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ABSTRACT

INDENTATION AND TRIBOLOGICAL BEHAVIOR OF NITI ALLOYS AND
STUDY OF INSTRUMENTED SPHERICAL INDENTATION

By
Wangyang Ni

In this work, microscopic shape memory (STME) and superelastic (SE) effects in
martensitic and austenitic NiTi alloys were probed by instrumented indentato®
. . ) chanica\
techniques. Both pyramidal and spherical indenters were used to study the m¢
. ; ion wWas
response of the NiTi alloys. It was found that deformation due to indentation
recoverable by the shape memory or superelastic effect and that the magnitud e of indent
T€Covery can be rationalized using the concept of the representative strain anq max imum
Strain. Instrumented indentation techniques, especially using spherical ing
Chters, are
shown to be useful in quantifying shape memory and superelastic effects at Micro, ang
Nanometer length scales.
Novel tribological applications of superelastic NiTi thin films suggested by thege
Tesults \sere also studied. A novel composite coating, with a superelastic NiTi interlayer
betwesrm soft aluminum substrate and hard CrN coating, was studied using instrumented

indentz e  on, scratch, and pin-on-disk wear tests. It was found that a superelastic NiTi

interlay/e=r can dramatically improve hard-coating adhesion and wear resistance. The



improved coating performance is attributed to the large elastic recovery ratio and strain

tolerance of the superelastic NiTi interlayer.

It was demonstrated that spherical indentation is very useful in the

Characterization of the mechanical properties of NiTi shape memory alloys. To further

understand the spherical indentation process, a general study of spherical indentation in

elastic-plastic materials was carried out. Two previously” unknown relationships between

hardness, red uced modulus, indentation depth, indenter radius, and work of indentation

were found. Based on these relationships a novel energy-based method for determining
- . ycal
contact area, reduced modulus, and hardness of materials from instrumented SPhe“ca

. _ _ : of
indentation measurements was proposed. This method also provides a new way

calibrating the effective radius of imperfectly shaped spherical indenters.
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ITNTRODyCTI0N

NiTi alloys are well known £ O the shape memory and superelastic effects. SirlQQ

their first discovery in 1960’s, NiTi 2lloys have been extensively studied. Recent YQQI‘

N
have seen an increasing interest in the application of sputtered NiTi thin films, as be/)
actuators and as tribological coating materials, which calls for a new methodq to
characterize shape memory and superelastic effects at the microscopic scale. The
approach taken in this study has been instrumented indentation experiments. Two types
of recovery effects have been observed for indents in NiTi: one is the isothermal strain
reco v ery upon unloading due to superelasticity, and the other is the strain recovery on
heat ing due to the shape memory effect. Influences of indenter geometry and indentation
depth on the recovery effects were studied. It was found that instrumented indentation
expeTriments, especially using spherical indenters, are useful to quantitatively characterize
the shape memory and superelastic effects at the microscopic scale. In addition, the
max imum recoverable strain can be measured in spherical indentation experiments.

In this study, the wear behavior of martensitic, austenitic and amorphous NiTi
were compared by dry sliding wear tests. It is found that superelastic NiTi is less wear
resistant than amorphous NiTi, although the former has a higher elastic recovery ratio. To
Make superelastic NiTi a good wear resistant material, ploughing during sliding should

be prevented. This can be achieved by depositing a hard coating on the top of the NiTi.
Base on the above observations, a novel composite tribological coating, using

Superelastic NiTi as an interlayer material between hard CrN coating and soft aluminum

Substrate, was developed. The indentation, adhesion, friction, and wear behavior were




Studied. It is found that the supere lastic Ny interlayer can dramaticafly improve the
adhesion, decrease the friction coe £ Hicien and increase wear resistance due to its 13% 88
Strain tolerance and elastic recovery <flect,
To further understand the sphen'cal indentation process, dimensional and ﬁllit
e
elem ent analysis were conducted to Study spherical indentation in elastic-plastic sa) g
with  work hardening. Scaling relationships between hardness, reduced modu Iy
inden tation depth, indenter radius, and work of indentation were studied. Based on tpe
scalirag relationships revealed by finite element modeling, an energy-based analysis
method for instrumented spherical indentation measurements was proposed. This method
applies for both piling-up and sinking-in of the materials around the indenter. It also
prov-ides a way of calibrating the effective radius of imperfectly shaped spherical
indemnters. The validity of this new method was tested by instrumented spherical
indemntation experiments on copper, aluminum, tungsten, and fused silica. Finally,
cons traint factors, defined as the ratio of indentation hardness to uniaxial true stress, for
different stage of spherical indentation were studied using finite element analysis. The
feasibility of using constraint factor to derive stress-strain curves was studied.

The main body of this dissertation is organized into four chapters. Chapter 1
reviews the literature on topics related to this dissertation work. Chapters 2-4 provide
detajled descriptions of the sample preparation, experimental methods, experimental

Tesults, discussion, and conclusions of the dissertation work in three self-contained parts:
Chapter 2 reports on the study of microscopic shape memory effect, superelastic effect
and wear behavior of NiTi alloys. Chapter 3 describes experiments on improving the

adhesion and wear resistance of chromium nitride coating on an aluminum substrate




) e - C .
using superelastic NiTi interlaye” hapter 4 details on the study of instruznen*d
_ ) ) ing
spherical indentation experiments. F nally, Chapter 5 provides a general conclusions 31Q

comments on possible directions for future research.




CHAPTER;
LITE RATURE REVIEW

This chapter will introduce N1Ti shape memory and superelastic alloys and t, .
i
films , provide background on issues related to tribological coatings, and review previQuS

work: on and study of instrumented indentation experiments.

1.1 N ITI SHAPE MEMORY ALLOYS

1.L1. R Shape Memory and Superelastic Effects
NiTi alloys are well known for the shape memory effect (SME) and
supe<relasticity (SE). Since the discovery of the shape memory effect in NiTi alloys in
196 O’s, [1-3] they have become increasingly important materials with wide applications.
[4-67] NiTi alloys have a low temperature phase (the martensite), an intermediate phase
(R-phase), and a high temperature phase (the austenite). The crystal structure and lattice
paramaeters of these phases are shown in Table 1.1.1. [7-9] A schematic of the differential
scanning calorimetry (DSC) response of NiTi is shown in Figure 1.1.1. [10] When
temperature increases NiTi transforms from martensite into austenite; when temperature
decreases the austenite phase transforms into martensite phase. Sometimes, during the
Cooling, there exists a R-phase before martensite is formed. The formation of martensite

and austenite is characterized by a start and finish temperature.
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Both shape memory and supP” astic effects are closely related to the marrensitic
.. sformayiy, - e 3
transformation. The martensitic trar® ation is a diffusionless phase transformatio™ iy

i Vely, ang often by a shear-like mechanism.

solids, in which atoms move collect
When NiTi is deformed in tF2€ Martensitic phase, it recovers to its original sy Qpe
by reverse transformation upon heating to above the austenite finish temperature, 4: I~ y 9
effect is called the shape memory effect. The deformation may be in tens; on,
compression, or bending, [11] as long as the strain is below some critical value. Tpe
meclh anism of shape memory is illustrated in Figure 1.1.2. [S] When a single crystal
parent phase, the austenite, is cooled to a temperature below the martensite finish
tema g erature, My, martensite is formed in a self-accommodating way by internal twining,
as sThown in Figure 1.1.2(a) and (b). In this process, the shape of the specimen does not
chaxage because the phase transformation occurs in a self-accommodating manner. When
an e>xternal stress is applied, the twin boundaries moves so as to accommodate the applied
stress, as shown in Figure 1.1.2(c) and 1.1.2(d), and if the stress is high enough it will
become a single variant of martensite under stress. When the deformed specimen in
Figare 1.1.2(d) is heated to a temperature above austenite start temperature, A4;, the
reverse phase transformation occurs. The shape recovery begins at A, and the original
shape is regained at austenite finish temperature, Ay, as shown in Figure 1.1.2(e). Once
the shape has recovered at A |, there is no change in shape when the specimen is cooled to
below My, 1In the above explanation, it is assumed that the deformation proceeds solely by
twin bourdary movement and the transformation is crystallographically reversible. If

Sither of the conditions is not satisfied, complete shape memory effect can not be

Obtained.




When NiTi is deformed at 2 t€mperapyre slightly above the austenite /*Sh
temperature, it recovers t0 its 01’igi =al Shape when the load is removed. This effect 13
called superelasticity, and it is relate& dito the transformation of stress-induced martens i Y te
For the austenite —> martensite tran S Ormation in NiTi alloy, there is a coupling ef} PQC

t
between the transformation temperature and applied stress. If a stress is apply <y
martensite can form above the normal martensite start temperature, M;, and martensite so
formed is termed stress-induced-martensite (SIM), which has been observed by in-s/z,,
TEML experiment. [12] Stress-induced-martensite is reversible upon unloading. The
tran s formation mechanism is schematically shown in Figure 1.1.3. The stress needed to

procduce SIM obeys a uniaxial version of the Clausius-Clapeyron equation

do _ AH
aM, Tg,’

(1.1.1)

whexe A4H is the transformation latent heat; T is the temperature; o is the applied stress;
M; is the martensite start temperature, and & is the transformation strain resolved along
the direction of the applied stress. The formation of stress-induced martensite may
compete with the plastic deformation of austenite phase. If the dislocation movement is
activated before stress-induced-martensite is formed surperelasticity can be inhibited.
Representative stress-strain curves of NiTi alloys are shown in Figure 1.1.4.
When the test temperature is below the martensite finish temperature, My, a residual strain
Is left after the removal of the load, as shown in Figure 1.1.4(a). The residual deformation
is recoverable by heating to above 4, The initial plateau arises from the stress-induced
Erowth of some martensite variants at the expense of others. When the test temperature is
Slightly hi gher than 4, Figure 1.1.4(b), it is possible for little or no residual deformation

Yo be left after removal of the load. It has been demonstrated by tensile tests that the
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of TiagNia7oFe36 is lower than that of K44 pearlitic steel. Clayton s
uggested that the

good wear resistance of Tiag 1 Nig7 oF€3.6 W8S due to the hardening of th
e alloy durin
g the

sliding wear process- Singh and Alpas [20]) investigated the dry sliding wear resist
ance of

TisoNisrFes alloy against 2 SAE 52100 steel under a wide range of load and sliding speed
conditions. Figure 1.1.7 shows that the intermetallic TisoNiasFes has 2-5% as much wear

as SAE 52100 steel during dry sliding wear, although TisoNissFes has 2 lower bulk

haxdness (300kg/mm2) in comparison to that of the SAE 52100 bearing steel
(9OOkg/mm2). (201 Microhardness measurement on the worn surface of TisoNiarFes alloyY

showwved that surface hardness €

an reach up 10 400kg/mm2, an increase of about 30%0

dness. Nevertheless, surface hardening of NiTi may not be the

relative to the bulk har

main Factor responsible for the good wear resistance of NiTi since even the hardness of

the wor T surface is lower than the bulk hardness of 52100 steel.
x_a 21 investigated the wear behavior of Nis; sTi alloy subject to 1.5 and 24.5 hour
aging aat 500°C and found that the 1.5 hours aging leads to better wear resistance. Li [21]
atributed the difference 10 the precipitation hardening of the NijaTin precipitate. The
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precipiate€s gradually lose the coherence with the matrix with increasing aging time,
which causes a decrease in hardness. The change of transformation temperature due to
different aging and its influence on wear behavior were not reported. It is possible that
the transformation temperature of Nis; sTlsg s increases with aging time since precipitation
of nickel rich Ni,4T1;; will decrease the nickel content in matrix, and the stress-stain
relationship and wear behavior will change accordingly. The wear resistance of a shape
memory Niso3Ti with a superelastic Nis; sTisgs was compared. Li [21] found that the
wear resistance of the superelastic Nis; sTisgs is superior to that of shape memory
Nisg 3Tis97. [21] Similiarly, Lin [22] found that the austenitic Nis; Tis alloy exhibits better
wear resistance than the martensitic NisoTiso alloy in the dry sliding wear against a SUJ-2
Cr-steel ball. Liang et. al. [23] compared the wear behavior of superelastic and shape
memory NiTi and argue that the wear resistance of NiTi is mainly dependent on the
recoverable strain limit, i.e. the sum of the pseudoelastic strain (also termed as
superelastic strain) and pseudoplastic strain limit, where the pseudoelastic strain is the
recoverable strain after unloading and the pseudoplastic strain is the recoverable strain on
heating. Liang [23] argued that, in essence, wear is fracture at small scale, which is
nucleated at locations where the dislocation density increases obviously. In wear of a
superelastic alloy, deformation occurs at contacts by transformation of austenite to
= artensite. It will recover immediately by reverse transformation on unloading. Stress-
ind#iced martensite has been found in the sliding wear tracks of otherwise austenitic NiTi,
whiec/ indicates that stress-induced martensite does occur under this complex loading
condition. [22] For shape memory NiTi, psuedoplastic deformation occurs, and it will

remain even after the load is removed, but permanent defects, such as dislocation, can not




\

be creat€d because the deformation is only through the reorientation Of the self
accommodating martensite. In addition, as demonstrated by finite element modeling
between two spherical asperities, [24, 25] the low stress-plateau related to shape memory
and superelastic NiTi makes the materials deform easily, which can increase asperity
contact area and consequently decrease contact stresses. Both superelasticity and shape
memory effect are responsible for the good wear resistance of the NiTi alloy. The better
wear resistance exhibited by the superelastic NiTi might be due to its higher hardness.
Under the same applied load it is more difficult to generate dislocations in superelastic
NiTi than in shape memory NiTi, since the former is stronger. Furthermore, for
superelastic NiTi, there is no accumulative deformation under the cyclic wear test loading
since the deformation is recoverable when the load is removed. However, for shape
memory NiTi, the deformation is cumulative since the deformation is irreversible when
the load is removed. An extra deformation is generated in each loading cycle, which will
deteriorate the shape memory ability and wear resistance. The cyclic loading condition
exists when NiTi alloys serve as the disk in pin-on-disk wear test. Theses investigations
demonstrate that NiTi alloys, especially the superelstic NiTi, are promising as novel
tribological materials. However, there has been no reported research on the tribological
application of NiTi thin films.
Because the loading conditions in wear tests are very similar to those in indentation
exg eriments, efforts have been conducted to correlate the wear resistance of NiTi alloys
witty their indentation behavior. [26-28] Mechanical properties, such as hardness,
wodnlus, work recovery ratio and depth recovery ratio, can be obtained by instrumented

indentation experiments. [28-31] A detailed description of the indentation experjment and
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analysis Methods used to calculat€ hardness, Young’s modulus, work recovery ratio, and
depth recovery ratio will be presented in section 1.3. It was reported that superelastic
Nis Ti alloy exhibits an energy recovery ratio as high as 47%, in contrast to the 304
stainless steel which has an energy recovery ratio of 11%. [28, 32] The energy recovery
ratio is defined as the ratio of elastic work to total work in the indentation experiment,
and the depth recovery ratio is defined as the ratio of reversible indentation depth to total
indentation depth. The high recovery ratio of Nis; Ti alloy was attributed to the reversible
stress-induced martensite transformation under the indenter, which has been verified by
TEM observation. [29]

The shape memory effect under indentation loading has been studied as well using
Rockwell indenter. [26] Recovery of the Rockwell indents upon heating were observed in
NiTi alloy. It was found that the ratio of indentation depth after heating to indentation
depth before heating is a function of the amount of martensite present. It was suggested
that, for NiTi alloys, the deformation under indenters can be divided into three types: [26,
29] (i) elastic deformation, which includes both linear elasticity and superelasticity
arising from the stress-induced martensitic transformation (ii) pseudoplastic deformation
arising from the reorientation of martensite variants, and (iii) unrecoverable deformation

due to generation of permanent defects, such as dislocations. The contribution of each
ty/Pe to the total deformation may depend on the indenter geometry and applied load.
Ho wvever, no systematic study on shape memory effect and superelasticity using
instemzzamented indentation techniques has been reported, which take into account of

ndex tation load and indenter geometry.
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1.13 Processing and Characterization of NiTi Thin Films

The microstructure and mechanical behavior of NiTi thin films have been
extensively studied since 1990. [7, 33-45] NiTi thin films are interesting because they
have the potential to be high performance actuating materials for photolithographically
micromachined systems. NiTi shape memory alloys have the largest actuation force and
displacement among many actuator materials. [7, 46-49]

NiTi thin films have been successfully processed by the sputtering method. A
schematic representation of the sputtering process is shown in Figure 1.1.8. A glow
discharge is generated first and the working gas is ionized. The working species is
accelerated toward the target due to the potential difference between the target and
plasma, which cause the atoms come off the target and finally deposit on the substrate.

It has been generally found that Ti content in sputtered NiTi thin films is lower
than that in target. [7] This composition shift may arise from differential sputtering yield,
[7] difference in angular flux distribution, [50-52] or by differential lateral drift caused by
flux thermalization. [53, 54] It has been shown that the polar angular distribution of Ti is
wider than that of Ni during sputtering. [50] This means that Ti:Ni ratio is larger at low
angle from the target surface and is smaller at normal direction of the target surface. The

e ffect of angular distribution on film composition is more pronounced at larger distance
fr—om the target.

Thermalization of the deposition flux is caused by collision of the deposited

spec/es with the working species. The thermalization is controlled by the parameter of

Pxd, where P is the working pressure and d is the working distance. [5S3] More sputtered

atoms are diverted by the collision with the working gas species when pxd value
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increasesS- The diversion of the deposited species depends on their mass. A COncentration
shift occurs due to the mass difference in the deposition flux, and it will affect the
transformation temperature and mechanical properties of the thin films.

The as-deposited NiTi thin films are amorphous if the substrate temperature is
kept low. Crystalline NiTi thin films can be obtained by subsequent annealing after
deposition. It was reported that the crystallization temperature of Nigg 9Tis; ) thin film is
about 500°C. [55]

Careful control of the annealing temperature and time is required to make shape
memory and superelastic NiTi films since the transformation temperatures are closely
related to the annealing method. Two types of annealing methods have been used to make
good crystalline films: (i) two-step annealing method: the as-deposited film is solution
treated at 973 K followed by aging at temperatures from 573K to 773K; [56] (ii) one-step
annealing method: the as-deposited film is annealed at a temperature between
crystallization temperature and 973K. [57]

The effect of annealing on Ni-rich thin film is very similar to that on bulk
materials. [44, 56] Lenticular Ti3Ni, precipitates are formed during annealing. Ti;Ni4 has
a rhombohedral structure, which belongs to the space group R3. The orientation

relationship between Ti;Ni4 and the matrix is:
(0001) Ti;Nis4|| (111) matrix
[010] TisNigl| [ 2 13] matrix
The Mabit plane of the Ti3Ni, precipitates is (111) of the matrix. [5] The precipitation of

T\, decreases the nickel content in the matrix and causes an increase in the mastensite
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start tenPerature. [7] In addition, precipitation hardening by Ti3Ni4 increases the yield
stress of the film, which can improve strain recoverability in the film.

Crystalline Ti-rich thin films contrast the Ti-rich bulk NiTi alloy in that the
former is more ductile than the latter. The improved ductility in thin films arises from the
suppression of the coarse grain boundary precipitates, which has been observed in Ti-rich
bulk material. [47] In Ti-rich films, evolution of microstructure during annealing follows
the following sequence: GP-zones — GP zones and Ti,Ni precipitates within the grain —
spherical Ti;Ni precipitates uniformly distributed within the grain — Ti,Ni precipitates
along the grain boundaries. [44, 58, 59] The Ti,Ni precipitates within grains are not in an
equilibrium state. When annealed for longer times or at higher temperatures, equilibrium
Ti;Ni precipitates form along grain boundaries. [7] The precipitates within in the grain
can increase the resistance to plastic deformation, which improves the shape memory
effect and superelasticity. [60]

It has been reported that the elongation of NisoTiso, Nisg3Tis; 7 and Nis; sTiags
films are 40%, 20% and 8% respectively. [43] Both Ni-rich and Ti-rich thin films in

crystalline form have good ductility and can be used as engineering materials.
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12 TRIBOLOGICAL COATINGS

The surface is arguably the 108t important part of an engineering material, where
many components fail due to wear. The task of tribology and surface engineering is to
design surfaces to reduce wear loss, while keeping the desirable properties (usually
toughness) of the bulk solid materials. The early 1980°s saw the development of
technologies in surface engineering, such as ion implantation, physical vapor deposition
(PVD) and chemical vapor deposition (CVD). A variety of coatings have been developed
to protect substrate materials in specific working environments. In the following sections,
properties of hard coating materials, and characterization and design aspects of

tribological coatings, are discussed.

1.2.1 Hard Coating Materials

Hard coatings can be produced by a number of techniques, which can be divided into
two broad categories — film deposition and surface modification. Among the deposition
methods, PVD and CVD are the most widely used techniques for producing hard
coatings. Depending on the chemical bonding character, hard coatings can be divided into
three groups, 1.€.,

(i) Metallic hard materials (transition metal borides, carbides, and nitrides),
(ii) Covalent hard materials (borides, carbides and nitrides of Al, Si, and B as well as

diamond)

(iii) Ionic hard materials (oxides of Al, Zr, Ti and Be).
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Tables 1.2.1-12.3 list the typical PYODerties of these three groups of matenals _ (61] All
show high hardness, high Young’s mModulus and high melting point. Important parameters
in designing tribological coatings include: [62]

(i) Young’s modulus and Poisson’s ratio of the coating and substrate
(ii) Strength of the coating and coating-substrate interface

(1i1) Thickness of the coating

(iv) Roughness of the mating surfaces

(v) Surface adsorbtion and reaction

All these parameters influence the mechanical performance of the materials, such as

residual stress, fracture, adhesion, friction and wear. These will be discussed in detail in

the section followed.

1.2.2 Characterization of Tribological Coatings

1.2.2.1 Residual Stresses

Residual stresses in the coating are critical to coating performance and reliability.
Residual stresses of thin films on substrates are produced by processes which would
cause the dimension of the film to change if it were not attached to the substrate. Residual
stresses include thermal stresses and intrinsic stresses. Thermal stresses are generated by
the difference in the thermal expansion coefficient between the film and substrate. The

dependence of thermal stress in a planar film, o, on temperature change, 4T, is given

by: [63]

E
40 _pg21 (1.2.1)
dT 1-v,
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where Aa is the difference betweCn the thermal expansion coefﬁCient; £, and v, are

the Young’s modulus and Poisson’ S Tatio of the film, respectively. Thermal stresses are
often dominant when high temperature deposition is adopted or when high temperature
annealing occurs during subsequent processing.

Intrinsic stresses are developed during the growth of the film. The magnitude of
intrinsic stress is dependent on the relative kinetics of various processes that contribute to
stress generation. Factors that influence intrinsic stress include grain growth, excess
vacancy annihilation, phase transformation, and epitaxy. The presence of a biaxial stress
in thin film on a substrate will cause elastic bending of the substrate. Tensile stresses in
the coating cause the specimen bend toward the coating, while compressive stresses in
the coating causes the specimen bend toward the substrate, as shown in Figure 1.2.1. [64] .
If the film thickness is less than one percent of the substrate thickness, the average stress,

o, in thin film can be calculated from the radius of curvature of the substrate using: [63]

E t?
o= : . (1.2.2)
1-v, |6Rt,

where R is the curvature of the substrate; E;, v; and ¢, are Young’s Modulus, Poisson’s

ratio and thickness of the substrate, respectively; # is the thickness of the film.

1.2.2.2 Adhesion Strength

Interfacial adhesion strength is a measure of the resistance of coatings to
debonding or spalling. Interfacial adhesion can be measured by indentation tests, scratch
tests, bending tests, or bulge and blister tests. [65-68] The scratch test has been widely

accepted as a comparative measurement of the adhesion strength of hard coatings on
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metal substrates because it 1S reliable, Simple to use, and requir€s no special Specimen
preparation. In the scratch adhesioT! test, a diamond indenter is drawn over the coated
surface under constant or increasing hormal load until a critical load is reached at which
coating failure occurs. Adhesion is generally quantified using this critical load to failure
in a scratch test. [69, 70] Acoustic emission and change in the slope of the time-
dependent tangential force curve in the progressive-loading scratch test, as well as
microscopic observation of the scratch scars, can all be used to determine the critical
load. [71-73] During the scratch adhesion test, a compressive stress field is induced ahead
of the indenter. When the mean compressive stress exceeds a critical value, the coating
detaches from the substrate to lower the elastic energy stored in the coating. The material
behind the indenter is subject to a tensile stress, and the material under contact is bent to
form the scratch track. The scratch ridge, which is the edge of a scratch along scratching
direction, is also subject to bending deformation. [74, 75] A range of non-adhesive failure
modes may occur before or along with adhesive failure during scratch test. Two types of
major failure produced by scratch tests are: cracking in the through-thickness direction
and adhesive failure, as shown in Figure 1.2.2. [76] Sometimes, there are two distinct
transition points in the output of the friction force, indicating two “critical loads”. The
lower value corresponds to the onset of through-thickness cracking around the indenter,

while the higher value is associated with coating penetration and detachment. [77-79]
1.2.2.3 Hardness

Hardness has long been regarded as a primary parameter defining wear resistance.

According to the Archard’s wear equation for abrasive wear test, the volume loss, AV , is
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linearly proportional to the applied Normal load, L, and inversely proport;ona/ to

hardness, H, [80] i.e.,

L
AV oc —, 1.2.3
H ( )

Therefore, many scientific researches have focused on the development of super-hard
(H>40GPa) wear resistant materials. [81]

One of the most effective methods to increase hardness is to decrease the grain
size. In metal and alloy films, small grain size causes hardening of materials in agreement
with the Hall-Petch relation

H=H,+kd™"?, (1.2.4)
where H is the hardness; Hj is an intrinsic material parameter; d is the grain diameter and
k is a constant related to both shear modulus and the critical shear stress for dislocation
movement. The Hall-Petch relation has been found to be valid for grain sizes larger than
10nm. For grain sizes smaller than 10nm, grain boundary sliding plays an important role
in determining the mechanical properties. [81] The deposited thin films usually have
grain sizes smaller than 1pm. The density of the film and defects also influence the

hardness. Usually, voids and vacancies decrease the coating hardness.

1.2.2.4 Friction and Wear

Friction and wear properties of tribological coatings are often evaluated by
sliding wear tests. The normal load and tangential force are measured during sliding wear

test. The friction coefficient, u, is defined as the ratio of the tangential force, F,, to the

normal force, F:
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M= (1.2.5)

S|,

where the tangential force, F), ariseS from two sources: an adhesion force, F,, developed
at the contact area between the two contact surfaces, and a deformation force, F,, needed

to plough into the material, i.e., [80, 82]

F =F, +F, (1.2.6)

The adhesion is given by

F =Ar (12.7)

where A is the true contact area between the two surfaces, and 7 is the shear stress of the
junction formed at the contact area. A low friction coefficient is usually desirable for
most tribological coatings.

Wear of tribological coatings can be categorized into two types: wear dominated
by coating detachment, i.e. fracture in the coating/substrate interface, and wear caused by
gradual removal of the coating material.[73, 83] Wear of the first type can be decreased
by improving interfacial adhesion; while wear of the second type can usually be reduced
by increasing hardness or decreasing the friction coefficient of the coating material.

As discussed in section 1.2.2.3, hardness is the major factor determining the wear
resistance of materials. However, recent studies showed that there exists cases where the
Archard’s equation does not apply, i.e. materials with lower hardness could have better
wear resistance. [24, 84] It was suggested that the ratio of elasticity plays an important

role in determining wear resistance as well. [26, 27, 84] For instance, some polymers,
particularly elastomers, have low hardness and Young’s modus and they can provides

excellent wear resistance. The elasticity can be easily characterized by the instrumented
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) : H
indentation experiments using the ralio of hardness to modulus, E’ or the ratio of final

: . . h H . ..
indentation depth to maximum ind€ntation depth, h—f Note that = is dimensionless

max

and it is termed as “elastic strain to failure”. [84] H/E can be used to characterize the

elastic strain under contact. An almost linear relationship between the ratio of hardness to

h
reduced modulus, i, and —. has been reported. [85, 86] It needs to be pointed out

max

that no experiments existed that unambiguously demonstrated the effect of H/E without
altering other attributes, such as the chemical composition at the surface that could also
affect wear, because in most previous studies different materials systems were used to

test the effect of H/E . To clearly demonstrate the effect of H/E on wear resistance, the

surface chemistry and surface hardness have to be the same.

1.2.3 Tribological Coating with Interlayers

Hard ceramic coatings are often deposited on the soft metallic substrates to
protect the soft metal from wear loss. Typically, the Young’s modulus of ceramic
coatings is 3~4 times higher than that of metal substrates. The coefficient of thermal
expansion for ceramics is often much smaller that that of metals. Ceramic coatings on
metal substrates sometimes have a strong tendency to fail by cracking or delamination
due to the large mismatch of mechanical and thermal properties. In addition, if the
substrate is not hard enough to carry the load, plastic deformation will take place in the
substrate under contact. For a softer substrate, cracks occur in the coating both within the

contact area and outside at the substrate material piling-up area. [76] One way to increase
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the load supporting ability is tO depOsit thicker coatings. However, the performance of 2
coating may not improve with iMCreasing coating thickness because the deposited
coatings typically have columnar striCture. Any crack normal to the surface will be large
in thick coating, and may exceed the critical crack length for fracture, whereas in the thin
coating this may not be the case. Furthermore, the interfacial thermal stress is
proportional to the coating thickness. A large interfacial shear stress often leads to large
thermal strain and premature failure of the coatings.

To improve the load supporting ability, adhesion, and wear resistance, composite
coatings with various interlayer materials, such as Ni, Ti, Cr and Mo, have been
developed. [71, 72, 87-89] With proper choice of interlayer materials and thickness,
improved friction, wear and adhesion behavior have been achieved. It has been claimed
that interlayers can provide beneﬁts'by arresting crack propagation, a problem which can
otherwise increase with thickness. [90] It is desirable to produce tribological coatings
where the interlayer provides good adhesion to the substrate and the outer layer provides

high hamess, low friction and good stability.
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13 INSTRUMENTED INDENTATION EXPERIMENTS

Traditional Vickers hardness MMe€asurement requires imaging of the indents to
calculate the contact area and hardness. Large errors are introduced in the measurement
of indentation size. In addition, it is very difficult to image indents of sub-micron scale.
With the instrumented indentation technique, hardness can be calculated directly from the
load-displacement curves. Instrumented indentation experiments, also termed
nanoindentation or depth-sensing indentation experiments, have been widely used in
probing mechanical properties at sub-micrometer scale. During an instrumented
indentation test, both the applied load and indenter displacement are recorded, and
mechanical properties, such as hardness and reduced modulus, are measured. A
schematic load-displacement curve from a loading-unloading cycle of the instrumented
indentation test is shown in Figure 1.3.1. [91] A variety type of indenters, such as
Vickers, Berkovich, Knoop and spherical indenter, were used in indentation tests. [92]
Recently, Berkovich indentation and spherical indenters have been widely used for
indentation measurement. [91][119] In the following sections, issues related to

instrumented Berkovich and spherical indentation experiments will be discussed.

1.3.1 Instrumented Berkovich Indentation Experiments
1.3.1.1 Oliver-Pharr’s Method for Hardness and Modulus Measurement

A Berkovich diamond indenter, which has a triangular pyramid shape, can be
easily manufactured since three facets always intersect at one point. It has the same area-
to-depth ratio as the traditional Vickers indenter. Berkovich indentation experiments have

found wide application in measuring hardness and Young’s modulus of bulk materials

23






y - . . he
and thin films. [93-95] A detailed description of peryoyich indentation experimen ¢
anal ¥sis method for measuring hardness ang Modulys is presented in this section:

i lated as
The hardness, H> 15 equal to the dVerage pressure under the indentet, calct

he applied load, Fmax divided by the congy, area, A, between the indenter and the
the >

sample:

4 (13.)

For aprefect Berkovich indenter, the relationship bet~w~veen contact atea, 4, and contact

depth, /i, § s given by the area function: [91]
Ac = 245h3 .

(13.2)
and contact depth are cpiy -
Accurate determination © £ contact ared ntlcal in panoindentation

measurement.

t
Doemer and Nix  [96] to first proposed that the contag €pth can be ca\c\l\ated

i t the initia] o
from load-displacement. curves by assuming tha "M A ding stiffnesss is linear.

This method was later modified by Oliver and Phar, [91] anq who’s methyqy 5 now

. tact
widely accepted 10 Jetermine contact depth, con area hardness, angy

modulus .

The Olivel ang phar’s method [91], first proposeq 5 1992, assume, e
a

conical indentation Process can be used to simulate the Bel'kovich indentatiop Proceg

because the conical indenter, like the Berkovich indenter, has the same depth-are,
relationship z g geometric singularity at the tip. The Berkovich ndenter is equivalent to .
c eonical indeny ¢er with 2 ha]f_angle of 70.3° as shown in Figure 1.3.2. [97] For a conical

in & enter, the contact depth, A, is given by:
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;I" = }’max —0. 72 & (]33)
S ’

Whexe Ay is the displacement at the maximypy o0 o nitial unloading
> max»

stiffness, respectively- (91] Based ©Ona large Number of experimental observations, Oliver

and Pharr suggested that the contact depth £, Berkovich indentation is slightly differeny
frorn equation (1.3.3) and is given by: [ 21, 98]

h =hmax ‘075@
‘ Ry

(1.3.9)
A comparg son of the contact depth for Berkovich

ixr = dentatj .
" ©Xperiment and conical
mdentation experimeﬂt is shown in Figure 1.3.1.

. nitial W .
Accurate determination of the initial rn_loadmg Stift},
€ss is crucial in
. ) he urx .
nanoindentation analysis- It was observed that t loading cy

e Obeys a power—law
relationship: {91

F,=KMh-h)",

(13.5)
where £ is the force during unloading;

h is the indenter displaq
Stnent during  waploading,
and /;is the residual iy gentation depth after unloading. The

ch’lstants K anq  can b
- . an
determirned by a least square fitting of the relationship between F and (A ¢
u ~ 4

. , : ) Initjy
unloading stiffness, S, s then found by analytically dnfferentiaﬁng equation
1

3.5 ang
evaluating the derivatjy,¢ ,¢ the peak load:

_dF,
" dh

F,=F,

=Faus (1.3.6)

S

~—Zhe relation sship between the initial unloading stiffness and reduced modyjys. £ ;
’ s IS
g /<€nby: [99)
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S= f{’ﬁ/ o [ (137
}1 F‘=Fmax ,z. ,
The reduced modulus, E*> is giver by:
1 1—o? 2
= L"E\) L-02) (138)

wheTe E, and v, are Young’s modulus Aand Poisson’s ratio for the specimen, respectively;
E; and v, are Young's modulus and Poisson’s ratio for the indenter, respectively

Diarmond j s the most PoPular indenter material becaus <= of its hjgp Stiffness and hardness
. > i he A1 ==am ;
The Yo , s and Poisson’s ratio of t ond jpq
ung’s modulu _ SMter are 1141GPa and
nter with infinite odulys,

0.07, res . r a rigid inde .
pPectively. Fo & € reduced modulus is

expressed as:

1 (-v)
£ E (39

Equation (137) was first derived by Sneddon for elastic

c 101
Ontact between 3 ngld,

axisy'mmetric punch of an arbitrary smooth profile and an elastj, half.space. Lt applies to

both conical and spherical indenters. Recently, Cheng and Cheng [86, 100]
o , ’ Toved thy
this equation holds trye for elastic-plastic solids with or w‘thom work harq,
o Ung ang
residual stress. The megqyred initial unloading stiffness can thus pe ysed to Caley,;

ate the
reduced modulus if the contact area can be accurately determlned_
Practically, no Berkovich tip is perfectly shap at theeng The tip rounding effect

is taken into & ccount by the indenter shape function calibration. For a rounded Berkovicy

t & D,asagood approXimation the shape function is given by: [91]

4 =24.5K +Ch +Ch” (1.3.10)

26






be obtai :
The constants C,, C, €20 a1ned by a least square fitting of the relationship e
- ’s
the Contact area and contact depth. By 'Ndenting a material with a known Youns

modulus, the contact arca can be calculateq using equation 1.3.7. The contact depth can

be <etermined using cquation 1.3-4. Plost Often, fused silica is used as the calibration

material. The Young’s modulus and POISson’s ratip of fused silica are 72GPa and 017,

resprectively. [101]

13 l.’Pj[i,,g,”p and Sinking-in
Ex tensive finite €lement modeling of conic =l indentatio : )
08 10> T in elastic-perfectly
plastic (102-104] and elastic-plastic [85; 86, 97, 9%, 3, 106] solj

S has been conducted.
larges
I was found that, the comtact depth (hJ) can be ABEX than the i

the co Ilde"tation depth at the
maximum \oad (Amax)s 1-€ - piling-up occurs; Orf tact depth

€
e an be smaller e ™
indentation depth at the mnaximum load, i.e. sinking-1n occurs,

; 3 ith some specific angle, the
For a conical indenter W degree of pil i Tag-Up and
sinking-in is dependent on the ratio of yield stress to Young>

modulus, }’/G and the

astic
Phan- method can be
. . sed ¢
determine the contact g, pth. However, for materials with low y- /E and , materiy, (o

work hardening €XPoneqt, n, as shown in Figure1.3.3. [97, 10+
material s (large /£ ang p) sinking-in occurs and the Oliver-

Pilip

. . 8-
up occurs. It is Clairneq that, as 2 simple practical rule, vwhe, e ratio of resiq
1dug)

h
indentation deplh 10 maximum indentation depth, h_/

max

»1sless thap 0.7, the Oliver-Phay,
rr——aethod prowides a reasonable estimate of the contact area. However, when /- >07

max

M= O\vex-Pharr method ungepestimates the contact area due to material Piling-up. As is
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obvious in equation (1 34).the contact depth (%) is always smaller than the indentstio™
depth at maximum 10ad (ne:) WIER Oliver-pharyg 11104 is used. [107] Material P8
up bas been obscrved in Berkoviach indents o, aluminum. The projected contact areas
measured by AFM were up to S0% greater than those calculated using the Oliver-Pharr
method. [109] To accurately determine the Contact areg in the case of piling-up, W€ need
to rx1€asure the profile of the residual indents afier unloading using surface profilometer.

The “1op point” shown in Figure 1.3.4 can be used to d efine the contact perimeter. [110]

1313 S, <2/ing Relationships

relationships have be=en reporteq .

Some interesting scaling ; o .
1 conjca] indentation

. . i d finite ¢
eXperiment using dimemsional analysis an lement

Odeling. The scaling

ible work to tota] worle W, £
> —— | ratio oirf

W

tot

relationships between the  ratio of irrevers aual

h
. ! . fh d
de imum ind :on depth, — , ratio of hardness ¢
Pth to maximu entatio h O reduced mo<yls, L=

E

have been reported. Foy a conical indenter with an arbitrary angle a single
’ ne-to-one

W h -
relationsship exits betw e —- and ;,L , as shown in Figure y -3.5. [105, 106 ;
. b > II

tot m

] Thjg

. h
relationship is apPTOX imggely linear for h >0.4 and the expre s siop is given by:

74 h, h,
LR —-y for —
(l+}’)hm Y h > 0.4, (1.3.13)

tot

w~=here y = Q _27. This genery| relationship is independent of material properties anq

irwRenter angle. For a conica] jpdenter of given half-included angle, g, an approximately
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h
. .ar relationship exists between vy H
line P A, and £ > s shown in Figure 1.3.6. [85, 106, 112]

The relationship is given by:

h H
Y_1-aZ
h, =Ate (13.12)
where
A=15tan(@) + 0-327 for 60= o

For a coﬂical indenter With Sharp ar\gle, e-g- 450, the 3 § inea-l' relationship betw hf
een —— and
h

m

dependence < 2 nq 1 ong
Cr

HE*remn aajns valid although the angular
applies.

n Indentation and Uniaxia & T, ensile

13.1.4 Correlation betwe e
Perimenss

n, & for conicaj j, o2
‘. b

1t is suggested the representative stral
Sntation is giv en by

13]-
g,=02tanf,

(13.14)

where, 6, is the half jjcluded angle of the conical indentey
* Berkovich a‘hd Vick
. . s . IcKers
indentexrs are equiva conical indenter with 70.3°
lent to 2 hajf included

nele. e

representative strain for Berkovich and Vickers indentation i imat
o S approxima ely
eQUa]
to

0.08. Tabor claimed ¢y, the significance of representative Strain is that h
ardness
(&)

equals 2.8 tirpes the true stress (0, ) at the representative strain | e. [92]
H = 2.80’, .
( 1.3.15)

s==vhere & is the truestress at () 08 true strain in an uniaxial tensile test
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1t has been reported that equatjop (1.3.1 5) applies only to highly plastic rmaterials -
For highly-elastic the ratio of hardness to flow stress (termed as the constraint factor) iS
.maller than 2.8. The CONSRAINE fACLOrs decrepe from 2.8 1o 1.7 for highly PSS
materials to highly-elastic materials, resPectively (36, | 12]

Recently, there have been argLHICALts ahoyy the yalue of the representative straip

By mapping the strain distribution of the subsurfuce under the indents, Chaudhri (114
suggested that the representative strainl ranges from .25 to 036, However, using finite

elerment ¢ ajculation, Mata et. al. [115] suggested that  the represenqyye strain should be

closeto O_ 1.

Efforts have beenn made to explore the possibi ity of den'vi

& the trye stress-strain

. amidal 3 .
relationships using instrumented conical of pyr Ndentatiop,

Xperiments. [105, 116-

. inations ©f v/
117] X has been found that different combl yield Stress and work hasdenin®

-displacement curve j
exponent can lead 10 thie same load-displ na shalp indentation test, 25

showwn in Figare 13.7. Therefor® the stress-strain relatlonshib may not be uniquely

i i ment curve of conical o ) )
determined from load-displace " pyramidal T mdentation

experiments. [105]

1.3.2 Xnstrumenteq Spherical Indentation Experiments
1.3.2.1 Analying Meyy, 45

Since its inception by Brinell about 100 hundred years ago, spherical indent;.m'on
techniques h = ve been widely used to measure hardness of mater . [92, 118-121] In the

~=pherical inl entation test, 5 hard spheri031 indenter is pressed ing, a flat surface' under a
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normal load making impresston. Hardness ang reduced modulus can also be measured 7*
instrumented spherical indentation test using equagion: 1 3.1 and 1.3.7.

In spherical indentation ©Xperiments, in Berkovich indentation experiments,,
accurate determination of the contact area js Crucial to the measurement of hardness and
reduced modulus. In spherical indentation, g circle delimiting contact between the
indenter and the indentation is usually’ 10t in the plane of the original surface but may be
above or below it. The piling-up or sinking-in makes 4t difficult to determine the contact

depth andd aren under indenters. Two types of meth s, i.e., Norb\lfy-Samuel’s method

. .
and Olivey_pharr’s method, have been used to dete e the “Ontact greq in spherical

indentatio n exper'i ments.-
loadings yg;j
. ) - ofile after un Ing 3 ..
By imaging the indent pr . n c"OSCOpe, Norbury and
;onship between the  contacy .
Samuel {122 found that  the relationsiip radl‘JS, a, and the radivs 2

2 -
2_,/a”, where ¢” is a ¢
.. . : =a‘/a ons the
the original surface, a’ satisfies € ’ tal)t dependent oxYy °®

work hardening, €Xponent, n,

A _a _52=n) :
et 2d+n) (13.16)
Hill et. al. [123] analy, .4 the Brinell indentation and claimeq that Nobury a'lds
observation are valid _ Equation 1.3.16 has been widely used jy, spherical indentati::’:lels,
est

to determine contact area and material properties. [124-128] Evidently, ac Cording
to

equation 1.3 16, the piling-up and Siﬂking'in depends on the ‘Work hardemng €Xpone
nt

only, and it J 5 independent of indentation depth and other mater;,; properties. Howeve,
arecent finite  element analysijg shows that the extent of piling-up/ Sinking-in is g function of

(7= applied 1oad and Matery g propertieS, such as yield stress, jn addition to the work

na Tdmwng exponent. [129, 13 0]
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Oliver-Pharr’s method  [91] js another methog that has been used to derermin©
the

contact area in spherical indentation tests. po, spherical indentation experiments:

contact area, A, is given bY 2 SIMPle geometry ¢op oo [131]

where R is the indenter radius. ThE Contaey depth, h., is given by equation 133
Obiously, in the Oliver-Pharr method, contact depth  h,, is assumed to be less than the
maxXimum jndention depth, Rmax. Therefore, the Olive=r-Pharr method applies only when

sinking-iry occurs. It underestimates the contact area == Ihen piling yyp,

herical Indenta¥i «ap EXperip,
e

1322 Representative SZrain for Sp r2s
s

ion ;
! that the angle between

. \9
atlon, as does the extent

Spherical indentation differs from Berkovi

the indenter and specimemn surface changes during indenter pep,

of the strain under the indenter. Tabor (132, 133] dernonstrated that th was?2 depth-
ere

sensitive reptesentaﬁve strain, ér that could be associated “’ith spherical indemation

eXperiment, expressed ag:

d a
g, = 02'5 =0'2_’

R
(13, 18)
where ar and 4 are the contact radius and diameter, reSpectively. R and D are i
i ively. Tabor [9 © Fadiys
and diameter of the jpgenter, respectively- Tabor [92, 132, 4 33] also showeq ¢,
at, for
some metals _ the hardness, #, is about 2.8 times the true stresg o, for a strain equal
> ry a to
the represent ytjve strain, j.e., the constraint factor,CF , is:

H
CF—;’ 2.8 when g = ¢ (1.3.19)

r
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where £ 18 the true strain and & is the representative strain given by eqUaticy ; 3 ;s.
Figure 1.3.8 shows the relationship between the representative strain ~ hardness and true
stress~ true strain for spherical indentation in metals. [132] The correlation between
spherical indentation experiments and uniaxial tensile data indicates that, using the
concept of representative strain and constraint factor, spherical indentation experiments
may possibly be used to measure the true stress-strain relationship. Compared with the
tensile test, the spherical indentation experiment has the advantages in that it is non-

destructive and can be conducted at small scale.

Francis [134] argued that spherical indentation in elastic/plastic materials evolves
in three distinct stages — elastic, elastic-plastic, and fully-plastic, as shown in Figure
1.3.9. [125] The deformation is purely elastic when H/Y<I.1, where H is the hardness
and Y is the yield stress of the undeformed material. In the purely-elastic indentation
range, the material around and underneath the indenter deforms elastically. The analytical

solution to elastic indentation is given by the Hertzian equation: [113]

1/3
a= (32"2"12) s when a<<R, (1.3.20)

where a is the contact radius, F_ is the applied indentation load, R is the indenter
radius, and E is the reduced modulus. When H/Y reaches 1.1, plastic deformation starts
at a point below the center of the contact region. This occurs at a depth dependent on the
strain hardening of the material, but is always close to 0.5a below the bottom of the
indentation impression. In the elastic-plastic range, the plastic zone is surrounded by
elaSti(:ally strained material. When H/o, ~ 2.8, fully plastic deformation is established and

H/o, remain approximately constant with increasing indentation depth. In the fully-plastic
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‘\m\e“taﬁOn range, the plastic zone reaches out to the surface and all the malery 5/ 2round
the indenter deforms plastically.

It has been found that the constraint factor increases when the indentation evolves
from the elastic to the fully-plastic stage. Constraint factors from 1.1 to 3 have been used
in deriving true stress-strain relationship using spherical indentation experiments,
depending on the stages of the indentation experiments. [135-140] However, so far, there
has been no systematic study of the limitation of using the constraint factor to derive the

stress-strain relationship.
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CHAPTER 2

ON THE STUDY OF MICROSCOPIC SHAPE MEMORY EFFECT,

SUPERELASTIC EFFECT AND WEAR BEHAVIOR OF NITI ALLOY

2.1 INTRODUCTION

NiTi alloys are well-known for the shape memory and superelastic effect. Since
the first discovery of shape memory effect in NiTi in 1960’s, [1-3] there have been
extensive research efforts on both the fundamental understanding and industrial
applications of NiTi alloys. Recent years have seen an increasing interest in using NiTi
alloys for small-scale applications, including shape memory thin films for MEMs devices
and, in this study, wear resistant surfaces. For example, shape memory alloys exhibit
desirable wear properties under cavitation erosion [141-143] and dry sliding wear
conditions. [20, 22, 23, 26-28] However, there exist few studies on the indentation
behavior of NiTi alloys. [26, 29, 32] The indentation behavior of NiTi is interesting
because (i) the indentation experiments may be used to characterize the shape memory

and superelastic effect at small scale, which will be especially useful for characterization

of NiTi films on substrates, and (ii) the loading condition in wear tests is very similar to

that in indentation experiments. The indentation study of NiTi alloys can help us
understand the wear behavior of NiTi alloys.

This chapter first presents a systematic study of shape memory and superelastic

effect using instrumented indentation experiments to answer the following questions: (i)

how q ges the indenter geometry influences the shape memory and superelastic effect (ii)
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what ar€ the effects of indenter radius and indentation depth on the mechanicq response
of shape€ memory materials? In addressing these questions, a set of qQuantitative
characterization methods using micro and nanoindentation techniques have been
developed. Specifically, spherical and Berkovich and Vickers pyramidal indenters were
used to determine the mechanical response of NiTi alloys over a wide range of
indentation depths. The magnitude of the shape memory effect was quantitatively
characterized by the thermal-induced depth recovery ratio of the residual indentation
depth. The magnitude of the superelasticity was quantitatively characterized by the depth
and work recovery ratios obtained from the load-displacement curves. It is found that (i)
the magnitude of the shape memory and superelastic effects can be rationalized using the
concept of the representative strain and maximum plastic strain, and (ii) instrumented
indentation techniques, especially the spherical indentation experiments, are useful in
quantifying shape memory and superelastic effects at micrometer and nanometer length
scales.

In order to look into the possibility of using NiTi as a novel tribological material,
dry sliding wear behavior of martensitic, austenitic and amorphous NiTi was studied
under different loads using pin-on-disk wear test. It was found that the wear resistance of

Ni1Ti alloys increases in the order of martensitic, austenitic, and amorphous. The
austenitic NiTi is less wear resistant than amorphous material although the former has a
highier elastic recovery ratio. To make superelastic NiTi wear resistant, the surface

plou ghing needs to be prevented.
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12 INSTRUMENTED INDENTATION EXPERIMENTS
2.2.1 Sample Preparation and Experimental Methods
Melt-solidified NiTi shape memory (specimen BH) and superelastic (specimern
BS) alloys were obtained from Shape Memory Application, Inc. (San Jose, California) in
the form of 0.75Smm and 0.43mm thick flat annealed sheets, respectively. The nominal
composition of sample BH and BS is 50.8 at.% Ni, balance Ti, with oxygen and carbon
levels below 0.17 at.% and 0.22 at.%, respectively. Characteristic phase transformation
temperatures were measured using a TA Instrument 2929 Modulated Differential
Scanning Calirometry at a heating and cooling rate of S K/min. Regular X-ray diffraction
(XRD) measurements were carried out on a Siemens D500 diffractometer using Cu-K,
radiation at 40 kV voltage and 30mA current. Microfocus XRD was carried out on a
Simens D5000 diffractometer using a spot radius of 50 um and Cu-K, radiation at 40 kV
voltage and 30 mA current.
Samples were mechanically polished, finishing with a 0.25 pm diameter diamond
paste, to give an average surface roughness of less than 50nm. Berkovich indentation
experiments were conducted using a Nano Indenter XP from MTS System Inc.. A
Berkovich diamond indenter was used to make indentation with residual depths ranging
from 500 to 1000 nm. The tip radius of the rounded Berkovich indenter is less than 150
nm. Instrumented Vickers and spherical indentation experiments were conducted using a
CSEM Hardness Tester from CSEM Instruments. A Vickers diamond indenter was used
for residual depths ranging from 1000 to 6000 nm. Spherical diamond indenters with
radii 213.4 and 106.7 um, measured by scanning electron microscope (SEM) imaging,

Were ysed for instrumented spherical indentation experiments on the CSEM indenter.
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Both {h€ applied load and indenter displacement were recorded during the €nti re loading
and unloading cycle of instrumented indentation experiments. The indentation
experiments were conducted at room temperature (25 °C).

To characterize the shape memory effect of specimen BH, 3-D profile of the
spherical and Vickers indents were measured using a WYKO RST-Plus optical
profilometer, while the profiles of Berkovich indents were measured by a tapping mode
atomic force microscope (AFM) from Digital Instruments. After topographical
characterization of indents, the samples were heated in air to 150 °C for 10 minutes to
transform martensite phase into austenite phase and cooled back to ambient temperature.
Profiles of the same indents were measured by the methods described above after
thermal-induced recovery.

Tensile tests of specimen BH and BS were conducted using a United Testing
System tensile tester. The gauge length was set at 20 mm and the displacement rate was
1 mm/min. Displacement of specimens during tensile test was monitored by a laser optical

extensometer. The tensile experiments were conducted at room temperature (25 °C).

2.2.2 Results and Discussion
2.2.2.1 Transformation Temperatures and Structures
Transformation temperatures of specimen BH and BS were measured by
differential scanning calirometry (DSC) tests, as shown in Figure 2.1. From DSC
measurements, the rhombohedral “R-phase,” martensite, and austenite start and finish
ttmpexratures (R, R, M,, M;, A; and Aj respectively) were determined and are

Summnarized in Table 2.1. The martensite finish temperature of specimen BH is slightly
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above TOOM temperature (RT), which indicates that it is martensitic at room teryperapyre.
In specimen BH, the transformation enthalpies for austenite—>R-phase, R-
phase—>martensite, and martensite—austenite transition are 3.9, 11.3 and 23.1 J/g,
respectively. In specimen BS, 4; < RT < A; and R, < RT < R,, which indicates that BS
sample is a mixture of B2 and R-phase at room temperature. The transformation
enthalpies for austenite—>R-phase, and R-phase—>austenite transition are 3.4 and 4.4 J/g,
respectively. X-ray diffraction patterns, Figure 2.2, shows that sample BH consists of

B19’ monoclinic martensite and BS consists a mainly of B2 austenite and a small amount

of R-phase.

2.2.2.2 Shape Memory Effect of Indents

The shape memory effect arises from the recovery of strain during transformation
of a deformed martensite to austenite upon heating. In this study, recovery effect of
indents was determined from surface profile measurements by defining a thermal-induced

recovery ratio, 4, as

: (2.1)

where h, is the residual indentation depth recorded immediately after unloading and h'f

is the final indentation depth after the completion of thermal-induced recovery. A

schermnatic illustration of the thermal-induced recovery of the indent is shown in Figure

2.3.
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2.22.2.1 Berkovich and Vickers Indents

Figures 2.4(a-b) show the profile of the Berkovich and Vickers’ indents orx
specimen BH (shape memory NiTi) before and after heating. The thermal-induced
recovery ratio of Berkovich and Vickers indents is plotted in Figure 2.5. The recovery

ratio of both Berkovich and Vickers indents on specimen BH is about 0.34 and is depth

independent from 500 to 6000 nm.

2.2.2.2.2 Spherical Indents

The geometries of the spherical indenters with radius of 213.4 and 106.7 pm are

shown in Figure 2.6(a) and (b), respectively. The tip radius was measured by SEM
imaging. For specimen BH, a spherical indenter with 213.4pum radius (Figure 2.6(a)) was
used. Optical micrographs of spherical indents on specimen BH before and after heating,
Figure 2.7(a) and (b), show the recovery of indents. To quantitatively characterize the
recovery effect, 3D profiles of indents were measured using a WYKO optical
profilometer. Figure 2.7 (c) and (d) shows the 3D profile of an indent made at 8 N before
and after heating, respectively. Residual indentation depths of the indent before and after
heating were obtained from 3D profile of the indents, and the thermal-induced recovery
ratio was calculated using equation (2.1). The relationship between the thermal-induced
reco very ratio and the residual indentation depth is presented in Figure 2.7 (e). It is
evident that shallow indents disappeared completely after heating, while deep indents
reCov ered almost completely. The magnitude of recovery is a function of indentation

depth fora given spherical indenter radius.
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The concept of representative strain is invoked to present the depth-9€pepgence of
recovery ratio for spherical indentation in shape memory alloys. For a spherical indenter
of radius R, the representative strain, ¢, , associated with the indentation experiment is
given by: [92]

g, =02al/R, 2.2)
where a and R are the contact radius and indenter radius, respectively. The
representative strain is dimensionless. Cross-section profiles of the spherical indents
produced at 10 N and 25 N load are illustrated in Figure 2.8, which shows that no
material piling-up occurs even at the maximum applied load of 25 N. A schematic
illustration of the indentation sinking-in and meaning of the symbols are shown in Figure

2.9. The contact depth, A_, can be calculated from load-displacement curves using the

Oliver-Pharr method, [91] since no material piling-up occurs in this study. Specifically,

the contact depth is obtained from:
h.=h_ -0.75F,../S), (2.3)

where h_, is the penetration depth at the maximum load, Fiu., and S is the initial

unloading stiffness calculated from the unloading curve. The contact radius is determined

from the geometry and is given by:

a=+2hR-h’, (2.4)

The relationship between the representative strain and thermo-activated recovery ratio is
plotted in Fig. 2.10. It is evident that the recovery ratio is constant and close to 1 when

the representative strain is lower than a maximum recoverable representative strain of
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about 0.047. The thermally induced recovery ratio starts to decreases with increasing
representative strain when the representative strain exceeds a critical value.

The true stress-strain curve from tensile test for the same NiTi shape memory
alloy is also shown in Fig. 2.10. It exhibits the well-known behavior that includes, with
increasing strain, initial elastic deformation, twinning deformation, and, finally,
additional elastic deformation plus plastic deformation due to dislocation activitiy.[5] The
twinning deformation corresponds to the plateau region in the stress-strain curve, while
dislocation slip starts at the end of the stress plateau. The strain at the end of the stress
plateau is regarded as the critical strain for complete recovery. For specimen BH, a
critical strain of about 0.047 corresponds to the maximum recoverable strain upon
heating in the uniaxial tensile experiment. Fig. 2.10 also shows that the maximum
recoverable representative strain from spherical indentation coincides with the critical
strain in a tensile experiment. This observation suggests that spherical indentation can be
used to probe the maximum recoverable strain for the shape memory effect, especially for

sample configurations where tensile measurements become impractical.

2.2.2.3 Superelasticity under Indentation

In this study, the indentation-induced superelastic effect was characterized by the
depth- and work-recovery ratio measured directly from indentation load-displacement
curves. A schematic representation of the elastic recovery due to removal of the load is

shown in Figure 2.11. The depth recovery ratio is defined as:

n, =——27L, (2.5)
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where k. is the indenter displacement at maximum indentation load, h,, is the

residual indentation depth at which the load becomes zero during unloading. The work

recovery ratio, 7, is defined as:

hmax
deh
_ W; _ hy
= W, " iy (2.6)
deh
0

where W, is the total work done during loading and W, is the reversible work during

unloading.

2.2.2.3.1 Berkovich Indentation

Figure 2.12(a) shows the load-displacement curves of Berkovich indentations in
specimen BS (superelastic NiTi) and annealed copper. Copper was chosen as the
comparison material because it represents metals having elastic-plastic behavior. Figure
2.12(b) shows the depth and work recovery ratio of Berkovich indentation at various
depths. Evidently, n, and 7, for specimen BS are about 0.45, which is significantly
larger than the value of 0.08 measured for copper. Both the depth and work recovery

ratios are depth independent.

2.2.2.3.2 Spherical Indentation
Load-displacement curves for spherical indentation (R=213.4um) on specimen
BS and copper are shown in Figure 2.13(a). It is evident that the specimen BS displays a

much greater recovery ratio than that of copper. The depth recovery ratio and
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representative strain, together with the true stress-strain curve of specimen BS, are shown
in Figure 2.13(b). By comparing the recovery ratios from two radii of 106.7 and 213.4pum
in Figure 2.13, it is evident that the depth recovery ratio indeed scales with the
representative strain and is independent of the tip radius. Contrasting with Berkovich
indentations, the magnitude of both the depth and work recovery ratios is significantly
greater under spherical indentation conditions compared to the Berkovich indents. The
recovery is nearly complete when the representative strain is less than a maximum
recoverable representative strain of about 0.05.

To explore the mechanism of the high recovery ratio, a microfocus XRD
experiment on a Rockwell C indent made in specimen BS was carried out to study
indentation-induced phase transformation behavior. Figure 2.14 (a) and (b) shows the
XRD spectra of the non-indented area, and the area inside the indent, respectively. The
(002) diffraction peak of martensite phase appears in the indented area, which indicates
that the austenite — martensite phase transformation was induced by the applied
indentation load. Superelasticiy can therefore occur under the indentation loading
conditions. As we know from the uniaxial tensile test that this transformation is
associated with a large reversible strain. The appearance of martensite in the indented
area also indicates that part of the indentation-induced martensite is highly strained and
can’t transform back to the austenite phase when the load is removed, which corresponds
to the irreversible part in the load-displacement curves.

The plateau in the true stress-strain curve of the superelastic NiTi alloy (specimen

BS) results from a stress-induced-martensite phase transformation. For specimen BS, a

Critical strain of about 0.05 corresponds to the maximum recoverable strain below which



a completely reversible phase transformation from martensite to austenite can occur upon
unloading in the tensile experiment. Figure 2.13(b) shows that the maximum recoverable
representative strain from spherical indentation coincides with the critical strain in the
tensile experiment. Dislocation s]ip is initiated when the strain is greater than the critical
strain. Accordingly, the depth recovery ratio decreases with increasing representative
strain once the representative strain exceeds the critical strain of 0.05. This observation
suggests that spherical indentation can be used to probe the maximum recoverable strain

by the superelastic effect.

2.3.3 Representative Strain and Strain Distribution under Indenters

For ideally sharp pyramidal or conical indenters, the representative strain is
determined by the face angles. Since no length scale is involved in describing the
indenter geometry, the representative strain is independent of indentation depth. For
Berkovich and Vickers indentations in elastic-plastic solids the representative strain is
approximately 0.08 for all indentation depths. [113] Hence, it is reasonable to expect that,
for ideal Vickers and.'Berkovich indenter, both the shape memory and superelastic
recovery ratios should be independent of indentation depth, provided that there is no
other length scale involved in describing the indenter geometry. However, for real
Berkovich and Vickers indenters, which will have some degree of tip blunting, recovery
ratio is expected to be close to that of spherical indentations when the indentation depth is
small (i.e., comparable to thé.tip radius of the Berkovich and Vickers indenters). Tip
blunting needs to be taken into account when doing shallow indentation measurement

using Berkovich or Vickers indenter. The constant recovery ratio observed in this study
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indicates that the effect of tip blunting is insignificant when the indentation depth is
greater than 500nm, which is consistent with the fact that the tip radius of the Berkovich
indenter is about 150nm.

For spherical indentation in elastic-plastic solids, the representative strain
produced is not constant but varies with contact radius according to 0.2a/R. [91, 92,
133] Since the contact radius increases with increasing indentation load, so does the
representative strain. For specimens BH and BS, shape memory and superelastic effects
under uniaxial tension or compression exist only up to a maximum recoverable strain of
0.05. We can therefore expect that, in spherical indentation experiments, the recovery
ratio decreases with indentation depth when the representative strain exceeds the
recoverable strain limit.

In is instructive to note that the recovery ratios are much larger for spherical
indentation than that for pyramidal indentation at the same representative strain of 0.08.
This difference may be related to the magnitude and the spatial distribution of the
maximum stress and strain for the two indenter geometries. Indeed, using finite element
analysis, Mata et al. [115] showed that the plastic strain level attained directly underneath
sharp indenter tips can be as high as 2.5 for elastic-plastic solids. The maximum plastic
strain for sharp indenters in annealed copper is less than 0.1 under spherical indentation
[144] when the a/R value is less than 0.3, which is about the maximum a/R in this
study.

In this work, finite element modeling was used to study the strain distribution

under sharp and spherical indenters at a representative strain of 0.08. A detailed

description of the mesh and boundary condition for the finite element modeling will be
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presented in Chapter 4. The stress-strain response of specimen BH obtained from tensile
tests was used to determine the relevant constitutive parameters for finite element
modeling. Figure 2.15(a) shows the strain distribution under a conical indenter with
70.3° half-angle, in which the representative strain is 0.08. Figure. 2.15(b) shows the
strain distribution under a spherical indenter with representative strain of 0.08. It is found
that the maximum plastic strain under conical indenter (half angle = 70.3°) is 0.79; while
it is 0.18 for spherical indentation at the representative strain of 0.08. The blank region
under the conical indenter indicates the region with a strain larger than 0.18. Thus, a
sufficiently large volume of material directly under the pyramidal indenter is so highly
strained that significant deformation occurs by dislocation motion, which deteriorates the
shape memory and superelastic effect. It appears that the strain under the spherical
indenter is largely accommodated by martensite twinning in the shape memory NiTi alloy
or by stress-induced martensite transformation in the superelastic NiTi alloy, leading to

large shape memory and superelastic effects, respectively.

2.3 DRY SLIDING WEAR BEHAVIOR OF NITI ALLOYS
2.3.1 Sample Preparation and Experimental Methods
Dry sliding wear behavior of NiTi alloys with different structures, i.e., martensite
(specimen BH), austenite (BS) and amorphous NiTi thin film, was studied. The surface
finish of specimen BH and BS for the wear test was the same as in the indentation test
(see section 2.3.1). An ainorphous TiNi thin film was deposited on a surface-oxidized
(100) silicon substrate by DC magnetron sputtering. The target material was Nis; Tigo

augmented with pure Ti inserts, as shown in Figure 2.16. The base pressure achieved was
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better than 6x10°Pa. Argon with purity of 99.99% was used as the working gas and the
working pressure is 0.533Pa. The working distance between the target and the substrate
was 64mm. The substrate temperature was measure by a K-type thermocouple placed in
contact with the backside of the substrate. The substrate temperature was maintained at
300°C by a built-in substrate heater in the chamber. The target was pre-sputtered for 30
minutes before deposition to obtain stable output flux. The thickness of the amorphous
film, measured by scanning electron microscope, was 4um.

The Berkovich indentation test was carried out at a maximum load of 36mN and the
testing method was the same as described in section 2.3.1. Pin-on-disk dry sliding wear
tests were performed using an Implant Science ISC-200 Tribometer. Wear tests were
conducted in air at room temperature with a sliding velocity of 0.045m/s. The applied
load ranged from 0.245N to 4.9N. The pins were made of 52100 steel and were 3.175
mm in diameter. Young’s modulus and Poisson’s ratio of the pin were 210GPa and 0.3,
respectively. The cross-section area of the wear track after 200 revolutions was measured
using a Wyko RST Plus optical surface profilometer and wear rate was calculated

accordingly.

2.3.2 Results and Discussion

A XRD 6-20 scan of the as-deposited NiTi thin film is shown in Figure 2.17. A
broad diffuse peak around 42° indicates the short-range ordered structure of amorphous
NiTi. Differential scanning calirometry (DCS) test shows a crystallization temperature of

453°C for the amorphous film.
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Figure 2.18 shows the load-displacement curves of specimenw BH, BS and
amorphous thin film from nanoindentation test with a Berkovich tip. Mechanical
properties, such as hardness, Young’s modulus and depth recovery ratio, were obtained
from the nanoindentation test and listed in Table 2.2. Sample BS, which consists mainly
of austenite, shows a higher hardness, Young’s modulus, and ratio of reversible work to
total work than martensitic NiTi (specimen BH). The hardnesses of specimens BH and
BS were 2.5 and 4.4GPa, respectively. The amorphous NiTi thin film has the highest
hardness at 7.9GPa, although its work recovery ratio is lower than that of specimen BS.

Wear loss v.s load of specimens BH, BS, and amorphous NiTi thin film are plotted
in Figure 2.19. It is not surprising that specimen BS has a better wear resistance than
specimen BH because specimen BS has a higher hardness and a larger ratio of reversible
work to total work than that of specimen BH. The amorphous NiTi thin film displayed
the best wear resistance due to its high hardness.

Figure 2.20 (a) and (b) show microfocus XRD collected outside the and inside the
wear track, respectively, of specimen BS. As in the indentation test, the martensite (002)
peak appears after the wear test, which indicates that martensite was stress-induced
during the test. Specimen BS, despite its superelasticity and high elastic recovery ratio,
does not provide better wear resistance than an amorphous thin film. It is believed that
ploughing of matenals during sliding wear deteriorates the recoverability of superelastic

NiTi.
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2.5 CONCLUSIONS
Microscopic shape memory and superelastic effects exist under indentation

loading conditions (e.g., spherical and pyramidal indentations). The magnitude of
indentation recovery for martensitic and austenitic NiTi alloys has been studied. It can be
conclude that:

(1) Both the shape memory and superelastic recovery ratios are independent of depth
under Berkovich and Vickers indenters,

(2) The recovery ratio of spherical indents depends on the representative strain. It remains
constant when the representative strain is below the critical strain for maximum recovery.
The recovery ratio decreases with increasing representative strain when it exceeds the
critical strain for maximum recovery.

(3) At the representative strain of 0.08, the recovery ratios are lower for sharp indenters
than that for spherical indenters, which is attributed to the different strain level under the
indenter. The maximum plastic strain under Berkovich indenter is much higher than that
under the spherical indenter.

(4) Instrumented indentation, especially instrumented spherical indentation, offers a new
method for studying shape memory and superelasticity at micrometer and nanometer
length scales.

(5) Indentation-induced and wear-induced martensite is formed during indentation and
wear test, respectively.
(6) Dry sliding wear resistance of martensitic, austenitic and amorphous NiTi are

compared. The wear resistance of the austenitic NiTi is not as good as the amorphous
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NiTi although the former has 2 higher recovery ratio. To use =uperelastic p,.
1T] ag

tribological material, the surfac€ Ploughing needs to be prevented.

(7) The austenitic NiTi sample B3S used in this Study is not perfected for sy e
relasticity

the test tem

) Per, ature

higher recoverability and better wear IesiStance would be expected

because the sample consists of Doth austenite and R-phase at

A

in ap
. austenitic NiT;j
with martensite start temperature slightly higher thana test temperature,
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CHAPTER 3

IMPROVE THE ADHESIO TN AND WEAR RESISTANCE €F CHRQ Miyy,
NITRIDE COATING ON ALU IMINUM SUBSTR ATE USING A SUPERE, La
STIC

INTERLAYER

3.1 INTRODUCTION
Various hard coatings have been developed to protect soft subStrates from wear loss.

[61, 145] Both hi gh hardness and good adhesion are Critica] in making good wear
resistant coatings. One approach to increase the load-carrying abj] ity is to grow a thicker

coating so that the applied 1oad will be distributed mo stly in the halrd phase. However i\
is usually the case that the hard coating and soft substrate exmbits <dramatic rnis‘“ﬂCh of
Young’s modulus and coefficient of thermal expansion. This Can 4., d to large residual
stresses, especially when high temperature processing is involved_ The interfa y
Stresses increase with increasing coating thickness and cause the fx ; lure i, e Cia shear

at the interface. Therefore, an interlayer, which has a good Mechanjc,,

match with both the hard coating and the substrate, is often grown to : <4 o
in, Mhay

adhesion, [72, 146]

Hardpess has traditionally been regarded as a primary parameter Contronjn
g Wear

resistanc e However, recent studies suggested that the ratio of hardness to modulus. &
E »

also play < an important role in determining wear resistance. It was found thy 4t high = is

beneficiay to wear resistance. [84] In addition, finite element modeling of thye indentation
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H . :
experiments shows that — i pProportional to the work or deptlm recovery Tadio, 14
. 6]

Therefore, it will be desirable t< Make tribological coatings havi ng high hary
neSS and
depth recovery ratio.
This chapter focuses on the 110vel tribologica] application of saperelastic y;...
. 1T} filmg
. . hard coating and soft substrates. The
as interlayer materials between Purpose of this study,
. esistant material by taking advantage ¢ .
is to develop a novel wear r g &€ of the hlgh hardness of
. igh depth recovery ratio of the su S
the surface coating and high dep Perelastic NiT; interlayer.
Indentation, scratch, and pin-on-disk wear test were conducteq to study the hardness,
adhesion, and wear behaviors of this novel layered composite Tnaterial. Tribologic®!
. . er interlayer materials and di ffer .
behavior of samples with oth Rt ¢ atin g thickness
erelastic NiTi1 interla improV
compared. It was found that the sup Yer capy, dramatically P

adhesion and wear resistance of hard coatings on soft substrateg_

3.2 SAMPLE PREPARATION AND EXPERIMENTAL METHODS
Austenitic NiTi, martensitic NiTi and pure Cr films were used o a,

materials between a CrN hard coating and an aluminum substrate. Desc”bt ln’e’/ayer
iO

specimens are shown in Table 3.1. Substrate material was 6061-T6 gy, in
20mm > 2gmmx3mim in size. The aluminum plate was polished through .25, dingy
diamond paste and subsequently ultrasonically cleaned in acetone and Methane) Ne::
thin filim s were deposited on both aluminum and silicon (100) substrate by ¢ magneteo,
sputterir g the latter for use in DSC and XRD experiments. A schematic gy cture of e

DC ma gy etron sputtering equipment for NiTi thin film deposition is showy p Figure 3.1.

The base pressure achieved was better than 2.7x107° Pa. An austenitic NiT j thin film was
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deposited from NisTi targets While martensitic NiTi thin filrx—= ,q0 PO sjteq fom

NissTi target. The target was PT <-Sputtered for 30 mjpytes before sputter dQPOSition ¢
148 : o

btain stable plasma. Working PX €ssure was set at 0.33pa and working distan(:e betwe
o ’ CSn

rxim. Substrate temperature was comntrolled
the target and substrate was 64 pe b a buﬂbin

of 9 0 1 ed £o
substrate heater in the chamber. Argon 9.99% purity was us I the gen eration ¢ ¢

plasma. NiTi film was deposited at a substrate temperature of 300 for 60 Minutes at 5

deposition rate of 1.1nm/s. The films were annealed at 550°C for 60 Minutes right after
deposition to crystallize the films. Thickness of the film was determineq by measuring
the step of the masked area using a WYKO surface profilometer- The NiTj coated 6061-

T6 aluminum was then transferred to a TEER unbalanced M2gne tron sputtering SYSto™

at.\ng
Seconds. A CN ©°

was made by depositing from two pure chromium tar gets Of9999

The specimens were sputter-cleaned in argon atmosphere for 6(

. e“.
.. g TMTOB
26 purity in 2

containing argon environment. The base pressure of the System Nvas 8x10° P2 and thC
pressure during the deposition was 0.13Pa. The working gas was o Proprietaly .
Mixture of

W
. . Vg
CIN films were deposited at 4 Amps with 150V bias applied to the Substr, te 9% Sce

99.99% pure argon and 99.99% pure nitrogen. The nitrogen gas £1oy, ,

Composition of the NiTi film was measured by wet Chem,-e

. 13 . e . aly .

Speci fically, samples were dissolved with nitric and hydrofluoric acid apq me Sis,
i i lasma optical emission microscg

were made by inductively coupled plas p Py (ICP/AES).

Charac te yistic phase transformation temperatures of NiTi thin film were determineq Sing

a TA Iy strument DSC 2929 Modulated differential scanning calorimete r (DSC). The
s

temperat yre ranged from -50°C to 200°C under a controlled heating/QQol'mg rate of
ur
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S S

5K/min. X-ray diffraction (XRID) measurements wer ¢ carried ov® T o a S"efhcns Ds5po
diffractometer using Cu-Ka rad12* tion at 40 kV Voltage and 30mA < urrent.
Indentation properties (e-£2- hardness, Young’s modulus and the recove Fatio)
were measured using the Nano XP instrument from MTS with a Berkovich diame or
indenter and a spherical diamond indenter with nominal radins o £ 10um The appli:dd

indentation loads ranged from 5SmN to 200mN to test the mechanical Properties at v
vVarious

indentation depths.
Adhesion strength of the coatings was evaluated by scraggy, tests using a CSEM
micro-scratch tester. A progressive load from 0 to 6N was aPPlied to scratch all the

samples. The spherical scratch indenter had a tip radius of 213 Apm. The scratch scars

were observed using a Hitachi $S4000 scanning electron micros(:Qpe (SEM) t© evalua®

the adhesion.

. _ o ied .

Pin-on-disk dry sliding wear tests were carried oyt Ora an Implaxt Science

tribometer (Model ISC-200), using a tungsten carbide ball of 3.1 Smm in g;
i

et iy

an unlubricated condition. The applied load was 1N and the slidin B speeg w

tests wvaried between 3000 and 101,000 cycles, depending on the Wea, 0-06’1”/3 in

.. . ; U,
specimens. The friction coefficient was recorded during the wear test. Tp, - € of &
' i fil Indentation, sc Tate
measured with a Wyko optical surface profilometer. en » SCratch, ang Wag
w,
tests

were al] conducted at room temperature (25°C).
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3.3 RESULTS AND DISCUSSEON

3.3.1 Structure Characterizatior®

The NiTi film deposited £3°m the Niso 4Tis), target was fourad to be Ni-rich
With o

composition near Nis; gTiss2 (spe€imen S1). The film deposited froxm the Niqu.
52 largeg

was found to be slightly Ti-rich with a €Omposition near N1 495 Tiso. s (Specimen S2) 1t s
apparent that about 1.5 ~ 2 at.% of titanium was Jost during the Sp\ntering Process ”
The as-deposited NiTi thin film Was amorphous and it wag SUbsequentIy annealed
to crystallize it. From DSC measurements, the thombohedral “R-phage martensite, and
austenite start and finish temperatures (Rs, Ry My, M, A, and <, respectively) were
determined. DSC curves of specimen S1 and §2 are shown jj, Figure 3.2(a) and ®)

respectively. The composition and phase transformation ternpepat ¢ of the tWO types of
Wre o

NiTi films are listed in Table 3.2. For specimen S1, 4, is I°c nd 4, i

heating cycle; R, is 8°C and Ry is —4°C in the cooling cycle, T})ere fore spec'lmen S|

should be austenitic at room temperature. Specimen S2 has a much, highey o

. . Sy .
temperature than that of specimen S1. The martensite finish tMP e rag, or Mation
s

indicates that it should be martensitic at room temperature. ec’blen Y,
XRD of specimen S1 and S2, shown in Figure 3.3, COn firm,
. . (S
predictions. Specimen S1 shows a (110) diffraction peak from the austenite bh oy
A5 w;
th

B2 structyre. The (122) diffraction peak of NisTi; also appears, which Was form
ed by
Precipitagjon process during annealing. The (020), (111), (002), and (021) diffractsq,

peaks fircym NiTi martensite phase, which has a monoclinic structure, aPPeay in specimen

S2.
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CrN coating was deposited on the top of Specimen S1, S _ e Cr Ntey,
lyer and
base aluminum substrate, in eaCh case after sputter cleaning for &0 secondg An XRp
pattern of the specimen with 5 p£¥™ thick CrN Coating on aluminurm substrate (sp
e

Cimen

CiN5-Al) is shown in Figure 3 -4 The Weak peas 5t 20=37.1°, 43.50 ang 55
5° ap

indexed as (111), (200) and (311) diffraction of CrN, respectively.

3.3.2 Mechanical Properties

3.3.2.1 Indentation Test

Indentation properties of the coatings and substrate, such as hardness. Young’s

modulus and recovery ratio, were obtained by instrumenteq -

- \
N dentation experime®
Hardness, H, and reduced Young’s modulus, E', were determ,',.IQd from the maximu™
om

load and initial unloading slope of the unloading curve using OHV&): oh
-Pharr

91
s mod‘ “
The depth recovery ratio, 7, is defined as the ratio of

<coverable indentation
depth to indenter displacement at maximum load:

'max f
M = hm 4
where j,,,. is the indenter displacement at maximum load while 2, g (3‘])
(]
indentation depth after unloading. Hardness, H/E* and 7 represent the res’bual
en
- : 8 ang
elasticj ty of the materials.

I_oad-displacement curves of Berkovich indentation tests op an 606,
‘TG

aluminua yy, substrate, 4 pm thick auetenitic NiTi film on a Si substrate (Specimen S1y_ 4

Hm thickc martensitec NiTi film on a Si substrate (specimen S2), 4 pm thjck Cronas;

substrate, and Sum thick CrN coating on a 6061-T6 aluminum substrate are shown in
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Figure 3.5(2). The indentation depths were less than 10 percent o £ the film thickﬂeSs .
.5(a). o
minimize the influence of substX21€s on coating property measures xnents. From, the Joaq

displacement curve of a Berkov1 €h indentation teg both hardness and Young > mody
1 . s

Mechanical properties obtained from the nanoindentation test are listed in Tap)e 3

3. The

larger
than those of the aluminum substrate (0.94GPa, 77.6GPa), There eXists a large

hardness and Young’s modulus of the CrN coating (23GPa, 257Gpa) are mug,

mechanical mismatch between the CrN hard coating and alumlnum Substrate. However.,

the Young’s modulus of specimen S1 (95GPa) and specimen § 2 (89.3GPa) are not very
different from that of the aluminum substrate (77.6GPa).

. 0{
For the interlayer and substrate materials, the hardnesg the oxrder

Creases in

. . . S\,
Cr, $1,52 and Al while the depth recovery ratio decreases in ¢, order of spes™®

Cr, specimen S2, and aluminum. The depth recovery ratio o ¢ superelastic N1 film
(specimen S1) is higher than that of martensitic NiTi film (s ecimen S
consistent with the observation of bulk NiTi alloys in section 2. 1 -4, Figure

. : : ~ 5/
that there exists an approximately linear relationship between the depth req, @) Showg

H i P ray
7, > and the ratio of hardness to reduced modulus, ok Clearly, Figure 3 S 10,

the depth recovery ratio depends on both hardness and Young’s modulyg Of the t
. ested
materia]g. A material with low hardness may have high depth recovery Fatio if

it hag
small ~N>oung’s modulus. As is observed that the austenitic film Cspecimen s1,
H=4.7¢5pa, E=95GPa) has a larger depth recovery ratio than that Qf the Cr fiyy

(H=6_."7 ¢Pa, E=318.4GPa) although the former has a lower hardl'less. A similar
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: H
. recovery ratio and 7 < d b
relationship between the depth y E has been r—<ported by Theng ang

Cheng based on the finite elemer2 t calculation. [147]

For all the CrtN coated <Omposite Coatings, the composite hardneg and 4
epth

recovery ratio were also calculated from the indentation load-displac ement Curyeg and g1,
e

results are shown in Figure 3.6. It W3S found that the composite hardness and worsc

recovery ratio are strongly dependent on interlay’er materials, ¢ Oating thickness and
indentation depth. The 5um CrN coated aluminurm (specimen CrNs. Al) shows much

higher composite hardness and, accordingly, better load-carryp, ability than the 1pm
i - 1 1 N er
CrN coated aluminum (specimen CiN1-Al). The specimen with Quagtenitc NiTi interlay

i i\
(specimen CrN-S1-Al) has a larger work recovery ratio thy the specimen w

. _ . rN_C‘-
martensitic NiTi interlayer (specimens CrN-S2-Al) and Cr intey) axer (specime“c

Al), although specimen CrN-Cr-Al has larger composite hardness_

The large recovery ratio of specimen CrN-S1-Al arises froy, the Superelasﬁc NITI

interlayer. A large recovery ratio of sharp and spherical indents on austeniti

. ion-i i ansformation were noted ; . 17y al]
and indentation-induced martensite tr n SeCtIQ oy
reversible strain can be up to as large as several percent in uniaxia] tensile 23

tes
z
. . S
induced phase transformation under indenter has also been observeq usiy, fresg.

Tr Ay ang

The

supere] asticity occurs under the indentation loading condition. [29]

3.3.2.2 _gdhesion Test

"X he interfacial adhesion strength of the CrN coated specimens was COMpared
qualitatj ~vely by observing the scratches using SEM imaging. SEM imagQ s of the end of

the scrat ches are shown in Figure 3.7. Flakes of delaminated CrN coatin sat the scratch
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d are observed on specirmen CrN1-Al, CrN5-Al and CIN-s2-A}. & coai
end ar ating
delamination occurs as a resutlt of the compressjve stress field aheaq Of the indent

elam er.

Cracks caused by bending are 22150 observed inside the scratch scar on SPecimep CIN-S2
T 52~

AL As shown in Figure 3.7 (@»  and (b), increasing the thickness of the oy

hard coating
Ias little beneficial effect ©On improving interfacia) adhesion. Nevertheless no
delamination occurs at the end of the scratcheg On specimens with Cr interlayer and

superelastic NiTi interlayer, as show T in Figure 3.7(q ) zng (). Specimens with austenitic
IN1Ti and Cr interlayers, i.c., specimens CrIN-S1-Al agyg CrN-Cr-Al, show better adhesion
despite the fact that they have lower composite hardn esg than that of CIN5-Al

Specimen with austenitic interlayer (CrN-S 1 -Al) showg much better adhesion
than specimen with martensitic NiTi interlayer (CrN-S2-A1) does, ajthou gh there is little

chemistry difference between the interlayer materials. The d"fferem interfacial 2adhesion

strenceth must be due to the different meChanlcal propenies of the austeﬂ'\tic and
o
martensitic NiYTi. Asis known that martensitic NiTi is highly Plastjc and a ’eSiduaI strai
ain
: xceeds its elastic limit of 1
15 left when the applied stress € €ss than o . Perce t
. . . . 1nt.
i iTi i1s superelastic and its deformauon 1S re
Nevertheless, the austenitic NiTi P Versiy le. N
residua) deformation is left when the load is removed, and the Ie€versible Strajy,

Can beas

large as geveral percent. The improved adhesion may be attributed to the large eVersipy

strain o £ the superelastic NiTi.

T . . Jpu— L an'ties to
- l 1€ StICSS-StIalI'l curve ()l the Supel elastlc Nl I 1 allo y bea.l S sOme simi]
elaStOI"el 1C po}) mer adhCSI ves, as Sho wn ill I i gl‘u c 3 8 - ‘ 5 > 148 ' A deta'
. 1 lled
O cal p] ()l yerties O upel (53 i iTi i elastomeric

. them have large
polymer (¢g, polyisoprene) is listed in Table 3.4. Obviously, both of them
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elastic strain without permanent deformation, and a hysteresis associag,
ed ..
‘ With the
loading-unloading cycle. [5, 1 48] However, the elastic modulyg and g
Tength of
- ) th
superelastic NiTi alloy are seve=Tal orders of magnitude greater than that f ©
Of the pol -
T . Ymeri
adhesives, which indicates that  the superelastic NiTj material may act )
as a high gy,
. ) ) ‘ ength
rmetallic adhesive for bondirg ceramic coatings 1, ductile substrat
€S. This stud
. P 2 4
demonstrates that the superelastic NiTi indeed functi
ctions as go :
hted that oth good bondmg material.
Furthermore, it is speculated that other materialg wi
> ith large reversjp] i
€ strain can
potentially be good bonding materials.
A jum interlayer can provide :
chromium y P good ad hesjon between CrN and alurninum
substrate as well. However, as will bee seen in the next section, the wear resistance of the

composite coating with Cr interlayer is not as good as the com ite coaling with
posite

superelastic NiTi interla yer.

3.3.2.3 Dry Sliding Wear test

The durability, friction coefficient and wear rate of the gyjfe of we
were measured by pin-on-disk wear tests. Figures 3.9 (a) and () shows the Specimens
frictiora coefficient during pin-on-disk test. Figures 3.9(a) shows that sPeCimen Change or
Al anAd CrN1-Al fail after 1100 and 3000 cycles, respectively, which is indicat:tfsz‘
suddery i ncrease in the friction coefficient. The worn surface was observed using W\q:oa
surface profilometer and SEM microscopy. It was found that the CrN hard Coating pu

been Cua ¢ through, exposing aluminum substrate. The poor adhesion of the single CrN

coatingg  jth aluminum sybstrate and martensitic NiT1i interlayer leads to premature

failure o f the coating. The Spm CrN coated aluminum (specimen CrN5-Al) shows much
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longer lifetime (the test was halted before failure) than the 1pm CrNg Coateq al
Uminum

(specimen CiN1-Al). By increasing the thickness of the CrN hard coating, the durability,
can be increased dramatically  <lue to the increased hardness and load‘canying abilit
PDurability of the coating can  Also be improved using Cr or superelastjc interIayer :s',
< hown in Figure 3.9(b). |
Interestingly, the composite coating with Sup erelastic interlayer (specimen CrN-
S 1-Al) shows a lower friction coefficient than that wj th the Cr interlayer (specimen CrN-
Cr-Al) in both sliding wear test (Figure 3.9) and scratch test (Figure 3.10), although they
hawve the same surface chemistry and specimen CrN-Cr-A| has a higher hardness. The

friction coefficient, x, is defined as the ratio of the tangentia] force, F_ to the normal
b 4

force, F:
F
H=F (32)
If no elastic recovery occurs inside the wear track formeq by the slj dixgy i
, 8 Indenter
Figure 311(a), the tangential force should balance with two typeg of forces: ?
force, F_, developed at the contact arca between the two contact su"faces dhesion
deformation force, F,, needed to plough into the material, i.e.,[80, 82] Fd a
Fi=krhy (3.3)
The ad Iy, egjon force is given by
F,=Ar B.9)

where _—g {5 the true contact area between the two surfaces and 7 1s the shear stress of the
junctioxy formed at the contact area. In this study, the junction shear stress should be the

- : increases Wwith
same since they have the same surface coating. The contact area inc
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decreasing hardness. Therefore, specimen with superelastic interlayer ©
IN-§]

) Al
should have a larger contact axea and adhesion force than Specimen. wi C
r interlayer

. he former  has a lower hardness. F
(CN-S1-A)) since t ©ss. For the configury
'on shown i

Figure 3.11(a), the deformatiorx force, F,, wag found to be dependent on the try,
€ contact

aarea. [149] The larger the tru€ Contact area, the more material needs to be ploy, ghed i
€d into,
i -Alowh .
and the larger the deformation force ardness wil] Jead to hj ghd
eformation force
T herefore, materials with low hardriess should show larger tangential forc d fricts
€ an ction
coefficient if elastic recovery effect is not considerecy This is contradictory to what was
observed in this study.
If the elastic recovery inside the wear track is taken into account, Figure 3-11(0),
the t 1 should balance with an extra pushin ] in the
angential force g force’ F,, which acts in

sarme direction as the tangential force,

F, =Fa+F:1—Fp
(3.5)

The change o £ the tangential force due to the elastic recovery wiyj depend o

n
, d adhesi thefﬁ/ativa
contribution frrom the pushing force and adhesion force. The friction cog
y,,

: : : {cig, .
decrease if the contribution from pushing force is dominant. The extent ofF A win

Ly

TeCovery, is directly proportional to the depth recovery ratio measureg by i

dentation
tests.

An addition, materials in front of the indenter either pile up (Figure 3.12(q)) sink
in (Figwa ye 3.12(b)) when the indenter is forced into materials. A larger deformation force
1S TeqQU i yed when piling-up occurs, while a smaller deformation force is needed wher,
sinking __ 3 happens. Finite element simulation of the indentation experiments shows that,
H
E

for high]y elastic materia] (high — or large depth recovery ratio), material around the

-
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indenter tends to sink-in. How ever, for highly plastic material (low H

Et 01‘ S

recovery ratio), material arowxd the indenter tends o Pile-up. [97) Therey,
Clore, jt jg

expected that, compared to SPE<imen with superelastic interlayer (CrN-s]. Al) )

) SpeCImen

with Cr interlayer (CrN-Cr-Al) tends to pile Up since the latter has 3 Smaller deptt,
ep

test, WYKO

surface profilometer was used to measure the pr ofiles of the scratches on specimen CrN

recovery ratio. To study the extent of piling-up/sinking-in during - sliding

S1-Al and CrN-Cr-Al, as shown in Figure 3.13. As ©Xpected, less materia] piles up along
the edge and at the end of the scratch in specimen CriN_g -Al than that jp specimen CrN-
Cr-Al
Therefore, friction coefficient is a function of hardness’ elastic recovery, and
niaten'al piling-up/sink ing-in. However, there exists no theory linking the friction
coefficient with these parameters. A better understanding o ¢ the friction cocfficient

requires extensive numeric modeling of the sliding process. Thig Study demon stryt

€ that,
friction coefficient of tribological coatings can be reduced using an interla <
. T with high
H/E (or \arge depth recovery ratio).
The wear loss of all the composite coatings was shown ip Figur,
14
Specimeqn CrN1-Al and CrN-S2-Al, the wear loss was measured after faj o or
Of the

coatingr . For specimen CrN-S1-Al, CrN-Cr-Al, and CrN5-Al, the wear loss Was Measypey
When t1y ¢ wear tracks were about 0.5 micrometer deep. Note that the aluminum Substrage
of spec 5 men CrN1-Al and CrN-S2-Al were exposed and the wear loss does not truly
Tepresexy ¢t the abrasive loss of the CrN coating itself. Specimen CrN-S1-Al shows a lower
wear loss, 540 nm/N, than that of CrN-Cr-Al, 2200 nm’/N. The superelastic NiTj

. . . ; i ecim
nterlay er can effectively improve the wear resistance of the composite coating. Sp en
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CrN5-Al has the lowest wear rate of 340 nmsz. The wear feSiStance of CrNS A
~Alis on] y

slightly better than that of CrIN-S1-Al at the applied load of 1IN despite the
act that

specimen CiNS-Al has a muck higher hardness. At higher testing 10aq the ¢o
? Mposite

coating with superelastic interl &Ayer (specimen CIN-S 1-Al) may have better Performan
than that of CrN5-Al due to itS Improved adhesion, -

It is instructive to note that specimen CrN-g)_a; is MOTe Wear-resistant than
specimen CrN-Cr-Al although the former has lower hardness. This observation is
conmntradictory to the classical Archard’s law for abras jye wear, [80] which states that the
wear loss is inversely proportional to the hardness. Leylanq and Matthews [84] suggested
that, in addition to hardness, H/E may play an important roje In determining the wear
resistance. It has been found that H/E is proportional to the depth recovery ratio- (106} A
large fraction of the de formation under indenter is elastic for Materials with high HI/E (or
large depth recovery ratio), which will not contribute to the Wear loss. This is the first
unambiguous experiment demonstrating the effect of H/E (or depth recovery, Taﬁo)

wear loss, which rules out the surface chemistry effect since the Surface coatg On

. hat both high hardn § Was kept
the same. This study demonstrates tha ess and large g

. . . (OI' dq) th
T€Covery ratio) are desirable in making wear resistant coatings.

3.4 CO» I\ CLUSIONS

Xt was found that the composite hardness and elastic recovery ratio are Strongjy,
dependd ept on coating thickness and indentation depth. The hardness of COmpositeg
increaseg with increasing hard coating thickness. However, incCreasing hard coating

thickne s s has little beneficial effect on interfacial adhesion strength. By using proper
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h as Cr or superelastic NiTi, the interfacial adhes‘on can be
interlayer material, Suc Cr anterlayer, the superelastic NiTj interlayer Can effectively
to
improved. As compared ficiexat and wear loss of the composite coating_ The ratio of
.. el
decrease the friction Cod lus S depth recovery ratio. i addition to hardneg
hardness to Young's modu

> Needs to be
. 1 lcal COatin S.
t in the desigm of tribolog o
into accoun
taken In
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CHAPTER 4

INSTRUMENTED SE=HERICAL INDENTATLON EXPERIMEN

<8.1 INTRODUCTION
Since the inception by Bnnell abOUt 1 00 hundred years 380, Sphen'cal indentation

experiments have become one of the standard Methods for Measuring hardness of
materials. [92, 118, 119] Recent years have seen an increasing interest in instrumented
spherical indentation techniques for measuring the Imechanica] Properties of materials
across multiple length scales. By analyzing the Ioad-displacemem curves, several

. . . .n
researchers have suggested methods of obtaining hardness, elastjc modulus, stress—stUa!

S - instrum i . tation

measurements. (91, 120, 122, 127, 131, 138, 150, 151] Howeve,. most of the previously

proposed methods depend on the estimation of the contact area under the herica]
Tica

indenter, which is difficult, especially when the surface aroungd the indellt
£ eI' eXhI-b .
Its

“piling-up (97, 107, 152]
: i recently developed scaling approach
In this work, by extending a [86, 106]

spherica] indentation in elastic-plastic solids with work-hardening, twq pre"fously

. . us, indentatio ;
unknox,y, relationships between hardness, reduced modul n depth, indenge,

. i 11- i .
radius, = nd work of indentation were revealed. Together with a well-known relationgpyy,
[91, 10()] between reduced modulus, initial unloading slope, and contact area, an energy-

. lus,
based xaqyethod was proposed to determine the contact area, reduced modulus, and

. : i roposed
hardnes s of materials in instrumented spherical indentation experiments. The prop
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method also provides a new wa'y of calibrating the effectjve radius of impe rh
Cctg )
Pherica]

indenters. The validity of the <nergy-based method ig tested by instry
spheﬁca]

indentatiOn eXpeKime‘ > ] i 4 tmlgstell and fused 1 C. ‘r
> S1 i a h
- €se llewl}’

found relationships also providl € fresh insights into contact Problems th
S that are .
ubiquitoys

in many science and engineering areas, including friction, wear
y , AS W
. . el as macro.- and
rrano-scale mechanical forming proc €sses.
Tabor [92] showed that, for some metals, p ardness is about 2
ut 2.8 times the true
stress, for a strain equal to the representative strain :
’ aSsociated with :
Spherical indentation.
Thereafter, ratio of hardness to true stress ranging
’ om 1.1 to 2 8 . ;
.8, when indentation
process evolves from elastic to fully-plastic, has b .
P <€en used to derive true stress-strain

relationships using spherical indentation experiments [135 1
: -13 9] In thi dy, fimte
this study-

element calculation wass used to study the constraint factors fe
Oor s - - tation on
Pherical inden

elastic-plastic materials at various depths.

42 DIMENSTONAL ANALYSIS

A three dimensional, rigid, spherical indenter of radius g indentin
8 7,
Plastic materials with strain-hardening is considered in this study, The stres

Curves o f the solid under uniaxial tension are taken as: [153]
o=Ee ,fore<Y/E
4.1)
o =Ke", fore2Y/E
where 2=~ is the Young’s modulus, Y is the initial yield stress, K is the strength coefficient

and n is the strain-hardening exponent. To ensure continuity of stress and strain at the

initial 3 e]4 stress, we note K = Y(E /Y)". Consequently, either the set of (E, Y, K) or set
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of (E, Y. M is sufficient to describe the stress-Strain relationship. “Ve yse tie setof £ ¥,

n) in the latter analysis. The friction coefficient at the contac T surface bemween the

indenter 2nd the solid is assumed to be zero,

Sections 4.2.1 to 4.2.3 focus on the dimensjonal analysis ©f spherical indentatiorn
in elastic-plastic materials with work hardf:rling. The purpose of the dimensional analysis
is to find the essential relationships between dimensignless parameters. For those who are

not familiar with the dimensional analysis, please gee the appendix “Fundamentals of

Dimensional Anal y/sis and I1 Theorem” for details.

4.2.1 Djpys ensionalZ Analysis of Loading

. . . in
Both the applied load and indenter displacerxen; were recorded dunng a loading

and un) o ading cycle in an instrumented indentation test. Elastic recgy ery occurs when the

load ig removed. A representative load-displacement curve Aq associated depth and

in Figure 4.1. In th ical 1
work recovery are shown in € spherica mdehtati
On process, for an
]

isotrop i c elastic-plastic solid following a power-law strain-

hardem-n g mle
depenA ent variables, force (F), and contact depth (%.), must be funcg; > the two
10ns

indeperadent governing parameters. The functions are given by: Of ajy of the
F=f(Ewv)Y,nh, R)
h, =g(E,v,Y,n,h,R) . (4.2)

. . . . . 4.
here v is the Poisson’s ratio and A is the indentation depth. Among th 43
whnel e six gov

€

. nj
Jmeters, E, Y, n, h and R, E and R have independent dimensjong Di Ing
par . 1mensi0ns ofthe
remaining goveming and governed parameters are given by:
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= [£]
V1= [ETIRP

W=1ETRP s
W=1r]
[F1=[E][RT
5 ]=[R]
By applying the IT theorem in dimensional analysis [ 154], equation 4.2 and 4.3 become:
F = ER’ I‘[a(g,v,n,%) — ERZH‘,(H, ,V,n,%} @.5)
(4.6)

Y h h
hr = Rnﬂ' -E—,V,H,E =R Hﬂ(nx,V,'B “1_2')

where Y1, = Y/E is a dimensionless function. The tota] work duri ng Joading is given by:

Prax i ERZh“TH ( h R
— = a ,V,n,\ dh __:ER
VV! §F 0 1 R) nr HI’ V,”,@X_

where IT, 1s a dimensionless functiop > 4.7)
Sucb
th
a _Y-— V,n,i)=na[Y/E’V,n’_’l) at
R -51 |\ E ’ R R




4.2.2 Dimensiongl Analysis &f Unloading

U nload'mg occurs after the indenter reaches the maximum X ndentation depth

Therefore, during unloading, the force (F,) ang residual indentation depth (4) are also

dependent On h,,,, and they are given by:

F =T Ev Y 0 1y Roh) (4.8

hy =8 (E v, v, R p) ¢

By applying the IT theorem in dimensional analysis [ 154, €quation 4.8 and 4.9 become:

E‘ =ER2HY(HI’V$ n’ih (410)
R’ R
5, =an( “V,n,@) (4.11)
R

The rey, ersible work during unloading is given by:

g -
W,= |F.dh==ER’ J‘r[,(n,,v,n,i A
hy hy

"R JAh

= ER’ H”(H.' v,n, Prna J
R

(4.12)
where I1, is a dimensionless functjoy,
Such
Y  h h o hy, that
) L oyn 2| =11|Y/Evn— =]
Raﬁp([g’v’n RJ n’( YRR )

4.2.3 Scaling Relationships from Dimensional Analysis

The ratio of iteversible work to the total work for a compjete lo
ading-unloag;
1

. . . ng
cyclels written as:

n

é/’lﬂt -

A



h \ax
ERZH,(HI’V’”’“};” —ER’T] (ﬂ, v,n,—" A
—]7;/ I,I/” lmx
W, ERZH,(H,,V,n,h\nmL)
R

(4.13)

The ratio of residual depth to total depth can be obtained by dividing both sides of

equation (4.11) by A max

I R A ) _ h_.. 4.14)
S R

hn'nx

At the maximum iradentation load, hardness, H, is gi~~enby:

Foow _ Fra _ F, (4.15)

depth at the

1 1 tact
where A4, is the contact area, a 18 the contact radius. The force and con

entation depth, A=Amax, are given by:

ma&Ximuam ind
Y h
= RZ — , nmax — 2
me E na(E,V, R ) ER H ( ],V ” ) 416)

Y h_
h‘\h=hmx=Rnp(E’V’n’ R 3 RH/’(H”V”’%)

bining equation (4.15) (4.16) and (4.17), the hardness can pe eXpress
€d 4.

“.17)

By corx»

h
ERTL, [n,,v,n,—%*—]

) e (o e )] =;”o( Vo, Py
o "{mn (n"v "R J # I (H"V’ R )} ® ] Gig

2 h
a_ Hi—v?)_0=V )y (1, von, e
i E P ° R

] = H,,,(H“V, h_
" T) 4.19)
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According to equationt (4.13) (4.14) and (4.19), itis evidemut thar 2o —# 4

and ra are al| dependent on the dimension)egg parameters, Y/E, v, n, and £, /R. It is

therefore interesting to study the relathrlShip between the dimensionless parameter

w-w. %

W,

! max

, and £ By apPlyi Ng the dimensional analysis to the spherical

indentatjon experiments, the number of independen t variables has been reduced from s1X

(i.e., E, Vv, Y,Il,/} and R) to four (Y/E, V, n, and hmax/R)

43FINyTE ELEMENT ANALY SIS

) ) . . ic- ic
Since there is no analytical solution for Spherjcal indentation in elastic plasti

Materiq)g, 2 finite element analysis was used to study the prollem. In this work, an

extensj~ e finite element computation was carried out using ABAQUS [15 5] to CXp]Ol'C

h W —w
. f t
the re1 o tjonship between T and = The radius o ¢ the rio

- ' "8 indenter yas

lpm. ~7 oung’s modulus was 200GPa and Poisson’s ratio was 0.2 Th
2. The &

u

Taip. Argen:

Which repreg, Cning

from theavily worked to fully annealed state. For each strain-harqe,,;
n

exponnent, 7, Was chosen to be 0.1, 0.3, and 0.5, respectively,

| -
different Y/E values were used, namely, 0.002, 0.005, 0.01, g,g,s rent,

> anq g
. . 1,
epresem materials from soft metals to hard ceramics. For each Comb; hicp,
r Nat;
' . . Ion of ,, ang
y | E , computations were carried out for several values of Ao s allow;
g the ®Valuatjo,

i h
of the scaling functions for a range of —Mx yalues from 0.05 to 5.

13




The rate-independent, Incremental theory of plasticity in <ABAQUS vy, ony in
the finite €lement calculations. In particular, the plasticity theor— uses the von Mises’
yield surface model with associated Plastic flow ny1e Because of the axisymmetry of the
problem, 2 two-dimensional mesh was used, ag gp o o0 Figures 4.2(a) and (b). Note that
Figure 4.2(b) shows the magnified region of ¢he top-left comer in Figure 4.2(a), which
will be in contact with the indenter- The Smallest element in the contact region is 25012 -

As for the boundary conditions, the bOttom edge w a s fixed in directions 1 and 2, and the
axis of symmetry (left edge in Figure 4.2(a)) was fFaxed in direction 1. The true contact
area, 4, along the curved contact surface was calc wa Rated by the ABAQUS program. The

contact gepth, k., “was calculated using equation:

h = A127R (4.20)

Load-displacement curves were obtained from the finjte element calculations. Residual

indentation depth, A, and maximum load, )
atio s Fooc . were Obugined from the load-
displac ement curves for each given h_ . The total work, W,, ang
b ¢ eversib 1
. _ . € work
are ob ¢ mined by integrating the loading and unloading curves respe ) ”{, ’
’ Clively,

4.3.1 gPiling-#p/Sinking-in in Spherical Indentatiors
Puring the spherical indentation process, materials aroung g, ;
€ lnden
ter

up (Figure 43) or sink-in (Figure 2.9). In this study, the ratio of c 3 pije.
o

Ntact g
_imum indentation depth, h /hip» s USSd 0 evaluate fhe gy, Pth o
ent

of pilin
(h‘./hmmr)l) and sinking-in (ho/hmax<1)- The calculated values of ks, 8-up
¢ max fOI‘ Vari
materials at different indentation depths are shown in Figure 4 4 @)-(e) . ous
" Atis clear thyg ;
genera]’ /7( //,,m depends on h"m / R > n, al'\d Y/E for SpheriCa] inden > 1n
ation in elasjc.

14
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plastic solids with strain-hardening. For materials with small vale_mes of Y/IE i » or
7 O.

indentation with large fma/R. Piling-up (h/h,,>1) tends to o<cur, while sinking-in
(ho/hmax<1) tends to occur for materials with 1arge Y/E and 7 ©r at small indentatior
depth. These observations can be und €15t00d by the fat that sinking-in always occurs for
Hertzian elastic contacts while pilinZ~YP occurs for rigid-plastic contacts. [92] Thus, the

ratio of “elastic component” to “plastic component” of deformation decreases with
R . s of e
mncreasing T‘ and decreasing values of Y/ Eand  »a for spherical indentation in elast!

plastic solids with ~wwork-hardening.
- s nt
It is instructive to note that the extentof pilx Ng-up and sinking-in i independ®

of dept, for conical and pyramidal indentation im  ¢he same class of solids. This depth

indepen, dence is the consequence of the absence of 3 jength parameter associated with
ideally gnharp conical and pyramidal indenters. It is also jnstructive to compare the prescnt

numerj cal results with some early experimental work by Norbury o Samuel [122] who
S

believe that piling-up and sinking-in depended on work-hardenip,, exp
onent op '
y. Their

obserys aa tion Was based primarily on indentation in metals (i.e., Smalf gy
Valueg

n values from 0.0 to 0.5) where the effect of n is dominant. In gep, Y/g With
era],

degree of piling-up and sinking-in depends on Y/ £, n, and b /n OWeve,.’ the

deterpnination of contact area under load difficult using conventiong
me
ing analysis, we show that it is possible to circumvent thig difficyjy the

follow
Of est ) .

conptact area using an energy-based method derived from a scaling re| atio
Nship beyy,,
€en

g7 E- and (W, -7 )/,
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4.3.2 Relationship between 72,/ Rmax and (WeW )/W,
The representative load-displacement curves, obtained by finite clement
calculations  of a material with Y/E =0.025, y=022 ,and n=0.5 at various depths are

shown In Iigure 4.5. By analyzina g the load-displacement curves of all materials

WV, .nd Hy . which is shown in

max

simulated, ~>we observed a relatiOﬂShip between

4

Figure 4.6. “This relationship can, froma least-square fit, be written as

h _W-W, (4.21)
h W ’

max ¢

Equation (4.21) shows that the degree of permanent Jeformation , measured by the ratio

h .. .
ndenter displacement, L is simply related to the ratio

of residual depth to maximum 1i
max

of irreversible work to total work, M The measurement of one leads to the

Wl

measurement of the other. In practice, however, the determination of the work can be

made more accurately than the measurement of residual indentatj
1on depth, A i the
cptn, Iz since

former is from the integration of loading-displacement curves while the latter js from the
estimation of a single point on the unloading curve. Furthermore, this relationship is
“universal,” because jt does not depernd on the details of the mechanica] behavior of
solids, suchas £, ¥, and n. Nor does the relationship depend on the indenter radius, g
or indentation depth, 4 . This new relationship is analogous to a relationship PreVio;SI >
established for conical and pyramidal indentation in elastic-plastic solids with stm,-ny

hardening, [105, 106] Together, they demonstrate that a simple linkage exists bety,
Ctween
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the work of indentation and deformation that is independent o £ the details o f materials

pr operties and indenter geometry -

4.3.3 Relatieanship between H/E *and (We-w, W,

i . W, - Wu ical
An  =pproximately linear relationship between ;E'li and ——= for spherica

t

: . this
indentation jin elastic-plastic solids is revealed in Figure 4.7. FOr each fixed ho. /R

relationship can be expressed as

W, —W.)_,H (4.22)
—w PEtl
where B is found to depend on —=*- only (see, Figure 4.8), e,
h —0.62
B =-1.687 (—‘f‘—) . (4.23)

Combining equations (4.22) and (4.23), it is obtained that

H hmax 0.62 qu
_E—* = 0.5928(T) ( PV' ) . (424)

. H .
Thus, the ratio of hardness to reduced modulus, ort can be obtained by determining

h /4 . . ) . H
Zmax_ Zu imately linear relationship b —_— v,
R and 7 Recently, an approx y a P between E* and ;was
obtained for conical and pyramidal indentation in elastic-plastic solids with Strian
hardening, [85, 106, 116] The two quantities were found to be proportiona] to each othe

T

with the proportionality factor 2 function of the indenter angle in conjcg] indentag;
ion

11



modeling anq experiments. Equation (4.24) shows that, for the fi st time, s similar

relationship exists for spherical irdentation in elastic-plastic solids.

1 max
By combining equationt (4.24) with the definition of hardness # = and a
* it i i > >
well knowr - relationship betweeT reduced modulus, £°, initial unloading stiffness S

and contaCt  area, A_:[91, 100]

VTS (4.25)
2

N

it was obtained that:

4 | 1903F.,

, (4.26)
(h‘m—x)obz (m )S
L R W

h 0.62 W
2 'max _u
- 0.4657S (——R ) (W:

~ , 4.27)
Fm

X

h 124 w, 2 s?
”=O‘276( R) [w] F_ (4.28)

t max

. h
Since F,,, /X .

u

and S can all be measured directly from load
R ’ W b

!

-displacement

curves, contact area, reduced modulus, and hardness can in principle be obtained from
equations 4.26, 4.27, and 4.28, respectively. This new method is called the “energy baged
method” for spherical indentation analysis since the elastic energy (W,) and tota] energy
(W), are used to determine the mechanical properties. The main advantage of the energy-

based method is that it applies to both piling-up and sinking-in while the commonly ygeq
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h I : . .
methods cannot be used when piling-up occurs. While this method is based on the
analysis of rigjd spherical indentation in elastic-plastic solids with strain-hardening, it is
necessary to test its robustness through experiments under realistic and often imperfect

conditions, such as non-sphericity and non-rigidity of spherical indenters.

4.4 EXPERR IMENTAL APPLICATION OF THE ENERGY-BASED METHOD

4.4.1 Samp&e Preparation and Experimental Methods
Indenter XP

Spherical indentation experiments were conducted using a Nano

and the mominal tip radius was 10pm. The load range was betw cen 10 and 300mN. At

\east five indentations were made at each load to generate average values and standard

deviations reported in this work. The indentation experiments were conducted using load
control with a constant loading rate. Unloading was initiated immediately after the load
reached the prescribed maximum load at the end of each loading cycle without 2 holding
period. All indentations were conducted at room temperature. The mechanical properties

of all the tested materials, i.c., puré COPPper, 6061-T6 aluminum, pure tungsten, and fused

silica, are shown in Taple L. [101, 156, 157] The composite reduced modulus, £° js given

by

1 s
—_— + ’
£ E E, (4.29)

where E, and v, are the Young’s modulus and Poisson’s ratio of the samp]
ple,

respectively. E;, and v, are the Young’s modulus and Poisson’s ratio of the inden
er,

respectively. Specifically, E; =1141GPa and v, =0.07 for the diamond indenter. 1y,
. c

79



fused silica sample was obtained from MTS as the standard calibration materias Copper.
aluminum, and tungsten samples were mechanically polished, finishing with 0.25um
diameter diamond paste. The av erage surface roughness, measured using a Wyco optical

profilometex, was 20, 49, and 23 i for the polished copper, aluminum, and tungsten

samples, ress pectively.

VW,
4.4.2 An Excperimental Proof of the Relationship between hy/ Fimax and (WeWJ/W1

- _ ten,
i and W, ~W.) for copper, aluminum, tungsten

max 1

The relationship between

. : is evident
and fused silica is shown in Figure 4.9, together with finite element results. It

. W - W . . . : 'te
that hy is approximately proportional to W -W.) , which is consistent with the fini

max

t

. . 1 3 . o 'te
element analysis. The agreement suggests that this relationship is insensitive to the fini

elasticity of the diamond indenter and imperfections in the diamond indenter geomeU'Y-
However, the imperfection in the spherical shape of the diamond indenter can be shown,
in section 4.5.4, to cause problems for direct applications of equations 4.2 - 4.28. In
section 4.5.3, a nove] method for obtaining an effective radius for imperfect spherical

indeniters will be estap]ished to circumv ent these problems.

4.4.3 A Novel Method for Indenter Shape Functiors Calibration

For indenter shape calibration, instrumented spherical indentatiop eXperiments

were conducted on copper for depth ranging between 150nm and 1850nm. The valyeg for

S, F and W /W, were obtained from load-displacement cyrves shown ;
’ ’ in

max

h

max ?
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Figure 410, Equation 427 was then used to calculate the effective tip radius #£,, at
s ef 2

various depths, assuming &  constant composite reduced modulus for copper

E., =127.2 GPa. The relatiorship between R, and h, is shown in Figure 4.11.

Ideally, for = perfect spherical irndent €L, the effective tip radius should be independent of
the indentat ion depth. However, in this work, the effective tip radius was found © be a
function of™ indentation depth due tO its imperfect geometry. AD increase of more than
50% in effective tip radius over the depth was observed. A power-law fit was used to
interpolate the effective indenter radius. This indenter “shape function” is given by (see,

Figure 4.11)

R, =1915.6h,°" for 150nm<h ., <1850mm.  (4.30)

The manufacturing of a perfect sphericaﬁ diamond indenter becomes challenging
as the tip radius becomes smaller. In addition, the worn surface of a used indenter can
cause the non-sphericity. Therefore, a regular calibration of the indenter shape is critical
for accurate measurement. The method described above can be used to calibrate the shape

function of any non-perfect spherical indenter. The proposed method is efficient and it

requires no extra investment in capital ©quipment.

4.4.4 Hardness and Young’s Modulus Measuremerat by the Energy-based Methoq
Using the same diamond indenter, spherical indentation experiments Were then
conducted on 6061-T6 aluminum, tungsten, and fused silica with indentation depth from
180nm to 1650nm. The load-displacement curves are shown in Figure 4.1 2(a)-(c). The
composite reduced modulus (E') for aluminum, tungsten, and fused silica, calculated

using equation 4.27, together with the shape function equation 4.30, at various depths ;
s is
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plotied n Figure 4.13(3). A.s expected, the measured Composite r'educed modujus values

arc¢ approximately depth independent. The measured composite reduced modulus of
aluminum ranges from 743 to 78.6GPa. The composite reduced modulus of tungsten
ranges froma 296 to 316.8GPa. COmPared with the calculated composite reduced modulus
of aluminuxrm and tungsten in Table I, the difference is within 8%, which suggests that the
proposed €Xergy-based method together with indenter shape calibration is applicable to
materials Writh a wide range of elastic modulus values, The measured composite reduced

modulus of fused silica is between 58.2 and 60.4GPa. The difference between the

calculated and measured value for fused silica is within 16%. It should be noted that the

fused silica data also exhibit the largest deviation in the correlation between h, /Ay, and

(W-W.0)/W, (see, Figure 4.9). These differences may be caused by indentation-induced

microcracking, for brittle materials such as fused silica. It also suggests that the

relationship between h lh, and (W-W,)/W, may be used to help screen materials for
which the new method is applicable. Specifically, the energy-based method consists of
the following steps:
(1) Using equations 4.27 and 4.29 to determine the effective
. * e |
. Ctive indenter radius, R,,
as a functjop of indentation displacement, 4, by i 1 i
max » 0¥ Indenting a Material with 3

kﬂOWn, depth independent Young’s modulus and Poisson’s ratio This "
’ Shape

function is an interpolation function over the indentation depth of inte
Test and

is not necessary of the form given by equation 4.30.
2) Checking the applicability of the energy-based method b :
Y plotting 4 Ik
and (W,-W.)/W, A necessary condition is that the correlation exi
ISts for

materials of interest.
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3 .
3) Evaluating the reduced modulus for materials of jn
- MEICst using equations 4.27
and 4.29 together with the shape function determined in step (1)
ep (1)
he robus i 1
T tneess of this method 1S seen from the evaluation of the reduced modulus values
for several ¥materials using an iTX2Per£€Ct Spherical indenter with a varying effective radius
bout SO <
of a %. The method does 1ot depend on assumptions about piling-up and sinking-
in of mateTA als around the spherical indenters.
Fin i
Aally, hardness values for fused silica, w, Al, and Cu are obtained using
t‘o . -
equation 4 .28 together with the indenter shape function equation 4.30. The results are
shown in Figure 4.13(b). While these values are within the range of reported hardness for
C . . . -
the Cu, Al, and W, detailed comparison is complicated because of several factors.
Specifically, (i) most of the literature data were obtained using Berkovich indenters
where a pronounced indentation size effect was reported for these materials. [158-160]
Strain . C .
rain- gradient plasticity is believed to be one of the primary mechanisms responSible for
the 1 ] i ing i
increase in hardness with decreasing indentation depth.[161] (ii) The indentation siz¢
effect is different under spherical i
pherical indenters, where th d i
o ¢ hardness is not expected to show
p dependence but is expected to depend on the radius of spherical j
(iii) Fardness i . . Prenes identers. [162]
rdness increases with indentation depth for spherical indentation j
. N elastic-plasti
solid 1 : i i prastie
s with work hardening. [92] With an imperfect spherical indenter, s
» Such as the one

used in this work, it is possible that the two effects, work hardening and str.
Strain-grag;
ent

plasticity, cancel each other because of increasing R, with depth, resultj
¢ s Ing in a sligh
tly

decreasing hardness for Cu, Al, and W with depth (see, Figure 4.13 (b
| : )). While th
imperfection in sphericity can be remedied for modulus measuremen; e
S using a sh,
pe

function (e.g., Equation 4.30), hardness is indenter shape dependent
- It is theref
ore
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desirable tq yse as perfect a spherical shape as possible for hardness measureype using
enits

spherical indenters.

45 COINSTRAINT FACTORS  poR  gpHERICAL INDENTATION

EXPERIME ENTS

For  spherical indentation, t11€ Constraint factor, CF, is defined as the ratio of
hardness, &7 | to true stress, o, when the representative strain equals the true strain, 1.€-,

(4.31)

H
CF = ;, when E = E.

where &£ is the true strain in uniaxial tensile test, and &, is the representative strain given

by
a (4.32)

where a is the contact radius. Given the constraint factor, the trye stress-strain
relationship can be determined by the hardness-representative strain relationship. In this
work, the constraint factors for elastic indentation, elastic-plastic indentation and fully-
plastic indentation were studied using finite element calculations.

The relationshjp between true stress-strain and hardness-representatjye strain
curvess for spherical jpdentation on e€lastic, soft elastic-plastic apd hard elaSﬁC-pIastic
materials are shown in Figure 4.14(a) (b) and (c), respectively. The horizonta] axis
represents true strain or representative strain of the same value. Figure 414 () shows
that, for the contact between a rigid indenter and an elastic materia] with E=200K, 10,2

the constraint factor is close to 2.21. The analytical solution for the contact betw
€en a

84




rigid indenter and an elastic flat surface has been solved by Hertz. Specificall y, for elastic

contact, the contact radius, a , is given by [1 13]

173
= ( -——3i"E§Rj , when a<<R. (4.33)

F - . -
Note that we also have H = "“2" , E = " E ; and o =E¢ .—.0,2%, By combining
ma -v

these three equations and equations 4.31, 4.32, and 4 .33 together, the constraint factor for

elastic contact with a rigid indenter is obtained, i.e.,

CF H =——2£—2—. (4.34)
o 3r(1-v~7)

For elastic contact with a rigid indenter, the constraint factor is dependent on Poisson’s
ratio only. Specifically, constraint factors increase from 2.12 to 2.83 when Poisson’s ratio
increases from O to 0.5, as shown in Table 4.2. For v=0.2, equation 4.34 gives a
constraint factor of 2.21, which is consistent with the finite element result. F i gure 4.14(b)
shows relationships between hardness and true stress for spherical indentation on a soft

material with Y/E=0.002 and n=0.3, which represents typical metallic materi als. It shows

that the constraint factor is close to 2.8 for all the indentation tests from %,,,,./8=0.02 to
Ama/R=0.5. The finite element results are consistent with Tabor’s observation of spherical
indentation on metals. [129] Figure 4.14(c) shows the relationship between hardness and
true stress for spherical indentation on hard materials with ¥/E=0.025 and n=0.3_ The
constraiit factor is less than 2.8 for all the indentation tests from Ama/R =0.02 to 4, . /R

=0.5_ _ ;jtincreases with increasing indentation depth.
QU

i gure 4.15 shows the constraint factors for all materials tested at different

,-,,dgntei_i o0 depth. The horizontal axis, E'a/oR, includes information of both material
e o
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properties (E°/o) and the ind entation test (a/R). It shows that the COnstraint factor reaches

2.8 when OT:z4O, which indicates the beginning of full-plasticity in indentation

experiments. The constraint factor remains aboyt 2.8 with increasing indentation depth

once full-plasticity is reached. For soft materials (low Y/E and n), full-plasticity can be

easily achieved. For example, for materials with Y/E=0.002, n=0.3, Eﬂ=41whell
oR

/mar/R =0.02. For hard materials (high Y/E and n), there is a large elastic-plastic transition

Tange, and constraint fFactor increases from 3—(12—0——2) to 2.8 with increasing indentation
z(l1— v

depth. Full-plasticity and the constraint factor of 2.8 can’t be reached even at large

indentation depth. For example, for materials with ¥/E=0.025 and »=0.3 E a _19when
> oR

Rma/R =0.5.

In conclusion, the constraint factor for spherical indentation yprocesses is

20
3z(1-v?)

dependent on material properties and indentation depth. It changes from to

2.8 when indentation evolves from elastic to fully-plastic. Caution must be taken when
using spherical indentation to derive stress-strain relationship of hard materials, such as
ceramics or materials with large work hardening exponent, because there exists a large
elastic-plastic transition range for those materials. For soft materials, a constraint factor
of 2.§ yay be used to derive true stress-strain relationship approximately. However, as

mene,, y in section 2.3.5, indenter radius plays an important role in the hardnesg

\r

mezsg\! et due to the indentation size effect.
Z
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4.6 CONCLUSIONS

- . -V,
The extent of pllmg—up/smkmg-in and the relationships between Ffi" —;—V’—pi/——“— ,

and have been investigated using dimensional analysis and finite element

max

calculations. For spherical indentation in elastic-plastic materials, there is an equivalence

h W, -W h H
\f u max - . . .
between i and —= W—“, . For a fixed ——R , a linear relatlonshlp exists between —"E "

and ’W —and tkae proportionality depends on %only. Using the above
R

4

relationships, to gethexr- with the initial unloading stiffness, an energy-based method has
been proposed to deriwve the contact area, reduced modulus and hardness of materials
from instrumented spherical indentation experiments. This new method can also be used
to calibrate the effective tip radius of an imperfect spherical indenter. The v alidity of the
new method was studied by instrumented indentation experiments on coppe, aluminum,
tungsten, and fused silica. Constraint factor for spherical indentation experirnent has been
studied using finite element calculations as well. The constraint factor changes from

20

EPTERERY a-v’) to 2.8 when indentation evolves from elastic to fully-plastic. For soft

material, the fully-plastic indentation can be easily reached; however, for hard material
there exists a large elastic-plastic transition region. Caution must be taken when ysing

cons\\,&\“‘ factor to derive stress-strain relationships.
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CHAPTER 5
SUMIMARY AND FUTURE WORK

This study, for the first time, presented a systematic study of the shape memory
and superelastic effect of NiTi alloys at the micrometer scale using instrumented
indentation experiments. It was found that the shape memory and superelastic effects
exists under indentat i on loading conditions and the recoverability depends on both the
indenter geometry zamd indentation depth. For Berkovich and Vickers indentation
experiments, thie recovery ratio is a constant at all indentation depths. For spherical
indentation experiments, the recovery ratio decreases with increasing indentation depth
and scales with the representative strain. For both shape memory and superelastic NiTi
alloys, the maximum strain for complete recovery can be measured by the jnstrumented
spherical indentation experiments. Instrumented indentation techniques cam be used to
quantitatively characterize the shape memory and superelastic effect at sm =il size scale,
such as thin films on substrates and welded joints.

The thermally-induced recovery of the indents on the shape memory alloy
indicates that the shape memory thin films may be used as a self-healing coating, in
which the damage caused at low temperature can be healed at high temperature. It also
indicates that a shape memory alloy can be used as a material that can change Surface
rou%ess according to the environmental temperature.

Motjvated by the high elasticity of the superelastic NiTi and its potential

app/f%a 32 novel tribological material, the wear behavior of the superelastic NjTj
el
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was studied. It was found that the wear rate of superelastic NiTi 1S larger than that of the
amorphous NiTi. Ploughing during sliding test deteriorates the recoverability of the
superelastic NiTi, which can be prevented by deploying a hard layer on the top of
superelastic NiTi.
Based on the above indentation and wear experiments on superelastic NiTi, a
novel layered composite coating was produced. This composite coating is made of 2
superelastic NiTi interlayer deposited between a mnetallic substrate and a hard ceramic
coating. The superel astic interlayer provides high elasticity while the hard coating
prevents ploughing. It was found that the composite coating with superelastic interlayer
has good interfacial aadhesion, low friction coefficient, and good wear resistance. This
experimental observation suggests that (i) superelastic NiTi can be used a high strength
“metallic adhesive”, and (ii) increasing the interlayer elasticity can decrease the friction
coefficient and improve wear resistance. Thus, elasticity, in addition to hardress, P1ays an
important role in determining the friction and Wear behavior of the tribologi cal materials,
This observation will be useful in the design of better tribological coatings.  Future study
of this novel composite coating should include the quantitative measurement of the
adhesion strength and optimization of the interlayer thickness.
To further explore the spherical indentation experiments, a general study of the

spherical indentation in elastic-plastic materials was conducted. Using dimensjonal

analysis and finite element modeling, new scaling relationships between the

dimey less parameter ﬁ —h—"‘f“"— hf W W, were revealed for the fi :
R%ioﬂ £’ R s hm_“ ’ W or the 1rst time,

Bﬂex ’gﬂ (hese relationships and a well-known relationship between reduced modulys,

imtsa/ y 0ading slope, and contact area, a novel energy-based method for analyzing

89



spherical indentation experirment was proposed. The robustness Of the new energy-based
method Was verified by spherical indentation experiments in materials with a wide range
of Young'’s moduli and Poisson’s ratios. The proposed energy-based analysis method also
provides an efficient and low-cost approach for indenter shape function calibration.

The constraint factor for spherical indentation process was studied using finite

20
In(1-v?)

element calculation. Yt was found that the constraint factor changes from to

2.8 when indentation evolves from elastic to fully-plastic. For highly-plastic materials, a
constraint factor of 2.8 may be used to derive the true stress-strain relationship
approximately. Howe wver, for highly-elastic materials, there exists a large elastic-plastic
transition range within which the constraint factor is a function of indentation depth and
material properties. The constraint factor of 2.8 can not be used to derive stress-strain
relationship of highly-elastic materials. Future study will focus on how to obtain the
stress-strain relationship using the information from the whole indexstation load-

displacement curve.
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APPENDIX

FUNDAMENTALS OF DIMENSIONAL ANALYSIS AND [T THEOREM

Physical properties are expressed as a number associate with some unit. The
choice of unit for the measured properties is arbitrary. For example, we can choose either
meter (m) or millimeter (mm) as the unit when we rmneasure the length. Whatever the unit

Is chosen, the lengtha should be the same. Therefore, for physical property x , the

measured numb er sho wld increase by a factor of X when the unit decreases by a factor of
X. We say that the dirmension of physical property X, denoted by [x]. equals the factor X.
The physical wumits can be divided into to types: the fundamental units and the
derived units. For instance, once the units for length and time are chosen 28 the
fundamental units, the unit for velocity becomes a derived one. The dlimension of

velocity can be expressed in the form of the dimension of length and time

-1

v1=00 (A1)

It has been proved that the dimension of any physical property is always a power-law
monomial. For the length-mass-time unit system, the dimension of any physical property

z can be expressed as
(1= LT[ [ “
th\ m 1] and [m] are the dimensions of length, time and mass, respectively. o, g
e ,

and cal number associated with z.
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A group of physical properties z,,z,,...z, is dimensionally independent if the

relationship

[zl ]a. [zz]az ...[z"]a" =1 (A3)

exists only when a=a,=...=a,=0.

n

A physical law specifies the relationship between a governed variable, z, and 2

group of governing variables, z,, z, ,---, z,, in the rnathematical form of

z=f(z,2,,..,2,) (A4)
Among the n governi xag variables, let 2,...z; be dimensionally independent. Therefore, the

dimension relationshi p can be express as
[e]=[]" []" [T (»3)
[Zn/] =[z]" [2]" Szl T=t2n—i (40)

According to equation (A5) and (A6), the following physical quantities should be

dimensionless

n = _:zl a, ".za, (A7)

H,.=——/j';’—;-, j=12,...n—j (AB)
Then, the equation A4 can be transformed into new form

=71 (z,..z,0,..,I1,_;) (A9)
Notey ‘pa‘ when the unit system for the physical property z,,...,z; changes from one to

anol he number o £ physical properties z,,..., 2 changes accordingly. Nevertheless,
b s
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the number for IT should remain unchanged since it is dimensionless. Therefore, z,,...,z,

should not appear in equation A9 and the equation for IT should be
n=r(1,..1,.) (A10)

It is obvious that, by transforming equation A4 into A10, the governing variables change
from n dimensional variable to n-i dimensionless variables. This is known as the I
theorem. The foundation of the IT theorem is that the physical law should not be
dependent on the arbitrarily chosen unit system. The dimensional analysis can help us
find the essential relationships between physical properties.

A detailed description the dimensional analysis and IT theorem can be found in
the work by Barenblatt [154] and Cheng. [163] In addition, Cheng and Cheng [85, 86,
103, 106, 147] pioneered the study of instrumented indentation using the dimensional

analysis.
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Table 1.1.1 Crystal Structure and lattice parameters of NiTi alloys.

Phases Crystal system Lattice Parameters Space group
martensite monoclinic a=0.2898nm, b=0.4108nm, P2,/m [9]
¢=0.4646nm,3=97.78 [8]
R-phase trigonal a=0.3012nm, a=89.53° [7] P3 [9]
austenite cubic a=0.3012nm [8] Pm3m [9]
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Table 1.2.1 Properties of metallic hard matenals. [61]

Materials Density Melting Hardness Young’s Resistivity CTE

(g/cm’) Point (HV) modulus #Q.em) (10°K™)
(°C) (GPa)
TiB, 4.5 3225 3000 560 7 7.8
TiC 4.93 3067 2800 470 52 8.0-8.6
TiN 5.4 2950 2100 590 25 9.4
Z1B, 6.11 3245 2300 540 6 5.9
ZrC 6.63 3445 2560 400 42 7.0-7.4
ZIN 7.32 2982 1600 510 21 7.2
VB, 5.05 2747 2150 510 13 7.6
vC 5.41 2648 2900 430 59 7.3
VN 6.11 2177 1560 460 85 9.2
NbB;, 6.98 3036 2600 630 12 8.0
NbC 7.78 3613 1800 580 19 7.2
NbN 8.43 2204 1400 480 58 10.1
TaB, 12.58 3037 2100 680 14 8.2
TaC 14.48 3985 1550 560 15 7.1
CrB;, 5.58 2188 2250 540 18 10.5
Cr;C; 6.68 1810 2150 400 75 11.7
CIN 6.12 1050 1100 400 640 2.3
Mo,Bs 7.45 2140 2350 670 18 8.6
Mo,C 9.18 2517 1660 540 57 7.8-9.3
W,Bs 13.03 2365 2700 770 19 7.8
wC 15.72 2776 2350 720 17 3.8-3.9
LaBs 4.73 2770 2530 400 15 6.4
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Table 1.2.2 Properties of covalent hard materials. [61]

Materials Density Melting  Hardness Young’s Resistivity CTE
(g/cm®)  Point HV) modulus (HQ.cm) (10°K™)
(°C) (GPa)
B.C 2.52 2450  3000~4000 441 0.5x10°  4.5(5.6)
BN(cubic)  3.48 2730 ~5000 660 10 /
C(diamond)  3.52 3800 ~8000 910 107 1.0
B 2.34 2100 2700 490 10 8.3
AIB;; 2.58 2150 2600 430 2x10" /
SiC 3.22 2760 2600 480 10° 53
SiBs 2.43 1900 2300 330 10" 5.4
Si3N, 3.19 1900 1720 210 10° 2.5
AIN 3.26 2250 1230 350 10” 5.7
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Table 1.2.3 Properties of ionic hard materials. [61]

Materials Density Melting Hardness Young’s Resistivity CTE

(g/em’) Point (HV) modulus  (uQ.cm) (10°K™)
(°C) (GPa)
AL, 3.98 2047 2100 400 107 8.4
AITiOs 3.68 1894 / 13 10 0.8
TiO; 425 1867 1100 205 / 9.0
Zr0; 5.76 2677 1200 190 10" 11(7.6)
HfO, 10.2 2900 780 / / 6.5
ThO, 10.0 3300 950 240 10 9.3
BeO 3.03 2550 1500 390 10~ 9.0
MgO 3.77 2827 750 320 10 13.0
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Table 2.1 Phase transformation temperatures and structures of specimen BH and BS.

Specimen A, (°C) A((°C) R;(°C) R((°C) M; (°C) M, (°C) Structure

BH 72 94 63 56 47 27 B19’

BS 3 46 44 4.0 / / B2 + R-phase

Table 2.2 Mechanical Properties of martensitic (specimen BH), austenitic (specimen
BS), and amorphous NiTi thin film obtained from nanoindentation test.

Specimen Hardness (GPa) E(GPa) E (GPa) H/E'

BH 2.5 43.6 46.9 0.0553  0.33
BS 4.4 64.3 67.9 0.0648 0.47
Amorphous TiNi 7.9 158.0 153.6 0.0514 0.32

99



Table 3.1 Description of specimens

Specimen CrN1-Al CrNS-Al CrN-S1-Al CrN-S2-Al  CrN-Cr-Al
CIN 1 5 1 1 1
thickness (um)

Interlayer No No Ni51.8at%- Ti  Ni49.5at%-Ti Cr
material

Interlayer / / 4 4 4
thickness (um)

Table 3.2 Composition and phase transformation temperatures of NiTi thin films.

Specimen Film Target A, Ar R R M, M,
composition  composition (°C) (°C) (°C) (°C) (°C) (°C)
S1 Ni51.8at%- Ti  Ni49.8at%-Ti 1 15 8 -4 / /
S2 Ni49.5at% -Ti  Ni48.0at%-Ti 67 96 / / 62 28
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Table 3.3 Nanoindentation properties of aluminum substrate, interlayer materials (S1, S2
and Cr) and CrN hard coating.

Material Al  S1 (Ni51.8at%- Ti) S2 (Nid9.5at%-Ti) Cr CrN

H(GPa) 0.94 4.7 2.4 6.7 226
E(GPa) 776 95.0 89.3 3184 2526
nn 0.067 0.33 0.23 0.16 0.64

Table 3.4 A comparison of the mechanical properties of between superelastic NiTi and
polyisoprene.

Materials Young’s modulus Tensile strength Elongation Recoverable
(GPa) (GPa) strain
Superelastic NiTi 75 754-960 15.5% 5~8%
Polyisoprene 0.002~0.1 0.01 100~800% 100~800%

Note: Polyisoprene is a thermoset elastomeric polymer.
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Table 4.1 Mechanical properties of the tested materials.

Materials Young’s Poisson’s Composite Reduced Reference
modulus ratio modulus
E (GPa) \Y E* (GPa)
Copper 126 0.345 127.2 [156]
6061-T6 [157]
Aluminum 70.4 0.347 74.8
Tungsten 409.8 0.28 320.4 [157]
Fused 72 0.17 69.6 [101]
silica

Table 4.2 Relationship between Poisson’s ratio and constraint factor for elastic contact
with a rigid spherical indenter.

Poisson’s ratio 0 0.1 0.2 0.3 0.4 0.5
Constraint factor 2.12 2.14 221 233 253 2383
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Figure 1.1.1 DSC test shows characteristic phase transformation temperatures of NiTi
shape memory alloy.
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Figure 1.1.2 A schematic representation of the shape memory effect of NiTi alloy. [5]
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Figure 1.1.3 A schematic representation of superelasticity of NiTi alloy.
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Figure 1.1.4 Representative stress-strain curves of shape memory and superelastic NiTi
alloys. [4]
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Figure 1.1.8 A schematic representation of sputtering process.
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Figure 1.2.1 Residual stresses in thin films cause bending of the specimen. [64]
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Figure 1.2.2 Schematic representation of coating failure modes in the scratch test in
profile and plan view: spalling failure (a); buckling failure (b); chipping failure (c);
conformal cracking (d), and tensile cracking (e). [76]
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Figure 1.3.1 A schematic illustration of the load-displacement curve of instrumented
indentation test and the graphical interpretation of contact depth. [91]

deformed
surface

Figure 1.3.2 Illustration of conical indentation experiment. [97]
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Figure 1.3.3 Degree of piling-up and sinking-in, h/h, as a function of the ratio of yield
stress to Young’s modulus, Y/E, and work hardening exponent, », in conical indentation
experiments. [97]
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Figure 1.3.4 The top-point, instead of the cross point, defines the contact perimeter when
piling-up occurs. [110]
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Figure 1.3.5 A relationship between the ratio of irreversible work to total work, W,/W,,
and ratio of residual depth to maximum indentation depth, A/h,, in conical indentation
experiments. [106]
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Figure 1.3.6 A relationship between the ratio of residual indentation d‘epth to maximum
indentation depth, h¢h,, and ratio of harness to reduced modulus, H/E , in conical
indentation experiments. [106]
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Figure 1.3.7 Different combination of Y/E and n can lead to the same load-displacement
curve in conical indentation experiments: Highly elastic materials (a), and high plastic

materials (b). [105]
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Figure 1.3.8 Relationship between representative strain ~ hardness and true strain ~ true
stress. Curve A, mild steel. Curve B, annealed copper. O x hardness measurement. —
stress-strain curve. (P, stands for the hardness in this figure.) [132]
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Figure 1.3.9 A schematic illustration of the evolution of plastic zone during spherical
indentation process: elastic (a), elastic-plastic (b), and fully-plastic (c). [125]
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Figure 2.1 DSC curves of specimen BH (a) and BS (b).
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Figure 2.2 XRD patterns of specimen BH and BS.
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Figure 2.3 A schematic illustration of thermally activated recovery of indent on shape
memory alloy (specimen BH).
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Figure 2.4 Change of residual indentation depth was observed for Berkovich indent (a)
and Vickers indent (b) on a NiTi shape memory alloy (specimen BH) after heating to
above austenite finish temperature.
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Figure 2.5 Relationship between recovery ratio and residual indentation depth for
Berkovich and Vickers indents on a NiTi shape memory alloy (sample BH).
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Figure 2.6 Geometry of the spherical indenters measured by SEM: R=213.4um (a) and
R=106.7um (b).
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Figure 2.7 Spherical indents on a NiTi shape memory alloy (specimen BH): before
heating (a), after heating (b), 3D profile of indent before heating (c), 3D profile of indent
after heating (d), and recovery ratio as a function of residual indentation depth (e).
Figures (c) and (d) are in color.
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Figure 2.8 Cross-section profile of the spherical indents on specimen BH shows that no
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Figure 2.9 A schematic illustration of indentation sinking-in for spherical indentation
experiments.
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Figure 2.10 Relationship between thermally activated recovery ratio and representative
strain, and the relationship between the true stress and true strain of a NiTi shape memory
alloy (specimen BH). The recovery ratio starts to decrease when the representative strain
exceeds the critical strain in the stress-strain curve.
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Figure 2.11 A schematic representation of the elastic recovery of indents after removal of
the load.
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Figure 2.12 Berkovich indentation of a superelastic NiTi alloy (specimen BS) and
copper: load-displacement curves (a), and depth (squares) and work (triangles) recovery
ratios upon unloading at various depths (b). Filled symbols for NiTi and unfilled symbols

for copper.
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Figure 2.13 Load-displacement curves of spherical indentation on a superelastic NiTi
alloy (specimen BS) and copper (R=213.4pm) (a), and relationship between the depth
recovery ratio and representative strain, and the relationship between the true stress and
true strain of the superelastic NiTi alloy determined in a tensile test (b). The recovery
ratio starts to decrease when the representative strain exceeds the critical strain in the
stress-strain curve.
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Figure 2.14 XRD shows indentation induced austenite — martensite transformation in
specimen BS: non-indented area (a) and inside the indent (b).
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Figure 2.15 Finite element modeling of strain distribution under sharp indenter (a) and
spherical indenter (b). The white region right under the conical indenter has a minimum
strain larger than the maximum strain under the spherical indenter. Regions with the same

color have a plastic strain of the same value in (a) and (b). Images in this figure are in
color.
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Figure 2.16 A schematic figure of the target for the deposition of amorphous NiTi film.
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Figure 2.17 XRD of amorphous NiTi thin film.
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Figure 2.18 Load-displacement curves of martensitic (specimen BH), austenitic
(specimen BS) and amorphous NiTi.
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Figure 2.19 Dry sliding wear rate of martensitic (specimen BH), austenitic (specimen
BS) and amorphous NiTi.
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Figure 2.20 XRD spectra show wear-induced austenite — martensite transformation in
specimen BS: outside the wear track (a) and inside the wear track (b).
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Figure 3.1 A schematic illustration of the structure of sputtering equipment for
deposition NiTi thin films.
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Figure 3.2 DSC curves of post-annealed NiTi thin films show that, at room temperature,
specimen S1 is austenitic (a), while specimen S2 is martensitic (b).
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Figure 3.3 XRD patterns of post-annealed NiTi thin films: S1 (a), and S2 (b).
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Figure 3.4 XRD pattern of Sum thick CrN coating on aluminum substrate (specimen
CINS5-Al).
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Figure 3.6 Berkovich indentation tests at various depths: composite hardness (a), and
depth recovery ratio (b).

136



137



138



Figure 3.7 SEM images of the end of scratches on CrN1-Al (a), CrN5-Al (b), CrN-S1-Al
(c), CrN-S2-Al (d), and CrN-Cr-Al (e). The arrow indicates the scratch direction.
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Figure. 3.8 A schematic illustration of the stress-strain curves of superelastic NiTi (a)
and elastomeric polymer (b).
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Figure 3.9 Friction coefficient and durability of coatings obtained by pin-on-disk test:
specimen CrN1-A land CrN-S2-Al (a), and specimen CrN-Cr-Al, CrN5-Al and CrN-S1-
Al
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Figure 3. 10 Friction coefficient of specimen CrN-S1-Al and CrN-Cr-Al measured by
scratch test using progressive load up to 2N.
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Fig. 3.11 Illustration of a spherical indenter sliding on a material: without elastic
recovery in wear track (a) and with elastic recovery in the wear track (b).
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Fig. 3.12 Illustration of a spherical indenter sliding on a material: piling-up (a) and

sinking-in (b).
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Figure 3.13 Extent of material piling-up around a scratch made by a progressive load up
to 6N: 3D profile of CrN-Cr-Al (a), 3D profile of CrN-S1-Al (b), cross-section profile of
CrN-Cr-Al (c), and cross section profile of CrN-S1-Al (d). Note that dash lines in (a) an
(b) indicate the locations for cross section profile. Figures (a) and (b) are in color.
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Figure 4.1 Schematic illustration of indentation load-displacement curve and definition
of the irreversible work, W,-W,, and reversible work, W,,.
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Figure 4.2 Finite element modeling: overall mesh and contact counterparts (a), and
magnified image of the top-left part of the overall mesh (b).
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Figure 4.3 A schematic illustration of indentation piling-up for spherical indentation
experiment.
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Figure 4.4 Extent of piling-up (A/Ama>1) and sinking-in (h/hma,<1) as a function of
hma/R (a-c), Y/E (d), and strain-hardening exponent n (e), in spherical indentation
simulations. Note that (a), (b) and (c) represent materials with strain-hardening exponent
n=0.1, 0.3 and 0.5, respectively, (d) represents material with n=0.1, h;,,/R=0.05, 0.2 and
0.4, (e) represents materials with Y/E=0.05, h;,,x/R=0.05, 0.2 and 0.4. PU stands for
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Figure 4.5 Calculated load-displacement curves of a material with ¥/E=0.025, v=0.2, and
n=0.5 at various indentation depths.

152



1.2

11 (WeWo)We=hihmax
- 08 - R?=0.9995
S ]
= 0.6 -
=3 04 — d,O°d’
} 0°
02 o
. e
O_Q'd)"rllll"YT!lvfl]llfT[rrrr
O 02 04 06 08 1 1.2

hf’hmax

Figure 4.6 Finite element result shows that, for all the materials studied, a linear
relationship exists between h, /h_,, and (Wi-W,)/W,.
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Figure 4.7 For each fixed hm./R, a linear relationship exists between H/E* and (W,
W.)/W, for spherical indentation in elastic-plastic solids with work-hardening.
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Figure 4.8 A linear relationship between /n(hu./R) and In(-B).
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Figure 4.9 Spherical indentation experiments show that a linear relationship exists
between h, /h,,, and (W,-W,)/W,. The finite element results are also shown in this figure.
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Figure 4.10 Experimental load-displacement curves for spherical indentation in a copper
sample.
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Figure 4.11 Effective indenter radius, R4, as a function of indentation depth, 4 _, for an
imperfect spherical diamond indenter.
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Figure 4.12 Experimental load-displacement curves obtained from instrumented
spherical indentation experiments in aluminum (a), tungsten (b), and fused silica (c).
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Figure 4.13 Measured composite reduced modulus (a) and hardness (b) using the energy-
based method together with indenter shape calibration. The error bar indicates the
standard deviation of the measured values.
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