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ABSTRACT

The development of higantropy alloys has been a major area of research in recent
years. The compositionally complex all&y10CoxsCrsFersNissTis has been promoted as an
optimized chemistry exhibiting medium hardness with good ductility and high tetnsihgth.
This thesis aims to provide insight into the growtiAblbCosCrsFersNissTis as a surface coating
and into the influence of coating morphology onnterdiffusionbehavior. Coatings were
deposited via high rate unbalanced direct current megmsputtering. Deposition conditions
were selected to survey processprgperty relations relative to the structure zone model for
thick film growth proposed by Thornton. Thick miesoale coatings were deposited onto
CMSX-8 Ni-based superalloy subates at various temperatures and Ar gas pressures and later
annealed to observe diffusion behavior. Coating morphology, chemical analysis, and
crystallographic identification were performed using scanning electron microscopy,-energy
dispersive xray spectoscopy, and xay diffraction. Coatings produced at 5 mTorr Ar pressure
displayed dense ZonedF mixed Zone T + Zone &orphologies and the least amount of
diffusion into the substrategpon annealingSome of the samples at high pressures and
temperatures possessed pordilsousZone 2morphologiesaused by a high incident angle

between the substrate and sputter gun.



LIST OF ABBREVIATIONS AND SYMBOLS

at% Atomic percent

BCC Body centered cubic

CCA Complex concentrated alloy

DC Direct current

EDS Energydispersivex-ray spectroscopy
FCC Face centered cubic

HCP Hexagonal close packed

HEA High entropyaloy

SEM Scanning electron microscopy

VEC Valence electroconcentration

XRD X-ray diffraction

YO Standard enthalpy of mixing

Y'Y Ideal configuration entropy of mixing
y.. Electronegativity difference

1 Atomic size difference

m Empirical HEA phase formation factor
B2 Ordered BCC crystal struate

L1, Ordered FCC crystal structure
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CHAPTER 1: INTRODUCTION

1.1 General Background

High-entropy alloys (HEAs) have become an increasingly important field of alloy design
and application. The basis for these new alloys primarily comes from the seminal studies from
Cantor and Yelpl]. The nomenclature for this classification of alloys describes the incredibly
high entropy of mixing these materials possesmpared to traditional alloy2-6]. HEAs
feature five or more elemental components often mixed in equiatomic eeqaatomic
concentrations, typically ranging between 35 atomic %. Many HEAs form simple solid
solution phases with high symmetry fazentered cubicbody-centered cubic, or hexagonal
close packed crystal structures which impart them with often unique physical, chemical, and
mechanical properties compared to conventional aflbys7,8]. This opens the door for HEAs
to be used in some existing and future engineering applicafi#)8-12]. Though the formation
of compositionally complex, single phase solid solution alloys remains one of the founding ideas
driving HEA research, it has become evident that most of ticalted HEAS are muklphase
and ae nonstoichiometrid 13]. This broader range of comgitions and microstructures, which
has been extended downwards to include alloys consisting of three or more principal elements
with element concentrations often greater than 35%, have been captured in the related names
complex concentrated allogs compositionally complex alloysi., CCAs), baseless alloys,
multi-principal element alloys (MPEASs), and metal buffets (MB<].

From an alloy design perspective, HEAs and CCAs, due to their reportedly high ranges of

solid solubility, offer immense potential for fiening of alloy composition to achieve desirable



microstructures and propertigs. This flexibility has stimulated considerable interest from the
thin films and coatings communities (some recent reviews are provideel fiollowing
referenceg9,14-23)). This attention is primarily driven by desires to exploit their higher
hardness, favorable weardaoorrosion resistance, and purported resistance to diffusion.
HEAJ/CCA coatings have been fabricated in a variety of ways including laser or plasma cladding,
vacuum arc deposition, thermal spraying, cold spraying, evaporating, electrodeposition, and
magnéron sputtering24]. Though it is certainly not the fastest method of deposition,
magnetron sputtering offe several advantages with regards to coating or thin film development
[25,26]. With sputtering it is possible to produce metals, ceramics, multilayers and composites
with high dimensional precision and good composition control. Furthermore, through careful
control of deposition conditions such as substietgperature and/or bias, working gas pressure,
and reactive gases, film/coating morphology (i.e., grain size and shape) and microstructure can
be tailored making this technique viable as a tiilgbughput material development tool for new
materialg15,26-29]. As such, it is important to establish théliences of various deposition
parameters on the resulting microstructures.
1.2 Motivation

The SCOPUS abstract and citation database lists more than 250 investigations of
magnetron sputtered HEA thin films and coatings, some (but not all) of whichrareasized in
reference$18,19,26,30-41]. In all this work, there has been only one systematic study to focus
on the influences of substrate temperature and working gas pressure on film/coating morphology
in metallic films[41]. The motivation for this study was to investigate the influenééisose

deposition parameters on the morphologies and microstructures of thick films of the



Al10CosCrsFersNizsTis CCA when grown at high rates via direct current (DC) unbalanced
magnetron sputtering

The Al 10CosCrgFesNizsTie CCA and more recently deed variants have been
mentioned as potential replacements for high temperature steels and more expebaseziNi
superalloys or for use as high temperature coatingsotheir high tensile strengths and
favorable resistances to chemical attack angrenmental degradatioj10,12,33,41-48].
Focusing on the coating application; next to nothing is known about how the structure of this
alloy evolveswvhen it is processed via magnetron sputterBerause the fabrication of dense
and conformal thin films and coatings wik required if HEAs are to achieve practical use in
those forms, this thesis will investigate the influences of processing variables on the
microstructures of thick HEA coatings of #CoxsCrsFeisNiseTie produced via direct current
(DC) magnetron sputtergn Sincebeing proposedy Thornton, the structusend properties of
physical vapor depositdtiin films and coatingfiave been widely discussed on the basthef
SZM [49-56]. Only afew studies focusing on HEAs have broached this suf$6gt1,57-60],
often indirectly Of those only Savan et al. have approachegstematicallyj41].

This thesis will contribute towards tisgstematic evaluatioof the changes in film
morphologystructureof concentrated alloys such as HE#ssfunctios of homologous
substrateemperaturend working gagpressure This thesiswill also contribute towards the
development of combinatorial studies using magnetron sputtering. In recent years there has been
a proliferation of such studiesome of which can be found in the following references,
[28,29,61-70]. However many researchers do not addreke morphology of the deposited
materials which is certain to influence microstructupFsperties, and related material

behaviors.If accuratecorrelations betweethin film or coating materialandbulk materials



more thorougtelucidation ofmorphology is neededThis workwill alsocontributetowards
improved combinatorial worky considering the changes that occur when depositing coatings
via magnetron sputtering under conditions where a temperature gradienaesoststh

substrate platalong with regionsvhere deposition occurs at obligaegles ofncidence.



CHAPTER 2 LITERATURE REVIEW
2.1 Background on HEAs
High entropy alloys are by their original definition alloys that are composed of five or
more elemental constituents in equiatomic or +egpriatomic ratios (i.e., ~5 to 35 at$®)9,71].

Miracle et al. then further devida unique interpretation that couglne entropy argument

DS, 21.5R (whereYis the ideal gas constarsjongwith the standard definition of HEAS).

Alloys satisfying this entropy requirement are considered-@igiopy, while tlose below are
classified asnediumentropy or lowentropy, ashownin Fig. 2-1[71]. Table2-1 shows the
ideal mixing entropies calculated for some common alloys, along with thoimufpfive, six,
andsevenrelement equiatomic alloy9]. It is evident that many common alloys that exhibit a
single dominant constituent display mediomow ideal mixing entropies. Likewise,

equiatomic alloys with five or more elements all exhibit a high entropy character.

High-Entropy

Medium-Entropy

Low-Entropy
DS, ¢R

15R? &, %

DS, 21.5R

Figure2-1. Different alloy classes based on entropy. Adapted from refefétice



Table 21. ldeal Mixing Entropies for Common Alloys. Adapted from referdiidg

Alloy Y'Y (ideal)
Inconel 718 1.31R (medium entropy)
Hastelloy X 1.3/ (medium entropy)
Al Alloy 7075 0.4R (low entropy)
316 Stainless steel 1.15R (medium entropy)
304 Stainless steel 0.9R (low entropy)
4340 Lowalloy steel 0.2R (low entropy)

Equiatomic 4 element HEA| 1.39R (medium entropy)

Equiatomic %element HEA | 1.61IR (high entropy)

Equiatomic 6 element HEA| 1.79R (high entropy)

Equiatomic 7 element HEA| 1.95R (high entropy)

2.2 Four Core Effects of HEAs

The microstructures and properties of HEgkspostulatedo be determined by four core
effects: (1) high entropy, (2) sluggish diffusion, (3) severe lattice distortion, and (4) the cocktail
effect. Each effect is briefly reviewed below.
2.21 High entroy

Initially, it was proposed that increased configurational entropy in equimolar er near
eguimolar alloys containing five or more constituent elements can favor the formation of single
phase solid solution microstructures with simple BCC, FCC, or HCPatststicture$72,73].

However, more recent analysis of published literature indicates that configuratbiogdy



alone doesnodot de t[§.rimsieadecmnopyraaderthalpyanusnize tcansdered
together.
2.2 2 Sluggish Diffusion

Sluggish diffusion was proposed to occur in HEAs due to large variations in potential
energy between lattice sitE&2,74]. Tsai et al. noted th&o, Cr, Fe, Mn, and Ni all displayed
slower diffusion rates in high entropy CoCrFeMnNi matrices than in pure metaltessin
complex alloys composed of the same or similar constitwemtsh they attributed to differences
in the activation energies for saliffusion[74]. These results were later examinedBeke et
al. [75] who reported that the differences in the diffusion rates were more likely due to
temperature insensitive correlation factors inherent to compositionally complex HEAs. Kulkarni
et al [76] investigated interdiffusion in quaternary FeNiCoCr alloys, ultimatehckaling that
diffusional interactions between components is strong and must be considered when assessing
diffusion effects. More recently, Dabrowa andworkers[77-79], Osetsky et al.80], and
Mehta and SohfB81,82] have revealed additional structural and kinetic contributors to diffusion
in HEASs that cast some doubt on its occurrence. &rand Senkoy5] noted that the diffusion
coefficients in some BAs are higher than those in conventional materials when compared at the
same temperatures. Though the concept of sluggish diffusion kineticsbeistjldebated
there is little doubt that diffusivity is altered in some way in HEAs in comparison with
conventional alloysand that this could have an influencetbaevolution of microstructure
during sputter deposition
2.2 3 Severdatticedistortion

Severe lattice distortiowas proposed to arise from an atomic size mismatch caused by

the inclusion of different atom types in solid solution and is enhanced bgymametrical bond



energies and electronic structufég]. It has been postulated that this could ultimately lead to
diminished sensitivity to temperature effectd]. Severe lattice distortion has also been inferred
to explain the relatively high strengths observed in HEA$/2,83,84]. However, 1 has been
noted thathis effect has ndteen sufficiently quantified to judge &currencer influence
[5,85,86).
2.24 Cocktall effect

The cocktail effect has been described as ranging from an ascalee multielement
composite effect to a nma-scale multiphase composite effect depending upon alloy
composition, constitution (i.e., number of phases), and processing njig#fod hese same
phenomena are observed imgentional metal alloys but are generically reported to be far more
significant in HEAs. As such, Yeh describes them as useful guidelines for HEA design for
specific purposes or applicatiofd.
2.3 Influences of Core Effects

In their review papers, Pickering and Jof88] and Miracle and Senkd®] have noted
that none of the reported core effects may be as significant as initiablydskl Very few
experimental examples of entropic stabilization of solid solution phases have been reported.
Both experimental results and theory suggest that intermetallic phase formation or phase
separation are more likely consequences of the addifiorore components to an alloy.
Furthermore, very limited evidence exists concerning the extent of lattice strain in HEASs. It can
be hypothesized based on HuRethery type arguments that high lattice strains (aka, severe
lattice distortion) would prometrapid intermetallic phase formation. In some cases, the
normalized activation energies for diffusion in HEAs are higher than in conventional alloys;

however, the effect of variations in the fgonential factor, Do, must be accounted for.



Reports ofrapid precipitation or phase separation in HEAs suggests that diffusion kinetics are
not slow at all. Itis also not clear what the cocktail effect refers to and how this effect differs
from observations made of conventional alloys
2.4 HEA Phase FormatioRules
A set of empirically determined factors, termed the phase formation rules, have been
developed to facilitate the prediction of the numbers and types of phases that could form in each
alloy based on its chemical composition. These rules were altigirsed to aid in the design of
single phase, solid solution HEAs. The phase formation rules are not the emphasis of this thesis
but an understand of them is essential to fully understand the basic methodology behind HEAs.
There are six factors encongsad in the rules as categorized in the literaturey’O

Y'Y ,m V.. and VEC[2,72,8384,89-98]. The enthalpy of mixingg'O , is defined by:
YO moo (1)

and

m YO ()
whered and® are the concentration of components i and j, respectively. Theé/férm is an
interaction parameter based on the Miedema model for binary liquid f8iglysHaving a near
zero or negative enthalpy of mixing is generally ideal since it allows en¥apy to dominate
in the Gibbs free energy expressipi® w0 Yo  [2,7289,90,98]. This entropy
dominance has been experimentally shown to destabilize intermetallic phasé§Qwith

typically in the range af 15 to 5 kJ/mo[72,89,92,97,9§].



The configurational entropy of mixind}Y , is defined by{71,92,10Q:

o

yY Y 6116 (4)

where6 is the concentration of componé@ind'Y is the ideal gas constant (8.314kol?).

In this expression, only the configurational component of entropy is included, since it is assumed
to dominate over the other three contributions: vibrational, electronic, and mgg@akgtid his
definition is based on a regular solution model arahlg dependent on the relative composition

of the alloy. Some of the literature suggests that this term is ideal for the formation of solid
solution phases when in excess of N§712,89,97,98]. This restricts quinary HEAs to only

include equiatomic compositions where the entropy is maxinjizdd However, many of the

guinary HEAs in the literature that exhibit solid solution type microstructures are not equiatomic
[89,101]. Thus, as mentioned previously, the remainder of this dissertation will assume high
entropy character correspondsyty PRY[5,71].

The electronegativity differenc¥, ., is defined by[72,89,91]:

T

6 ... .[ (4)
and
6 ... (5)

where...is the Pauling electronegativity for compon&Based on the HurriRothery rules,
large electronegativity differences between alloying elements stabilize compound formation
[89,92]. Thus, the retention of simplel&l solution microstructures in HEASs requires small

values ofz..[89].
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The valence electron concentration@ pis defined by[72,89,92):
w006 6 w00 (6)

where thew ‘O @s the average valence electron concentrat@sidering all elements and their
respective concentrations. This term has proven to be useful in predicting the crystal structures
of the phases that form. For example, alloys wif® walues greater than 8 have been found to
stabilize FCC type phas, while alloys witlw O walues below ~6.87 stabilize BCC structures
[89,93]. Similarly, alloys with mierangew ‘O® are expected to form a combination of FCC and
BCC type phases. In a similar regard, it is known that elements such as Co and Ni tend to
stabilize FCC type phases and Al and Ti tend to stabilize BCC/B2 type phases.

The atomic size difference, is ddined by[7289,97]:
. i
) P F pmT (7)

wherei is the radius of componeiflandi is the average atomic radius relative to the alloy
constituents and their respective atomic concentratitirvgas first proposed that solid solution
phases tend to stabilize when @& b, but in some casés, t1&®P is required
[84,89,90,92,97]. With larger atomic size differences, severe lattice distortion occurs, which
tends to stabilize intermetallic phag@g]. Guo et al. showed that is a critical rule in
predicting thestability of solid solution type microstructures in HEX2,92].

Lastly, Yang et al. proposed the parametgriefined by[72,84,89]:

Y3Y
80 s

m (8)

and

11



Y oY 9)

where"Y is the theoretical melting temperature based on the mixture rulem pammeter
combines the influences of enthalpy and entropy into one respective term. Yang and Zhang
deduced that solid solution phases should form in alloysrnyithp® and @& B but that
intermetallic phases could still form whe& b ¢ P[84,98107. Itis important to note
that themparameter is a necessary, mgufficient condition for predicting solid solution
formation, since it assumes a quelsemical arrangement, thus neglecting the mismatch due to
variations in the atomic radii of constituent atdi®4).
2.5 High Entropy Superalloys
Recently, Wang et al. examined the previously defined HEA phase formation rules

relativeto commercial superalloyyd03. The analysis focused enthalpy of mixing, atomic size
difference, ando ‘O®. All the superalloys investigated exhibitedD ® in excess of 7.8, which
should ultimately stabilize FCC phases. It was discovered thatssilition strendtened
superalloys were intherange off /i 1 1 YO XEH Tiand¢ P 1 ¢ B, while
the precipitation strengthened superalloys were in the rangeEdfi( | 1 YO

pUERN Tlande P 1 Y B [103. These ranges are shown plotted in Bg.with the
enthalpy and delta values from thléoy examined in thishesis Wang et al. concluded that
HEAs for structural applications should mimic the findings based on superfllogls In other
words, structural HEAs should have minor enthalpy of mixing and atomic size difference terms
with relatively high VEC4103. Al10CosCrsFersNizsTis CCA being investigated in this study

exhibits a multi-phase microstructure
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Figure2-2. Aplot of] versusgHmix for thealloy investigatedn this study along with the ranges
for commercial soliesolution strengthened and precipitat&tnengthened superalloytcluded
arethe alloys investigated by Butler in his study of AINiCoCrFe based HE®4. Figure
adapted from referendd.03.

2.6 HEA Composition Optimization

A survey of published literature shows that most of the work on HEASs has involved study
of bulk alloys containing Al, Co, Cr, Fe, and Ni as primary constity&nts10,11]. A lot of
work has gone into the optimization of HEA compositions. With the compositional flexibility
provided by HEA mechanical and chemical properties can bettined to meet specific needs.
Some recent reviews of typical microstructures, properties, and potential applications for HEAs
and CCAs can be found in referen¢gs3,93,97].

Manzoni and colleges have performed extensive studies on the emelghogCh-Cu-
Fe-Ni-Ti family of HEAs and compared threost promising compositionsquiatomic
AlCoCrCuFeNi and equiatomic AICoCrFeNi along withy&015Cr2sCugFersNis,

AlgC017Cr17CugFer7Nizs, AlgC017Cr14CugFe17NizasM0o1T1Wo.1andAl 10CosCrsFersNizesTis

[10,44,100105111]]. These compositions were selecked om an exhaustive Ther

13



search of nearly 200 chemistries within this HEA family. After optimum heat treatment the
microstructures and mechanical properties were compared between the six compositions.
Manzoni et al. determined that#CosCrsFersNizsTie was the most optimized of the tested

HEAs, exhibiting medium hardness with good ductility and excellent tensile stijer8jtiCu

was found to be a strong segregating element resulting in poor microstructure, resusing i
complete removal from the final composition. Mechanically, this novel HEA tends to outperform
other FCC solid solution forming commercial alloys like IN617 and Alloy 800H. The

mechanical properties of ACosCrsFersNizsTis can be tuned even furthglrl,47]. |l tds been
shown that small additions of Hf and Zr can significantly raise ultimate tensile strength. It is
worth noting that several other research groups have also published information regarding
additional high entropy superalloys based on th€&ICr-Fe-Ni-Ti system that show Noased
superalloy like microstructures (a brief listing can be found in referdtOgk2,73112-118§)).

A large focus of HEA development has been focused on the cultivattia multiphase
microstructure, like modernMased superall oys. Mi racl e and Sc
HEA chemistries found 435 instances of multiphase microstructures. Microstructurally,

Al 10CasCrsFersNissTis features a twgphase matrix consisig of disordered FCC aafd ordered

FCC orL12 ( opNpsesvith a tertiary ordered BCC, NiAl type B2, precipitate phase at elevated
temperaturefl0-12,48]. The crystal structure of bulk ACosCrsFeisNizeTis was investigated

by Butler et al., summarized in Figz3]47]. Despite the alloy matrix being comprised of two

phasesti has been extremely difficult to distingu
and strong preferred orientations. In one of their studies Manzoni et al. observed the FCC and

L1, lattice parameters to be within 0.002 nfreach othe[12].
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Figure 23: As-cast ALoCox5CrsFersNizsTis adapted from Butler et g46]. Micrographs of
phases, (a) and (c); XRD pattern (b); and ThermoCalc phase prediction (d).

2.7 HEA Coating

Until recently tlere have been very few investigations of thitlkA coatngs. Most
researchers have focused on coatings or thin films with thickness les®thas Imaddition,
the majority of this worlhas focused on the growth of hightropy nitride oxide,andcarkide
films rather than metald 5,26,34,40,119.

A valuable resource for researching coatings above the nandsgpalsited via sputtering
arethe seminal papsby JohnThornton[120,121]. Thornton researched thick film growth using
physical vapor deposition processéte presented structure zonenodel(SZM) that predicted
coating morphology based on substrate homologous temperature and argon pr@ssoge,

seen in Fig. 2. Zone 1 structures are grown at low temperatures and med to high working
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pressures. At these conditions the temperature is too low for diffusion causing rough grains with
voids. Any surface roughness on the substrate is exagdematthe coating surface. At higher
temperatures the structure evolves into Zon&adne T morphologies typically grow on smooth,
homogeneous substrates which accommodates the growth of densely packed fibrous grains.
Zone T structures are also charaietd by high dislocations density, giving the coating high
hardness and strength with minimal ductility. Zone 2 structures are formed at homologous
temperatures high enough for surface diffusiontrolled growth. This allows the formation of
dense colummagrains of larger sizeZone 3 structures form starting at homologous

temperatures around 0.8. At this temperature the coating can recrystallize during the deposition
process. Due to the Hefletch relationship, Thornton notes that the larger grain sfZzésne 2

and 3 morphologies leads to decreased strength and hajlless Thor nt onds struct
model serves as a baseline for predicting coating structure. The working pressure and
temperature zone boundarfes complex alloygliffer from those for pure metal¥his study

aims to prouile insight into theffects of deposition parameters on ginewth of

Al 10Co5CrsFersNizsTie coatings.
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Figure 24: Structure zone model for predicting coating morpholo@iis figure wasdapted
from Thornton[25].
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CHAPTERS3: EXPERIMENTAL PROCEDURES

3.1 SputteringTarget and Substrateéreparation

The bulk alloy targets of A/Co5CrsFersNissTis were produced via vacuum arc melting
in a Tigettered argon atmosphere on a wataled Cu hearth. These bulk alloy samples were
melted several times to ensure homogendillyelemental components usedfabricatethe bulk
HEA had purities of 99.9% or higher. The resulting aagbtswere then machined to 50.5 mm
diameter by 6.3 mm thickness.

Single crystal Nibased superalloy substrates, CM8Xwhich were ground to B200 grit
surface finishwere used as substrat€sbstratedimensionof 15.9 mm x 9.5 mm x 3.3 mm
were used in this thesig\fter grinding the substrates were ultrasonically cleaned in sequential
acetone, methanol, ethanol, and isopropanol baths. Theasitions for the bulk
Al 10CasCrsFersNissTis targets and substrates are listed in Table 3.1.

For eachcoatingdepositiorseries four substrates were placed radially from the center of
the heating stage, as shown in Fig. 3.1. This was done because there was a visible temperature
gradient on the substrate plate, which was composed of Inconfl&B25The substrate plate is
heated by two USHIO 240¥000W halogen bulbs located under the center of the plate. The
circular substrate plate radius measures 84.5 mm (i.e., 3.325 in) in diameter with the edge sample
(position 4)being approximately 76.2 mm (i.e., 3 in) from the center, directly under the target.
Positions 3 and 2 were approximately 50.8 mm and 25.4 npeatgely from the center

(position 1) The target to sample sputtering distance (i.e., throw distance) was set to
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Figure 31: Positioning of samples osubstrate plateTheheavy blue dasbot-dash lines

indicate the relative locations of the heating area and heating elements beneath the stage. The
red dottedbutlinesdenotethe relative location of the sputter grelative tothe substratesOne

gun was used for each dejimn series.

19



Table 31: Composition of AloCoxsCrsFersNizeTis Sputtering targets and CMSXsubstrates.

Al 10CosCrgFersNizeTis Sputtering Targets CMSX-8
At. % Wt. % At. % Wt. %
Ni 35.1 38.3 Ni 62.88 59.9
Co 24.9 27.3 Co 10.45 10
Al 10.5 5.2 Al 13.02 5.7
Cr 8.4 8.1 Cr 6.40 5.4
Ti 6.2 5.5 Ti 0.90 0.7
Fe 15 15.6 Ta 2.72 8
W 2.68 8
Re 0.49 1.5
Mo 0.39 0.6
Hf 0.07 0.2
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approximately 38.1 mm (i.e., 1.5 in), the minimum distance achievable in the sputtering system
used. Nostage rotation was applied during deposition.
3.2 CoatingDeposition

Unbalanced direct current (DC) magnetron sputtering was used to deposit the
Al10CosCrsFersNiszsTis CCA. This condition was selected because it yieltigghe deposition
rate andoroduces a densemicrostructureCoatings were applied using and AJA International,
Inc. ORION 4 sputtering system with downward facing targfter loading the chamber was
pumped back down to an internal pressure of at least 503 Pa Once a low enoughitial
pressure was achieved, the heating stage was turned on and slowly ragf@ttdhe
selecteddepositiontemperature The chamber was then soaked at temperature until the vacuum
recovered to at least610° Paor better The substrates were RF biasg¢®5V for 510 minutes
before deposition began while the target was being brought up to designated pow4rigblltra
purity argon was pumped into the chamber at various rates to achieve the desired working
pressure for eachegosition.

The working conditions for the various depositions, designated as S&iesthis
thesis, ardisted in Tables 3-2. For Series 1, a 3@inute deposition was done using four
different conditions: variations of 225 and 300 W powers at ®anBorr argon pressure.
Series 2 samples consist of -h&ur depositions at 300 W target power. These coatings were
grown at 5, 15, and 30 mTorr argon pressure. Half of the samples were then marked for
annealing. The final set of samples, Series 3, waderwith a hour deposition done at 5

mTorr working pressure and then annealed.
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Table 32: Deposition series 130-minute deposition working conditions. All samples in this

series were analyzed as deposited.

Parameters / 225Watts 300Watts
Heat Treatmen 5 mTorr 30 mTorr 5 mTorr 30 mTorr
Center Center Center Center
Position 2 Position 2 Position 2 Position 2
As Deposited
Position 3 Position 3 Position 3 Position 3
Edge Edge Edge Edge

Table 33: Deposition Series 2 1.5-hourdeposition working conditions and heat treatments.

Parameters / 300 Watts
Heat Treatment 5 mTorr 15 mTorr 30 mTorr
Center Center Center
Position 2 Position 2 Position 2
As Deposited
Position 3 Position 3 Position 3
Edge Edge Edge
Center Center Center
Position 2 Position 2 Position 2
Annealed
Position 3 Position 3 Position 3
Edge Edge Edge
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Table 34: Deposition series B 3-hour deposition working conditions and heat treatments.

Parameters / 300Watts
Heat Treatment 5mTorr
Center
Position 2
Annealed
Position 3
Edge

3.3 Heat Treatment

Samples designated fbeat treatmenvere annealed in a tube furnace at 1800 Ultra-
high purity argon was pumped through the furnaaaittmize the chances for oxidatioAfter
an hour of heating the samples were removed from the furnace and airtcomech
temperature
3.4 StructuralAnalysis

X-ray diffraction (XRD) was condiied oncoated surfaces oe asdeposited samples
from Series 2 and the annealed samples from Set@si&ermine the predominant phases
present After XRD analysis, samples were mounted and polished to & h@brfacefinish for
scanning electron mioscopy (SEM).All SEM work was done with a Thermo Fisher Scientific
ApredE 2 SEMin the secondary electron and backscattered electron mdHesesulting
images were used to evaluate the quality, structure, and thickness of the cdzatieqs;
dispesive X-ray spectroscopy (EDS) was used/¢oify the chemistries of the sputtering targets
and superalloy substrates, and to determine the chemistries of the coatingy pimases that
formed within them EDS was also usdd create composition gradiecttarts for Series 2 and 3

samples. The resulting composition gradient charts were used to assess the extent of
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interdiffusion between the coatings and substratéise form of annterdiffusion zongIDZ)

size.
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CHAPTER 4 RESULTS ANDDISCUSSION

4.1 Heating Stage Temperature Gradient

When the heating stage was brought upigh temperaturs, a visible temperature
gradient could be seen with the center of the substrate plate being hotter than (fégedde.
Substrate temperaturafia major effect on the morphology of the coating. Therefore,
calculations were performed to estimate the temperature at different positions on the plate. The
full calculation can be found in Appendix Inconel 625, the material that the substrate pdate
made from, has a thermal conductivity of 19 W/ghat 649°C [25]. Using the inverssquare
law and the wattage of the USHIO bulbs, the amount of heat power applied to the plate was

calculated to be approximately 678 W. Using the equation:

f Y % (4-1)

Q, .
70
wherer is heat transferQis thermal conductivityi, is the distance from the heating area to the
edge,0 is the heating area of contact, diviepresersithe temperatuseat the edge and center of
the plate. Using this relationship and given a 85@enter temperaturthetemperatures of the
Position 3 and Edge samples were estimated to be 545 aii@ B&€fpectively.

To qualitatively assess the accuracy of these alounk, temperature stickers were
applied to the surface of the substrate plate. The stickers, which were capable of maximum
temperature of 260 °C, changed color at all positions confirthizigthe edge temperature of the
plate was at least above 28D. As substrate temperature has a profound impact on coating

morphology, the temperature gradient \eaperimentallyassessd by placing typeK

thermocoupldeneath aepresentativeuperalloy substratehich was placedt theselected
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Figure 41: A picture of the substrate plate showing the temperature gradient. In this image the
temperature was set at 650°C. This image also shows the thermocouple beneath a substrate
located in the center of tiseibstrate plate.
deposition positionsn the substrate platd hetemperaturevas then raisedequentiallyfrom
room temperature up to 650°C with isothermal holdsna houror moreto achievea near
steady stateThe heating stagéemperaturés measured by a thermocouple that is located
approximately 1 mm below the bottom of the substrate plate. That tempemadusabstrate
temperaturewerethenrecorded. Theresults arencludedin Fig. 4-2.

As expected, the temperaturesm@sed athe distance from the center of the plate
increased Two observations were unexpected. First, the temperature on top of the substrate
lagged the setpoint by almost 100°C at 650°C. Second, the temperatures recorded at positions 2

and 3 on thesubstrate plate were lower than the temperature measured at thd kdge.

temperaturdag at the plate center can be attributed to the location afyftemcontrolthermao
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substrate temperatures versus the temperature setpoint. (b) alternate plot showing the
temperature profile across the substrate plate.

27



couple relative to the heatinteenents ando location ofthe measurement thermocouplkich
is ontop ofthe substratplate

As for the temperature lag at positions 2 and 3; the reason is directly related to the design
of the substrate plate and the fact that no rotation was used dieposition. The bottom side
of the substrate plate has a series of concentric rings welded to the bottom to provide stiffening
and to act as fins to distribute heat more uniforprtyvided thathe stage is rotatingNo stage
rotation was used in this studyhis resulted in two visible hot spots on the substrate plate, just
above the underlying heating elements. Furthermbesstiffeningrings encompass the region
between positions 2 and 3 on the substrate plate.hypothesizedhese fins acted more as a
heat sink when the stage was not rotated resulting in a slightly reduced temperature in those
regions.
4.2 Series 1 Coatingslinitial Screening

Series 1 depositions were completedapidly assess the infmces of power level and
working gas pressure on film/coating morphology. Due to the presence of the temperature
gradient, this series of tests also allowed for a qualitative assessment of the influence of substrate
temperatureThe thicknesseand tempeatures for the Series Hepositsareshownin Table 4.1.
As expected, the coatings formed at lower pressure are thicker than the coatings formed at higher
pressureCoatings located closer to the center of the substrate plate, farther away from the
sputtergun, were also thinnel.ooking at samples with matching pressure and temperature
parameters at the different powers, the 300 W depositions were at least 50% thicker with some

coatings upwards of 70% thicker for each condition compared to the 2pus.
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Table 41: Thickness measurements for Series 1 depositions.

Substrate Homologous
Target Working Thickness
Position | Temperature°C) | Temperature
Power Pressure (um)
Calculated/Actual
Center 650/ 525 0.517 0.5559
Position 2 650/ 459 0.474 0.9909
5 mTorr
Position 3 545/ 373 0.419 1.0393
Edge 350/ 437 0.460 1.3353
225W
Center 650/ 525 0.517 0.3527
Position 2 650 / 459 0.474 0.7778
30 mTorr
Position 3 545/ 373 0.419 1.1643
Edge 350/ 437 0.460 1.1353
Center 650 / 525 0.517 0.9274
Position 2 650 / 459 0.474 1.4864
5 mTorr
Position 3 545/ 373 0.419 1.9355
Edge 350/ 437 0.460 2.0564
300W
Center 650 / 525 0.517 0.6039
Position 2 650 / 459 0.474 1.1722
30 mTorr
Position 3 545/ 373 0.419 1.7583
Edge 350/ 437 0.460 1.7462

Fig. 4.3 shows representative images of the different morphologies observed in this series

of depositions. Homologous temperatures were determined based upon the solidus temperature
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of 1270°C reported by Manzoni et f123. Fig. 43(a) shows the center sample deposited at 30
mTorr. With a homologous temperature of 0.517, a Zone 2 morphology was expected based on
the SZM.However, the porous structure observed in the cross section and topography is
reminiscent of a Zone 1 morphology but with wider columns. A review of published literature
suggests that this high porosity is a product of the high incident angle of spLiti&4126.
This phenomenon is explored further in the thicker coatings of Sedskherjee and Gall
havedemonstrated that typicabne 2 morphologies are suppressed by increased angles of
incidence during sputtering due to shadowing effects leaditijeimost extreme cases to the
formation of structures consisting of rods, columns and protrusions separated by voids or at the
highest temperatures to equiaxed grains with whidi&q.

All the coatings produced at 5 mTorr, represented by F&fb} exhibit the smooth
featureless morphology typical of Zone T coatings. F§.(d) and (d) show coatings produced
at the same working conditions at different target powers. These coatings show an intermediate
hybrid between the Zone T and Zone 2 structure with dense distitiitirous grains with no
voids. No major morphological differences were observed between coatings produced at

different powers with the same pressure and temperature parameters.

4.3 Series 2 CoatingsAs Deposited

An additional working pressure conditiah 15 mTorr was added for the Series 2
depositions. A 1.5 hr deposition time and 300 W target power were used to produce thicker
coatings, as seen in Table24Appendix B contains images and concentration profiles from the
asdeposited coatings indicagmo interdiffusion between the coatings and substrates during
deposition. The Series 2-dsposited coatings show similar trends to the trial depositions (i.e.,

Series 1). The coatings grown at 5 mTorr all displayfééureless cross sectiand smooth
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surface topology typical of Zone T with the 30 mTorr coatings exhibiting more porous and
columnar structures.

Fig. 44 displays representativepographic and crossectionaimages of the Series 2-as
deposited coatings. Fig:-41(a) gives a étter image of the of the porous Zone 2 coatthgs
was observeth the highpressure centatagesamples of Series 1. Agasnoted in section 4.2,
the porosity is a result of shadowing caused by the angular growth of the coating columns. The
tips of the columns display the faceted tops that are indicative of a Zone 2 morphology. This
topography is seen again in the (b) and (c) images and matches the model developed by
Mukherjee and Gall12§. All the 5 mTorr coatings, represented in (d), continue to display
smooth Zone Tnorphologies.

Fig. 45 shows the observed SZM of the coatings studied in this thesis. Shadowing
caused by a high angle between the target and substrate restheddcurrence gforous
Zone 2 morphologies faroatings deposited on in tikenterposiion andin position 2on the
substrate platat higher working pressuse
The thicker coatings allowed for XRD phase confirmation. Fi§i4-ig. 48 shows XRD
patterns for the adeposited coatings. On the thinner coatings some peaks from the-8MSX
subgrate were registered. Peaks were identified for the expected FCC and BCC/B2 phases. The
lattice parameters for the FCC matrix and BCC phases were determined to be 3.592 and 2.869 A
respectively. This result concurs with previously determined lattice paeasi¥i6]. A set of
three peaks near 4@ were detected on each scan. After conducting additional scans these

peaks were found to come from the aluminum alloy sample holder.
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Table 42: Thickness measurements of as deposited Series 2 coatings.

Substrate Homologous
Target Working Thickness
Position | Temperature°C) | Temperature
Power Pressure (um)
Calculated/Actual
Center 650/ 525 0.517 2.4639
Position 2 650/ 459 0.474 4.4925
5 mTorr
Position 3 545/ 373 0.419 5.6988
Edge 350/ 437 0.460 5.9518
Center 650/ 525 0.517 1.7108
Position 2 650/ 459 0.474 3.3378
300 W 15mTorr
Position 3 545/ 373 0.419 4.8442
Edge 350/ 437 0.460 5.3166
Center 650/ 525 0.517 1.1884
Position 2 650/ 459 0.474 2.4925
30 mTorr
Position 3 545/ 373 0.419 3.8768
Edge 350/ 437 0.460 4.6052
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Figure 46: XRD patterns of adeposited coatings produced at 5 mTorr working pressure.
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Figure 48: XRD patterns of adeposited coatings produced at 30 mTorr working pressure.
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4.4 Series 2 CoatingsAnnealed

The Series 2 coatings were annealed to observe morphology changes and to preliminarily
assess coating/substrate interdiffusion behavior. TaBlgides the measured IDZ thickness.
These measurements were determined by analyzing the composition paifdeted using
EDS analysis. Fig.-9 shows representative photos of annealed cross sections with their
corresponding composition profdeThe Zone T, 5 mTorr coatings displayed the smallest IDZs
overall. The 30 mTorr center sample composition profilevatba relatively consistent
composition through the cross section. Therefore, no IDZ could be measured for that coating.
Each sample showed Al diffusing out of the coating and towards the surface. The Re, Mo, and
Hf components of the CMSXR substrate werexcluded from the composition profiles. Their
respective atomic percentages in the superalloy are too low for accurate EDS measurements. The
5 mTorr coatings showed evidence of phase separation within the coating. This was further

investigated in the Sese3 depositions.

4.5 Series 3 CoatingsThicker Coatings After Annealing

The final series of depositions were all produced at 5 mTorr for 3 hours to obtain coatings
with thickness that was more representative of commercial coatings and bulk matdress. T
deposition conditions also yielded the densest coatings which interdiffused the least during the
Series 2 anneals.

The thickness and IDZ measurements of the coatings are displayed in Bablesdeen
in the 5 mTorr Series 2 coatings, some ofdbatings showed evident phase separation resulting
in the growth of BCC/B2 phases in an FCC matrix. Fi@04hows the cross sections and
composition profiles of the Series 3 coatings. The position 3 sample {Efc¥) showed minor

phase separation thithe edge sample (Fig:10(d)) exhibiting high levels of phase separation.
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Table 43: IDZ measurements of annealed Series 2 coatings. Samples were annealed@t 1000
for 1 hour.

Target Power Working Pressure Position IDZ Thickness (um)
Center 0.4834
Position 2 0.7246
5mTorr
Position 3 0.9782
Edge 0.9299
Center 0.753
Position 2 1.2663
300 W 15 mTorr
Position 3 1.2563
Edge 2.2289
Center N/A
Position 2 0.933
30 mTorr
Position 3 1.10552
Edge 1.012
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The compositions of the garate phases were determined using EDS and are given in Table 4
The data for this analysis was collected from the edge sample because it showed the highest
amount of distinct phase separation. The high standard deviations are most likely caused by the
short heat treatment not allowing time for proper phase separation.

The coatings deposited at the lowest homologous temperatures (i.e., 0.419 at Position 3,
0.46 at edge, and 0.474 at Position 2) all exhildtede T morphologies while the one deposited
at thehighest temperatureenter positiongxhibited mixedZone T/2 morphology Surprisingly,
the coating deposited at the highest temperature, which was the thinnest, exhibited the least
amount of interdiffusion. This can be attributed to the fact that those coatings, because they are
nearerZone 2,are denser, anekhibit larger cumnar features and fewer grain boundaries. Itis
well known that grain boundary diffusion is significantly faster than bulk diffugi@n].
Though more quantitative microscopy is warranted, this observauiggests thahinner
coatings with the appropriate méwggdogy can provide better resistance to interdiffusion than
thicker onesf they possess the right morphology.

The XRD patterns of the annealed Series 3 coatingshamenin Fig. 411. The same
FCC andBCC/B2 peaksobserved in the Series 2 coatinggewabservedchere along witheveral
smalloxide peaks that formed on the surface during air cooling. The oxide peaks positions most
closely matched known values forAl ;O3 and nickel chromate spinel (Ni€.) [128129.

Three small peaks associated with the XRD s
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Table 44: Thickness and IDZ measurements of Series 3 coatings. Samples were annealed at

1000°C for 1 hour.

Working " Coating IDZ Thickness
Power Pressure Position Thickness (um) (um)
Center 4.843 1.4976
Position 2 8.2123 2.2347
300W 5 mTorr
Position 3 12.1256 3.1884
Edge 14.1724 2.6207

Table 45: Composition of separated FCC and B2 phases afteuf 1000°C anneal. Data
gathered using EDS from Edge sample.

Phase

Al

Ti

Cr

Fe Co

Ni

FCC

9.46 + 0.56

4.01+0.19

10.94 £ 0.30

16.87 +0.28

30.67 +0.72

27.83 +0.5]

B2

27.21+1.65

6.04+ 0.22

3.51+0.76

9.45+ 0.67

21.9+0.64

31.64+0.28
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Details concerning SZMs and coating morphology are provided in Appendbhis.
study has shown thatre must be taken when a single sputtering gun is used or when a series of
guns are used and are offset from the center of the sample stage.iffdeepntdmicrostructural
morphologiesanevolve as functions afeposition power, pressugjbstrate temperature and
angle of incidence to the sputtering souréegle of incidenceand its influence of morphology
areoften overlooked in combinatorial studiessthin film and coating growth. It is well known
that an offnormal deposition flux, enhances columnar grole#uing tochangsin column
shapg124,130131]. Rather than growing normal to the surface, columns grow towards the
adatom source and may change stdpeto a combination of substrate surface roughness,
homologous temperature, adatom surface mobility, anchg&ical shadowing effects. This
oftengives rise to the formation of several new microstructural morphol¢gjigsrods,
columns, protrusions, and equiaxed grains with whi3kerd can lead to dramatic differences in

properties such as hardness ahemgical diffusion{126.

When prodaing thin films or coatings by sputtering, lower substrate temperatures tend to
be favored to reduce processing costs and to avoid altering the microstructures and properties of
the underlying substrate. However, it is well known that increased sulistraderature allows
the deposition process to approach thermal equilibrium leading to more favorable properties and
lower stress. To obtain high density smooth films at low substrate temperatures, films and
coatings should be deposited at lower gas pressand temperatures under Zone T conditions
[55]. Surface roughness must be kept to a minimum as roughness encourages shadowing.
Furthermore, where shadowing might be expected changes in deposition conditions (or
apparatus) to promote surface diffusion will produce denser films that are more resistant to

diffusion[132133.
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CHAPTERS: SUMMARY, CONCLUSIONSAND FUTURE WORK

5.1 Summary and Conclusions

The goal of thighesiswas to provide a better understandaighe influences of
processing variables on the morphologies and microstructures of a CCA coating with specific
emphasis on the applicability of the SZM to predict coating morpholGgatings were
processed using a single sputter gun that was oriehtae dhe edge location on the substrate
plate. A temperature gradient existed in the system running from the substrate plate center out to
the edge of the platélhe sputtered AbCoxsCrsFersNissTis coatings exhibit Zone T
morphologies when produced atr orr Ar gas pressure. Coatings produced at 15 and 30 mTorr
Ar gas pressure had porous Z&wructuresvhich werecaused by shadowing effect resulting
from a high angle oihcidence duringputtering This phenomenon was primarily evident in the
sampes closest to the center of the sputtering stegthest away from the sputter gumbis
observation supports the work of Mukerjee and Gall who showed that increasing angles of
incidencecan lead to the formation of well separated columns in the samge where
sputtering with no angle of incidence would lead to dense columnar grbdh In lower
temperature regions, Position 3 and edge, the coatings exhibited mixed structures that were
classified as Zone T/2.

XRD analysis revealed that the-dasposited samples mEssed the sanphasess the
bulk alloy. The annealed samples showed similar XRD results with the addition of small oxide
peaks. The oxides likely formed during air cooliriche edge and Position 3 annealed samples

showeddistinctphaseseparatiorafterthe 1000°C/1 houranneal.
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From the annealed series 2 coatings, it was confirmed that coatinggdonehr
microstructuregdeposited at 5 mTorrhich were thelensestdiffused intothe CMSX-8
substrateghe least.Work on thicker coatings in the series 3 experiments showed dinat T
coatings deposited at the lowest temperatures interdiffused more rapidly than coatings deposited
at higher temperatures. This difference is likely related to a reduction in agalain
boundary area due to the growth of larger columns coarsening at higher temperatures or to a
change in morphology to a mixtureénes T and 2The IDZs assigned in this work were
defined based upon EDS composition profiléore detailed work usg more accurate
techniques are warranted to obtain quantitative information. The degree of interdiffusion
suggests that AlICoxsCrsFeisNizeTie could function as a diffusion barrier or bond coat under the
right service conditions
5.2 Future Work

Some reommendations for possible future work are provided below.

One of the limiting factors in this study was the inability to reach temperatures above half
the melting temperature. Future studies can investigate the growth Zone 3 morplelbgres
using ahigher temperature systeon by implementinga combination of substrate biasing and
glancing angle deposition as suggested by Mukherjee and Tallower end of the structure
zone model spectrum also needs to be researched.

Accurate thermahnalysis must also be done for this altoybetter establish the
homologous temperature rang&3urrent calculations are based upon thermodynamic models
that predict solidus temperatures of approximately 1270°C for this alloy. A more accurate

determinabn is needed to better quantify what is happening during deposition.
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Given the small amount of diffusion displayed in the 5 mTorr coatings, research could be
put into assessing AICoxsCrsFesNizsTis as a potential diffusion barrier coating material.
Interestingly, this alloy exhibits less apparent interdiffusion with a CA834bstrate than a
thicker NiAl-1Hf coating deposited and annealed under the same conditions. Along with this,
annealing parametestiould be explored toptimizing the microstructerafter the sputtering
procesgut prior to insertion into service

Imaging of fracture crossections rather than the polished crssstions used in this
thesis would improve morphological assessment. Higher resolution imaging is also needed to
betterquantify coating morphologies. Transmission electron microscopy would allow imaging

of substructure and establishment of column orientations.
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APPENDIX A: TEMPERATURE GRADIENT DERIVATION

Assumptions:

1
il

Center of the heating stage is reaching the setpoint temperature

Power from bulbs is lessened according to Inve3geare Law

Assume bulb is a perfect cylinder with radius and height 18.55 mm and 53.05 mm
respectively

Only upward facing surface of the bulb is supplying heat to the plate

Only method of heat transfer thigluthe stage is conduction

Heating contact area of the plate is circular with a radius of 38.1 mm (1.5 in)

Distance from edge of heating area to the edge of the plate is 38.1 mm (1.5 in)

Determining heat transfer to the stage:

Using the measurements otthulb and the equation for the surface area along the length

of a cylinder, the bulb surface area was calculated as follows:

) (A-1)
O “OBipyYboediuvoitu (A-2)
0 minomnwpux (A-3)

Assuming only the upward facing edge is heating the stage, we divide this area in half to

obtain the effective bulb surface area, :

TMImomnwp v .
o) c P 1X[8IT[pUTU)(l]JU (A-4)
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The heating contact arga , was calculated to be
o) “I1 “OBtoyPp TWIMTULEHO QX (A-5)
ThelnverseSquare Law states that the energy transfer to the sample stage is inversely

proportional to the ratio of the areas

o) TBIMTULVQHMOU
0 TIMPULUT WX Y

(A-6)

Given two 1000 W bulbs and the invetsguare law ratio, the heat transfer power is
calculated to be:

pnmmecAOl AO

A-7
By oX W (A7)
Calculating edge temperature:
Conduction heat transfer equation
Q
n T DIOY Y (A-8)

Value for thickness is the distance from the edge of the heating area to the edge of the

substrate platd.e.,38.1 mm Substituting values, we find:

pad M J# . 3
- A-9
o X W n&omp:)n&tntucpmc@munY (A-9)

where"Y is in this case, the edge temperature. Solving we find:

%NAGRT ADOAOOIA
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If this calculation is epeated for Position 3 sampleslat7mm from theedge of the

heating areawe find:

N~ s A ~ X
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APPENDIX B: COMPOSITION PROFILES FOR ABEPOSITEDSERIES 2COATINGS
The 11 figures provided in this appendixethe EDS composition profiles for the as
depositedSeries Zoatings. The profiles verify that there was no interdiffusion between the

coatings and superalloy substrates during deposition.
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Figure B1: (a) SEM image of the region of analysis &) corresponding EDS composition
profile for aSeries Zoating deposited at 5 mTorr. Center substrate plate position.
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Figure B2: (a) SBM image of the region of analysis and (b) corresponding EDS composition
profile for aSeries Zoating deposited at 5 mTorr. Substrate plate Position 2.
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Figure B3: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for aSeries Zoating deposited at 5 mTorr. Substrate plate Position 3.
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Figure B4: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for aSeries Zoating deposited at 5 mTorr. Edge position on substrate plate.
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Figure B5: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for aSeries Zoating deposited at 15 mTorr. Position 2 on substrate plate.
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Figure B6: (a) SEM image of the region of analysis and (b) correspgrieiDS composition
profile for aSeries Zoating deposited at 15 mTorr. Position 3 on substrate plate.
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Figure B7: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for aSeries Zoating deposited at 15 mTorr. Edge on substrate plate.
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Figure B8: (a) SEM image of the region of analysis and (b) corresponding EDSos(iop
profile for aSeries Zoating deposited at 30 mTorr. Center position on substrate plate.
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Figure B9: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for aSeries Zoating deposited at 30 mTorr. Positi® on substrate plate.
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Figure B10: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for aSeries Zoating deposited at 30 mTorr. Position 3 on substrate plate.
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Figure B11: (a) SEM image of the region ahalysis and (b) corresponding EDS composition
profile for aSeries Zoating deposited at 30 mTorr. Edge of substrate plate.
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APPENDIX C: COMPOSITION PROFILES FOR ANNEALED SERIES 2 COATINGS
The 12 figures provided in this appendpe the EDShe composition profiles for the
Series 2 coatings after annealing at 1000°C/liire images reveal complete coating degradation
for the porous Zone 2 coatings deposited at 30 mTidne profiles show that coating/substrate
interdiffusion occurred with the nsbporous coatings exhibiting the highest degree of
interdiffusion. The degree of interdiffusion generally decreased as coating density and thickness

increased.
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Figure CG1: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for an annealed Series 2 coating depositéslrafl orr. Centerof substrate plate.
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Figure G2: (a) SEM image of the region of analysis and (b) correspgrieiDS composition
profile for an annealed Series 2 coating deposited at 5 mTorr. Position 2 of substrate plate.
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Figure C3: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for an annealed Series 3 coating depdsitt 5 mTorr. Position 2 of substrate plate.
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Figure G4: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for an annealed Series 2 coating deposited at 5 mTorr. Edge of substrate plate.
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Figure G5: (a) SEM inage of the region of analysis and (b) corresponding EDS composition
profile for an annealed Series 2 coating deposited at 15 mTorr. Center of substrate plate.
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Figure C6: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for an annealed Series 2 coating deposited at 15 mTorr. Position 2 of substrate plate.
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Figure G7: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for an annealed Series 3 coating deposited at 15 mToritioR@&of substrate plate.
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Figure C8: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for an annealed Series 2 coating deposited at 15 mTorr. Edge of substrate plate.
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Figure G9: (a) SEM image of the regiaf analysis and (b) corresponding EDS composition
profile for an annealed Series 2 coating deposited at 30 mTorr. Center of substrate plate.
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Figure G10: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for anannealed Series 2 coating deposited at 30 mTorr. Position 2 of substrate plate.
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Figure G11: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for an annealed Seri@soating deposited at 30 mTorr. Posit®af substrate plate.
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Figure G12: (a) SEM image of the region of analysis and (b) corresponding EDS composition
profile for an annealed Series 2 coating deposited at 30 mTorr. Edge of substrate plate.
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APPENDIX D: SHORT OVERVIEW OFSTRUCTURE ZONE MMELSIN PVD

Structure zone models (SZMs) are widely used to classify the morphologies of thin films
and coatings deposited via physical vapor deposition processes. An establishment of the central
phenomena responsible for the formation and evolutiomwdtsire along with their
dependencies on processing parameters allow for the construction of SZMs.

The initial SZM was proposed by Movchan and Demchighotescribe thehanges in
surfacemorphology in some evaporated metal (Ni, Ti, and W) and cerami©{ahd ZrQ)
films in terms of their homologous temperatiyeY , where"Yis the deposition temperature and
“Y the melting temperature of the material being deposited, both in degrees[H8K{inThe
SZM, shown in Fig. D1, has three zones, each displaying a characteristic morph@legy

feature size, shape, and arrangenoéphaseps

a Zone 1 Zone 2 Zone 3
o 7 ==
LE > LIRS » .
-“ Y .‘. » .
S Db ok
S e v .
P ey it -
> '.‘ :" Niie . v
0 N Wy \i' "‘\n A
AT =
A S LTI LI LN SX A YN
Metals < 0.26 0.26 ... 0.45 > 0.45
Oxides < 0.26 0.26 ... 0.45 > 0.45

Figure D1: Structure zone model proposed by Movchad Demchishin for classification of
thick film morphologies produced via thermal evaporafibdy].

These same zones have also been found to occur in sputter deposited films. Thornton

extended thé&lovchan and Demchishin model to sputter deposition by adding deposition
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pressure as a valke to describe the influence of adatom mobility caused by energetic particle

bombardment25120. Thor nt ondés SZM -2 s shown in Fig.

Transition structure Columnar crystalline
consisting of densely grain structure

packed fibrous grains
with domed tops

Porous structure
consisting of tapered
columnar crystallites
separated by voids

Recrystallized crystalline
grain structure

FigureD-2: Structure zone model for predicting coatmgrphology This figure wasdapted
from Thornton[25].

Zone 1 structures are observed in amorphous and in crystalline films. They are a direct
result of limited adatom mobility (and thus limited surface diffusion) which allows shadowing
effects to dominate growthZone 1films and coatingsire composed dibrouscolumrs
separated byetworks oftapered voidsvith rough, convoluted and cauliflowdike surface
morphologies The void networks are hierarchical, often extending all the way from the
substrate plane to the film surface. Inmerof propertiesnetallicZone 1 films are
mechanically hard, are often in a tensile stress state, and are prone to high rates of chemical
diffusion. Ceramic films produced in this regime tend to softer than films produced with other
morphologies.
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Zone 2 films exhibit columnar morphologies but with dense,-defiined grain boundary
arrays and increased grain widthighis isbecausadatom mobility is higheresulting in
increasedsurface diffusiorwhich densifies the intercolumnar boundariesthia regime, the
films often develop faceted surface features and will exhibit very strong crystallographic
textures. In thick coatings, the columns do not necessarily run from the substrate surface all the
way to the coating surfacd.he properties of @ne 2 films are often comparable to those of bulk
materials In terms of diffusion and chemical attack, Zone 2 films are expected to be more
resistanthan Zone Hue to higher density and reduced grain boundary area.

Zone 3structures have been founddonsist of neaequiaxedecrystallizedyrains due to
the occurrence of bulk diffusion and recovery procesbeterms of properties, Zone 3
structures tend towards those of large grained recrystallized bulk matéuabker increases in
theresistanesto diffusion and chemical attaeke expected due to reduced grain boundary area
and increased density. Mechanically, these structures lead to properties likatthose of
fully annealed bulk materials.

Thorntonds model i ncludes a trangcdlledon zon
ZoneT, surface diffusion governs film morphologyst as it does in Zone. 2T he films maintain
the fibrous/columnar grain morphology of Zoneblit the grains were more densely packed
together-dawinmedto Aisumeaces aghdhe fdm thickresstTheext end t h-
resulting films tend to be in a compressive stress state, and to exhibit smoother top surface
morphologies Internally, voids are still present (as in Zone 1) but the void networks are
nonhierarchical with no direct connectibatween the substrate plane and top surface. At higher

deposition pressures a matchstiidle morphology occurs within Zone, dften labeled Zone M
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[124. This zone is included in the SZM in Fig-D Zone T films tend to be harder than Zch

coatings and are more resistant to diffusion or chemical attack than Zone 1.

FigureD-3: Structure zone mod#hat includes Zone N11.24.

Though only qualitative in nature, SZMsestill widely used to estimate thin film
morphology under specific deposition conditiomdessier et al. have further developed the SZM
by incorporating substrate voltage bias and film thicki@8js(Figure D4). Their proposed
SZM illustrates the effects of both bombardmieiuced and thermahduced mobility.

Increasing temperature and/or bombardment causes the rate of evolution of the dominant
morphology (i.e., the average size of the morphological features) to deciéaseadditionally
considered how films evolved as thickness increased, resulting roanienary SZM that
predicts a surface morphology size thalmostlinearly related to film thickness by a power of

approximately 3/4 of the film thickness.
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