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ABSTRACT

In this study, the effects of Al addition on the phase evolution, morphology and
mechanical properties of (NbTiVZr)100--Al: (x =0, 3.5, 7.3, 12.4, 12.9) high entropy alloy
films (HEAFs) and (NbTiVZrN)i00-xAlx (x=0, 0.7, 2.3, 3.6, 4.0) high entropy alloy nitride
films (HEANFs) were systematically investigated. For the (NbTiVZr)100-Al: HEAFs, all
the films exhibited amorphous structure and the hardness increased slightly. For the
nitride films, the XRD patterns revealed FCC structure and the preferred orientation
transferred from TiN(200) to (Nb, Zr)N(111) as the Al content increased. The results of
the corresponding selected-area electron diffraction patterns of TEM images agreed well
with the XRD results. Cross-sectional SEM and TEM observations exhibited ultra-fine
columnar structure with a few inclusions and voids. XPS was conducted in order to further
investigate the bonding between the constituent elements, and the replacement of the
dominant compounds was confirmed. The nanoindentation test were performed to acquire
the mechanical properties of the films. The hardness, reduced modulus and fracture
toughness of nitride film increased with the increasing Al concentration and reached the
maximum values of 28.1 GPa, 253 GPa and 2.08 MPaxm®>, respectively, for x = 3.6. The
significant improvement could be ascribed to solid solution strengthening, inverse Hall-
Petch effect and the replacement of dominant nitride compounds. As the Al content
increased to x = 4.0, the coefficient of friction decreased from 0.082 to 0.065. The
relationship between the microstructure and mechanical properties was studied for the

(NbTiVZrN)ioo-xAl, HEANFs in this work.

Keywords: high entropy alloy films; Al addition; nitride films; microstructure;

mechanical properties
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Chapter 1 Introduction

High-entropy alloys (HEAs), first reported by Yeh et al. in 2004 [1], differ from
conventional alloys by containing five or more principal elements with each
concentration between 5 and 35 at.%. Due to the four core effects, namely high mixing
entropy, sluggish diffusion, severe lattice distortion and cocktail effect, HEAs are
generally favorable to form simple BCC, FCC solid solutions or amorphous phase [2, 3].
Much attention has been attracted to the investigation of bulk HEAs prepared by arc
melting and casting; however, high entropy alloy films (HEAFs) have also attracted broad
interest over the last decade due to their excellent mechanical properties. Compared to
bulk HEA materials fabricated by casting, HEAFs fabricated by magnetron sputtering [4-
8] are subjected to the much faster cooling rate that would limit the diffusion of elements
and inhibit the grain growth to obtain the much smaller grain sizes. It is also more likely
to form the amorphous phase or the metastable solid solution without the presence of any
precipitates for HEAFs [9-12].

Since the 2010s, high-entropy alloy nitride films (HEANFs) have received much
attention due to their attractive mechanical properties, such as high hardness [13, 14],
excellent electrical properties [15], corrosion resistances [16] and creep behaviors [17].
Those superior mechanical properties are attributed to the formation of mixed ion-metal-

covalent bonds. Cui et al. [18] prepared the (AICtTiZrHf)N films using radio frequency

1
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(RF) magnetron sputtering. As the nitrogen content increased from 0 to ~50 at.%, the

hardness was improved from 17.9 to 33.1 GPa. Chen et al. [19] reported that the

AlCrMoTaTi HEANFs exhibited the maximum hardness of 34.0 GPa. In Chang et al.’s

works [20], (CrTaTiVZr)N films deposited by magnetron sputtering possessed superior

hardness of 36.6 GPa. Moreover, nitrides could serve as the heterogeneous nucleation

sites for crystallization and thus the structure of HEANFs presented in existing works

mostly exhibited highly crystallized grains [21, 22]. Liang et al. [23] and Chang et al. [24]

fabricated the (TiVCrZrHf)N and TiVCrAlZr HEANTFs, respectively, by reactive

magnetron sputtering and the FCC structure was revealed in both researches. The

structure of (CrAITiNbV)N films reported by Lu et al. [25] also exhibited FCC phase as

well.

Recently, more and more research efforts have been devoted to doping one or two

elements in the HEAs with different concentrations in order to improve the mechanical

performances [26-30]. In this study, four refractory metal elements Nb, Ti, V, Zr are

selected based on the facts that these elements have the similar atomic size,

electronegativity and sputter yield. In addition, the as-cast NbTiVZr HEA possess a high

yield strength of 1320 MPa but poor compressive ductility of 4.2% [31]. Stepanov et al.

[32] and Xu et al. [31] introduced aluminum to the NbTiVZr alloy system because Al has

a negative mixing enthalpy with the constituent elements in NbTiVZr alloy (the mixing

doi:10.6342/NTU202300667



enthalpies of Al with Nb, Ti, V and Zr atomic pairs are —18, —30, —16, and —44 kJ/mol,
respectively) [33]. The incorporation of Al in the NbTiVZr alloy successfully helped the
AlosNbTiVZr alloy to possess a higher yield strength of 1367 MPa and superior
compressive ductility of 10.14%. Hsu et al. [34] studied the effects of Al doping on the
microstructure and mechanical properties of Al CoCrFeMnNi HEAFs and found that the
hardness of Al-doped HEAFs increased significantly from 5.71 to 8.74 GPa. Feng et al.
[35] fabricated the Al,CoCrFeNi HEAFs and found that with the Al addition, the structure
changed from FCC to BCC and the hardness increased from 3.8 to 4.3 GPa.

The aim of the present study was to optimize the mechanical properties of the
(NbTiVZr)100-Al: (x =0, 3.5, 7.3, 12.4, 12.9) HEAFs and (NbTiVZ1N)00-Al: (x=0, 0.7,
2.3, 3.6, 4.0) HEANFs and to observe the difference in microstructures with various Al
concentrations. In this work, a series of (NbTiVZr)io0-+Alx HEAFs and (NbTiVZrN)ioo-
Al HEANFs was deposited by RF magnetron sputtering. The chemical compositions,
crystalline structures, chemical bonding of the constituent elements and mechanical
properties of the films were analyzed, and the correlation between the microstructures

and mechanical properties was systematically investigated.

Chapter 2 Literature Review

2.1 High entropy alloys

Unlike most conventional alloy design strategy based on one or two principal
3
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metallic elements, high entropy alloys (HEAs), first introduced independently by Yeh et

al. [1] and Cantor et al. [36] in 2004, has attracted lots of attention over the past decade.

Due to the large mixing entropies among each element, HEAs are favorable to form solid

solution, FCC, BCC structure or amorphous phase rather than intermetallic compounds

[2, 3, 37]. Furthermore, the manufacturing process of HEAs doesn’t require special

techniques or equipment, which indicates that the fabrication of HEAs can be easily

completed with existing equipment and technologies. With the four core effects, namely

high mixing entropy, sluggish diffusion, severe lattice distortion and cocktail effect,

HEAs possess a remarkable potential in hardness and strength [38-41], wear resistance

[42-44], fracture toughness [45], corrosion resistance [46-48] and high temperature

resistance [49-51], which shed light on the design of potential materials. As a result, HEAs

have captured extensive attention and efforts of growing numbers in the materials science

community in the past decade.

2.1.1 Definitions

According to the earlier researches published by Prof. Yeh et al. [1, 3], HEAs are

defined as multicomponent alloys which composed of five or more principal elements in

equimolar ratios. In order to expand the scope of alloy design, HEAs were defined as

principal elements with the concentration of each element being between 5 to 35 at.%.

The revised definition of HEAs doesn’t need to be equimolar, which increases the
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possibility of HEAs design significantly [37]. The widely accepted definition of HEASs is
based on two factors: chemical compositions and mixing entropies.

The configurational entropy of a system is calculated with the Boltzmann’s equation
[52] as follow:
AScons = kplnw (1)
where kg is Boltzmann’s constant and w is the number distinguishable micro-states in the
system. Following the Boltzmann’s formula, when the solid solution is composed of n-
element equimolar alloy, the molar mixing configurational entropy can be calculated with
a simple approach [3]:
AScong = Rlnn (2)
where R = 8.314 J K- mol"! and 7 is the number of the elements of the alloy and has to
be larger than 5, resulting in the value of AS,,,r must be larger than 13.37 J K-' mol",
However, when the concentration of each element is not equimolar, the configurational
entropy can also be acquired as [53, 54]:
ASeons = —R Y1, XiInX; 3)
where X; is the atomic percentage for the ith element. Based on the equations above, the
alloys were roughly grouped into three categories according to their mixing entropy in
the random solution state shown in Fig. 2-1, namely

(1) Low-entropy alloys: AS;q,s < 0.69R, containing 1 or 2 as major elements;
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(i) ~ Medium-entropy alloys; 0.69R < AS;,,y < 1.61R , containing 2-4 main
elements;

(iii)  High-entropy alloys: AS.,,r = 1.61R, containing at least 5 elements.

High-entropy alloys

Medium-entropy alloys

Low-entropy alloys
(traditional)

1.61R= /AASconr=0.69R

Asconfg 1.61R

Fig. 2-1 The definition of high entropy alloys, medium entropy alloys and low entropy alloys [3].

2.1.2 Four Core Effects

Four core effects are often referred to describe HEAs, there are the high mixing
entropy effect, sluggish diffusion effect, severe lattice distortion effect and cocktail effect
[3]. Those hypotheses were first proposed based on information available in the earlier
publications. The four core effects will be briefly introduced and evaluated in this section
below.
High Entropy Effect

The high entropy effect is the representative concept of HEAs, proposing that the

increased configurational entropy may favor the formation of the solid solution phase
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(FCC, BCC, HCP, amorphous etc.) over intermetallic compounds. For HEAs, the

difference in entropy among constituent elements is particularly large owing to the

multiprincipal-element design. The high entropy effect indicates that the higher mixing

entropy in HEAs lowers the Gibbs free energy of solid solution phases and stabilizes the

formation of solid solution, particularly at high temperatures. According to the following

equation, the Gibb’s free energy of mixing (AG,,;,) of a solid solution is commonly used

to predict the phase formation [54-56].

AGmix = AHmix - TASmix (4)

where AH,,;, is the enthalpy of mixing, 7 is the temperature of the system and AS,,;,

is the entropy of mixing. Hence, the formation of solid solution phase depends on whether

the value of —TAS,,;, is smaller than AH,,;, . While vibrational, electronic and

magnetic terms are acknowledged, the configurational term is still considered to be

dominant [37]. Despite the fact that the mixing enthalpy in solid solutions is relatively

low compared to intermetallic compounds, the mixing entropy increases with the number

of the elements which overcomes the loss of mixing enthalpy and therefore tend to the

form the solid solution phases.

Severe Lattice Distortion Effect

Severe lattice distortion is attributed to the size difference of atoms that lead to the

displacement of lattice sites [37, 57]. Larger atoms push away their neighbors and small
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ones have extra space around. With the sufficiently large atomic size differences, the

distorted lattice may collapse into an amorphous structure since the lattice distortion

energy would be too high to retain crystalline configuration. The distortion in either

crystalline or amorphous structures influence the microstructure, properties,

thermodynamics and kinetics of materials. Moreover, the difference of bonding energies

and crystal structure tendencies results in higher lattice distortion due to the

nonsymmetrical neighboring atoms.

Sluggish Diffusion Effect

It was proposed that the effective diffusion rate and phase transformation kinetics in

HEAs are slower than those in pure metals and conventional alloys counterparts. The

severe lattice distortion which hinders atomic movement will limit the effective diffusion

rate and impede the transformation in HEAs [58, 59]. As a result, the slow-moving

elements inhibited the phase separation and resulted in the solid solution phase rather than

intermetallic phase.

Cocktail Effect

Cocktail effect is an evocative phrase first introduced by Prof. S. Ranganathan [60].

Cocktail effect indicates that the properties of HEAs are certainly related to the properties

of its composing elements. The properties can be adjusted easily by selecting the

constituent elements and also determining the compositions of the HEAs [61]. Take the
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refractory HEAs for example, more and more scholars have paid more attention to
refractory HEAs in recent years (e.g., Mo, Nb, Zr, Ta, W, etc.) [62]. With the addition of
the refractory metals, the mechanical properties of the HEAs enhance significantly.
Furthermore, if more light elements (e.g., Al, Ti etc.) are added to the HEAs, the overall
density of the HEAs will be reduced consequently.
2.2 High Entropy Alloy Films (HEAFs)
2.2.1 Magnetron Sputter Deposition of HEAFs

In the magnetron sputtering, the high energy particles bombard the surface of the
targets and make the atoms on the target’s surface escape and move along a certain
direction, consequently films grew on the substrate [63]. Shown in Fig. 2-2, introducing
the magnets underneath the target within a vacuum chamber can generate a magnetic field,
which is so-called ‘magnetron’, and the magnetic field can trap the secondary electrons
into the discharge and increase Ar’s ionization, enhancing the collision rate between the
Ar" and the surface of the target material [64]. In order to fabricate multi-types of films,
several ways such as additional substrate heating or substrate electrical bias can enhance
the attraction of charged ions to the substrate with increased kinetic energy. Among all
the fabrication processing of the HEAFs, magnetron sputter deposition is the most
common technique which is attributed to the three advantages as follow [21, 64]: (i) The

deposited films are easy to obtain film stoichiometry similar to the stoichiometry of the
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original target even though the different sputter yields among the constituent elements.
(ii) A rapid quenching (10° K/s) of the magnetron sputter restricts the diffusion of the
elements and minimizes the concentration fluctuations in the films. (iii) The films
fabricated by magnetron sputter exhibits superior mechanical ability and corrosion-
resistances. However, there are also some disadvantages of magnetron sputtering: (i) A
slight variation in gas flow rate and working pressure can drastically change the
composition of HEAFs. (ii) The sputtering process is time-consuming. (iii) Low target
utilization is also a disadvantage of the magnetron sputtering. Moreover, due to the
convenience of the incorporation of the reactive gas during sputtering deposition, such as
N2, O3 etc., the nitride or oxide HEAFs are easily synthesized, providing an effective way

to explore more and more HEAFs.

@ clectronic

=+ Positive electrode

® Argon atoms
# Argon ion ! r
® Target atom ¢ Substrat

Air mlet ==

=) Air outlet
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Fig. 2-2 schematic of the magnetron sputtering process [21].

2.2.1 Microstructure and Mechanical properties of HEAFs

High entropy alloy films (HEAFs) have attracted broad interest over the last decade

due to their excellent mechanical properties. Compared to bulk HEA materials fabricated

by casting, HEAFs fabricated by magnetron sputtering are subjected to the much faster

cooling rate that would limit the diffusion of elements and inhibit the grain growth to

obtain the much smaller grain sizes. Therefore, scholars put more efforts developing

HEAFs in order to meet further requirements to practical applications [5, 6, 8, 26-30, 65-

68].

Kim et al. [5] fabricated the NbMoTaW film on Si (100) substrate using direct

current (DC) magnetron sputtering and studied the properties of the refractory HEAFs.

As shown in Fig. 2-3(a), TEM images indicated that the thickness of the NbMoTaW film

was measured to be 350 nm and the BCC structure with a preferential (100) was identified

as well. The columnar structure perpendicular to the structure was observed as shown in

Fig. 2-3(b). With the high-resolution TEM (HRTEM) image and Inverse FFT (IFFT)

results illustrated in Fig. 2-3(c), the calculated average grain size was about 15.1 nm.

Besides, the c/a ratio of the columnar-shape grains was measured to be ~1.8.

11
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Fig. 2-3 (a, b) Cross-sectional bright-field TEM images of NbMoTaW HEAFs. (c) HRTEM image and (d)
FFT pattern (upper left area) of (c) and IFFT image obtained from marked regions in FFT pattern.

Liang et al. [27] studied the effects of Nb addition on microstructures and mechanical

properties of CoCrFeMnNi HEAFs. The film without Nb doping exhibited a single FCC

phase with strong (111) peak in the XRD spectra shown in Fig. 2-4. As the Nb content

increased, the diffraction peak broadened and the other peaks vanished.

12
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Fig. 2-4 XRD spectra of the Nbx(CoCrFeMnNi)i00.- HEAFs, indicating that the transformation from FCC

structure to amorphous phase with the addition of Nb.

The hardness and reduced modulus of the Nb,(CoCrFeMnNi)ioo.. HEAFs were
presented in Fig. 2-5. The hardness increased from 6.5 to 8.1 GPa as the Nb content
increased from 0 to 7.2 at.%, while the reduced modulus decreased with the increasing
Nb concentration. The strengthening could be attributed to the grain boundary
strengthening and solid solution strengthening. The engineering compressive stress-strain
curves of the films subjected to micropillar compression test plotted in Fig. 2-6. indicated
that each strain burst in serrated curve which explained a shear band propagation. The
yield strength and fracture strength were improved from 1.08 and 2.56 GPa, respectively,

for x= 0 to 2.70 and 5.76 GPa, respectively, for x= 7.2. On the other hand, the fracture

13
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strain reduced significantly from 29.4% to 15.8% as the Nb content increased to 7.2 at.%

due to the strength-ductility trade-off.

(a) (b)

\m 1180 = 1180
9l 10 F \n
-3
Vgl [P PR

& &

@ . O
< S < 9} \-/
(=W [72) [« g
O 8 i o= 9 =
~ 114V =5 ~ 41120 =
2 i/i/ 2 2 8 ¢ 2
= / 190 & 2 /E/ loo E
S 7t 2 B /i 3
E / = —§ 7 g
& ’ {60 5 = e 60 3
O E ]

6 P 6 -

30 30
0 10 20 30 40 50 60 0 1 2 3 4 ) 6 7
Power on Nb target (W) Nb concentration (at.%)

Fig. 2-5 The hardness (H) and reduced Young’s modulus (Er) of Nb.(CoCrFeMnNi)i00- HEAFs as

functions of (a) the power applied on Nb target and (b) Nb concentration.
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Fig. 2-6 Engineering compressive stress—strain curves of micropillar compression tests of

Nbx(CoCrFeMnNi)i00.x HEAFs.
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2.3 Introduction of High Entropy Alloy Nitride Films (HEANFSs)
2.3.1 Microstructure and Mechanical properties of HEANFs

Since the 2010s, high-entropy alloy nitride films (HEANFs) have received much
attention due to their superior mechanical properties, such as high hardness [14, 18],
excellent electrical properties [15], corrosion resistances [16] and creep behaviors [17].
Those excellent mechanical properties are attributed to the formation of strong mixed ion-
metal-covalent bonds. Moreover, nitrides could serve as the heterogeneous nucleation
sites for crystallization and thus the structure of HEANFs presented in existing works
mostly exhibited highly crystallized grains. Cui et al. [18] prepared the (AICtTiZrHf)N
films using radio frequency (RF) magnetron sputtering with different N> flow rates. As
the nitrogen content increased from 0 to ~50 at.%, the hardness was improved from 17.9
to 33.1 GPa shown in Fig. 2-7. Fig. 2-8 shows the sputtering rate of (AICrTiZrHf)N
HEANTFs as functions of gas flow ratio of No/Ar. The sputtering rate decreased from 25.57
to 8.02 nm/min with the nitrogen addition. The phenomenon is so-called target poisoning

[7, 69].

15
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Fig. 2-7 Hardness and elastic modulus of (AICrTiZrHf)N HEANFs with different N> flow rates.
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Fig. 2-8 Sputtering rate of (AlCrTiZrHf)N HEANFs as functions of N2/Ar flow ratio.

Chang et al. [24] deposited TiVCrAlZr HEANFs by reactive magnetron sputtering on

16
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silicon (100) wafers and found that the TiVCrAlZr film exhibited an amorphous phase

illustrated in Fig. 2-9. With the increase of nitrogen flow rate, the crystallization was

enhanced and presented NaCl-type FCC structure. Fig. 2-10 illustrates the SEM

morphologies of TiVCrAlZr HEANFs and suggests with the addition of nitrogen, the

triangular grains were found due to the surface energy minimization. When the N> flow

rate 1s above 16.7%, domed clusters were found.

2
a RFCC
-
= ] 2
J \ B 3
*‘l‘\"“w MMMJ~M0_W‘,~W.

AR, '\
\\»Mv') M”“WWW Y { L

—_—
wn
PSS I Y v /\
5 \\4,‘_“/ f M~‘Mw‘¢¢W/\WM~WMM~"N 33.3 %
o
= WV”*M"MA
= Wﬁ” WMMM»wJA\%WWZS 6 %
E /\ ’
< W,,w»ww e e S K 3 7Y

et / At 6.7 9
: i LM.M.. "
TN et \\w
ot g 9.1 %

boic g s () O

= 66.7 %

Ll ' L)
30 40 50 60 70
2 theta(degree)

I L)
80

Fig. 2-9 XRD spectra of multi-element TiVCrAlZr HEANFs deposited under different RN, showing a

(220) preferential orientation at Rn = 9.1%, a (111) preferential orientation at Rn =

preferential orientation at Rn = 50%.
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Fig. 2-10 SEM plane-view morphology of multi-element TiVCrAlZr HEANFs deposited under different

N> flow ratios.

In the SEM images, the typical columnar microstructures were clearly characterized
18
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in each film with different Rn flow rates plotted in Fig. 2-11. The hardness and modulus

of the TiVCrAlZr HEANFs with different N» flow rates as a function of Ry were obtained

and shown in Fig. 2-12. With the addition of nitrogen, the hardness of the TiVCrAlZr

HEANTFs increased from 8.2 to 11.0 GPa and the elastic modulus increased from 128.9

to 152 GPa. The enhancement of the mechanical properties could be attributed to the

formation of mixed ion-metal-covalent bonds.

(b) Ry=9.1%

Fig. 2-11 SEM cross-sectional morphology of multi-element TiVCrAlZr HEANFs deposited under

different N> flow ratios.
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Fig. 2-12 Hardness and modulus of multi-element TiVCrAlZr HEANFs deposited under different Rx flow

rates.

2.4 Effect of Alloy Addition

In recent years, various studies have proven that doping certain elements into HEAs
can effectively influence the microstructures and improve the mechanical properties
significantly (e.g., Mo, V, and Ce etc.) [26-30]. Hence, the effects of alloy addition to
HEAs on the microstructures and mechanical properties have been investigated which
will be introduced in this section.
2.4.1 Mo Addition in HEAFs

In 2021, Huang et al. [28] reported the effects of the Mo addition to the CoCrFeMnNi
HEAFs on the microstructures and mechanical properties. Fig. 2-13 shows that with the

addition of Mo, the peak at 43.6° in each film was broadened significantly, indicating the
20
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decreasing crystallinity. Moreover, the Moos and Moo films were found to be

asymmetric. Through the further investigation with slower scan rate, the presence of HCP

phase was identified in both the Moo.s and Mo o films.

L\___‘_/’\M.G_a_t.% Mo

¢FCC
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M_?.? at.% Mo

™49 819 Mo
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Fig. 2-13 XRD spectra of the (CoCrFeMnNi)io0-xMox HEAFs with different Mo contents.

Nano-scratch tests were conducted to determine the load bearing capacity of the film

subjected to both normal and tangential forces, and the coefficient of friction (COF) of

the film could be obtained by dividing the lateral tangential force by the normal force.

The variations of COF with scratch distance of three films under a constant load of 10 uN

shown in Fig. 2-14. The results showed that the Mois¢ film exhibited the lowest COF

value. The results proved that the tribological properties of the (CoCrFeMnNi)ioo—xMox

HEAFs could be effectively improved with the increasing Mo concentration.

21
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Fig. 2-14 The variation of COF as a function of scratch distance for Moo, Mo1.0 and Moi4.6 film,

respectively.

2.4.2 Ce Addition in medium entropy alloy films (MEAFs)

Lin et al. [26] deposited the (CoCrNi)i00-+Cex MEAFs on Si(100) substrates using
RF magnetron co-sputtering of CoCrNi alloy target and Ce target. The cross-sectional
bright field (BF) TEM images and corresponding selected area electron diffraction
(SAED) patterns shown in Fig. 2-15 revealed that for the BF images of Ceo and Cej.05
films, the columnar structure with the planar defects was identified and the films showed
the FCC structure with the corresponding SAED results. With the further addition of Ce
content at 4.2 at.%, the (CoCrNi)i00-xCex MEAFs exhibited the structure contained
nanocrystalline grains embedded in an amorphous structure.
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doi:10.6342/NTU202300667



e

4 1/nm 100 nm

(2

4 I/nm FCC CoCrNi

(220)
(1011)
(1010)

(1010)

100 nm 41/nm  pec cocrNi HCP CoCrNi 4 1/nm HCP CoCrNi

200 nm 4 1/nm

Fig. 2-15 The TEM images and the corresponding SAED patterns. (a, b) Ceo, (¢, d) Cer.os, (e, f) Cezs1, (g,
h) Cesz, and (i, j) Ces.o6 films.

The SEM images of the deformed micropillars after compression tests are illustrated

in Fig. 2-16. No apparent shear banding could be found for Ceo, Cei.05, Cez.61 films shown

in Fig. 2-16(a), (b) and (c), respectively, while the shear bands were observed in Fig. 2-

16(d) and (e) for Ces and Ces.os films. The SEM results of the deformed micropillars

were consistent to the formation of amorphous phases in Fig. 2-15.
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Fig. 2-16 The SEM images of the deformed micropillars after compression tests for (a) Ceo, (b) Cer.0s, (c)
Cez.61, (d) Cea2 and (e) Ces.o6 film.

2.5 Effects of Al Addition

2.5.1 Al Addition in Bulk NbTiVZr system

Xu et al. [31] and Stepanov et al. [32] independently introduced Al to the NbTiVZr

alloy system since Al has a negative mixing enthalpy with the constituent elements in

NbTiVZr alloy (the mixing enthalpies of Al with Nb, Ti, V and Zr atomic pairs are -18, -

30, -16, and -44 kJ/mol, respectively). Moreover, the increasing Al concentration

decreased the difference in alloy atomic size which stabilized the solid solution structure

but also increased the system’s mixing enthalpy at the same time, making it easier for Al-

attractive elements to form the second phase.

With the addition of Al, the C14 Laves phase was identified in BCC matrix phase.
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The second phase began to precipitate along the grain boundaries, and some of the second

phase existed in the interdendritic region of matrix separately.

Without Al addition, the NbTiVZr alloy exhibited the peak stress of 1470 MPa but a

poor plastic strain of 4.2% [31]. However, the incorporation of Al in the NbTiVZr alloy

successfully helped the Alop3NbTiVZr alloy to possess a higher yield strength of 1367

MPa and superior compressive ductility of 10.14%.

2.5.2 Al Addition in HEAFSs

Feng et al. [35] fabricated the Al,CoCrFeNi HEAFs and found that with the Al

addition, the structure changed from FCC to BCC and the hardness increased from 3.8 to

4.3 GPa. Hsu et al. [34] fabricated the Al.CoCrFeMnNi HEAFs using RF magnetron

sputtering system by co-sputtering of CoCrFeMnNi alloy and Al targets and studied the

effects of Al doping on the microstructure and mechanical properties of CoCrFeMnNi

HEAFs. With the scan rate of 4°/min, the XRD patterns of AL.CoCrFeNi HEAFs with

different Al contents are shown in Fig. 2-17. For Aly and Alo.7 films, the XRD patterns

showed single FCC phase without the presence of any precipitates. However, with the

further addition of Al, the (110)scc diffraction peak appeared and suggested the formation

of a new crystalline structure of BCC.

In order to acquire a better resolution for Alos and Alos films, the slower scan rate

of 1°/min was performed from 40° and 50° and the corresponding XRD patterns are shown
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in Fig. 2-18(a). Moreover, the deconvoluted pattern of Aly¢ is presented in Fig. 2-18(b).

The results with slow scan confirmed the transformation of structure shown in Fig. 2-17.
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Fig. 2-17 XRD patterns of CoCrFeMnNiAl: HEAFs with the scan rate of 4°/min.
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Fig. 2-18 (a) XRD patterns of Al0.3 and Al0.6 films using a slower scan rate of 1°/min and (b) the

deconvoluted pattern for Al0.6 film from (a).

The compressive stress-strain curves of ALLCoCrFeNi HEAFs are illustrated in Fig.
2-19. A load drop was found in Alo.o7, Alo3 and Alos films in the presence of the FCC

structure but not in Al o and Al, 3 films, which had BCC structure. As a result, the addition
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of Al to the CoCrFeMnNi HEAFs could effectively enhance the strength shown in Fig.

2-19.
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Fig. 2-19 The compressive engineering stress—strain curves of the CoCrFeMnNiAl: HEAFs.
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Chapter 3 Experimental Procedures

3.1 Experimental Flow
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Fig. 3-1 The flow charts of the experimental procedures of the (NbTiVZr)100+Alr HEAFs and
(NbTiVZrN)i00+Als HEANFs.

3.2 Sample preparations and Deposition Process
3.2.1 (NbTiVZr)100-xAlx HEAFs

The (NbTiVZr)100--Als HEAFs were deposited on silicon (100) substrates by radio
frequency (RF) magnetron co-sputtering of NbTiVZr alloy (purity >99.99 wt.%) and Al
(purity >99.99 wt.%) targets. Both targets were manufactured with the diameter of 76.2
mm and thickness of 6 mm. Before the film deposition, all of the substrates were
ultrasonically cleaned and rinsed with acetone, ethanol and deionized water sequentially
for 15 min in each step. The working distance between NbTiVZr alloy target and substrate

was fixed at 10 cm, and the substrate-to-Al target distance was 20 cm. Prior to the film
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deposition, the chamber was first evacuated to a vacuum better than 1.3x 10 Torr at room
temperature, and the two targets were respectively cleaned by argon ion bombardment for
30 min in order to remove the contamination and oxide on the surface. During sputtering,
the power of NbTiVZr target was fixed at 400 W and the power applied on the Al target
was regulated at 0, 50, 100, 150, 175 W, respectively, to control the Al content in the films.
The Ar flow rates were maintained at 20 sccm. The working pressure was kept at 0.4 Pa
and the substrate rotated at a rate of 30 rpm to ensure the uniformity of the films. All
deposition procedures were conducted for 50 min at room temperature without substrate
bias.
3.2.2 (NbTiVZrN)100-xAls HEANF's

The (NbTiVZrN)io0-Alx HEANFs were deposited on silicon (100) substrates by
radio frequency (RF) magnetron co-sputtering of NbTiVZr alloy (purity >99.99 wt.%)
and Al (purity >99.99 wt.%) targets. Both targets were manufactured with the diameter
of 76.2 mm and thickness of 6 mm. Before the film deposition, all of the substrates were
ultrasonically cleaned and rinsed with acetone, ethanol and deionized water sequentially
for 15 min in each step. The working distance between NbTiVZr alloy target and substrate
was fixed at 10 cm, and the substrate-to-Al target distance was 20 cm. Prior to the film
deposition, the chamber was first evacuated to a vacuum better than 1.3x 10 Torr at room

temperature, and the two targets were respectively cleaned by argon ion bombardment for
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30 min in order to remove the contamination and oxide on the surface. During sputtering,
the power of NbTiVZr target was fixed at 400 W and the power applied on the Al target
was regulated at 0, 50, 100, 150, 175 W, respectively, to control the Al content in the films.
The Ar and N flow rates were maintained at 15 and 5 sccm, respectively. The working
pressure was kept at 0.4 Pa and the substrate rotated at a rate of 30 rpm to ensure the
uniformity of the films. All deposition procedures were conducted for 50 min at room
temperature without substrate bias.

3.3 Analytical Techniques

3.3.1 Electron Probe X-ray Microanalyzer (EPMA)

The compositions of the films were determined by the electron probe X-ray
microanalyzer (EPMA, JEOL JXA-8530F PUS, Japan). Five points were selected
randomly from each specimen with the spot size of 30 um to measure the overall
constituent composition in the alloys to check the uniformity of the HEAFs.

3.3.2 X-ray Diffraction (XRD)

The crystalline structure of the films was detected by X-ray diffractometer (XRD,
Rigaku TTRAX 3, Japan) with Cu Ka (4 =0.154606 nm). The grazing-incidence angle of
0.9 °was determined before scanning to prevent the diffraction from the Si substrate. The

samples were scanned in the 26 range from 20° to 80° at a scan rate of 4°/min.
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3.3.3 SEM Observation

The surface morphology and film thickness of the films were determined by a field-

emission scanning electron microscope (SEM, NOVA NANO SEM 450, FEI, Hillsboro,

OR, USA) with an acceleration voltage of 10 kV.

3.3.4 TEM Observation

Transmission electron microscopy (TEM, FEI Tecnai G2 F20, Hillsboro, OR, USA)

was used to further study the detailed microstructure and crystallinity of the films. The

high-resolution TEM (HRTEM) images for further investigation were analyzed by Gatan

Digital Micrograph software. TEM specimens of the films were prepared by a dual-beam

focused ion beam system (FIB, FEI Versa 3D, USA).

3.3.5 XPS analysis

The chemical bonding characteristics of the films was evaluated by X-ray

photoelectron spectroscopy (XPS, PHI 3000 VersaProbe III) with Al Ka irradiation at a

pass energy of 1486.6 eV. Before the XPS measurement, the surface contaminants on the

films were removed by Ar” ion beam at a primary energy of 3 keV for 5 min.

3.3.6 Nanoindentation tests

Hardness and reduced modulus were acquired using the nanoindenter (Hysitron TI

950 Tribolndenter, Bruker, USA) with the Berkovich indenter tip having a tip radius of

150 nm. In order to avoid the substrate effect, the penetration depth was controlled at 80
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nm while the film thicknesses were in the range of 1.19 to 1.45 pum. At least ten
indentations were performed for each test to avoid data deviation.
3.3.7 Fracture toughness tests

Fracture toughness (K;c) is another vital mechanical property of films and it was
widely evaluated from indentation-induced radial cracking method, which was initially
proposed for bulk materials. This method was usually conducted on brittle materials with
sharp indenters, such as Vickers and Berkovich indenters, and the nanoindentation tests
with Berkovich tip was adopted to evaluate the fracture toughness in this work. The
relationship between the fracture toughness and the length of radial cracks was calculated
by the following equation [70, 71]:
Kic = a(2):(; (5)
where E and H are the elastic modulus and hardness of the films, respectively, P is the
peak indentation load, c is the crack length, and a is the empirical constant which
depends on the geometry of the indenter, and a=0.016 for both the Berkovich and
Vickers type indenters. The cracks captured by optical microscope were presented in
Fig. 3-2. The values of fracture toughness were acquired using the nanoindenter
(Hysitron TI 950 TriboIndenter, Bruker, USA) with the Berkovich indenter tip. The load

was controlled at 10000 uN and the penetration depth was about 120 nm. The images

were scanned at the scan rate of 0.5 Hz. At least twenty indentations were performed for
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each test to avoid data deviation.

Fig. 3-2 the optical microscope images of the indent with the Vickers hardness testers.

3.3.8 Nanoscratch tests

The values of coefficient of friction (COF) of (NbTiVZrN)iooxAl: HEAFs were
measured with the nanoscratch tests using the nanoindenter (Hysitron TI 950
TrinoIndenter, Bruker, USA) equipped with a conical tip of 5 um radius. The normal load
of the scratch tests was ramped from 0 to 5000 uN with the loading rate of ~417 uN/s,

and the scratch length was fixed at 10 um. Four scratch tests were conducted on each film.

Chapter 4 Results and Discussion

4.1 (NbTiVZr)100-xAlx HEAFs

4.1.1 Chemical Compositions

The chemical compositions of the (NbTiVZr)100-+Als HEAFs analyzed by EPMA are
33
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presented in Table 4-1. The content of Al increased from 3.5 to 12.9 at.% as the power

applied on Al target increased from 50 W to 175 W. The concentrations of Nb, Ti, V, Zr

were nearly equimolar and the slightly deviation could be attributed to the different

sputtering yields of each element. For convenience, the (NbTiVZr)i00-:Alx HEAFs were

donated as Al film in the 4.1 section.

Table 4-1 The chemical compositions of (NbTiVZr)i00-<Als HEAFs with different powers applied on Al

target.
Power X Nb Ti A\ Zrx Al

0 0 22.89+0.05 27.84+0.15 24.77+0.22 24.45+0.11  0.00+=0.00
50 3.5 22.29+0.06 26.91+£0.19 23.87+0.15 23.44+0.11  3.48+0.02
100 7.3 21.36+£0.11 25.98+0.25 22.67+0.57 22.62+0.15  7.35+0.06
150 12.2 19.7840.41 24.66+£0.08 21.82+0.33 21.49+0.10 12.24+0.02
175 12.9 20.04+0.18 23.34+0.69 20.19+0.23 23.51+0.28 12.91+0.15

4.1.2 XRD Results

From the XRD patterns shown in Fig. 4-1, it can be seen that all the (NbTiVZr)10o-

<Al HEAFs with different Al content present a single low-intensity wide peak. The results

indicated all the films exhibit amorphous phase. The strong amorphization of the

(NbTiVZr)100-Al: HEAFs inhibited the grain growth effectively [72].
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Fig. 4-1 XRD patterns of (NbTiVZr)i00-xAls HEAFs with a scan rate of 4°/min.

Inoue [73] raised the following three empirical rules for improving glass formability
for bulks alloy in 1995:
1. Consisting of three or more elements.
2. Having atomic size differences of 12% or above among the elements.
3. Possessing large negative mixing enthalpies among the elements.

The amorphous phase can accommodate or relax the size difference because it has
lesser coordination number. Also, high entropy effect enhances complete mutual
solubility of different elements and large lattice distortion effect enhances the tendency

to form amorphous structure and also reduces the driving force for grain growth.
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4.1.3 SEM Observations

The cross-sectional SEM images of the (NbTiVZr)i00--Al: HEAFs with various Al

contents are illustrated in Fig. 4-2 to observe the morphology of the films and to measure

the film thickness. As the power applied on Al target increased, the film thickness

increased from 1.25 to 1.43 um. The enlarged cross-sectional SEM image is illustrated in

Fig. 4-3 and vein patterns are observed in the SEM image. The mechanism of the

formation of the vein patterns and the schematic illustration of fracture mechanism in

amorphous phase were shown in Fig. 4-4 [74, 75].

(a) 0 at.% (b) 3.5at.%

1 um
(©) 7.3 at.%

Fig. 4-2 Cross-sectional SEM images of the (NbTiVZr)i00xAlx HEAFs with different Al contents: (a) Alo,
(b) Alss, () Alzs, (d) Ali2a, (€) Alizg film.
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Fig. 4-3 The enlarged cross-sectional SEM images showed vein-patterns.

>@->@

Void growth

Corrugation  Subsequent void

¢

\-«
\V,

Corrugation/vein pattern

Fig. 4-4 Schematic illustration of the fracture mechanism in amorphous phase: voids in amorphous
structures growth due to stress spreading, then rupture connects the void and crack tip. Repeatedly, stress
spreads leading subsequent void growth. Rupture keeps connecting void and subsequent void, thereby

ultimate occurring fracture. Therefore, vein pattern generated on this rupture surface.
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4.1.4 TEM Observations

The cross-sectional bright field (BF) TEM images, high resolution TEM (HRTEM)

images and the corresponding fast Fourier transform (FFT) patterns for the Alp and Aliz9

films in the (NbTiVZr)100--Al. HEAFs series are shown in Fig. 4-5. The amorphous halo

rings without any diffraction spots were identified in both films, and the results confirmed

the maintenance of amorphous structure. The cross-sectional TEM images were

consistent with the XRD results presented in Fig. 4-1.

* / 2_2. 2 AL
Fig. 4-5 The cross-sectional bright field TEM images of the (NbTiVZr)100»Al: HEAFs for (a) Alo, and (d)

Alizo film. HRTEM image for (b) Alo, and (e) Ali2 film and corresponding fast Fourier transform (FFT)
images for (c) Alo, and (f) Ali2 film.

4.1.5 Hardness and Reduced Modulus
Using nanoindentation, the measured hardness (H) and reduced modulus (£;,) of the

(NbTiVZr)100-xAl HEAFs as functions of the Al content are shown in Fig. 4-6. Compared
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to the bulk counterparts, the HEAFs fabricated by rapid quenching method showed much

smaller grain size because the fast cooling rate during the deposition inhibited the grain

growth and led to the solid solution phase without precipitates. Therefore, the mechanical

properties of (NbTiVZr)ioo«Alx HEAFs were much harder than as-cast bulk

(NbTiVZr)100-+Al: counterparts [34, 35]. With the Al addition, the hardness and reduced

modulus of (NbTiVZr)i00-xAlx HEAFs increased slightly. In combination with the

microstructures in the paragraphs above, the addition of Al has little affects due to the

strong amorphization of the HEAFs.

1 160
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2" :
E
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—
0
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Al content (at.%)
Fig. 4-6 The hardness and reduced modulus of the (NbTiVZr)100-<Alx HEAFs films as functions of Al

content.

4.2 (NbTiVZrN)100-xAlr HEANF's
4.2.1 Chemical Compositions

The chemical compositions of the (NbTiVZrN)i00-«Al: HEANFs analyzed by EPMA
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are presented in Table 4-2. The content of Al increased from 0.7 to 4.0 at.% as the power

applied on Al target increased from 50 W to 175 W. The concentrations of Nb, Ti, V, Zr

were nearly equimolar and the slightly deviation could be attributed to the different

sputtering yields of each element. For convenience, the (NbTiVZrN)ioo--Al: HEANFs

were donated as Al film hereafter.

Table 4-2 The chemical compositions (at.%) of (NbTiVZiN)ieoxAl- HEANFs with different powers

applied on Al target.
Power Chemical compositions (at.%)
wy Nb Ti v Zr N Al
10.59+ 14.96+ 12.43+ 12.03+ 49.98+ 0.00+
0 0 0.04 0.05 0.11 0.08 0.21 0.00
11.49+ 13.94+ 12.45+ 11.02+ 50.43+ 0.70+
50 07 0.11 0.12 0.12 0.14 0.39 0.02
100 53 11.10+ 13.99+ 12.35+ 11.08+ 49.15¢ 231+
0.14 0.14 0.05 0.17 0.28 0.02
10.24+ 13.87+ 11.91+ 11.02+ 49.33+ 3.61+
150 36 0.16 0.13 0.11 0.19 0.47 0.04
175 40 9.17+ 12.40+ 9.95+ 10.05+ 5441+ 4.00+
0.04 0.06 0.13 0.03 0.12 0.02
4.2.2 XRD Results

The XRD patterns of (NbTiVZrN)ioo-xAlx HEANFs are shown in Fig. 4-7(a).

Without Al addition, NbTiVZr nitride films exhibited FCC structure with an evident

TiN(200) peak. However, as the Al content increased, the preferred orientation of the

films gradually transferred from TiN(200) to (Nb, Zr)N(111) because of the high affinity

between Ti and Al, and the depletion of Ti promoted the formation of (Nb, Zr)N, which

had the (111) preferred orientation. Using a slower scan rate of 1°/min to observe the
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details of (200) peak, Fig. 4-7(b) shows the shift of (200) diffraction peaks to smaller

diffraction angle and hence the increasing lattice parameter with the increasing Al content

in the films [72]. The grain size (D) of the film was calculated using the Scherrer’s

formula, such that [76]

091

" Bcos@

(6)

where 1 is the wavelength of the incident Cu Ko X-ray, B is the full width at half

maximum (FWHM) of the diffraction peak and 6 is the diffraction angle (in radian). The

grain size of the films increased with the increasing Al content as listed in Table 4-3. The

increase of the grain size was due to the fact that the higher power applied on Al target

enhanced the energetic ion bombardment which would promote the mobility of atoms and

contribute to the increase of the grain size [65-67].

(a) (111) |  (200) (220) (311),,

A - Al
3 Alz 6
é _-—-____-A_J\ A -
J A : R J;"z.s
=
E -l Mo

20 30 4b Sb | 60 70 80
2 Theta (deg.)
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Fig. 4-7 XRD patterns of (NbTiVZrN)i00-xAl: HEAFs with a scan rate of (a) 4°/min and (b) 1°/min in the
26 range from 38° to 46° to show the details of (200) peak.

Table 4-3 The full widths at half maximum (FWHM) and grain sizes calculated using Scherrer’s formula
from XRD spectra.

Films Alo A10,7 A12,3 A13,6 A14,0
FWHM 0.029 0.020 0.019 0.017 0.015
Grain size (nm) 5.17 7.25 7.78 8.57 9.87

The mixing enthalpies for different binary components in NbTiVZrAIN system are

listed in Table 4-4 [33]. Owing to the large negative values of mixing enthalpy between

the nitrogen and other constituent elements, the (NbTiVZrN)ioo~Al. HEAFs were

dominated by the nitride compounds, such as TiN, NbN and ZrN. Nevertheless, the high

affinity between Ti and Al still effectively influenced the constitution of the films by

robbing Ti away from TiN and forming HCP-TizAl. Unlike other nitride compounds, the

presence of TizAl in (NbTiVZrN)ioo-xAl: films was not found in XRD results shown in
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Fig. 4-7(a). However, the presence of HCP-TizAl would be proven in HRTEM results.

Consequently, the depletion of Ti would promote the formation of (Nb, Zr)N in the films.

Table 4-4 Mixing enthalpies AH (kJ/mol) for different binary components in NbTiVZrAIN system.

Element Al Nb Ti \'% Zr N
Al - -18 -30 16 -44 -92
Nb — — 2 -1 4 -174
Ti - - - -2 0 -190
\Y — — — - -4 -143
Zr - - - - — -233

N — — — — — —

4.2.3 SEM Observations

The cross-sectional SEM images of the (NbTiVZrN)ioo-Al: HEAFs with various

Al contents are illustrated in Fig. 4-8 to observe the morphology of the films and to

measure the film thickness. All the films showed fiber-like columnar structures, and the

columnar growth direction was perpendicular to the substrate surface during the

sputtering process. As the power applied on Al target increased, the film thickness

increased from 1.19 to 1.31 um presented in Fig. 4.8(f). Compared to the (NbTiVZr)10o-

+Aly HEAFs without nitride, the thickness of nitride films was much smaller due to the

nitrogen absorption on or even nitridation of the target surface, leading to a decrease in

sputtering efficiency. This phenomenon is a typical result of the well-known target

poisoning [7, 69]. All the films showed good bonding with Si substrates and exhibited

compact structure with a few inclusions and voids. Due to the fact that the Alp film

exhibited the bilayered structure with featureless bottom layer and columnar-structured
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top layer shown in Fig. 4-8(a), the structures of Alp film were further identified by

HRTEM in the following.
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Fig. 4-8 Cross-sectional SEM images of the (NbTiVZrN)i00xAl: HEANFs with different Al contents: (a)
Alo, (b) Aloz, (¢) Al23, (d) Alss, (€) Alao. (f) The film thickness as a function of Al concentration.

4.2.4 TEM Observations

The cross-sectional bright field (BF) TEM image of Al film is shown in Fig. 4-9(a),

and it revealed featureless bottom layer and columnar-structured top layer in agreement

with the cross-sectional SEM image shown in Fig. 4-9(a). The high-resolution

transmission electron microscopy (HRTEM) image of the white circled area within

columnar top layer in Fig. 4-9(a) is shown in Fig. 4-9(b), and lattice fringes could be

observed. The fast Fourier transform (FFT) image of the framed area in Fig. 4-9(b) is

shown in Fig. 4-9(c), showing the fully-crystallized FCC structure. The HRTEM image

of the red circled area within featureless bottom layer in Fig. 4-9(a) is shown in Fig. 4-

9(d), revealing the coexistence of nanocrystalline and amorphous phase. To further
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investigate the detailed microstructure, the corresponding FFT patterns of the white and

the yellow squares marked in Fig. 4-9(d) are illustrated in Fig. 4-9(e) and (f), respectively.

The results of the corresponding FFT patterns confirmed that the bottom layer of the film

consisted of nanocrystalline grains embedded in amorphous structure.

Amorphous Nanocrystalline

Fig. 4-9 (a) The cross-sectional BF TEM image of AlO film, showing the bilayered structure, (b) the

HRTEM image of the white circled area in (a) showing the lattice fringes, (c) the FFT patterns taken from
the framed area in (b), revealing the FCC structure, (d) the HRTEM image in the red circle area in (a) and
the FFT patterns taken from (e) the white framed area in (d) revealing the amorphous structure and (f) the

yellow framed area in (d) revealing nanocrystalline structure.

To examine the detailed morphologies of the films and to confirm the XRD results,
TEM was employed. The cross-sectional BF TEM images and the corresponding selected
area electron diffraction (SAED) patterns of (NbTiVZrN)ioo-xAl. HEANFs are displayed
in Fig. 4-10. For the BF images of the films, the nano-sized columnar structure normal to
the substrate was identified and the structure was confirmed to be FCC phase based on
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the corresponding SAED patterns. The lattice constant of the (NbTiVZrN)ioo-rAl:

HEANTFs could be calculated using the following equation [77]:

1 h%4k%+12
d?pki a?

(7)

where djiis the lattice spacing of the (k/) plane, a is the lattice parameter of the materials.

The lattice constants of the TiN, ZrN and NbN compounds have been measured elsewhere

[78-80] and are listed in Table 4-5. The lattice parameter of the Alp film calculated from

SAED pattern in Fig. 4-10(b) was 0.423 nm, which was similar to the lattice constant of

TiN (0.424 nm) shown in Table 4-5. However, as the Al content increased to 4.0 at.%, the

calculated lattice parameter from Fig. 4-10(j) increased to the maximum value of 0.451

nm shown in Table 4-6. The difference in the lattice parameter between the films with

different Al concentrations indicated that the dominant compounds were not TiN but (Nb,

Zr)N instead for Al o film. The results were consistent with XRD results shown in Fig. 4-

7(a).
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Fig. 4-10 TEM images of the films and the corresponding SAED patterns. (a, b) Alo, (c, d) Alos, (e, f)
Als, (g, h) Alss, (1, j) Also film.

Table 4-5 Lattice constants measured in previous researches [78-80].

Nitride compounds Lattice constant (nm)
TiN 0.424 [78]
7N 0.457 [79]
NbN 0.439 [80]

Table 4-6 Lattice constants calculated from SAED patterns shown in Fig. 4-10(b), 4(d), 4(f), 4(h), 4()).

Films Lattice constant (nm)
Alp 0.423

Alp7 0.430

Al 0.432

Alzg 0.437

Also 0.451

The HRTEM image of the Alo.7 film is shown in Fig. 4-11(a) and the FFT pattern of

the framed area in Fig. 4-11(a) is presented in Fig. 4-11(b) in order to further identify the

existence of HCP-TizAl in Al-doped NbTiVZr nitride films. The HCP phase along [0001]
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direction was observed in Alp; film through calculating the angle and the distance

between the incident spot and the diffraction spots. The presence of HCP phase provided

the evidence of the formation of HCP-TizAl compound in Al-doped NbTiVZr nitride

Zone axis: [0001]gcp

Fig. 4-11 (a) The HRTEM image of Al0.7 film and (b) the FFT pattern of white framed area marked in
(a), indicating HCP along [0001] direction.

The TEM-EDS mapping was conducted to analyze the elemental distribution of Als 6

film. With the bright field TEM image shown in Fig. 4-12(a), the element distributions of

the Alz ¢ film are shown in Fig. 4-12(b). The six constituent elements of the film were

uniformly distributed without notable segregation or precipitates over a wide region,

indicating that Als¢ film was homogeneous. The homogeneity of the elemental

distributions could also be found in other (NbTiVZrN)ioo-xAlx HEANFs in the present

work.
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Fig. 4-12 (a) The bright field TEM image and (b) EDS mapping of the Als ¢ film.

4.2.5 XPS results

To further confirm the chemical bonding status of the (NbTiVZrN)i00--Als HEANFs,

XPS measurements were conducted for the Alp and Al ¢ films. Compared to Al film (Fig.

4-13(a)), Alzs film (Fig. 4-13(b)) showed the shift of the binding energy of the N 1s

spectrum from 397.3 to 396.9 eV. The N 1s spectrum could be deconvoluted into four

sub-spectra and all the contributions included TiN, NbN, ZrN, AIN and VN compounds

ascribed to 397.4, 397.1, 396.7, 397.8 and 397.7 eV, respectively [81-86]. The results

indicated that a considerable TiN species existed in Al film while a little TiN presented

in Alz ¢ film. On the other hand, as the Al content increased to 3.6 at.%, the amount of

TiN decreased significantly and a larger portion of NbN and ZrN was found instead. The

results agreed well with the XRD results shown in Fig. 4-7.
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Fig. 4-13 XPS deconvolution results of N 1s for the (a) Alo and (b) Als.6 film.

4.2.6 Hardness and Reduced Modulus

Using nanoindentation, the measured hardness (H) and reduced modulus (£,) of the

(NbTiVZrN)1o0-Al: HEANFs as functions of the Al content are shown in Fig. 4-14. The

Alp film with the bilayered structure showed H and E, of about 24.5 and 229.6 GPa,
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respectively, which were similar to the reported results of HEANFs elsewhere [15, 23].

The presence of amorphous phase would introduce free volumes to result in a lower

density compared with the crystalline counterparts [87]. However, as the Al content

increased, the value of H and E, increased with the fully-crystallized structure and reached

the maximum of 28.1 and 253.0 GPa, respectively, for Als ¢ film, and then decreased with

the further increase in Al content. The initial improvement in A and E, could be attributed

to the following reasons:

(1) Solid solution strengthening: The incorporation of extra solute elements in solid

solution to strengthen the films is a common technique performed by the previous

researches. The solid solution strengthening is caused by the lattice distortion, and

the severe lattice expansion makes the lattice parameter larger.

(i1))  Inverse Hall-Petch: Commonly, the difficulty for dislocations to propagate

through the materials mainly determines the mechanical properties of the

materials, and the refinement of grain size can offer more grain boundaries to

hinder the dislocation motion. The mechanical properties are improved as the

dislocation slips more difficultly. The phenomenon is called Hall-Petch

relationship [88]. However, when the grain size is less than the critical value of

~10 nm, the mechanism of plastic deformation becomes dominated by grain

boundary sliding and grain boundary softening, causing the inverse Hall-Petch
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effect [89-91]. Consequently, due to the fact that all the calculated grain size listed
in Table 2 were less than ~10 nm, the initial enhancement of H and E, could be
explained by the inverse Hall-Petch effect in this research.
(iii))  Replacement of dominant nitride compounds: The hardness of TiN, NbN and ZrN
were ~25, ~30 and ~26 GPa, respectively, presented in the previous studies [92-
95]. The enhancement of the hardness from 24.5 GPa (Alo) to 28.1 GPa (Alss)
could also be attributed to the replacement of the dominant nitride compounds.
With the further addition of Al content, the H and E, decreased slightly to the value
of 26.7 and 247.3 GPa, respectively, for Also film. Presented results indicated that there
is an optimum value of the Al dopant for 3.6 at.%. When more Al atoms were added into
the HEANFs, which exceeded the solubility limit of Al, the Also film with more ductile

HCP-Ti3Al phase would consequently exhibit lower H and E,.
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Fig. 4-14 The hardness and reduced modulus of the (NbTiVZrN)io0<Al HEANFs films as functions of Al

content.

4.2.7 Fracture toughness

The fracture toughness represents its ability to absorb the energy during the
deformation until the failure of the material. The fracture toughness of the
(NbTiVZrN)ioo-xAl, HEANFs shown in Fig. 4-15 increased from the value of 1.30
MPaxm®> for Alp film to reach the maximum value of 2.08 MPaxm®> for Als film.
Compared to nitride compounds, TizAl intermetallic compound was proved to be ductile
phase presented in the previous researches [96, 97]. The improvement of fracture
toughness could result from the incorporation of the HCP phase (TizAl compound) which
overcame the brittleness of nitride films through ductile phase toughening [98]. The
measured H, E,, Kc and the values of H3/E?ratios are listed in Table 4-7. According to the
previous works, the H/E and H?/E? ratios could be considered as an index of the resistance
against elastic strain and plastic deformation should be related to the value of fracture
toughness [99]. The dependence of H*/E? ratios on the Al content was highly correlated
to the fracture toughness of the films in this research. The indents using the

nanoindentation with the slow scan of 0.5 Hz is shown in Fig. 4-16.
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Fig. 4-15. The fracture toughness of the (NbTiVZrN)i00-«Al: HEANFs as a function of Al content.
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Fig. 4-16 The images of indent using the nanoindentation with the slow scan of 0.5 Hz.

Table 4-7. The measured hardness, reduced modulus, K¢ and H3/E? from the nanoindentation test of the

(NbTiVZrN)i00-Alc HEANFs.

Films Hardness E, H3/E? Kc
(GPa) (GPa) (GPa) (MPaxm’?)
Alo 24.5+0.9 229.6+2.3 0.19 1.30+0.17
Alp7 25.3+£0.1 238.1£3.1 0.20 1.41+0.16
Al s 26.8+1.1 241.0+4 .4 0.22 1.65+0.11
Alzg 28.1+£0.9 253.0+2.3 0.23 2.08+0.16
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Alao 26.7+0.7 247.34£2.6 0.21 1.89+0.17

The comparison of the hardness and fracture toughness between (NbTiVZrN)ioo--Alx
HEANFs in the present work and other nitride films in previous researches [100-102] is
shown in Fig. 4-17. It could be noted that most of the films exhibited the K;c value below
1.5 MPaxm®3, while both K¢ and H of (NbTiVZiN)ioo-xAls HEANFs in the present work
were higher than most of others. In addition, the Alz¢ film possessed the optimum

combination of K¢ (= 2.08 MPaxm®®) and H (= 28.1 GPa).
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Fig. 4-17. Comparison of hardness and fracture toughness between HEANFs in this work and some

previous researches [100-102] on other nitride films.

4.2.8 Nanoscratch results

Nano-scratch tests were conducted to determine the load bearing capacity of the film
subjected to both normal and tangential forces, and the coefficient of friction (COF) of
the film could be obtained by dividing the lateral tangential force by the normal force

[103]. The average coefficients of friction of (NbTiVZrN)i00--Al: HEANFs with different
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Al contents are shown in Fig. 4-18. The COF slightly decreased from 0.082 to 0.065 with
the increasing Al content, and the minimum value (0.065) was obtained in Also film.
Basically, the mechanical properties of the films determine its tribological properties. The
higher mechanical properties are more resistant to plastic deformation under certain
applied loads, hence the improvement of the coefficient of friction possessed a similar
trend with the H°/E? value as well [63]. In addition, the steady tendency of coefficient of
friction shown in Fig. 4-18 could be reasonably attributed to the uniform and smooth
film’s surface. The normal displacement, normal force and lateral force as the functions
of scratch time was illustrated in Fig. 4-19, and the maximum value of the normal

displacement was about ~50 nm as the normal force increased to 5000 puN.
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Fig. 4-18. The average coefficient of friction for the (NbTiVZrN)iooxAlr HEANFs as a function of scratch
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time.
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Fig. 4-19 The normal displacement, normal force and lateral force as the functions of scratch time.

Chapter S Conclusions

5.1 (NbTiVZr)100xAl HEAFs

From the XRD spectra, it can be seen that all the (NbTiVZr)100-xAl; HEAFs with
different Al content presented a single low-intensity wide peak. The results indicated all
the films exhibited amorphous phase. For the cross-sectional SEM images, all the films
showed structures with vein patterns. As the power applied on Al target increased, the
film thickness increased from 1.25 to 1.43 um. The amorphous halo rings without any
diffraction spots shown in TEM images were identified in Alp and Ali2.9 films, and the

results confirmed the maintenance of amorphous structure.
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5.2 (NbTiVZrN)io0-xAls HEANFs
In summary, the (NbTiVZrN)iooAlL: (x=0, 0.7, 2.3, 3.6, 4.0) HEANFs were

deposited by magnetron co-sputtering of NbTiVZr alloy target and Al target with a

constant No/Ar flow ratio, and the effects of Al addition on their microstructures

associated with the corresponding mechanical properties were systematically investigated.

The following results could be drawn:

1. Without Al addition, the nitride films presented FCC structure with the evident
TiN(200) peak. However, the preferred orientation of the film gradually transferred
from (200) to (111) with the increasing Al content because of the formation of HCP-
TizAl, and the depletion of Ti promoted the formation of (Nb, Zr)N, which had the
(111) preferred orientation.

2. XPS was conducted to investigate the chemical bonding status of the nitride films,
especially for the Alp and Alz ¢ films. The results agreed well with the XRD results.

3. All the films presented fine-columnar structure and the columnar growth direction
was perpendicular to the substrate surface. The Alp film exhibited the bilayered
structure with columnar-structured top layer and featureless bottom layer consisted
of nanocrystalline grains embedded in amorphous matrix, while other films in the
(NbTiVZrN)ioo-xAlc HEANFs with Al additions presented highly crystallized grains.

4. Nanoindentation tests showed that as the Al concentration increased, the hardness
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and reduced modulus of the films increased and reached the maximum at 28.1 and
253 GPa, respectively, for Als ¢ film. The improvement could be attributed to solid
solution strengthening, inverse Hall-Petch and the replacement of dominant
compounds.

5. The enhancement of fracture toughness could be attributed to the ductile phase
toughening. The fracture toughness of the films increased with increasing Al content
and reached the maximum value of 2.08 MPaxm®? at Als ¢ film. With the Al doping,
the fracture toughness of (NbTiVZrN)iooxAl: HEANFs in the present work was
higher than most of the other nitride films in previous researches.

6. As the Al content increased, the COF value deceased from 0.082 to 0.065. It can be
concluded that the nano-tribological performance of the Al-doped films is better than

the Al-undoped film in the (NbTiVZrN)i00-xAl HEAFs series.
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