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Abstract

Scuffing as a phenomenon has been studied for many years, however, the mechanism underlying scuffing
remains unexplained. Recent findings suggest that the most significant changes occur in the top 50 — 100 nm of the
surface, not at the micron level as previously suggested. The goal of this study isto identify different layers and
their material properties on AI390-T6 disk surface and incorporate them into a thermomechanical Finite Element
model to compare with tribological testing in a High Pressure Tribometer that simulates the contact in actual air
conditioning compressor surfaces.

Experimental, analytical and Finite Element studies of the nanoindentation technique are developed and
used to investigate the material properties of surface layers|essthan 100 nm thick. All the methods are first verified
in simple cases such as homogeneous materials and deposited thin film, then applied to rougher engineering AI390-
T6 sample. The thin surface layers and the corresponding properties obtained from the above studies are then
integrated into a thermomechanical FEM model to study the scuffing mechanism for the Al390-T6 disk and steel
shoe gliding contact condition experienced in the High Pressure Tribometer that simulates realistic tribological
contact in air conditioning compressor surfaces. It is shown that the FEM for nanoindentation is very useful asit is
able to obtain additional properties and quantify properties of layers. It isfound that a simple thermomechanical
macro model does not provide sufficient information about the cause of scuffing. A FEM asperity-based micro-
model isthen built and successfully shows that the local contact stress and temperature increase could be extremely
high under the critical loading. Also, it shows that scuffing should be a combination effect of stress and temperature

increase.
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Chapter 1. Introduction
1.1 Background

Scuffing occursin many mechanical components where diding exists. Possibly the most accepted
definition of scuffing isthat set forth by the Organization for Economic Cooperation and Development (OECD),
which states that “scuffing islocalized damage caused by the occurrence of solid-phase welding between dliding
surfaces without local surface melting” (Wear Control Handbook). In practice, when scuffing occurs, thereisa
sudden rise in friction force accompanied by increased noise, vibration and operating temperature. The scuffing
surfaces appear as if they had been welded at discrete points. Severe wear and plastic deformation are often
observed on the damaged surface. In the worst cases, thisleads to seizure, which is the compl ete stopping of the
motion, and complete failure of the components.

Scuffing as a phenomenon has been studied for many years, however, the mechanism underlying scuffing
remains unexplained. Blok (1937) postulated the first ideas towards the underlying causes of scuffing. He
suggested that scuffing occurs when acritical surface temperature is reached, thus lowering the shear strength of the
material at the interface. Other approaches have focused on understanding the changes in the layers of fluid film
that separate the contacting surfaces (Dyson, 1975; Park and Ludema, 1994). Cavatorta and Cusano (2000) studied
the formation of oxides on the surface due to pressure, temperature, and relative motion and linked the presence of
these protective layers to scuffing resistance.

Recently, studies have been conducted on contacting surfaces with a shoe-on-disk geometry associated
with air-conditioning swash plate compressors. The analysis began with the examination of the ‘simpler’
unlubricated contact case (Sheiretov, 1997), and proceeded to the more realitic, starved-lubrication case (Y oon,
1999). Both the unlubricated and starved-lubricated studies attribute the occurrence of scuffing to the removal of
the protective oxide film known as the transformed layer. Patel (2001) shifted the examination of changesin the
subsurface at the micron-level to those that occur at the nanometer level. The chemical analysis of oxygen, carbon,
aluminum and silicon concentrations showed that the most significant changes occur at depths up to 50 — 100 nm
below the surface, which appearsto contradict earlier studies in which the most significant layers were present at
depths of several microns. Pergande (2001) successfully applied the nanoindentation technique to quantify changes
in material properties of AI390-T6 samples that have undergone different levels of tribological testing. It was found
that the material at the surface, and to approximately 60 nm below the surface, exhibits significantly higher hardness
than the bulk material. It isalso found that progressive wear of the surfaces results in a progressive weakening of
the near-surface material below the surface to a depth of 60 nm, while the hardness of material below the 60 nm
depth remains almost unchanged.

The present research has focused on two major goals. Thefirst isto use analytical and FEM methods to
extend the nanoindentation technique and extract more information of material properties from the nanoindentation
experiments. The second goal isto integrate the information obtained by Patel, Pergande, and in thiswork into a
thermomechanical FEM model to simulate the scuffing process. Such a study will provide a better understanding of

the mechanism of scuffing.



1.2 Tribological Testing and Sample Preparation

1.2.1 Materials
The material combinations of interest in this study are Al390-T6 disks, in contact with 52100 steel shoes

(See Figure 1). These materials are commonly found in automotive air conditioning swash-plate compressors. The
chemical compositions of the AI390-T6 are listed in Table 1 below, obtained from the supplier, Shotic America
Corporation. A relatively significant amount of silicon is added to strengthen the material.

~13.5 mm
Figure 1: AI390-T6 disk sample with wear track, and 52100 steel shoe
Table 1: AI390-T6 specified alloy composition
Al Si Fe Cu Mn Mg

Specified weight% | Balance | 16.0-18.0 | <05 | 4.0-50 | <01 [ 0.45-0.65

1.2.2 Tribological Scuffing Experiments
Since thiswork is an extension of the analysis of the scuffing mechanism work, the samples studied are the

same as Al390-T6 disks prepared from the earlier work (Patel, 2001). The High Pressure Tribometer (HPT) was

used to generate worn and scuffed samples, under prescribed test conditions. The refrigerant used in this case is
R410A with a POE lubricant at a supply rate of 40 mg/min to model starved lubrication conditions. The chamber
pressure was set at 50 psi, while the temperature of the disks and shoes was set at 120°C. These conditions model an
aggressive application of atypical swash-plate compressor contact. The scuffed state occurs when thereis
significant material transfer from one material to the other. It is quantified by both adramatic increase in friction,

and a dramatic drop in contact resistance, as shown in Figure 2.
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Figure 2: Typical scuffing experiment data obtained from HPT (from Patel, 2001)
1.3 Objectives

The main objective of the overall project isto investigate the scuffing mechanism. And the focus of current
study isto identify different layers and their material properties on the Al1390-T6 surface and integrate theminto a
thermomechanical Finite Element model to simulate the aforementioned tribological testing condition in HPT.

Nanoindentation experiments will be performed first on some simple cases, such as homogeneous materials
and deposited thin film. Once this method is verified on these simple cases, AI390-T6 engineering surface will be
studied carefully.

Alternative approaches in studying nanoindentation experiments will also be investigated. The loading
curve analysis method suggested by Hainsworth et al. (1996) and the equation proposed by Johnson (1970) to relate
Y oung’'s modulus, hardness and yield strength for certain materials will be tried.

A FEM model will be built to simulate the nanoindentation experiments and extract more information from
the data obtained from the experiments, such as yield strength. The model will also be first verified in those ssmple
cases then applied to the AI390-T6 sample.

Lastly, aninitial thermomechanical FEM modeling work will be performed to simulate the sliding contact
between Al390-T6 disk and steel shoe inthe HPT. The thin surface layers and the corresponding properties
obtained from previous study will be integrated into the FEM model.



Chapter 2. Nanoindentation Experiments

2.1 Background

The mechanical surface properties of many materials can be improved by depositing appropriate coatings.
Particularly they can improve wear resistance, friction, and hardness. It isimportant to quantify the material
properties of the coatings to predict and evaluate their use. Nanoindentation is one of the most successful techniques
in probing the mechanical properties of materials on the sub-micron scale. The two mechanical properties measured
most frequently using load and depth sensing indentation techniques are the elastic modulus, E, and the hardness H.
In acommonly used procedure, data are obtained from one complete cycle of loading and unloading. The unloading
data are then analyzed according to a model (e.g., Doerner and Nix, 1986), which relates the contact area at peak
load to the elastic modulus. Methods for independently estimating the contact area from the indenter shape function
are then used to provide separate measures of E and H.

As reported by Oliver and Pharr (1992), the effects of non-rigid indenters on the load-displacement
behavior can be taken into account by defining a reduced modulus, E;, through the equation

1 _1-v? 1-v?

= 4+
E E E @

T 1

Where E and v are Y oung’s modulus and Poisson’ s ratio for the specimen, and E; and v; are the same properties for

theindenter. E,isevaluated from the nanoindentation measurements according to the following equation

E = Jr (dpdh)unload

' 2
2 A

where P isthe indenter load, h is the penetration depth, (dP/dh),n0aq IS the experimentally measured stiffness of the

upper portion of the unloading curve and A is the projected area of the elastic contact.

Oliver and Pharr aso found that the unloading data could be described by power laws such as Equation (3)
with exponents ranging from about 1.2 to 1.6. Also, the unloading contact stiffness changes continuously asthe
indenter is withdrawn, due to continuous changes in the contact area.

P=Ah-h,)" (3)
In Eqg. (3), A, mare the coefficient and exponent of the power law, respectively, and h; isthe residual depth as shown

in Figure 3. Therefore, aleast square fit to the unloading data gives the coefficients of Eq. (3), which could be
analytically differentiated to determine the slope (dP/dh)nioad-
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Figure 3: Cross-section profile of an ideal indentation

The contact area A is given as a function of the contact depth h.. Theideal tip areafunction is defined as

A =Cp Ehg (Ac=f (hc)) where C, is a fixed constant depending on the geometry of the tip. For a

Berkovich tip, Cy = 24.5, and for a 90 degree cube corner tip, Co = 2.598. In order to compensate for the finite tip
radius, as well astip manufacturing differences, additional terms are added, such that
1 1 1 1

A=C,h>+C, [h +C, [h2 +C,[h* +C, [hg +C, [h® (4)
The first constant, C,, is once again fixed depending on the geometry of the tip, while the other constants are curve
fitted using a least square method on indentations carried out on a standard sample. Thus, within the calibration
range, the tip contact area can be calculated based on the known contact depth, h,  This area function is not exact,
but it is a reasonabl e approximation.

For a specific indenter tip geometry, the contact areais precisely known, therefore the reduced modulus can

be computed from Eq. (2) and the hardness is given by the well-known relation:

P
H max )

A

Where P is the peak indention load and A, is the contact area.

2.2 Method
Nanoindentation experiments are performed with a Triboscope Nanomechanical Testing System made by

Hysitron, Inc (http://www.Hysitron.com). The Triboscopeislocated in the Center for Microanalysis of Materials
(http://facilities.mrl.uiuc.edu/cmm/) at the University of Illinois at Urbana-Champaign. The Triboscopeisan
attachment to an existing Atomic Force Microscope (AFM). Hysitron's patented ultra-precision transducer
technology (Bonin, 1994) adds unique capabilitiesto the AFM, including the capability to image the sample, choose
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the test location, indent, scratch and wear surfaces. Accounting for noise, the force and displacement practical
resolutions are approximately 100 nN and 0.2 nm, respectively. Based on these resolutions, the instrument is
capable of indentation loads of aslow as 10 uN, and displacements of lessthan 5 nm. The maximum load force

available from the transducer is approximately 10 mN. Figure 4 shows a photograph of the nanoindentation

instrument. Figure 4 (a) shows the Multimode AFM, and Figure 4 (b) shows the Triboscope transducer.
LN

TrlbaS saps -t
“HYSITHOH. INC. |

(b)
Figure 4: Triboscope System on Multimode AFM: (a) Multimode AFM ;(b) Triboscope Transducer

During a continuous depth measuring nanoindentation test, a sharp tip, also referred as probe, is pushed
into a sample with aknown force. Asthe probeis pushed in, the penetration depth is also monitored. The data are
collected by a data acquisition system and analyzed by the Triboscope softwarein aPC. The software employsthe
idea of Oliver and Pharr (1992) introduced in the previous section. A typical output isshown in Figure 5. All the
variables discussed in the previous section such as power law coefficients, contact area, max contact load, and max
depth could be found directly from the output. Based on these parameters, the reduced Y oung’s modulus E, and the
hardness H of the sample being indented are calculated. A ramp force control loading and unloading is used for all
the experiments.

The curve shown in Figure 5 represents a mechanical “fingerprint” of the sample being tested. From such a
curve, one can compare the el asticity/plasticity of different materials. Also if there isan abrupt change in the slope

of the loading-unloading curve, it implies a change of material (see section 2.4.2).
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Figure 5: Typical output from the Triboscope software

The nanoindentation technique is usually used to investigate uniform smooth surfaces and thin films such
as films in semiconductor and disksin hard disk drives. In thiswork, the nanoindentation technique is extended to
more common engineering surfaces, which are usually much rougher, and nonuniform. A typical AFM image of a
nanoi ndentation experiment on a rough surface is shown in Figure 6. A pioneering work, in which the
nanoindentation technigque was successfully applied on rough surfaces, was done by Pergande (2001).

Digital Instruments NanoScope

Scan size 500.0 nm
Scan rate 2.035 Hz
Number of samples 256
Image Data Height

Data scale 10.00 nm

[] view angle
Ot light angle

X 100.000 nW/div
400 J Z 10.000 nw/div
nm

hddiskl.000

Figure 6: Residual AFM image of nanoindentation on a rough surface (image is 0.5*0.5 um)

2.3 Tip Choice
There are many tips available for use with the Triboscope Nanomechanical Testing System. The three

sided pyramid tips are the most commonly used for indentation testing on hard samples and metals. Two different
kinds of pyramid tips are used for the nanoi ndentation experiments: a Berkovich tip and a 90 degree cube corner tip.



Figure 7: Berkovich tip image (from http://www.Hysitron.com)

The Berkovich tip (see Figure 7), which has been used as the “standard tip” for nanoindentation
experiments, is used primarily for bulk materials and thin films with a thickness greater than 100 nm. The total
included angle of the Berkovich tip is 142.3 degrees, with a half angle of 65.35 degrees. The typical spherical tip
radius of curvature for a Berkovich tip is between 100-200 nm.

Figure 8: 90 degree cube corner tip image (from http://www.Hysitron.com)

Figure 8 shows a 90 degree cube corner tip and is used for nanoindentation experiments on ultrathin films,
typically, less than 50 nm thick. Thetotal included angle of thistip is 90 degrees, and has the same shape as the
corner of acube. Theradius of curvature of thistip is usually smaller than a Berkovich tip, and is normally around
50 nm.



2.4 Nanoindentation on Homogeneous Material

2.4.1 Nanoindentation Experiments on Fused Quartz
Fused quartz is a homogeneous material with no known surface layers and is fairly smooth with R, <5 nm.

Thus, fused quartz is usually used as a calibration standard for nanoindentation experiments. Accepted experimental
values of the reduced modulus of elasticity and hardness are E, ~ 69.6 GPaand H =~ 9.6 GPa, respectively. Figures9
and 10 show typical loading-unloading curves for the 90 degree cube corner and Berkovich tips, respectively. Note
that the loading curves overlap one-another, independent of the user-defined loading force and corresponding depth

of indentation.
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Figure 9: Fused quartz nanoindentation load-displacement curves, 90 degree cube corner tip
For each indentation experiments, the reduced Y oung’s modulus and hardness are calcul ated based on the

equationsin section 2.1. In Figure 11, H and E, are plotted as a function of contact depth, and it can be clearly seen
that the material properties are very consistent through al the depth of the material.
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Figure 10: Fused quartz nanoindentation |oad-displacement curves, Berkovich tip
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Figure 11: Fused quartz nanoindentation data

2.4.2 Nanoindentation Experiments on Silicon
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Nanoindentation experiments are also performed on a silicon wafer that has an R, < 2 nm. It isknown that

silicon has avery thin (~5nm) oxide layer on the surface, with the rest of the material being homogeneous. Figures

12 and 13 show typical loading-unloading curves for the 90 degree cube corner and Berkovich tips, respectively.

Thereis asope change around 3~5 nm of the loading curve in Figure 12, which implies the existence of the thin

oxide layer on the silicon wafer. Also, note from Figure 13, that with deeper indentations silicon exhibits alarge

elastic recovery.
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Figure 12: Silicon nanoindentation |oad-displacement curves, 90 degree cube corner tip
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Silicon Loading Curves, Berkovich Tip
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Figure 13: Silicon nanoindentation |oad-displacement curves, Berkovich tips

In Figure 14, H and E; are plotted as a function of contact depth, and it can be seen that the material
properties are very consistent through the depth. Asthe oxide layer isonly 5 nm thick, the material properties of
that layer could not be found by this method asits analysisis based on the loading-unloading curve around

maximum displacement, and due to the limitation of the current instrument, it isimpossible to get a measurement

less than 5 nm deep.
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Figure 14: Silicon nanoindentation data

2.5 Deposited Thin Film: 100 nm Gold Thin Film on Silicon
The ultimate goal of this study is to employ the nanoindentation technique to rough, nonuniform
engineering surfaces discussed in Chapter 1. Asit will be seen in the next section, the thickness and composition of

layers on the engineering surfaces are not very well known. Thus, a study on well prescribed deposited thin film for
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which we know the composition and thickness will be very helpful to verify the capability of this method and bring
some ideainto the analysis of the actual engineering surfaces.
2.5.1 Thin-Film Deposition

Two different samples were prepared using the sputtering deposition process. The AJA Int. Co. sputtering
deposition system, located in the Microfabrication Lab of the Materials Research Laboratory
(htttp://ww.mrl.uiuc.edu) at The University of Illinois, was used to deposit thin films on known samples. The

instrument is capable of depositing thin films up to 500 nm in thickness, with an accuracy of 0.1nm. Both samples
consist of 100 nm layer of gold deposited on a silicon wafer as the substrate, with a 2 nm adhesive layer between the
two materials. The adhesion layer bonds the two surfaces together such that the film stays attached to the substrate
material. Two different adhesion layers were used: Niobium (Nb) and Titanium (Ti). A schematic of the sampleis

shown below in Figure 15.

2 nm thick layer
of Nb or Ti

Si substrate

Figure 15: 100 nm gold thin film on silicon (not to scale)

2.5.2 Surface Topography Measurements
Shown below in Figure 16 is an AFM topographical image of atypical sputtered surface on a silicon wafer

substrate. Thisimage shows that deposited surfaces are much smoother than typical engineering surfaces, with R,

values of several nanometers vs. several hundreds of nanometers on engineering surfaces, asit will be discussed

next.
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Figure 16: AFM surface topography measurement of deposited surface
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2.5.3 Nanoindentation Experiments
Several indentions, of various peak loads, are performed on both samples. one with the Ti-adhesion layer

and one with the Nb-adhesion layer. The results from the 90 degree cube corner and Berkovich tipsindentations are
shown below in Figures 17 and 18, respectively. First note the consistency in the load-displacement curves, for both
tips. Thisisaresult of arelatively smooth surface with extremely uniform layer thickness. Also note that there are
no obvious differences between the loading curves of the Ti and Nb adhesion layer samples. Thus, the differences

in the thin bonding layer do not significantly affect the material response to nanoindentation.

100nm Gold, 2nm Layer of Bonding Film, Silicon Substrate
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Figure 17: 100 nm Au on Si nanoindentation |oad-displacement curves, 90 degree cube corner tip

100nm Gold, 2nm Layer of Bonding Film, Silicon Substrate
10000 T T T T T
— Nb-layer
9000 | | — Ti-layer A

8000 -

7000 -

6000 -

5000 -

Force (UN)

4000 -

3000 -

2000 -

1000 -

V4 .
0 50 100 150 200 250 300
Depth (nm)

Figure 18: 100 nm Au on Si nanoindentation |oad-displacement curves, Berkovich tip

Shown below (Figure 19) are the cal culated material properties based on the unloading curves shown in
Figs. 17 and 18.
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Figure 19: 100 nm Au on Si nanoindentation data

The theoretical (i.e., published) properties of bulk gold are H = 2-3 GPa and E,; = 94.7 GPa, and of bulk
silicon are H = 12 GPaand E; = 150 — 200 GPa (ASM Handbook, 1990). Thus, indentations on the surface should
measure lower hardness and lower elastic modulus than those at greater depths as the substrate influence increases at
greater depths. Such trend is observed on these measurements. Other researchers have shown that for an
indentation to be representative only of the film material properties, irrespective of the substrate material, it must be
to adepth not more than 10 — 20% of the overall layer thickness (Bhattacharya and Nix, 1988). Since the layer of
gold is 100 nm thick, indentations below approximately 15 nm in depth should be representative of pure gold
properties. Examination of the data shows that the hardness and elastic modulus are H = 3 GPaand E, = 100 GPa at
indentations of approximately 10 nm deep. These values are comparable to those of the pure gold sample, whichis
expected at very shallow indentations. Note that the reduced Y oung’s modulus finally reaches the expected value of
silicon substrate while the hardness value is still much less than the value for silicon. This is because the hardness
value is greatly affected by the contact area. Since thereis a soft layer on top of the silicon substrate, the contact
areawill be much bigger than indentations on pure silicon for the same load when the indentation depth is
comparable to the thickness of the soft layer, thus, the hardness will be lower. Therefore, based on this technique,
one could not obtain the hardness value of each layer in alayered material. A technique that can successfully obtain
the properties for each layer is the FEM modeling, as will be discussed in Chapter 4.

2.6 Engineering AI390-T6 Sample
In thisresearch, the ultimate goal of the nanoindentation technique is to characterize the material properties

of the uppermost layers that eventually lead to scuffing (i.e. failure) for typical engineering surfaces, used in
automotive air conditioning compressors. Nanoindentation experiments are done on virgin Al390-T6 surfaces,
which are much rougher than the previous surfaces studied, with an R, value of 200~300 nm. Figures 20 and 21

show some loading-unloading curves for the 90 degree cube corner and Berkovich tips, respectively. Dueto the
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surface roughness and the inhomogeneous nature of the Al390-T6 sample (Pergande, 2001), the nanoindentation

loading-unloading curves are not as consistent as with fused quartz or silicon (see section 1.4).
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Figure 20: Engineering Al390-T6 sample nanoindentation |oad-displacement curves, 90 degree cube corner tip
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Figure 21: Engineering Al390-T6 sample nanoindentation load-displacement curves, Berkovich tip

Figures 22 and 23 plot H and E; as afunction of depth respectively. The symbols represent actual
nanoindentation values, solid lines are least square fits to the data in two ranges, one from 0 to 50 nm and the other
from 50 to 250 nm. The dashed lines represent the 95% confidence interval; chain lines represent the 95%
prediction line (Pergande, 2001).
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Figure 22: Engineering Al390-T6 sample hardness profile
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Figure 23: Engineering Al390-T6 sample reduced elastic modulus profile

250

Based on these results, the reduced modulus values are almost the same through al the depth while the

Hardness values decrease rapidly from 6 GPato 3 GPain the top 50 nm, then decrease dlowly and finally reach the
bulk property of about 2 GPa. It could be concluded that there are several different layers on the AI390-T6 disk’s

surface. From the previous work by Patel (2001), it was found that the chemical composition is much different on
the top 50 nm than the substrate below. Also, Pergande (2001) successfully applied the nanoindentation and

nanoscratch on these engineering samples, and his work also shows the existence of such a major layer on the top.

Note that in this study the nanoindentation experiments on fused quartz (section 2.4.1), silicon (section 2.4.2), and

Al390-T6 (section 2.6) were performed independently and the results agree with the more extensive experiments of
Pergande (2001). The results shown above in Figs. 9-14, 20-23 are from Pergande (2001) in order to enable exact

comparison between the FEM work (Chapter 4) and the extensive nanoindentation experiments of Pergande (2001).
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2.7 Summary
Nanoindentation experiments are performed on different homogeneous, deposited thin film, and unknown

Al390-T6 surfaces. The results are consistent with the previous study by Pergande (2001). From the study of
known deposited thin film (100 nm gold film on silicon), it is found that the hardness value for the multilayer
surfacesis not well defined and the value itself is determined by both the top thin film and substrate material
properties unless the penetration depth is very large and well into the substrate. The experiments on Al1390-T6
sample show that there is a50 nm mgjor layer on the top that is harder than the substrate.

17



Chapter 3. Alternative Approaches
in Studying Nanoindentation Experiments

3.1 Analysis of Nanoindentation Load-Displacement Loading Curves

3.1.1 Background
Nanoindentation | oading-unloading curves represent a mechanical “fingerprint” of a material’s response to

contact deformation. Much attention has been focused on the unloading curve to extract the Y oung’' s modulus and
hardness, as discussed in Chapter 2. However, if the test volume displays considerable elastic recovery when the
load isremoved, e.g., for many stiff hard materials and many inhomogeneous systems (e.g., those employing thin
hard coatings), then the unloading curve does not fit existing models particularly well (Doerner and Nix, 1986).

An aternative approach, based on the analysis of the loading curve of aloading-unloading nanoindentation
experiments instead of the unloading curve, has been suggested by Hainsworth et al. (1996). Starting from the
assumption that the total deformation can be decomposed into a plastic and an elastic part, they derived a
relationship between the applied load, P and in-situ displacement, h of the loading curve as:

-2
P= E(gp\/% +¢/\/g] h? =K, h? (6)

Thefirst part of the equation corresponds to the elastic contribution and the second part to the plastic. The indenter
constants gand ¢ are experimentally determined, and are valid for a wide range of materials. The value of gand ¢
change for different indenter geometry.

The value of K., from the model can then be compared directly with an experimentally determined value
Kew =P/ h?, and if either E or H is known, the other (E or H) can be calculated. Note that unlike Oliver and

Pharr’ s method discussed in Chapter 2 that one can obtain both E and H from a single experiment (unloading curve),
in this method, one needs to know one of the material property to obtain the other.

For a coated material, by using Eq. (6), the shape of the P vs. h?could be predicted asillustrated in Figure
24. Initially, the loading curve follows astraight line if plotted as P vs. h. In thisrange, called region I, the
substrate is not influencing the response. The slope of the curve would be predicted by E and H of the coating only,
according to Eqg. (6). When the load is further increased, not only the coating will deform but also the substrate and
interface region. Therefore a more complex shape of P vs. h? curve can be expected, which does not necessarily
follow a straight line (region I1). For even higher displacements (region I11), the substrate would mainly carry the
load, and a straight line predicted from E and H of the substrate should be observed as shown in Figure 24.
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Figure 24: The predicted P vs. h? relationship for coated materials (from Hellgren, 1999)

3.1.2 Homogeneous Material
The fused quartz sample s first studied to verify the linear relationship between P and h? for a

homogeneous material. Since the loading parts of all the fused quartz indentations are very consistent asit was
shown in Figs.9 and 10. Thus, a 105 uN nanoindentation experiment with a maximum depth of 45.6 nm is selected
to represent the 90 degree cube corner tip nanoindentations while a 1,500 uN nanoindentation with a maximum
depth of 100.07 nm is selected to represent the Berkovich tip nanoi ndentations.

Figures 25 and 26 plot the P vs. h*for the 90 degree cube corner and Berkovich nanoindentations,
respectively. For both figures, it could be seen that the curves show a perfect linear relationship after the initial
segment. Theinitial nonlinear segment is due to the radius of curvature on both tips. Asit was also pointed out in
(Hainsworth et al., 1996), the linear relationship between P and h? does not hold for spherical indenters, thus the
nonlinear initial part on homogeneous material could be reasonably explained. Based on thefitting in Figs. 25 and
26, the effect of the top spherical shape affect the P vs. h? relationship up to depths of h =20 nm and 40 nm for the
90 degree cube corner and Berkovich indenter, respectively. These two numbers will also be used for the more
complex deposited thin film and rough engineering samples.
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Figure 25: P vs. h? for 90 degree cube corner tip nanoindentation on fused quartz
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Figure 26: P vs. h? for Berkovich tip nanoindentation on fused quartz
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Next, the P vs. h? relationship is also checked with silicon. A 100 uN cube corner tip nanoindentation

experiment with a maximum depth of 36.4 nm is selected to represent the 90 degree cube corner tip nanoindentation

and a 2,800 uN nanoindentation experiment with a maximum depth of 103.8 nmis selected to represent the

Berkovich tip. Figures 27 and 28 show the P vs. h? curves for 90 degree cube corner and Berkovich tips,

respectively.
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Figure 27: P vs. h? for 90 degree cube corner tip nanoindentation on silicon
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Figure 28: P vs. h? for Berkovich tip nanoindentation on silicon

As with fused quartz, the linear relationship between P and h? is till valid for both 90 degree cube corner
and Berkovich nanoindentation experiments.

Based on the above results on fused quartz and silicon, one can now calculate the two constants @ and  in
Eq. (6) for each tip geometry.

For fused quartz, from nanoindentation experiments discussed in section 2.4.1, we get an average reduced
modulus, E, = 69.6GPa, therefore, according to Eg. (1),
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1 _1- 0.072 L1- 0.172
E, 1140 E

Thus, the Y oung’s modulus of the measured fused quartz sample is 72GPa, which agrees with the value in (ASM

= E =72GPa

Handbook, 1990). The measured hardness, H = 10 GPa (average of the 90 degree cube corner and Berkovich
results).

For silicon, the average reduced Y oung’s modulus is found to be 165.6 GPa. Therefore

1 _1- 0.072 L1- 0.278%
E, 1140 E

Thus, the Y oung’s modulus of the measured silicon is 178.6 GPa, which agrees with the value in (ASM Handbook,
1990). The measured hardness, H = 12 GPa.
Substituting the material properties and the experimental slope into Eqg. (6),

-2
K =K. . =E. S+ !
exp-si m-si S((ﬂ}/ Hsi /] ES‘- ]

E u H U
Ka(p—fused = Km—fu%d = Efu&d (0\/ e +¢/\/ et

H fused E fused

= E =178.6GPa

-2

the experimental slope K, for different materials and different indenters are found by least square fit on the P vs. h?
curves, and the values are indicated in Figs. 25-28. Thus, the two unknown gand ¢ could be solved from above two
equations for 90 degree cube corner and Berkovich tips, respectively.

The results are listed in Table 2.

Table 2: Indenter Constant gand ¢ for different tip geometry

@ 4
90 degree cube corner tip 0.4401 0.509
Berkovich tip 0.179 0.636

3.1.3 Deposited Thin Film: 100 nm Gold Thin Films on Silicon
Next, the controlled deposited thin film samples discussed in Chapter 2 are used to study the P vs. h?

capability for layered material. A 27 uN nanoindentation experiment with a maximum depth of 34.8 nmis selected
to represent the 90 degree cube corner tip and a 2,500 UN nanoindentation with a maximum depth of 157.6 nmis
selected to represent the Berkovich tip experiments.

Figures 29 plots the P vs. h? for the aforementioned cube corner tip nanoindentation experiment.
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Figure 29: P vs. h? for 90 degree cube corner tip nanoindentation on 100 nm Au on Si sample

It could be seen that asin Figs. 25 and 27, the P and h? linear relationship holds, except for theinitial
segment due to the spherical top of the indenter. 1t was found from the experiments that the average reduced
Y oung’'s modulus for the gold coating is 99.2 GPa. Therefore, the Y oung’s modulus could be found by

1 _1-007? L1- 0.422
E, 1140 E

and the measured hardness for agold filmis 3 GPa. Using gand ¢/for cube corner tip found earlier, we can then

= E =89.4GPa

use Eq. (6) to obtain the theoretical slope K,,= 0.0143. Comparing it with the actual slope for Figure 29, thereisa
22% relative error between the theoretical prediction and experimental determined slope. This may be caused by the
inexact evaluation of the gold film properties due to the instrument limitations as discussed in Chapter 2. Also note
that according to (Hainsworth et a., 1996), silicon’s curve does not fit Eq. (6) as well as many other materials
because it is known to undergo a pressure-sensitive phase transformation. Due to the limitation of available
samples, the constants for Eq. (6) in this work are derived from the curves from the nanoindentation on fused quartz
and silicon; afurther study on many other materials will probably give a better evaluation of the two constants.
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Figure 30: P vs h? for Berkovich tip nanoindentation on 100 nm Au on Si sample

Figure 30 plots the P vs. h? for the aforementioned Berkovich tip nanoindentation experiments. Up to h=
40 nm, the nonlinearity is due to the tip spherical shape. From h =40 nm to h=100 nm, there is alinear segment and
the Slope is0.0986. Assume that the dope of the first linear segment is determined by the gold properties, from Eq.
(6), the theoretical prediction of the slope is 0.0746, compared to experimental value of 0.0986, once again, thereis
a24% error. Also, athough the substrate data do fall in alinear line after h= 125 nm, the lope is0.101, whichis
only half the value as the slope we see for the pure silicon (see Figure 28). It is opposite to the claim in (Hainsworth
et a., 1996) that the curve in the second linear segment is determined by the E and H value of the substrate only and
it may due be to the fact that to obtain the correct H for substrate, really deep indentation need to be done as seen in
section 2.5. There isachange in slope, which happens around 100 nm (the thickness of the gold film), but the
changeisreally not so obvious as described in the schematic of Figure 24.

In general, the prediction of the slope by Eqg. (6) seems not to be good for predicting the E and H values,
which could be improved by using more material other than fused quartz and silicon to get more accurate indenter
congtants gand (.

The slope changesin linear relationship could help on identifying out the thickness of different layers.
However, the results need to be considered carefully and compared with other methods.

3.1.4 Engineering AlI390-T6 Sample
The ultimate goal of this study is to help identify the different layers on the AI390-T6 sample. As

discussed in Chapter 2, based on the chemical analysis of the surface, it is suggested that there are a 50 nm thick
major layer on top of the surface. Asthe loading-unloading curves for the Al390-T6 sample are not as consistent as
the previous samples, a median experiment was selected for the 90 degree cube corner and Berkovich
nanoindentations, respectively, and considered to represent the average material properties best.

Since the main interest is the top 50 nm, the Berkovich nanoindentation experiment is first studied here.
Figure 31(a) plotsthe P vs. h? for Berkovich indentation, and Figure 31(b) is a zoom-in graph for the range h® up to
12,000 nm?. Note that from previous P vs. h? relationship for Berkovich indentation, the nonlinear segment due to

the tip blunting always ends before 40 nm, thus the first linear segment in that graphisavalid one. The transition
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depth between two linear segmentsis between 67.5 nm to 80 nm, which corresponds to the estimation of the major

layer quite well.
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Figure 31: P vs h? for Berkovich tip nanoindentation on engineering AlI390-T6 sample
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The average E, for the top 50 nm nanoindentation is 88.5 GPa, while average E; for the substrate below is
88 GPa. The Poisson’sratio is taken as the standard value for aluminum, i.e., 0.33.

1 _1-007°  1-033 _ [Epsom =85.5GPa
E 1140 E Epyue = 84.9GPa

And the hardness for the top layer and substrate are 5 GPa and 3 GPa respectively, as measured using unloading
curve (see section 2.6). Using Eq. (6), the theoretical slope prediction for the top layer and substrate are 0.107 and
0.074. Again, there are relatively big errorsin the slope prediction, but the trend of decreased slopeis predicted
correctly. Note that strictly speaking, Eq. (6) holds only for homogeneous materials (fused quartz, and silicon) or
one layer’ s behavior is dominant (shallow indentation on the 100 nm gold film).

Figure 32 plots the P vs. h? for 90 degree cube corner indentation. It can be seen that there may exist
severa sub layers. A more careful study needs to be done before any definite conclusion may be reached on the
detailed structure for these sub layers.
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Figure 32: P vs h? for 90 degree cube corner tip nanoindentation on engineering Al390-T6 sample

3.2 Yield Strength from Hardness Measurements

3.2.1 Background
Once the value of E and H are obtained from nanoindentation, typically one needs to know the yield

strength, Y of the material aswell. One could use one of the two methods to obtain Y: analytical methods such as
Equation (7) and (8)-(9) below, or numerical method such as FEM as it will be discussed in Chapter 4.

For ductile materials, Tabor (1951) has shown that the hardness (or mean contact pressure), can be related
to the yield stress of the material, Y in simple compression, by an expression based on the theory of indentation of a
rigid perfectly-plastic solid,

H=CY 7
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where C is a constant whose value is about 3, depending to some extent upon the geometry of the indenter. For
ductile materials and other similar materials, this relationship works well.

Contrary to ductile materials, indentation experiments with highly elastic materials, such as polymers, have
shown that the elastic and plastic strains associated with indentation are of the same order of magnitude and the
above relationship does not apply. Johnson (1970), using Marsh’s (1964) model of the expanding spherical cavity in
an elastic-perfectly plastic solid, derived a comprehensive relationship between the hardness, yield strength,

Y oung’s modulus and the indenter shape defined by the angle 3 between the indenter and the horizontal as shown in

Figure 33.

Figure 33: Indentation of a surface by arigid cone (from Johnson, 1970)

For a pyramid indenter, 3 istaken to be the equivalent angle for a cone which displace the same volume of

material (19.7° for Berkovich and 47.7° for 90 degree cube corner tip). For arigid cone, the mean pressure

(hardness) in the cone, P isgiven by

H p_2
_:E:_+2|nE (8)
Y Y 3 a
where a is the contact semi-width, c is the radius of the elastic-plastic boundary, which islocated by
E \®
7tan,826(1—v) —| —-4(1-2) )
a

Therefore E, H and Y arerelated in Egs. (8) and (9). By knowing two of the properties, the third one could be
readily obtained. Note that the equations only hold for small strains, and hence for small 3, typically less than 30°
(Johnson, 1970). Therefore, Egs. (8) and (9) are only applicable for the Berkovich tip indentation results, and not
the 90 degree cube corner results.

3.2.2 Application to this work
From the nanoindentation experiments described in Chapter 2, we already have the Y oung’s modulus and

hardness. Thus, the yield strengths are estimated using both methods described above and the results are listed in
Table 3. The FEM results from Chapter 4 are also listed in the same Table and are considered to represent the

“correct” values. Note that this simple analytical method only works for homogeneous materials, for the deposited

27



thin film and engineering Al390-T6 sample, the material properties measured from deep Berkovich nanoindentation
experiments are used here to get an estimate of the yield strength.

Table 3: Yield strength from Berkovich nanoindentation measurement

(GPa)
Eq. (7) Eqgs. (8) and (9) | FEM (Chapter 4)
Fused Quartz 3.20 18.05 4.2
E=72; H=9.6; v=0.17
Silicon 4.00 12.08 4.3
E=178.6; H=12; v=0.278
100 nm Au on Silicon 1.33 1.32 Top: 0.80
E=178.6;H=4; v=0.278 Substrate: 4.30
Engineering Al Sample 1.00 1.79 Top50nm: 1.80
E=84.9;H=3; v=0.33 Substrate: 1.10

From the nanoindentation |oading-unloading experiments, we observe that there is always considerable
elastic recovery for al the Berkovich tip nanoindentation experiments. Thus, theoretically, Johnson’s equations
should give a better estimation than Tabor’s method.

From the results shown in Table 3, neither method gives good estimate of the yield strength. Thisis not
surprising since the two homogeneous materials used (fused quartz and silicon) are very brittle materials, which
violate the assumptions of both methods. Also these methods work only for homogeneous materials.

It is worth noting that this method seems to give more reasonable estimate for the rough engineering Al
sample, which may be due to the fact that its material properties are not as brittle as the other ones. Future work
needs to be done on homogeneous, more plastic materials like gold, copper, or steel to further investigate this
method. Such an approach, if successful, could be very valuable, since it gives a direct method to calculate the yield
strength of a material without performing the more tedious FEM simulation.

3.3 Summary
Alternative approaches in studying the nanoindentation experiments have been tested. It isfound that the

load, P, vs. the square of penetration depth, h? linear relationship works quite well in identifying different layers and
their thickness. However, the prediction of the slope of P vs. h? still has an error of about 25% and maybe improved
by studying other homogeneous materials to obtain more accurate indenter constants. The Johnson’s equation that
relates the yield strength to measured Y oung’s modulus and hardness is also used and although the results deviate

somewhat from later more accurate FEM work, it still seems to be valid for certain materials, such as ductile metals.
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Chapter 4. Finite Element Analysis of Nanoindentation
4.1 Background

Nanoindentation experiments were performed to determine the Y oung’s modulus and hardness of different
homogeneous, deposited thin film and unknown engineering surfaces as discussed in Chapter 2. However, there are
severa limitations of a purely experimental approach, as described below.

First, purely experimental work cannot determine the value of yield strength of materials. Asdiscussed in
Chapter 3, hardnessis not a very well defined material property as its val ue depends on the method that it is
measured, i.e., even for the same homogeneous material, the hardness value will be different if measure using
different tips. For example, for fused quartz sample, after tip area calibration, the average hardness value for
Berkovich tip is 9.6 GPa while the value for 90 degree Cube corner is 10.5 GPa. Therefore, the yield strength is
more preferable when one discusses the strength of the material and is much more useful for further analysis (see
Chapter 5), asit is a standard parameter for many models.

Second, for samples with thin coatings, the measured Y oung’s modulus and hardness are the combined
effects of al thelayers. Itisreally hard to determine the material properties of each layer, especialy the hardness,
from the nanoindentation experiments. As seen in section 2.5, for the case of 100 nm gold thin films on silicon, the
hardness valueis far below the expected value of silicon, even though when the indentation depth is certainly in the
silicon substrate.

Third, as mentioned in Chapter 2, arule of thumb is that to obtain the material properties of the top layer
without any effects from the substrate, one should only make indentations less than 10% of the layer’s thickness.
This means that for existing nanoindentation techniques, we really have no means to obtain material properties for
the top 50 nm layer since instruments are incapable of nanoindentation less than 5 nm deep.

The Finite Element method could help extract more information from the experimental results of
nanoindentation, and overcome all the limitations mentioned above. A first example of comparison between FEM
and experimental results was presented by Bhattacharya and Nix (1988) in which they simulated a sub-micrometer
indentation test. Their results demonstrated that it is possible to extract the Y oung’'s modulus, E, and hardness, H
from the slope of the linear portion of the unloading curve and from simulated data along the loading curve,
respectively. Edlinger et al. (1993) described in detail the numerical treatment of contact conditions and the
influence of friction between arigid indenter and the indented surface in atypical nanoindentation experiment. A
lot of researchers further devel oped the FEM method to investigate the material properties of thin films, such asthe
work done by Lichinichi el al. (1998) and Maet al. (1998).

4.2 FEM Model
Simulations of the nanoi ndentation process are performed using the large strain elasto-plastic feature of the

ABAQUS finite element code, with uniaxial stress-strain data as an input. The indenter and specimen are treated as
bodies of revolution to avoid the inherent three-dimensional nature of the problem of indentation with a pyramidal
shaped indenter. Lichinichi et al. (1998) have shown that there are no significant differences between the
axisymmetric model with a conical indenter and the three-dimensional pyramidal model.

The pyramidal indenter is approximated by an axisymmetric cone of equal volume for a given indenter
depth. The indenter isfirst assumed to be perfect as also assumed by Bhattacharya and Nix (1988). Later inthis
chapter it will be shown that for both 90 degree cube corner and Berkovich tips, the radius on the tip must also be
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considered. The indenter and the specimen are shown in Figure 34 with the appropriate boundary conditions for the

problem.
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Figure 34: Finite Element Model

For this study, the indenter is considered to be rigid since the diamond tip is extremely rigid, with E; =
1,140 GPa and v; = 0.07, respectively. The material behavior of the specimen istaken as elastic fully plastic and
also assumed to be initially stress free.

An important feature of ABAQUS isits capability to model the contact between the indenter and the
specimen as adliding interface. From the initial geometry the nodal gap between the surfaces are defined. During
the analysis, the program controls the variation of the nodal gap. In particular whenever the distance between the
indenter and the specimen becomes zero-gap closure-the contact takes place and an external reaction force is exerted
on the nodes involved in the contact. The contact constraint is enforced by the definition of the ‘master’ surfaces
and ‘slave’ surfaces: only the master surface can penetrate into slave surface and the contact direction is always
taken as being normal to the master surface. The indenter surface is chosen as the master surface due to the large
stiffness of the indenter with respect to the specimen. The interface between the indenter and the specimen is
assumed to be frictionless, since friction has a negligible effect on the nanoindentation process (Edlinger et al .,
1993).

The imposed geometrical boundary conditions are: the nodes along the axis of symmetry can move only
along such an axis, i.e., the y axis, and all the nodes on the bottom of the mesh are fixed, i.e., the displacement along
x and y direction, are constrained.

Because very small indentations are being simulated, the mesh near the indenter is very fine so that it can
describe the deformation and stress gradients associated with indentation with sufficient accuracy. And the mesh
becomes progressively coarser at distances further away from the indenter. For the mesh shown in Figure 34, area 1
has a mesh size 2nm*4nm, area 2 has a mesh size 10nm™*20nm while area 3 has a mesh size of 50nm*100nm.
Axisymmetric four node elements are used for the continuum. A zoom-in view of area 1 and part of area 2 are

shown below in Figure 35.
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To simulate atypical indentation process, a downward displacement isimposed on the indenter; this causes
the indenter to push into the surface of the material. Subsequently, the indenter is given an upward displacement
until it is free of contact with the specimen. For a given indenter displacement, the corresponding load
determination is achieved by summing the reaction forces on the bottom nodes. The load (P)-displacement (h) curve

can be plotted and compared to the experimental loading-unloading curve.

100nm

Figure 35: Zoom-in view of fine meshes under the indenter (area| has 2,500 elements)

To verify the current FEM model, the comparison with published experimental results of Pethicael al.
(1983) in Bhattacharya and Nix's Paper (Figure 4, 1988) isfirst repeated here. For this simulation, the material
properties of silicon are set to be: Y oung’s modulus, 207 GPa, yield strength, 4,410 MPa, and Poisson’sratio, 0.278
(Bhattacharya and Nix, 1988). Figure 36 shows the comparison of the present FEM analysis and those from Pethica
et a. (1983) on indentation of silicon. Since the current FEM results agree well with the experimental work as the
FEM work of Bhattacharya and Nix, it can be concluded that the FEM work here is correct.

Note that the FEM model is independent of scale, as the original work was an indentation as large as 300
nm deep, the model presented hereisrescaled. The only disadvantage at rescaling isthat it will lose some resolution
as the minimum mesh size under the indenter is now bigger. For this simulation, a perfect Berkovich tip is used, and
asit will be pointed out in the next section, to simulate a shallow nanoindentation, the radius of curvature on the top
of the tip must also be considered.
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Figure 36: Comparison between the results from the present FEM analysis and those from Pethica el al. (1983)
on indentation of silicon

4.3 Tip Radius Calibration

Theideal tip areafunctionis definedas A=C, [h>, (A= f (hc)), where Cy isafixed constant
depending on the geometry of thetip. For aBerkovich tip, Cy= 24.5, and for a 90 degree cube corner tip Cy= 2.598.
To find an equivalent cone for the axisymmetric finite element model, the area at each depth of the conical tip must

be the same as the original pyramid tip. Thus, it could be easily seen that

n1(he tan@)? = Coh¢ (10)
Where h. isthe contact depth, and &is the semivertical angle (see Figure 37). For an ideal Berkovich tip, 8 = 70.3°,
and for an ideal 90 degree cube corner tip, € = 42.3°. 8 =70.3° is used for the FEM simulation shown in Figure 36.

Because of blunting of the tip and also due to machining differences during manufacturing of the tip, there
isalways a certain finite radius of curvature on the top of the tip. When the indentation depth is small, most of the
contact happens in the uppermost spherical depth range, and the real contact areais quite different from the ideal tip.
Therefore, when one performs the nanoindentation experiments, the area function needs to be calibrated for a
specific range. Correspondingly, in the nanoindentation FEM, the equivalent tip radius needs to be ‘calibrated’ to
obtain an accurate and simple geometrical representation of the indenter.
4.3.1 90 Degree Cube Corner Tip

To estimate the tip radius for a 90 degree cube corner tip, amethod very similar to a standard tip calibration
isused. Such method has been briefly described in section 2.1. This method was first proposed by Hysitron, and is

improved in thiswork. Figure 37 below shows a sphere intersecting a plane.
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Figure 37: Projected area of sphere

Referring to Figure 37, the projected area of the sphere at adepth “h.” is represented by the shaded area.
The projected areais given by the equation:

A =R (11)
Using the Pythagorean theorem, the radius of the areais also given by:

R®=r?-(r-h)? (12)
Solving Eg. (12) and substituting R into Eq. (11) yields the following function for projected area vs. depth:

A =rh(2r -h;) (13)

To determine the area function, a series of indentations must be carried using a standard “calibration” sample, such
asfused quartz. The contact area of these indentations is found using the standard modul us equation:

n(d%h unload

A= 4E?

where P isthe indenter load, h. is the penetration depth, (dP/dh),q0aq IS the experimentally measured stiffness of the

(14

upper portion of the unloading curve. The contact area is then plotted versus the contact depth. Using acurve
fitting routine, the experimental datais then fit to Eq. (13).

For atypical indenter, the contact areais only in the spherical regime for a short time before the contact
areaison the pyramidal area of thetip. Thus, one must carefully choose the data for the fitting. In this work, dueto
the limitation of data pointsin the spherical part and inaccuracy in shallow indentations, a combined spherical and
conical curveisfitted to the data. The areafunction is described as

Apperica =10 (2r —h;)
A\:onical = CO* (hc + ho)2

where hy is the distance between the real top of the tip and the apex point of the equivalent conical tip as shownin
Figure 37, and could be calculated by

15

r
= -7 (16)
o sin@
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Figure 38 below shows the comparison of several different areafunctions. It could be seen that the ideal
tip A=C, mj doesn’'t agree with the experimental nanoindentation data points in the range of interest, i.e., O-

40nm; both the area function calibrated in the experiments and the spherical-conical curve discussed in this section
fit the datawell. Asdiscussed in Chapter 2, the standard area function calibration used in the Triboscope is avery
complex function of h., which is extremely difficult to represent in FEM by a simple geometry. Thus, the spherical-
conical equivalent tip isused in the FEM. For the curve shown in Figure 38, a least square fit was performed and r
was found to be 46.91 nm, which agrees with the common tip radius claimed by the producer
(http://www.Hysitron.com) of thesetips. According to Eq. (17), the depth of the spherical part, h; is 15.34 nm,
which means that the contact of the first 15 nm indentation happens with the spherical part.
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Figure 38: Different area functions for 90 degree cube corner tip

4.3.2 Berkovich Tip
For the Berkovich tip, the spherical radius of the tip is normally around 100 nm to 200 nm, and the

semivertical angle, 8 = 70.3°. Assuming thetip radiusis the average of the two, i.e., 150 nm, according to Eq. (17),
the depth of the spherical part, hisonly 8.78 nm. Thereforeit isvery hard to estimate the tip radius by the method
above as the spherical part istoo small.

To estimate the Berkovich tip radius, the FEM model introduced previously is used. For a sample whose
material property is known, the only variable in the ssmulation is the radius of the tip curvature. Thus, by varying
the radius, the simulated loading-unloading curve will change. The best fit with the experimental datawill give us
the tip radius of thetip.
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The fused quartz sampleis used as the standard sample for the FEM calibration. The material property is
found first by fitting the curve of the cube corner tip indentation, for which the tip radiusis a known value for us.
Then, the material property is used in the Berkovich tip FEM, and the best radius found isr = 200 nm. The details

of the simulation are discussed in the next section.

4.4 Homogeneous Materials

4.4.1 Fused Quartz
Fused quartz isfirst studied to verify the FEM model mentioned above. From nanoindentation experiments

discussed in section 2.4.1, we get an average reduced modulus, E,=69.6GPa. For the FEM, since we consider the
diamond indenter as arigid body, then

_ 2
1 0+10 e _676GPa
E E,

r
E; isthe Young' s modulus value that needs to be used for the specimen in the FEM simulations.

One of the nanoindentation loading-unloading curves shown in Figure 9 of Chapter 2 for fused quartz is
chosen for comparing. Aswe could seein Figure 9, the loading-unloading curves of fused quartz are very
consistent, thus any of them could be chosen as the one to be compared with the FEM results. Considering the
resolution and capability of the FEM model shown above, a 105 uN nanoindentation with a maximum depth of 45.6
nmisused. A seriesof FEM simulations for 90 degree cube corner tip of 45.6 nm with different yield strengths are
done, and the one giving the best fit to the experimental curve isthought to be the yield strength of fused quartz.

Figure 39 shows the best fit of the FEM simulation to the experimental data, and the yield strength is found
to be 4.3 GPa. Figure 40 shows a contour of von Mises stress after withdrawal the indenter. Note that the picture is

a zoom-in of the view of the model corresponding to Figure 35. The indenter is aso shown in the image.
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Figure 39: Comparison of FEM and experimental data for cube corner indentation on fused quartz, E = 72 GPa
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Figure 40: von Mises stress after nanoindentation for a cube corner indentation on fused quartz

Once the yield strength isfound, it is then used in a series of nanoindentation FEM simulations to find the
radius of the Berkovich tip using the approach described in the previous section. In thiswork, a 1,500 uN
nanoindentation experiment with a maximum depth of 100.07 nm is selected.

Figure 41 shows the best fit of the FEM simulation to the experimental data, from which, the radius of the
Berkovich tip is found to be 200 nm. Although the FEM “fitting” is attempted on both the loading and unloading
curves, however, there is always some mismatch for materials that undergo large elastic recovery in the unloading
process as seenin Figure 41. A detailed discussion will be presented in the next section.
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Figure 41: Comparison of FEM and experimental data for Berkovich indentation on fused quartz, E = 72 GPa

Figure 42 shows a contour of von Mises stress after withdrawal of the Berkovich tip. By comparing Figure

42 with the previous Figure 40 for 90 degree cube corner tip, it could be easily seen that the 90 degree cube corner
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tip is much sharper than Berkovich tip. Also, the shapes of the von Mises stress contours are quite different due to
the difference in indenter geometry.

Figure 42: von Mises stress after nanoindentation for a Berkovich indentation on fused quartz

4.4.2 Silicon

From the experiments on silicon described in Chapter 2, one can obtain the Y oung’s modulus and hardness
for each loading-unloading curve. Note again that the curves and the material properties are very consistent for all
the depths except the known 5 nm layer of silicon oxide on top of the surface. From the experiments, the average
reduced Young's modulusis found to be 165.6 GPa. Therefore, in the FEM simulation, since we consider the
diamond indenter asarigid body,

1 1-0.2782

— =0+—="" = E; =152.8GPa

E, Es
E; isthe Young's modulus to be used in the FEM simulation for the silicon specimen. Also note that the tip radius
established in the previous section are used in these simulations.

Figure 43 shows the best fitting when varying the yield strength. The yield strength for the best fit is found
to be 4.2 GPa. The nanoindentation experimental data used hereis one curvein Figure 12 of Chapter 2 (100 pN

nanoi ndentation with a maximum depth of 36.4 nm).
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Figure 43: Comparison of FEM and experimental data for cube corner indentation on silicon

When we use the material properties from the cube corner fitting, and the radius of curvature from the
previous section, the FEM simulation result and comparison with the experiment using the Berkovich tip are shown
in Figure. 44. A 2,800 pN nanoindentation with a maximum depth of 103.8 nm is selected as the experimental data
to be compared. Note that thisisreally a confirmation (no fitting) for the values obtained above. It could be seen
that there is some discrepancy between the experimental data and the FEM simulation. Comparing Figure 39 and
Figure 41, or Figure 43 and Figure 44, it is seen that there is bigger mismatch in the FEM fitting for Berkovich
nanoindentation, especially the unloading part. This may be due to the inexact material model used; elastic-perfect
plastic behavior is only an approximation and not an exact description of the material we are dealing with. It seems
that the larger the plastic deformation, the better is the approximation. Therefore, we see better fitting for cube
corner nanoindentation, since the plastic deformation isrelatively large. Also, for abrittle material like silicon, it
really does not have awell-defined yield strength, but instead has a fracture strength about 7GPa (ASM Handbook,
1990). Also, dueto the silicon oxide layer that is present on the surface, the cube corner fit may give alower yield
strength than the real silicon value. Thus, when thislower value is used for the Berkovich tip, the loading-unloading

curve is somewhat lower than expected (see Figure 44).
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Figure 44: Comparison of FEM and experimental data for Berkovich indentation on silicon
(E=178.6 GPa, Y = 4.2 GPa)

4.5 Deposited Thin Film: 100 nm Gold Thin Film on Silicon

Next, we will employ the FEM modeling to the deposited thin film that has been discussed in section 2.5.
From previous FEM studies, the detailed geometries of the 90 degree cube corner and the Berkovich tips are already
known. As pointed out in section 2.5, the adhesion layer does not have a significant effect on the nanoindentation
behavior of the material, therefore, the 2 nm adhesion layer is neglected in the FEM modeling.

For this study, the silicon materia property is still taken as the value from the FEM fitting for cube corner
nanoindentation, i.e., Eg = 178.6 GPaand yield strength, Yg = 4.2 GPa. These material properties give good
agreement when the penetration of the indentation is small in both Figs. 43 and 44. Aswe will see below for the
deposited thin film, the indentations are mainly happened in the top 100 nm gold film, and only the top of the silicon
substrate gets involved.

Examining the experimental data, three indentations at approximately 12 nm depth are thought to be
representative of the deposited gold properties (based on indentations of 10 — 20% of the overall film thickness). It
was found from the experiments that the average reduced Y oung’s modulus for the gold coating is 99.2 GPa.
Therefore, for the FEM, since we consider the diamond indenter as arigid body

1 1-0.422
—=0+————= E; =81.7GPa
E, Ef
E; isthe Young' s modulus we should use for the gold layer in the FEM simulation.

Inthe FEM model, all parameters are known except the yield strength of the 100 nm gold film. Through
curve fitting of the load-displacement data, it isfound the yield strength of the gold film to be approximately 800
MPa as shown in Figure 45. Even though this value is higher than the published bulk gold value (tensile strength =
127 MPa, ASM Handbook, 1990), one must consider that thisis a deposited thin film material property, and may
greatly differ from that of the bulk material.
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Figure 45: Comparison of FEM and experimental data for cube corner indentation on 100 nm Au on Si sample

Once the thin film yield strength is obtained (from low depth indentation curve fitting), this yield strength
(800 MPain this case) isused in an FEM model of a deeper indentation on the same surface. Ideally, thisindent
will have combined properties of both the thin film layer and the substrate material, thus by comparing the FEM
simulation to the experimental |oad-displacement data, the film yield strength can be verified if a match is obtained.
Figure 46 below shows the results of a 100 nm deep indentation and corresponding FEM model results. Note there

is no fitting processin Figure 46, the good agreement proves the correctness of tip radius and the material properties

obtained before.
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Figure 46. Comparison of FEM and experimental data for Berkovich indentation on 100 nm Au on Si sample
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Figure 47 below illustrates a contour of von Mises stress plot of the indentation performed to a maximum
depth of 35 nm, corresponding to the experimental datain Figure 45. This shows that the subsurface residual
stresses extend to approximately 130 nm below the surface, which is much greater than that of the maximum depth
of theindent. Figure 47 shows alarger pile-up than previous Figure 40 for 90 degree cube corner indentation on
pure silicon, which agrees with the experimental observation that large pile-up exists for indentation on soft film-

hard substrate materials pair.

Figure 47: von Mises stress after cube corner nanoindentation on 100 nm Au on Si sample

4.6 Engineering Al390-T6 Sample

Asdiscussed in Chapter 2, engineering surfaces (e.g., Al390-T6 sample) are much more complex than the
homogeneous and deposited thin film surfaces discussed until now in three aspects. First, sampleslike AI390-T6
have a roughness around 200-300nm, compared to the typical indentation depths that vary from 10 to 200nm.
Second, engineering samples have unknown layer thickness, and third, even for each layer, there are random
distribution of various material particles, such as Si and Cu (layers are not homogeneous). However, for further
modeling and investigation of the scuffing failure mechanism of AI390-T6 sample, an approximate layered structure
needs to be generalized. Previous work by Patel (2001) and Pergande (2001) pointed out that the top 50 nm layer of
such sample have obvious different chemical compositions and mechanical properties than the substrate below.

In this work, an iterative method is proposed and used to extract the material properties for the top layer
and the substrate.

4.6.1 Proposed Iterative Method
If we have an indentation deep enough compared to the surface layer, then the loading-unloading curve

should be mostly determined by the substrate material. Thus, we could first find the substrate material properties
from the FEM fitting for deep indentations by assuming that the material is homogeneous. Once we find that, we
can use this as a base, and perform FEM fitting for shallow indentions to find the materia properties for the layer on

the substrate (assume two layers material, substrate is counted as a layer).
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In principle, this method could also be used iteratively for multilayered materials. The material properties
from bottom to the top may be found by sequentialy fitting different indentation results. Theoretically, one could
find the material properties for any number of layers.

Also, once we find the material properties for the top layer, we can then substitute back into the fitting for
the bottom layer, and try to improve the fitting there and get a more accurate yield strength for the bottom layer, and
then repeat.

4.6.2 Application of this method
For the AlI390-T6 sample, we assume there is a 50 nm layer on the substrate. Aswe saw inFigs. 20, 21in

Chapter 2, the loading-unloading curves are not very consistent due to the various reasons discussed before. Thus,
to best represent the average material behavior, a median experiment is chosen for both Figs. 20 and 21. Thesearea
60 UN 90 degree cube corner nanoi ndentation with a maximum depth of 44.56 nm and a 2,500 uN Berkovich
nanoi ndentation with a maximum depth of 192.13 nm.

Recall form Figure 22 in Chapter 2 that the reduced Y oung’s modulus from the experiments was very
consistent through al the depths. The average E; for the top 50 nm nanoindentation is 88.5 GPa, while average E;
for the substrate below being 88 GPa. Thus, the value should be used in the FEM model is

1 . 1-03% | Ef ipsonm = 78.9GPa
= O+ =
E, E, E =78.4GPa

Figure 48 shows the best fitting when we take the material as a homogeneous one and fitting for a deep

f —sunstrate

Berkovich indentation to find the material property of the substrate. The yield strength of the substrate is found to
be 1,100 MPa.
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Figure 48: Comparison of FEM and experimental data for Berkovich indentation on engineering Al1390-T6
sample

As expected, the middle part of the FEM loading curve is lower than the experimental one, asthereis
actually atop layer on the sample, whose yield strength should be higher as the hardness value is higher.
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Using the previous material properties as the substrate material properties, and FEM fitting for a cube
corner nanoindentation curve isthen carried out. Figure 49 shows the best fitting, which gives us ayield strength of
the top 50 nm layer of 1,800 M Pa.

Having obtained the properties for both layers, the simulation for the Berkovich indentation is repeated,
using the two layer model. Such an improved model results in the curves shown in Figure 50.

Theoretically, one can still improve the accuracy of the representation of the sample by using the iterative
method discussed in the previous section. There are two reasons for usto stop here. First, not much information
about layers within the top 50 nmis available, and second, the current two-layer FEM model gives a good
agreement to the experimental results as seenin Figs. 49 and 50.
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Figure 49: Comparison of FEM and experimental data for 90 degree cube corner indentation on engineering
Al390-T6 sample
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Figure 50: Comparison of FEM and experimental data for Berkovich indentation on engineering Al1390-T6
sample
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4.7 Summary
A Finite Element model is built to simulate the nanoindentation experiments and obtain additional

information about the material layers and their properties. A combined experimental and FEM method is proposed
and used to find the exact geometry of thetip for FEM analysis. The aforementioned nanoindentation experiments
on homogeneous, deposited thin film, and unknown Al390-T6 surfaces are simulated, and a very good agreement
between FEM simulation and the experimental 1oading-unloading curvesis found. By using the FEM analysis, the
yield strength of the different surface layers could be obtained. It is also found that FEM could help identify the
material properties for very thin films or layered materials where separately nanoindentation experiments alone are
unable to distinguish the properties of each layer. For the engineering rough Al390-T6 sample, arobust iterative

method is proposed and successfully implemented to find the material properties from the substrate to the top layers.



Chapter 5. Thermomechanical FEM Analysis for Shoe-Disk
Sliding Contact in High Pressure Tribometer

5.1 Background

As discussed in the Introduction, the main objective of the overall project isto investigate the scuffing
mechanism. Tribological testing was performed using the High Pressure Tribometer (HPT) as discussed in Chapter
1. A schematic of the HPT is shown below in Figure 51.
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Figure 51: Shoe-disk sliding contact in High Pressure Tribometer (e.g., Patel, 2001)

A widely accepted scuffing hypothesisis related to the contact temperature that scuffing occurs when a
critical surface temperature is reached, thus lowering the shear strength of the material interface (e.g., Blok, 1937).
The contact surface temperature model used in most engineering application of dry and boundary lubricated dliding
has been the classical model of Blok (1937 and 1963) which considers the contact surface temperature problem asa
semi-infinite body subject to a single concentrated heat source. Rashid and Seireg (1987) used the finite difference
method to study the transient temperatures in concentrated contacts with a lubricant film. Several studies have
examined elastic-plastic diding contact. However, anaytical solutions of elastic-plastic contact require many
simplifying assumptions in order to obtain a tractable problem (Merwin and Johnson, 1963; Jiang and Sehitoglu,
1994).

Asaresult of the complexity associated with analytical approachesto the thermomechanical problem, the
analysis of thermomechanical diding contact has remained mostly within the domain of finite element methods.
Serpe et a. (1998) performed a thermomechanical analysis of dliding rings using a 2-D axisymmetric finite element
model. Y e and Komvopoulos (2001) studied the sliding contact between the slider and disk in a hard disk drive
using a 3D finite element model.

In the current study, athermomechanical FEM analysis will be performed for the shoe-disk sliding contact
that occursinthe HPT. From the study in the previous chapters, we established that the AI390-T6 isrelatively
rough, with a 50 nm major harder layer on the top. The contact is under a starved lubricated condition, and the
effect of lubricant is also considered.
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5.2 Macro-Modeling

5.2.1 Model
Obviously, the sliding contact in the HPT is a coupled thermal mechanical problem. Normally, the

thermomechanical FEM problem is relatively complex, and takes an extreme large memory and CPU time to solve.
Therefore, the problem needs to be first reasonably simplified. A macro-model isfirst considered, in which the
Al390-T6 surfaceis treated as an infinitely smooth and homogeneous surface.

From (Patel, 2001), we know that the total scuffing duration under the prescribed condition (see Figure 2 in
Chapter 1) is about constant for the sasmplestested. Therefore, scuffing always occurs at a normal load of about 500
1bs, i.e, 2,224 N. Inthis FEM study, the scuffing process is thought to be history-independent, thus 2,224 N is
thought to be the constant load.

Details of the contact geometry are shown in Figure 52. Furthermore, by studying the wear marks on the
steel shoes after tribological testing (see Figure 53), it is found that only part of the shoe areais in contact with the
disk during the diding.
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Figure 52: Contact geometry between disk and shoe (from Patel, 2001)
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Figure 53: Wear marks on the steel shoe
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Thisis due to the fact that the steel shoes are crowned in nature with a large dimple as shown in Figure 54.
It could be seen in Figure 53 that only the inner side of the crowns (relatively to the center of the disk) isin severe
contact. It can be explained that in the Stribeck Curve, for the range of starved lubrication contact, the friction
coefficient increase when the linear speed decrease, therefore, the inner part has a higher friction coefficient, and

thus a higher wear rate.
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Figure 54: Typical surface profile of crowned shoe with dimple

Based on the shoe geometry, an equivalent rectangular area with dimensions 6mmx1mm isused in the
FEM modeling. Similarly, to reduce the complexity of the problem, only aring part of the disk is used in the FEM
model. The model is shown in Figure 55.

Figure 55: FEM macro-model

The effect of lubrication is taken into consideration by the convection coefficient, h. The exact value for h
is usually unknown and one needs to perform careful experiments to obtain the h value for a specific application. It
is hard to get an accurate h value without careful experiment. Typical values are h = 40 w/(m?K) for arotating disk
inair and h = 900 w/(m°K) for arotating disk in water. For this work, h = 100 w/(m?K) is thought to be reasonable,
and used for the following simulations.

The roughness effect isfirst neglected in the macro-modeling, and it is later realized that the roughness
may be the key effect in the scuffing mechanism as discussed in the next section.

In the current model, the material is assumed to be homogeneous, and bulk material properties of the
AI390-T6 disk found in Chapter 4, Young's modulus, E = 84.9 GPa, and yield strength, Y = 1,100 MPa are used.
The steel shoe is considered to berigid as it is much harder and stiffer than the AI390-T6 disk.

Theinitial and environment temperature is set to be 120 °C.

5.2.2 Results

Figure 56 below shows the contour of von Mises stress after one rotation. Note that the maximum von

Mises stressis only 73.8 MPa, much lower than the yield strength. 1t impliesthat the load itself isrelatively small to
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cause failure, there must be some thermal effect, to either reduce the strength of the disk by increasing the

temperature or local melting that causes the scuffing.
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Figure 56: Contour of von Mises after one rotation

Figures 57 and 58 show the contours of temperature for the disk after one rotation and two rotations,
respectively. Note that the maximum temperature increase isonly 0.4°C. Also there is no obvious temperature

accumul ation after each rotation.
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Figure 58: Contour of temperature after two rotations

As we see from the above results, the macro-modeling does not give much information about the cause of
scuffing as there is no significant bulk material temperature increase observed. This agrees with the phenomena
observed by Cavatorta and Cusano (2000) when they performed the pin-disk starved lubricated contact in the HPT.
Also, other researcher’s FEM works reach the same conclusion (e.g., Serpe et al. 1998).

5.3 Micro-Modeling

5.3.1 Introduction
The real engineering surfaces always have certain roughness. When the AI390-T6 disk and 52100 steel

shoe are loaded together in High Pressure Tribometer, it is the asperities of the surfaces that must first carry the
applied load, and the real contact areais much smaller than the nominal area used before. Thus, the local contact
stress and temperature increase could be extremely high, which is termed Flash Temperature by Blok (1937). The
previous macro-model cannot represent the contact happen in the asperity level. Also, since the dimension of that
model isin the order of centimeters, it is extremely hard to model the nm thicker layer found in previous Chapters
due to the complexity of the thermomechanical problem. Therefore, a micro-model (asperity contact) model is
proposed as described below.
e AI390-T6 disk surface is modeled by a collection of spherical asperities with certain statistical
distribution and the steel shoe is thought to be a smooth surface since Rga/R0gee>=10.
» Contact at an asperity with height of 30, where most severe contact occurs, will lead to surface
failure. o isthe standard deviation of asperity heights, which could be found from roughness
measurements. Therefore, the Greenwood and Williams (1966) statistical model could be used to

find the separation d when certain normal load is exerted. A schematic is shown in Figure 59.
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Figure 59: Asperity contact

Once we obtain d, an asperity model like the one shown in Figure 60 will be used. The asperity will first

move downwards by a distance of 30-d, then slide horizontally a certain distance.

Figure 60: FEM micro-model

5.3.2 Statistical Analysis
Asreported in Patel (2000), the 52100 steel shoe used for the HPT experiments has an average Rq of 0.03

pum, which islessthan 1/10 of the Rqg value of its contact pair AI390-T6 Disk. Therefore, the steel shoeis thought to

be smooth, and the roughness parameters of Al Disk as shown in Table 4 isused in the statistical calculation.

Table 4: Roughness measurement of Al disk

Rq (mm) | R (mm) n(mm? | skewness
Surface 0.2 8 0.03 -0.2

In the current model, the material is assumed to be homogeneous, and bulk material properties of the
Al390-T6 disk found in Chapter 4, Young’'s modulus, E = 84.9 GPa, H = 3 GPa, and yield strength, Y = 1,100 MPa
are used. The steel shoeis considered to berigid in this statistical analysisasit is much harder and stiffer than the
AI390-T6 disk.

As described before, the critical load at scuffing failure is found to be 2224N (500 Ibs). And the nominal
contact equivalent areais arectangle of 6mm*1mm.

A weibull distribution described in Y u and Polycarpou (2001) is used for the statistical analysis here since
the Al-disk as shown in Table 4 has a skewness of —0.2. The standard deviation of asperity heights o is found to be
0.183 pm using Equation 7 in Y u and Polycarpou (2001).

The mean separation vs. external normal load for this contact pair is plotted in Figure 61. From Figure61,

the mean separation under the critical load isfound to be 0.187 um.
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Figure 61: Mean separation under critical load

Also, thereal contact areais found to be only 1.74% of the nominal contact area, see Figure 62. It explains
to some extent why the contact stressisrelatively low and there is no obvious temperature accumulation observed in

the macro-model, in which anomina areais used.
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Figure 62: Real contact area under critical load

Therefore, in this micro-model, an Al asperity with the height of 0.55 um will first be moved towards the
steel show surface by 0.364 pm.

5.3.3 Finite Element Analysis

5.3.3.1 Geometry and model
The Al asperity is thought to be spherical, the height of the asperity is only 0.55 um while the approach

distance of the asperity is 0.364 um, both are very small compared to the radius of the asperity, 8 um as shown in
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Table4. Therefore, acap like geometry is used to represent the asperity, as shown in Figure 60. The steel shoeis
modeled by aplate asit is much smooth and large compared to an asperity. The width of the plate is currently set to
be 6 um, dightly larger than the diameter of the top surface of the asperity; the length of the plate is set to be 6200
mm, approximately the length of the scuffing marksin the relatively slide direction, and the height of the plateis
currently set to be 800 um. The dimensions used hereis not gtrictly correct, further study could be done to find
better dimensions to model this problem more correctly and efficiently.

The Al asperity and steel plate are modeled with C3D8T elements. Frictional contact between the asperity
and the plate is modeled by contact pairs between surfaces defined on the element faces in the contact region. The
mesh is shown in Figure 63. This mesh israther very coarse with only are two elements through the thickness of the
asperity, fifteen elements along the diameter of the top circular surface of the asperity and three elements through
the thickness of the plates. There are altogether 555 nodes and 336 elements for the asperity, and 176 nodes and 63

elements for the plate.
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Figure 63: Mesh of the model
5.3.3.2 Material properties
The material properties are taken from the previous nanoindentation results and ASME handbook as listed
in Table 5. Thefriction coefficient is set to be 0.2 for the current modeling, a very common value for solid-solid
contact. Itisassumed that all the frictional energy is dissipated as heat and the default distributionisused. The
*GAP HEAT GENENRATION options allows the user to specify an unequal distribution. The gap conductanceis
first chosen to be 10°°, adlightly high value from the example 4.2.19 of the abagus handbook for disk-brake contact.
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Table 5: Material properties used in FEM simulations

Al-390 T6 52100 Steel
Young's modulus, E (GPa) 84.9 205
Yield strength, Y (GPa) 11 2.0
Poisson’s ratio, v 0.33 0.3
Thermal expansions, (Um/mCC) 18 @ 20°C 11
22.5@ 250°C

Density, p (kg/m®) 2730 7800
Specific heat, ¢ (J/kgC) 963 452
Conductivity, k (W/mC) 134 48

5.3.3.3 Loading and boundary conditions
The asperity isfirst pressed against the plate by using an applied boundary condition to set the top surface

of the asperity move downward by 0.364 um linearly in avery short time. Here in the current simulations this short
time period is set to be 10°® seconds. After that, the asperity is moved horizontally in x direction by 6000 pm by
using another applied boundary condition, and the motion is linearly with time and finished in 2.5e-3 thus the speed
of the relative motion is 2.4 m/s as in the previous macro-model.

The other degrees of freedoms for the top surface of the asperity are fixed during these two steps, and so do
all the degrees of freedom for the bottom surface of the plate. All the boundaries are first set to be adiabatic. Later,
some different boundary conditions are studied.

The initial temperature of the model is set to be 120°C.

5.3.3.4 Results and discussion
Three different boundary conditions and sliding distance are studied, and the parameters are listed in

Table6.

Table 6: Different Cases Studied

Gap heat Gap Thermal Sink FiI_m_ S_Iiding
generation conducgance boundary Tempoerature Coefflglent Distance
(J/sh“C) condition (°C) (J/sh“C) (um)
Case | 0.5 10° Adiabatic N/A 0 6000
Case I 1 0 Adiabatic N/A 0 12
Case llI 1 0 Top surface 120 100 6000
of asperity
T=120°C
5.3.34.1Casel

Figure 64 shows the contour of Von mises stress of the asperity at the end of the ssimulation for Casel. A
significant fraction of the asperity body reaches the yielding point, 1100 MPa. Note that in the previous results from
macro-model, the maximum Von mises forceis only 73.8 MPa, and both the shoe and disk isin elastic deformation.
Therefore, the stressin the asperity is much higher than that estimated using a macro-model. Since the plastic
deformed fraction of the asperity is surrounded by the elastic deformed fraction as shown in Figure 64, no mgor
plastic flow should happen at this stage.
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Figure 64: Contour of Von mises stress of the asperity: (a) Top view; (b) Bottom view

Figure 65 shows the temperature contour of the asperity. The temperature increase in this simulationis
only 2°C, much less than we would expect. It may due to the fact that alot of frictional heat entering into the
asperity finally is conducted into the plate, as the plate is much bigger than the asperity in this model.
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Deformed var: U Deformation Scale Factor: +1.000=+00

ODE: asgerd 9. odb ABAQUS /St

Sten: sSlide, slide certain distanece
Incremsnt 82é: Sten Tims = 2.5000E-03

Primary Var: 1Tll

Deformed var: O Deformation Scale Factor: +1.000e+00

Figure 65: Contour of temperature of the asperity: (a) Top view; (b) Bottom view

Bottom

Figure 66 shows the history of temperature increase of the bottom node of the asperity. The temperature

increases fast at the very beginning and then oscillate around some stable value after 0.2¢10°® seconds, which is

corresponding to a 500 um dliding.
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Figure 66: Temperature increase of the bottom node of asperity
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Figure 67 shows the displacement of the bottom node of the asperity. Note that the U2 displacement
actually reflects the indentation depth of the Al asperity into the steel plate.
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Figure 67: Displacement of the bottom node of the asperity: () U1; (b) U2; (c) U3
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5.3.34.2Casell
Since there is no significant temperature increase in Case |, and it is thought to be caused by the heat flow

from the asperity to the plate, a second case with all the energy inside the asperity is studied. Unfortunately, in this
case, with the same boundary condition, the FEM simulation could not converge for the sliding of 6000 pm long.
The maximum diding distance for the case |1 specified in Table 6 is 12 um, and the Von missed contour and

temperature contour are shown below.

@

ODE: asperf. odb ABAQUS/Standard 6.2-1 Sat Ang 24 23:19:27 CDT 2002

Step: Slide, slide certain distance
a” "1 Increment 883: Steo Time - 5.0000E- 08
Primarv Var: 5, Mises
Deformed var: U Deformation Scale Facteor: +1.000=+00

Bottom

(b)

ODE: asoerd.odb AEAQUS/Standard

-1 Step: Slide, slide certain distance
Incremsnt B51: Step Time = 5.0000E-D&
Primary Var: 5, HMises
Defermed var: U Deformation Scale Facter: +1.000e+D0

Figure 68: Contour of Von mises stress of the asperity: (a) Top view; (b) Bottom view

Figure 68 shows the VVon mises contour, in which the whole asperity getsinto plastic deformation. Inthis
condition, amajor plastic flow will happen and actually the asperitiesin the Al disk will flow around, and the so-
called scuffing will happen.
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ODE: asoerd.odb ABAQUS/Standard €.2-1 Sat Avwg 24 22:19:27 coT 2002

Step: Slide, s2lide ecertain distance
ar "1 Incremsnt 883: Sten Time = 5.0000E-0&8
Frimary Var: NT11
Deformed var: U Deformation Scale Factor: +1.000=+400

Bottom
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(b)

3
ODE: asperd.odb ARAQUS/Standard ©
- . . ; .
R | Step: Slide, slide certain distance
Incremsnt 863: Sten Time = 5.0000E-0&

Frimary Var: 1NT11
Deformed var: U Deformation Scale Facter: +1.000e+00

Figure 69: Contour of temperature of the asperity: (a) Top view; (b) Bottom view

The major reason for the difference of the VVon mises contour between two cases could be explained from
the temperature contour of case Il asin Figure 69. As we expected, atemperature increase of 6000 °C isobserved in
this simulation, which should be the reason of the high stress status of the asperity in this case.

In reality, the increase of 6000°C will not happen, as the asperity will have dramatic plastic deformation or
been melted before it reaches such a high temperature. And here, we assume all the frictional heat energy enter into
the small asperity and be kept within it, which isreally an extreme case. Thereal condition should between Case |
and Caselll.
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5.3.3.4.3 Caselll
Practically speaking, the asperity is not adiabatic as assumed in Case | and Case Il. Asdescribed before,

the temperatureis set to be 20 °C at the non-contact side of the disk, which is about 1 centimeter away from the
asperity. Also, theair in the chamber will work as atemperature sink. In Case l11, a T=120 for the asperity top
surface and a film properties for the environment effect is considered. The results are shown in Figure 70 and
Figure 71.

Figure 70 shows the VVon mises contour, which are similar to the onein Case .

s, Mizes

(ave. Crit.: 75%)
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+5.122e+01
(WPa)

@

ODE: asperd. odb ABAQUS/Standard 6.2-6 Fri Aung 23 12:32:18 cpT 2002

R Step: Slide, slide certain distance
<3 -1 Increment 7211 Sten Time —  2.5000E-02
Primary Var: 5, Mises
Deformed var: U Defeormatien Seale Facter: +1.000e+00

I.I ODE: asperd. odb P.Baqus 2

---1 Step: Slide, slide certain distance
Increment 31: Sten Time = 2.5000E-T3
Primarvy Var: 5, Mises
Deformed var: U Defermation Scale Factor: +1.000e+00

Figure 70: Contour of Von Mises of the asperity: (a) Top view; (b) Bottom view
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Figure 71 shows the temperature contour of the asperity. The top view shows the top surface is restricted
to have aT=120°C. The bottom view shows the maximum temperature increase is 11°C. Asthe other parameters
are the same as Case |1, which has a temperature increase of 6000°C, the increase in temperature here is really small.
It isnot asurprise as for such a small asperity with boundary condition just several um away, and the environment

working as a sink, the temperature could not be too big as the temperature gradient is a finite number.

urll
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ODE: asoerd.odb ABRQUS/Standard 6.2-8 Fri Ang 23 12:32:18 cpT 2002
R Sten: s5lide, slide certain distance
& 1 Incremsnt T21: Step Tims = 2 .5000E-02
FPrimary Var: 1NT11
Deformed var: U Deformation Secale Facter: +1.000=+400
uTll
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' ODE: asperd. odb ABRQUS/
2
Tm--1 Stepn: Slide, slide certain distance
Incremsnt T21: Sten Tims = 2 .5000E-T1

Frimary Var: 1Tl1
Deformed var: O Deformation Scale Factor: +1.000e+00

Figure 71: Contour of temperature of the asperity: (a) Top view; (b) Bottom view

5.4 Summary
Thermomechanical FEM analysis for the shoe-disk contact in the HPT isinvestigated to study the scuffing
mechanism. A macro-model isfirst built and found that there is no obvious cause of surface failure due to stress or

temperature. A micro-model isthen built and successfully shows that the local contact stress and temperature
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increase could be extremely high under the critical loading. Also, it shows that scuffing should be a combination

effect of stress and temperature increase.

There are still alot of parameters need to be further investigated in this model, like the gap conductance,
the film coefficient. Also, the range of the asperity considered in the model need to be further studies, since we
want to consider one asperity independently but also want to have the correct boundary condition. Further work

need to be done to model the nanometers layer in the asperity to see the effect of those thin films.
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Chapter 6. Conclusions and Recommendations
6.1 Conclusions

Nanoindentation experiments are performed on different homogeneous, deposited thin film, and
engineering rough Al390-T6 surfaces. The results are consistent with the previous study by Pergande (2001). From
the study of known deposited thin film (100 nm gold film on silicon), it is found that the hardness value for the
multilayer surfacesis not well defined and the value itself is determined by both the top thin film and substrate
material properties unless the penetration depth is very large and well into the substrate.

Alternative approaches in studying the nanoindentation experiments have also been tested. It isfound that
the load, P, vs. the square of penetration depth, h? linear relationship works quite well in identifying different layers
and their thickness. However, the prediction of the slope of P vs. h? still has an error of about 25% and maybe
improved by studying other homogeneous materials to obtain more accurate indenter constants. The Johnson's
equation that relates the yield strength to measured Y oung’ s modul us and hardnessiis also used and although the
results deviate somewhat from later more accurate FEM work, it still seemsto be valid for certain materials, such as
ductile metals.

A Finite Element model is built to simulate the nanoindentation experiments and obtain additional
information about the material layers and their properties. A combined experimental and FEM method is proposed
and used to find the exact geometry of thetip for FEM analysis. The aforementioned nanoindentation experiments
on homogeneous, deposited thin film, and unknown Al390-T6 surfaces are simulated, and a very good agreement
between FEM simulation and the experimental 1oading-unloading curvesis found. By using the FEM analysis, the
yield strength of the different surface layers could be also obtained. It isaso found that FEM could help identify the
material propertiesfor very thin films or layered materials where separately nanoi ndentation experiments along are
unable to distinguish the properties of each layer. For the engineering rough Al390-T6 sample, arobust iterative
method is proposed and successfully implemented to find the material properties from the substrate to the top layers.

Thermomechanical FEM analysis for the shoe-disk contact in the HPT isinvestigated to study the scuffing
mechanism. A macro-model isfirst built and found that there is no obvious cause of surface failure in the stress or
temperature. Then, amicro-model is built and successfully shows that the local contact stress and temperature
increase could be extremely high under the critical loading. Also, it shows that scuffing should be a combination
effect of stress and temperature increase.

6.2 Recommendations
Very useful information has been obtained from the study of the deposited thin film of 200 nm gold on

silicon, which is the case of soft thin film on a hard substrate. A further study with known hard thin film on soft
substrate is expected to give additional information.

To further examine the validation of Johnson’s equation for nanoindentation experiments, more
experiments are suggested to be done on ductile materials, such as Al, Cu and Au. This method could be very useful
for those materialsif it isvalid, asit savestime and no FEM analysis will be needed.

The proposed iterative method in the FEM for nanoindentation for unknown layered surfaces is supposed to

be very robust. Further application of this method on other multilayer systems is needed to verify this method.
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For the thermomechanical FEM analysis of the shoe-disk contact in HPT, a careful experimental study of
the convection coefficient will be very helpful to build an accurate model. Further work should be concentrated on

the micro-model asit is seen that the asperity contact islikely to be the cause of the scuffing.
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