appeared.
These 2 peaks occurred on both the sapphire and silicon substrates and from what was found on
xpert highscore from a peak identification search using an extensive database the peaks were able
to be guessed. At 36° there is a small broad undefined peak that is gradually increasing in the
silicon samples. Although this peak was not defined as intense enough to be considered one for
the sapphire samples, we can see a much more intense peak occurring at the same spot. Xpert gave
indications that this peak show a (110) chromium peak position. This could be for a number of
different factors including substrate interference or the favoring of mixing with sapphire rather
than with the silicon substrates. However, since this is novel work there is not way to be certain
only to make conclusions based on information that is available.

The peak at 44° showed strong indications sharing a peak with (110) SiCr although that was the
only matched peak congruent with the binary compound SiCr. This could be indicative of an inter
layer mixture between the silicon substrate that formed and since silicon has shown favorable

properties in terms of combining with HEA’s as well as other alloys. In order from the highest
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deposition pressure to lowest we can see the sharpening of the peak and its intensity increase as
pressure decreases.

Although for the sapphire substrates the peak is very small but we can see its presence nevertheless.
This goes along with predictions that the better the vacuum in the chamber during deposition the
better the thin film developed. The vacuum facilitated the deposition and made it easier sputtering
to occur which led to increased deposition rates which in turn can lead to thicker coatings.

There is no full proof way to say with 100% certainty what exactly a peak is since the system is
just using past examples to come up with a matching peak at that location. However, there are
many different compounds that may have a peak at that location or may they may have shifted
slightly. This goes back to the binary and tertiary systems of the different elemental combinations
that can occur between chromium, vanadium, niobium, tantalum and tungsten as well as the
intermixing of layers between substrate and forming HEA layer during deposition. Since there was

no past scan of an HEA like this one and as was explained previously outside of our laboratory.
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4.2 Atomic force microscopy (AFM)

.1 mtorr 1 mtorr 2 mtorr

Si

Sapphire

Figure (4.2): Silicon and Sapphire substrate afm scans at .1, 1, and 2 mTorr
The atomic force microscopy scans shown in figure 2 indicating deposition at the lowest, highest
and intermediary pressures show a discernible trend in grain size formation with the largest grains
and most uniform grain formation apparent at the lowest pressure deposition. While normally an
increase in grain size would be associated with a change in the internal energy of the grain structure
brought about by temperature change, this is clearly not the case here as all the depositions were
carried out at the same temperature and no post deposition annealing took place. Instead, the most
likely mechanism seems to be a coalescence of an increased number of constituent atoms within
the individual grains at lower pressure. This is supported by the more uniform elemental
compositions at lower pressures indicated in the XRD measurements, as well as the consistent and

overlapping chemical signatures indicated by the EDS measurements as discussed below.
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Figure 4.3: 3D images of Si/Sapphire samples of 0.1, 10, 20 mTorr

Like was mentioned previously as deposition pressures were lowered there was a gradual increase
in the deposition rates which showed in the largest and uniform grains from the AFM scans.
Overall, there was a search for the correct parameters to be used for this experiment. Since there
was finer grain formation or more so something like more molecules being able to be packed into
a space. AFM scans showed these fine grains more easily distinguishable in the lower pressure
samples and was confirmed when the lowest pressure showed clear images of distinguishable

grains.
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Figure 4.4: Surface roughness data for Si/ Sapphire samples
Another observation that was made in terms of variance from sample to sample was the decrease
in surface roughness as deposition pressures began to decrease which was corroborated with the
figure above. Although there was not a clean-cut way to determine the grain size of each sample
since there was a generally flat and featureless. Could be due to amorphousness in the earlier
samples and as depositions parameters were optimized there was a greater degree of crystallinity
which was shown in the sharper more intense peaks that were seen in the lower deposition pressure
samples. We also see all together the forming of new peaks in samples which could be due to the

changing of phases and increasing crystallinity.
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4.3 Energy Dispersive Microscopy/ Scanning Electron Microscopy (EDS/SEM)
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Figure 4.5: EDS imagery of HEA thin film on Si substrate. From top left elements are Si, Ta, Nb,

Cr,W,V

Figure 4.6: EDS imagery of HEA thin films on Sapphire substrate. From top left elements are Ta,

Nb, Cr, W, V
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EDS measurements were performed on the HEA sample deposited under the lowest pressure to
minimize the influence of elemental scattering indicated in earlier XRD measurements. The
results, presented in figure 3, seem to support the conclusion derived from XRD as elemental
distribution is fairly uniform without an excessive concentration of the heavier elements such as
tungsten that can be expected at the higher deposition pressures. The one unexpected result
demonstrated in the EDS imagery is a level of Si that is similarly uniform within the coating. This
may be attributed to the combination of the high temperature of the substrate, as well as the high
energy plasma destabilizing the surface layer of the Si substrate, and the relatively thin film (<1
micron) allowing for relatively even incorporation and diffusion of the Si atoms throughout the
film. Figure 4 however indicates potential secondary issues with adhesion has concentrations of
tungsten and tantalum are lower than the remaining constituent elements despite deposition at the
lower pressures. This adhesion issue is supported by earlier xrd measurements indicating reduced
adhesion of certain elements on sapphire as opposed to silicon.

Table 4.1: Elemental percentages found from EDS data

Silicon Cr% Va% Ni% Ta% W%
samples

0.1 mTorr 15.35% 13.22% 16.43% 26.48% 28.51%
1 mTorr 17.17% 12.24% 32.29% 15.39% 22.91%
2mTorr 19.95% 15.02% 23.11% 13.01% 28.89%
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Sapphire Cr% Va% Ni% Ta% W%
samples

0.1 mTorr 13.89% 10.81% 28.71% 17.94% 29.20%
1 mTorr 11.81% 8.65% 21.87% 21.12% 36.55%
2mTorr 13.52% 8.72% 28.31% 15.8% 33.65%

These tables shown above show the elemental quantifications that were found from the EDS data
obtained. Although there is no noticeable trend from the percentages found there was a high
percentage of Tungsten present within the samples which could be due to its high density and
bonding abilities. From these obtained data collections there was slight indication of lower
percentages of lighter elements at higher deposition pressures and gradual increase in heavier
elements in lower deposition pressures. Nevertheless, since there is a high order of disorder in
these type of HEA samples there is difficulty with the exact calculations of the elemental

percentages. For all sampled that were analyzed all had something within 25-30% of relative error

percentage.
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4.4 Mechanical Properties
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Figure 4.7: A) microindentation hardness values for Si samples, B) microindentation hardness
values for Sapphire samples

Figure 4.7 shows a clear trend in increasing hardness values with decreasing deposition pressures.
This can be largely attributed to a reduction in atomic scattering enroute to the substrate leading
to denser formation of the HEA on the substrate. These results also correlate with the EDS
measurements that show a relatively uniform deposition across the samples, indicating minimal
phase separation and hardness values that remain consistent across the entire surface of the thin
film. The somewhat sharper decline in hardness present in the sapphire samples can be attributed
to the pattern of reduced element adhesion compared to silicon, though at the highest pressures the
difference is negligible. This also explains the slight increase in hardness at the highest pressure
reading as xrd measurements indicate minimal, if any, actual deposition, leading to the conclusion
that the hardness value measured is heavily skewed by substrate effects. The microindentor data
indicates that even small variances in processing parameters, in this case deposition pressure, can

yields significant changes to the mechanical properties of an HEA thin film.
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Figure 4.8 Sapphire, Silicon, Steel micro indentations

These above images were obtained from the micro hardness tester and starting from the left to
right are sapphire, silicon and steel HEA coated sample. Since all used the matching parameters
including same tip and same indentation force as well. We can see with the micro indentor that
there may be some sort of substrate effect from the insertion of the tip. Since Sapphire tends to
have higher levels of hardness than steel and silicon there was a difference in the shape of the
indentation and was also seen in the hardness level that were measured from the samples. However,
in the microhardness testing for the steel samples there were low levels of hardness that were being
found. This could be due to substrate effect coming into play and instead of the coating being
penetrated through it is just crushing the substrate and causing the hardness level of steel to be
measured instead. Which was verified when a sample of undeposited steel was measured for
hardness and found similar level to those of the steel samples but significantly lower than the
silicon and sapphire.

The hardness levels for the undeposited substrates in themselves are fairly hard on their own and
with the addition of these coatings we saw an increase in the obtained hardness levels as deposition

parameters were optimized.
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Chapter 5: Conclusion and Future Work
5.1 Conclusion
RF magnetron sputtering was successfully utilized to deposit a CrVNbTaW high entropy alloy thin
films onto various substrates. Subsequent characterization of samples, which were deposited
under varying pressures and at a constant elevated temperature, via XRD, EDS, AFM and
microindentation, has indicated a significant variance in the mechanical performance of the thin
films while maintaining a consistent chemical state and a uniform elemental phase distribution.
Although these samples were not idealized and optomized to the level that was expected. This was
due to the main instument of the study the nanoindentor being down for the whole of the study.
The entire orientation of the study shifted from hardness, toughenss and elastic modulus study to
a corrosive and general study. Despite many tests being left out there was still substatial data
published produced when it comes to surface hardness, topography, anti-corrosiveness, and
elemental composition. Which could in the future help with the development of new alloys or HEA
devices.
In particular this CrVNbTaW HEA has many different attractive characteristics that researchers
and engineers could begin and continue to have use for. With the addition of silicon into this
compostion it adds a different dynamic to the coating that is formed. Silicon being one of the most
abundant elemtns on the planet it is important to have it play a part in the world sustainability and

search for new materials and applications.
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5.2 Future Work

The next stages of project would involve deposition of the HEA thin films onto a simulated
functional surface such as steel and characterization into the long-term durability and corrosion
resistance of the material as a way to determine its suitability as a protective coating. Additional
elemental doping into the thin films will also be evaluated to determine what positive mechanical
and chemical effects they may possess.

Another avenue that was interesting to explore was the CALPHAD that was mentioned previously
which could help tremendously with the knowledge of phase transitions of this HEA. As well as
more XRD studies to establish more of storehouse of data for this composition. Further
nanoindentation and AFM data post corrosion would give a more long-term idea of how this
coating would do in a corrosive environment. In short, this study was truly in its infancy and will

potentially be one of many on the journey of material engineering.
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