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Abstract

Over the past decade, many computational studies have explored the mechanics of
instrumented normal indentation. In contrast, very few studies have investigated quantitative
aspects of frictional sliding contact in the elasto-plastic regime. In this thesis, a new framework was
developed to establish relationships between the frictional sliding response, material properties and
contact parameters. Dimensional analysis enabled to define scaling variables and dimensionless
functions. Finite element methods were used to simulate the process of steady-state frictional
sliding and evaluate the dimensionless functions. In frictional sliding, the representative plastic
strain was found to be more than four times as large as in normal indentation. Further comparison
with indentation indicated a three fold increase in the maximum pile-up height and an increased
influence of the strain hardening on hardness.

Experimental studies were conducted with and without a liquid lubricant in selected material
systems. Quantitative agreements with numerical predictions were observed in all cases. The strong
influence of the strain hardening exponent on the pile-up height was illustrated from frictional
sliding results obtained in copper and copper-zinc specimens of different grain sizes. Also, the
influence of hardening characteristics was illustrated by preparing two microstructures of an
aluminum alloy to have the same indentation hardness. These materials with same indentation
hardness showed significantly different hardness and pile-up in frictional sliding. Experiments were
also carried out on nanocrystalline nickel and alloys of different grain sizes. The addition of
tungsten did not change significantly the strain hardening behavior of nanocrystalline nickel but it
did stabilize significantly the microstructure in repeated pass experiments.

A reverse algorithm was developed to extract plastic flow properties from the frictional
sliding response. This algorithm uses the scratch hardness and pile-up measurements to estimate
yield strength and strain hardening exponent. Based on sensitivity analysis, the accuracy on these
estimates is significantly improved as compared to reverse algorithms for instrumented indentation,
especially for the strain hardening exponent. Frictional sliding is an alternative or complement to
instrumented indentation. It can provide a different ranking of materials for their tribological
resistance. It can also be used to estimate plastic flow properties.

Thesis Supervisor: Subra Suresh
Title: Ford Professor of Engineering
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Introduction

In their everyday use, many devices and components are subjected to surface contact,
frictional sliding, damage and wear. The damage can be especially severe when the contact
generates permanent or plastic deformation beneath the surface, leaving residual grooves or scars
on the surface. The series of tribological events leading to material removal and the loss of
functionality can be highly complex to analyze. However, simple experiments where a single hard
indenter penetrates an initially flat surface can serve as an intermediate step for idealized analysis
of contact conditions in this series of processes. These simple experiments can help in determining
palliatives, critical mechanisms, and the effect of material properties in the study of contact
damage.

Indentation hardness has been by far the most simple and commonly used technique for
characterizing the resistance of surfaces to plastic deformation. The hardness can be measured
through a variety of different techniques, but the result is always an estimate of the average contact
pressure between the indenter and the surface. This hardness or contact pressure resistance has been
correlated with tribological resistance in numerous situations. For example, based on the general
Archard equation for sliding wear [1], the material removal rate is inversely proportional to the
hardness. Such type of empirical expression has been developed for a variety of contact conditions.
With these empirical relationships and the fact that indentation hardness test procedures are cost-
effective and easy to implement, hardness measurements have been widely used over the past
several decades.

The hardness measured through these conventional tests provides a quantity that depends on
contact conditions, elastic properties and plastic properties. Significant progress has been made
over the past decade to improve the testing technique and to apply instrumented indentation to a
wide range of practical applications. Whereas the conventional indentation tests were based on an
estimate of the residual area of contact or the remnant penetration depth, the development and
commercialization of depth-sensing instrumented indentation systems have enabled continuous
measurement of the force and displacement during loading and unloading. This measured force-
displacement (P-h) hysteresis response has been studied in detail analytically and computationally.
For different geometries of indenter tips, methodologies have been formulated to predict the P—h
indentation response from material properties and vice-versa [2-7]. How the contact response
quantitatively dependent on individual elasto-plastic properties is now fairly well established for
homogeneous materials subjected to sharp normal indentation.

Frictional sliding is a second contact mode that could be used for the prediction of
tribological resistance and as a characterization technique for material properties. Its advantages
over normal indentation include the generation of a plastic strain of greater magnitude, a closer
similarity to the contact conditions in many real applications, and the possibility to make use of the
ratcheting effect and to study cyclic plastic deformation through repeated sliding experiments.
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Despite these advantages, the mechanics of frictional sliding has not been investigated in detail.
The absence of research in the area could well be due to the difficulty of addressing the full three-
dimensional nature of the material flow process. There are also potential difficulties in determining
the influence and the magnitude of the friction coefficient between the material and the indenter.

The objective of this thesis was to develop quantitative relationships between the frictional
sliding response and material properties. The initial focus was to understand the mechanics of
steady-state frictional sliding and to develop a comprehensive understanding of how the sliding
process is influenced by the plastic properties of the material. In addition, it was the objective to
establish a comprehensive framework to assess scratch hardness vis-a-vis the widely used normal
indentation hardness. It was also aimed to use frictional sliding to characterize nanocrystalline
nickel and nickel-tungsten alloys. These materials have a largely higher hardness than their
microcrystalline counterparts and they are expected to have improved frictional sliding resistance.

This thesis is divided in four chapters. The first three chapters address the mechanics for the
frictional sliding contact between a hard conical tip and the flat surface of a material. In Chapter 1,
a finite element methodology is developed and validated using different solution schemes.
Procedures are developed to characterize the frictional sliding response using three contact
parameters. Dimensional analysis was used in junction with the numerical data to establish a set of
dimensionless functions that predict all three contact parameters from material properties. These
predictions are found in good agreement with a limited set of experimental data obtained on the
pure nickel system. With the validation of the finite element method through experimental
comparison, the results are presented as best estimates of the solution. The results for the strain
field are then analyzed to show that representative strain is more than four times higher in frictional
sliding than in normal indentation.

Chapter 2 presents additional experimental validation with copper as material system.
Composition and grain-size are the two microstructural parameters controlled with the objective of
maximizing the range of plastic flow characteristics covered. The two plastic properties considered
in the material model are the initial yield strength and the plastic strain hardening exponent.
Although the effect of strain hardening invariably couples to variations in initial yield strength, the
experimental results were interpreted in conjunction with the finite element predictions to isolate
the relative contribution of each plastic property on the frictional sliding response. The
experimental results clearly indicate that an increase in the strain hardening exponent can
significantly decrease the pile-up height. The experimental values were also compared with
predictions and a good quantitative agreement was observed for the hardness, normalized pile-up
height and overall friction coefficient. Finally, the effects of friction on the sliding response were
investigated, both computationally and numerically. The dimensionless functions developed in
Chapter 1 were modified to include the effect of the adhesive friction coefficient on the predictions.
Experimentally, the friction was decreased through the use of a liquid lubricant to generate
boundary lubrication. Consistently with the predictions, the most significant effect of a lubricant
was a decrease in the pile-up height.
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In Chapter 3, the emphasis is on engineering techniques where the dimensionless functions,
developed in chapters 1 and 2, are employed for the development and validation of a reverse
analysis technique. This reverse technique uses the frictional sliding response to determine the
plastic properties of materials. The inputs required are the elastic properties, the scratch hardness
and the normalized pile-up height. The results from the algorithm are the initial yield strength and
the plastic strain hardening exponent of the material. This reverse method for frictional sliding
could increase significantly the usefulness of carrying out the experiment. A major advantage over
normal indentation is on the capability to predict the plastic strain hardening exponent with
reasonable accuracy. The solution is shown to be unique and the sensitivity to variations in the
input parameters is found to be moderate. As a complement to this reverse analysis, Chapter 3
presents an experimental study where an aluminum alloy of a single composition is aged under
different conditions. The aging conditions where controlled carefully to obtain an under-aged and
an over-aged sample having the indentation hardness but different microstructures and plastic strain
hardening exponents. These two materials were found to have a different scratch hardness and a
significantly different pile-up behavior in frictional sliding. It is proposed that the pile-up
information could provide an estimate of the tribological resistance.

In the fourth chapter, the results from a comprehensive experimental study are presented for
the frictional sliding response of nanocrystalline nickel and nickel-tungsten alloys. The response
was characterized at two different length-scales. For the low load experiments, the penetration
depth of typically 10-40 nm and the response was affected by the presence of natural oxide films,
by surface tension, or by other size effects. No intrinsic effect of the grains was observed and the
effect of alloying was found to be limited. At higher load, the effect of alloying remained limited in
the single-pass experiment. The results approximately scale with the effect of grain-size variation
on the indentation hardness. Based on the computational study from the earlier work in this thesis,
the hardness is approximately proportional to the yield strength in the absence of plastic strain
hardening. Therefore, the most probable cause for this correlation is a very limited strain hardening
exponent in all the cases.

The new technique developed in this thesis for frictional sliding contact was tested on
different material systems and a good correlation was observed between the finite element
predictions and the experimental results. The effect of friction was also included in the model and,
based on sensitivity analysis, the plastic flow properties of materials can be determined with a
reasonable accuracy by using the frictional sliding response and elastic properties. This new reverse
analysis technique has a unique solution and it could be useful for the characterization of small or
graded structures.
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Chapter 1: The frictional sliding response of elasto-plastic
materials in contact with a conical indenter

This first chapter presents the dimensional analysis and the finite element models used to
investigate the relationships between the frictional sliding response of material and their elasto-
plastic properties. Dimensionless functions are defined and evaluated numerically for the different
response parameters selected. The results are compared with the response in normal indentation.

1.1 Introduction

The single asperity contact of a hard indenter on a softer material can generate a permanent
impression. The dependence of geometry and material properties, on the size and morphology of
this impression and on the extent of deformation surrounding it, has been the subject of
technological and scientific interest over the past century. Although mechanics of deformation and
material penetration and/or loss in a variety of localized contact conditions [1] including frictional
sliding or scratching [2] have been topics of scientific studies for many decades, normal indentation
is by far the most commonly used technique to characterize the hardness of materials [3, 4]. The
different scales for hardness are all estimates for the average pressure of contact, but the reference
contact area used to normalize the normal force varies significantly depending on the experimental
methods employed and the details of the analysis. Although the hardness value depends on the
definition of contact area and indenter geometry, conventional hardness test procedures are cost-
effective and easy to implement. Consequently, indentation hardness measurements have been used
very extensively not only for quality control [5], but also as prime predictors of tribological
resistance [6].

Over the past two decades, the development and commercialization of depth-sensing
indentation instruments has facilitated the simultaneous measurement of the applied force and the
induced displacement, providing for each test a force versus displacement hysteresis curve from
loading and unloading. Significant theoretical and computational research have also been devoted
to the establishment of relationships between the quantitative details of these force—displacement
curves and the underlying elastic and plastic properties of the material being indented. For instance,
the initial part of the unloading slope provides a measure of the elastic compliance that could be
used to estimate the elastic modulus of indented materials [7]. Other parameters such as the
curvature of the loading curve and the residual depth upon complete unloading could be used to
estimate the hardness and the yield strength without measuring the contact area [8].

For instrumented sharp indentation, finite element simulations and dimensional analyses have
been used in several studies to establish relationships between the hysteresis curves and the elasto-
plastic properties of materials [9-14]. To determine with a reasonable precision the initial yield
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strength and the strain hardening exponent, recent studies have examined the potential advantage of
using two different indenter geometries to characterize the plastic properties [15-17]. Changing the
tip angle changes the magnitude of the average plastic strain, therefore providing more information
about the evolution of the flow stress with the plastic strain [18, 19]. As an alternative technique to
determine the plastic flow properties accurately, one can use a single indenter and measure directly
characteristic parameters of the residual indent profile [20-23]. After the experiment such a
technique requires to determine the surface profile , but it could also exploit the known effects of
strain hardening exponent on pile-up morphology [24-27]. How pile-up and hardness each
quantitatively dependent on individual elasto-plastic properties is now fairly well established for
homogeneous materials subjected to sharp normal indentation.

As compared to normal indentation where the stress field is axisymmetric (for a spherical or a
conical indenter), it requires more computational resources to study frictional sliding using finite
element methods. The scratch loading mode was used for the establishment of the first hardness
scale in the pioneering work of Mohs (1824), but the technique is mostly being used nowadays in
specialized areas including the visual damage and wear of polymers [28-32] and the tribological
resistance of metallic-base composites [33-38]. The limited usage to characterize the plastic flow
behavior is mostly due to the lack of an appropriate analytical framework to interpret frictional
sliding experiments. During a frictional sliding test carried out under appropriate plasticity
conditions and under a constant normal force, steady state conditions are obtained for the
penetration depth, the friction force and the pile-up after an initial transient regime. For this steady
state contact problem, analytical models have been developed based on the upper bound theorem,
but the solution scheme requires specification of the material flow velocity field [2]. Using the
finite element method, a number of recent studies have examined the effect of flow stress and tip
geometry on the scratch response [39-43]. However, we found only one study for which plastic
strain hardening was included [44]. In all cases, the number of material property sets studied was
too limited to gain a broad fundamental understanding.

In this paper, we report results from a comprehensive computational study of frictional
sliding in elasto-plastic materials. The effects of plastic strain hardening and yield strength are
specifically quantified for steady state frictional sliding conditions. Following an approach similar
to that used in finite element studies of instrumented indentation, dimensional functions are derived
for the steady state regime of frictional sliding and the predictions are compared with experimental
results in a model material system. The concept of a scratch hardness, extracted from instrumented
frictional sliding experiments, is developed, and its relationship to indentation hardness is explored
both experimentally and computationally.
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1.2 Framework for the analysis

1.2.1 Problem formulation

The analysis focuses on the response of elasto-plastic materials in frictional sliding contact
with a hard conical tip. It is possible in frictional sliding to reach a condition of constant penetration
depth, normal force and tangential force. Both computationally and experimentally, this steady state
regime can be obtained through different paths for the imposed normal force and/or displacement in
the initial and/or stable regimes. At least theoretically, the response in steady state should be path
independent.

Throughout the simulation or experiment, it is possible to continuously monitor the normal
contact force P, the normal indenter displacement 2 and the tangential or friction force F,. Under
steady state conditions, these parameters and the geometry of the pile-up become fixed. Figure 1
presents a cross-sectional view of the process and illustrates the definition of the apex angle 6, the
residual depth A, and the residual pile-up height 4,. In addition to the known external variables, the
friction coefficient 4, and the elastic properties of the tip can also influence the steady state
geometry.

(@)

(b)

Figure 1.1: Contact geometry and nomenclature for the steady state frictional sliding process: (a) A
view of the symmetry plane where the indenter moves from left to right, and (b) A cross-
sectional view of the residual scratch profile.
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Knowing P, h,, 6, F; and the material properties for the indenter and the surface can fully
specify this frictional sliding process. However, as for the indentation response, the normalized
pile-up height hy,/h, can vary significantly with material properties. The analysis here will
specifically quantify this dependence for materials where the elastic and plastic response can be
approximated, respectively, by Hooke’s law and the von Mises yield criterion with isotropic power
law hardening. Under those general conditions, the dependence of the true stress G on the true strain
€ is commonly expressed as (e.g., [10])

{Ee foro<o,
o= '

1.1
Re" foro>0,’

where E is the Young’s modulus, R a strength coefficient, n the strain hardening exponent and o,
the initial yield stress at zero offset strain. In this representation, the true strain £1is a uniaxial strain.
The multiaxial stress state for frictional sliding will be introduced after a rearrangement of Equation
1.1. The total true strain € can be decomposed in elastic and plastic components to obtain

E=€& y +& b 1.2
For continuity when o= ¢;, equation 1.1 requires that
o, =Eg, =Re;. 13

When o > g, the substitution of equations 1.2 and 1.3 in 1.1 leads to the replacement of the
coefficient R by elastic properties and to express the flow stress constitutive relation as

o= ay(1+o_££p] . 14
y

The implementation of this relationship for the multiaxial stress of state followed the concept
of equivalent plastic strain and the incremental theory of plasticity. With a constitutive model at
hand, the subsequent step consists in defining the physical quantities to describe the frictional
sliding response. In contrast with normal indentation, the steady state nature of the frictional sliding
process does not allow us to probe the elastic recovery of the material using the normal force—
normal displacement (P-4) hysteresis curve. Without knowledge of the unloading compliance in
this elastic recovery, it is not possible to estimate the Young’s modulus through techniques such as
those originally proposed for normal indentation [7, 45, 46]. A second and related limitation for
frictional sliding involves the calculation of actual area of contact that is also typically obtained
through an analysis of the (P-h) hysteresis curve. Alternative ways to estimate the actual area of
contact include in-situ imaging, but this solution would require advanced instrumentation,
especially at low loads and is not always feasible under all test conditions.

The solution proposed here for measuring the contact area consists of probing directly the
residual scratch width 2a, through surface imaging or profilometry. Using profilometry, additional
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parameters such as h, and h, can be readily quantified and used in the analysis. Practical aspects
associated with the measurement of these quantities are discussed in sections 1.4.3 and 1.4.3. Using
this residual profile approach, the scratch hardness of the material can be directly calculated using
the traditional definition of hardness [1-4]

Ty 1.5

where A, is an estimate of the residual projected area of contact. Following the same definition as in
previous models for frictional sliding contact with hard indenters [2], A, is defined as half the area
of a circle of radius a,,

A =(ml/2a,’ 1.6

1.2.2 Dimensional analysis

Dimensional analysis has proven to be useful to the study of the contact mechanics for
instrumented normal indentation [8]. Using a similar approach for the steady state frictional sliding
process allows us to present the results in a general form and to clearly state the dependence of each
physical quantity on the material and geometrical parameters. Our independent physical quantities

can be expressed as

P =P(a,Evo0,nE,0,0,u,), 1.7
h,=h,(h, E,v,0,nE,0,0,u,), 1.8
and

F,=F,(P,E,v,0,,n,E,,v,,0,1,) 19

where E; and v; are the Young’s modulus and the Poisson’s ratio, respectively, of the indenter. For
the functional of the force P, the use of a, instead of h, was found to be more appropriate because
experimental determination of A, requires estimation of the position of original surface through an
interpolation procedure which decreases the level of accuracy. Accuracy on a, or h, is important as
the error is doubled in calculating the contact area.

The above functional relationships are often simplified [1] by introducing the effective
Young’s modulus for the combined indenter-substrate system as

2 2,71
E*=[(1_v ) (-0 )] X 1.10

E E,

Using this effective modulus and applying the IT theorem of dimensional analysis, expressions 1.7,
1.8 and 1.9, respectively, become
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and
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?, =u, = Hr(E—y*,n, v,a,uaj 1.13

where I, Il and I1,are general dimensionless functions. Several alternative expressions could be
proposed but the one presented here allows for the dimensionless functions to directly correspond
to simple and important ratios of measurable quantities, namely the normalized scratch hardness
Hyo,, the ratio of pile-up heights A,/h, and the total friction coefficient 1.

1.2.3 Computational models

For the analysis presented here, the material Poisson’s ratio v was maintained at 0.3 while all
the other material parameters were varied over a wide range (see Section 1.4.2). For the conical
indenter, the model assumed elastic rigidity, and the apex angle @ was fixed at 70.3°. The contact of
this indenter with the surface was assumed to follow Amontons’s law of friction (1699),

q=H, P, 1.14

where ¢ is the tangential traction and p is the local pressure or the normal traction. As in previous
contact mechanics studies that included friction [14, 47, 48] and based on experimental results
reported elsewhere [49, 50], a value of 0.15 was used for y,. This value is believed to represent a
typical contact condition between a diamond tip and the polished surface of a metal covered with a
thin layer of natural oxides.

Full three-dimensional models were constructed because the stress and strain fields generated
by frictional sliding cannot be approximated using two-dimensional or axisymmetric mesh
domains. However, the plane defined by the normal to the surface and the sliding direction is a
symmetry plane, which allows for solving only half of the full space. To further minimize the size
of the problem, the meshing procedure involved the radial propagation of the seeds from the region
of refined mesh. Figure 1.2 presents the indenter, the mesh and the overall simulation domain. The
domain consists in two main parts: a spherical section for the mesh located upstream with respect to
the indenter position and a conical section for the material located downstream. The upstream
configuration is significantly more efficient, but the meshing downstream needed to remain fully
refined to capture with accuracy an unloaded profile. The complete mesh domain contains 170,000
reduced integration 8-noded elements.
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The finite-element computations were performed using the general purpose software package
ABAQUS [51]. Three different solution schemes were used and compared for their time efficiency
and accuracy. An explicit formulation with Eulerian boundary conditions was found to provide the
most consistent results and enabled use of the smallest simulation domain. In this formulation, the
material enters at a constant velocity through the upstream spherical surface, flows through the
stationary mesh and exits downstream. The mesh adapts to geometrical changes induced by the
frictional contact of the tip with the free surface.

The results from this explicit formulation were compared with elastic solutions and well-
tested for convergence. For an elastic frictional contact, the contact pressure distribution and the
Von Mises stress distribution agreed within 5% error with known analytical and numerical
solutions from previous studies [3, 52, 53]. With plasticity, the solution was determined to be
independent of the far-field boundary conditions and insensitive to mesh size. In the range where 13
to 20 elements were within the contact radius created by the indenter, the main advantage of the
finer mesh was for the determination of the pile-up height and the area of contact from the
coordinates of the surface nodes. For all the simulation results presented here, 13 elements were in
contact with the indenter in the initial non-deformed configuration. During the simulation, the
number of elements increased further as the pile-up formed. In fact, the mesh was optimized with a
greater refinement near the pile-up region than near the center of contact.

(a)

=25 -



Y Material

X—l flow

ain direction

17

11
[RRRAN

IRERBARY

Y

BERNREA
JARRRR!

(b) S mme

Figure 1.2: (a) Overview of mesh and the complete simulation domain with the fixed conical indenter
in the top left, the material flow direction along positive X direction and the symmetry
plane at Z = 0. (b) Detailed view on the symmetry plane Z = 0 of the region near the
indenter with the upstream direction to the right.

To further verify both the trends and the absolute value of the predictions from the
explicit/Eulerian formulation, two additional sets of finite element models were constructed and
simulation results were obtained to cover a wide range of material properties. The hardness and
pile-up results matched within 2% error with those obtained using an explicit scheme with
Lagrangian boundary conditions. Such a good correspondence provided conclusive evidence that
using Eulerian boundaries allows for a reduction in the domain size without affecting the results
obtained using explicit dynamic formulation. The second set of comparative results was based on a
standard implicit solution scheme with Lagrangian boundary conditions. To limit the increase in the
computational time associated with the use of an implicit algorithm and with the increased domain
size, only 50,000 elements were used for these simulations. As reported in Table 1.1, the results
show slightly greater differences with a maximum error of 10% for the normalized hardness. To
minimize the time steps required to reach a steady state regime, a small linear decrease in
penetration depth was introduced for the first third of the scratching distance. For the remaining of
the scratching distance, the depth was maintained constant and the steady state over a distance
sufficient enough to extract an accurate residual profile. Without an initial regime with a decreasing
the depth, an apparent steady state response was also reached but the residual pile-up height was
found to be significantly lower as shown for two cases in Table 1.1. Part of this dependence on the
trajectory could originate from the level of mesh refinement. However, even with the coarsest mesh
cases, none of the explicit formulations exhibited a significant dependence on the initial scratching
regime.
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Table 1.1: Comparison between the simulation results obtained using standard implicit and
explicit schemes.

Hy/o, hy/h, Hor

Diff Diff Diff
o/E n | Implicit | Explicit | (%) | Implicit | Explicit | (%) | Implicit | Explicit | (%)

0001 | 0.1 4.6 43 7 0.70 0.75 -7 | 0394 | 0.399 -1

0.001 | 0.2 83 7.8 6 0.56 0.60 -7 1 0392 | 0.396 -1

0.001* | 0.2 8.5 7.8 9 0.52 060 | -13 | 0392 | 0.396 -1

0.001 [ 035 | 184 19.3 -5 0.39 0.38 3 0400 | 0.385 4

0.001 | 0.5 40.8 41.2 -1 0.21 0.18 17 | 0382 | 0.361 6

0.001* | 0.5 41.1 412 0 0.17 0.18 -6 [ 0375 | 0.361 4

0.02 | 0.02 2.8 2.7 4 0.72 0.69 4 0354 | 0.366 -3

0.02 0.1 3.6 3.4 6 0.54 049 10 | 0.351 0.361 -3

0.02 0.2 4.5 5.0 -10 | 043 0.39 10 | 0343 | 0.348 -1

* Constant depth for the implicit scheme

1.3 Experimental comparison

Frictional sliding experiments were carried out on three specimens of pure nickel with
different grain sizes. These nickel specimens were already well characterized for grain size
distribution and tensile properties in previous studies where, based on recent classification for grain
size regimes [54], they were appropriately labeled as microcrystalline (mc), ultra-fine crystalline
(ufc) and nanocrystalline (nc) metals. All three specimens were mechanically polished down to a
surface roughness of less than + 5 nm and tested on a commercial nanoindentation test system
(Nanotest ™, Micro Materials Ltd, Wrexham, United Kingdom). The scratch experiments were
carried out under constant normal load. This load was applied through the interaction of a
permanent magnet with the solenoid coil attached to the upper end of the pendulum. This pendulum
is held in the center through a frictionless pivot and it holds the tip at the opposite end. Therefore,
the force is applied in the upper part and transferred to the tip through the frictionless pivot. On the
other hand, the tangential displacement sample was imposed by a stage micro-motor, and the
tangential force was calculated from the strain in the elastic cantilever beam holding the tip. The
conical diamond probe had an apex angle of 70.3° and a tip radius of 2 um. For the purpose of the
experimental comparison, the scale of experimentation sufficiently large to consider the tip as
perfectly conical. After the experiment, a series of at least 30 cross-sectional profiles of the residual
steady-state scratch were obtained using a Tencor P10 profilometer (KLA-Tencor, San Jose,
California) equipped with a conical diamond probe which had an apex angle of 45° and a tip radius
of 2 um.
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1.4 Computational results

With the fine mesh and the explicit/Eulerian solution scheme, a comprehensive parametric
study was conducted to quantify the effect of material properties on the frictional sliding response
in steady state. The penetration depth of the indenter was kept constant during these simulations.

1.4.1 Forces and residual profiles

For a given set of material properties, Figure 1.3 shows the force evolution and the total
internal energy as a function of the magnitude of relative displacement between the indenter and the
meshed domain of the substrate. The force results obtained from using an implicit scheme
simulation are also included for comparison. In all cases, the normal and frictional forces are both
normalized by the A, obtained using the steady state residual profile and Eq. 1.6. Hence, the final
magnitude of the non-dimensional (normalized) normal force corresponds to the scratch hardness
H,. The relative displacement must exceed 5 times the radius of contact a, before reaching steady
state conditions. With the Eulerian scheme, it takes a longer frictional traveling distance to reach
steady state, but this increase is not at the expense of an increase in the size of the simulation
domain. Once steady state conditions are reached at the position of contact between the indenter
and surface, the simulation needs to be pursued further over at least 3 times the radius of contact in
order to obtain an accurate steady state surface profile in the unloaded state. For the results obtained
using the Eulerian scheme, the condition of steady state are obtained throughout the domain when
the total internal energy becomes constant.
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Figure 1.3: Evolution of total normal and tangential interaction forces between the indenter
and the surface for material parameters 6,/E* = 0.001 and n = 0.35. The lines are
for the explicit/Eulerian solution scheme whereas the symbols are for independent
calculations using the implicit scheme (included for comparison).
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Figure 1.4: Residual surface profile as a function of strain hardening exponent for g/E* =0.001. The
profile for a material with r = 0.1 and 6,/E* = 0.02 is also included to describe the effect of
initial yield strength. Also shown with cross-hairs are the simulation results from the
implicit method for o/E* =(0.001 and the different values of n.

A series of residual scratch profiles is shown in Figure 1.4 to illustrate the strong influence of
the strain hardening exponent n. The sliding direction is normal to this plot and the vertical axis
corresponds to the symmetry plane. For a fixed ratio of o/E* = 0.001, the normalized pile-up
height hy/h, increases gradually from approximately 0.20 to 0.75 as n decreases from 0.5 to 0.1.
Also shown in Figure 1.4 is a profile for an initial yield strength ¢; yield strength that is 20 times as
large. Although both o/E* and n can influence h,/h,, the contribution from the strain hardening
exponent n to the frictional sliding response clearly appears as a dominant factor for such ductile
materials. The relative influence of each parameter will be further quantified using results from the
complete parametric study (c.f. Section 1.5.2).

Before presenting these parameterized results, two additional remarks are appropriate here.
Instead of using h,/h, to characterize the pile-up behavior, alternative formulations could have been
based on pile-up volume. However, calculations showed that this volume varies only slightly with
respect to material properties. Such limited dependence can be easily understood from the law of
volume conservation that would apply in steady state if there were no residual volume variations
due to the presence of residual stresses. Finally, details need to be given regarding the calculation of
h, and a, from the position of individual nodes in the finite element discretization. The measure of
h, is taken as the height at which the width of the pile-up peak reached the horizontal distance
between adjacent nodes. Such procedure is believed to be the best possible way to eliminate
fluctuations associated with different sharpness and symmetry characteristics of the node profiles.
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For any set of simulation results, the peak of the profile can be sharp with a single node at the tip,
blunted with two nodes at nearly the same maximum height, or anywhere in-between those two
opposite cases. For the same reason, a, was corrected for symmetry by measurements made from
the mid-position of the horizontal segment drawn to determine 4,. These corrections did not change

individual measurements by more than 5%, but they significantly reduced random fluctuations in
H, and hy/h,.

1.4.2 Dependence of the dimensionless functions on material parameters

The effect of plastic strain hardening exponent on the frictional sliding response was studied
for 7 different values of n: 0, 0.02, 0.06, 0.1, 0.2, 0.35 and 0.5. For each n value, the initial
normalized yield strength o/E was varied by at least an order of magnitude. Following the general
trend observed in most material systems, the softest materials were studied up to the highest
hardening rates whereas very hard materials were studied predominantly in the regime of low
hardening rates. A set of 70 material property combinations was constructed to cover
homogeneously the range of material property space indicated in Table 1.2. To obtain this range
and to verify the scaling assumption for the use of the ratio 6,/E, the properties were independently
varied in the range of 20 to 7000 MPa for o; and from 4 to 600 GPa for E.

Table 1.2: Range of elasto-plastic properties covered by the parametric finite element study.

ok

n Min Max
0 0.01 0.1
0.02 0.005 0.07
0.06 0.002 0.04
0.1 0.001 [ 0.032
0.2 0.0004 0.02
0.35 0.0002 0.01
0.5 0.0001 | 0.005

The dependence on these material parameters of the dimensionless functions defined in
Section 1.2.2 (Eqns 1.10 to 1.12) was determined from the FEM results obtained with this set of
properties. For the function ITg describing the pile-up behavior and the function IT, describing the
friction behavior, logistic functions were employed to describe the dependence on n and G/E*.
Although there could be fundamental justifications for employing these functions, the practical
advantage and improved accuracy obtained by using them was considered here as a major
advantage. In addition, these functions allow use of only a small number of fitting parameters and
they have asymptotes.

For the determination of any of the three dimensionless functions, the numerical solutions
were obtained by error minimization at two distinct steps. The first step was for the fitting with
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respect to 6,/E* that was done independently for each value of n, whereas the second step consisted
in fitting with respect to n the different coefficients obtained in the first step. Small adjustments
were introduced through a series of iterations aimed at enduring the most monotonic dependence on
n for the sub-functions established in step 2 while maintaining fidelity to the FEM data.

In the following figures, these functions are plotted as continuous lines for 5 different values
of strain hardening exponent. Also plotted are the individual data points obtained from finite
element results and the analysis procedures described in Section 1.2.3. Figure 1.5 is for the function
IT,, the normalized scratch hardness H,/0; as a function of the normalized yield strength o} £*,

a2(n)
o (o3
I, (n—)= ﬂ =al(n)| = 1.15
UEY o, E*
with
al(n)=3.32-5.79n+ 2.8n?
and

o2(n) =0.07 -1.283n + 0.248n>.

This simple exponential function fits the data with high accuracy throughout the material
space covered. A certain amount of scatter is observed for the FEM data set. With the relative error
doubling when the hardness is calculated from the contact radius, even a small fluctuation in the
contact radius, inherent to space discretization, can explain this scatter. Assuming the absence of
bias on the fluctuations, they should not affect significantly the determination of the dimensionless
function I1,, the normalized hardness Hy/0, dimensionless function. For low hardening materials
with n below 0.1, IT, presents a relatively limited dependence on the normalized yield strength as
the absolute value ranges from 2.5 to 4. Interestingly, this range of hardness to yield strength ratio
is similar to the range from 2.6 to 3 typical found in normal indentation tests on hard materials. For
larger values of the strain hardening exponent n, the ratio of H/0; increases significantly as does its
dependence on o/E* The predictions for the property dependence reported for indentation
hardness follow a similar trend [9]. However, the magnitude of the dependence reported here for
frictional sliding is several times larger. Such a difference can be explained by a difference in the
magnitude of the plastic strain under the indenter. A more detailed discussion about the
relationships between normal indentation and frictional sliding will be presented in Section 1.5.1
after the discussion of the effect of plastic flow properties on the pile-up and frictional response.
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Figure 1.5: Normalized scratch hardness as a function of normalized yield strength for five
different values of the strain hardening exponent n. The curves represent the
output from using the predicting equation 1.14.

The second function, Il is for the dependence of the normalized pile-up height on the
elasto-plastic properties:

9 _h_P_ %, ps(n)
Hﬂ(n,E*)— h —Hﬂ_RP(n) |:l+{Xﬂ(n)E*} } 1.16

r

with
HﬂYR,,(n) =0.904 —1.684n +1.987n* —2.722n°,

X 4(n) =0.0378 -0.2129n +1.145n° - 3.34n° + 3.54n"

and

ps(n)=-0.681n(n +.02).

This numerical function is plotted as five different continuous lines in Figure 1.6, each line
representing a specific value of the strain hardening exponent n. Such representation illustrates the
fit with the original FEM data points and how the he pile-up height decreases with an increase in
yield strength. For the range of ¢/E* covered, it also indicate a pronounced influence of the strain
hardening exponent for all values of o,/E*. An important effect of the strain hardening exponent
was already depicted in Figure 1.4, but only for a specific value of o/E*.
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Figure 1.6: Normalized pile-up height as a function of normalized yield strength for five different
values of the strain hardening exponent n. The curves represent the output from using the
predictions of equation 1.15.

For low values of o/E*, the rigid-plastic asymptote was nearly achieved at most values of
the strain hardening exponent n. For large values of o,/E*, the curves and the data were truncated
for n> 0.35. Such procedure limits the analysis to the cases where there is pile-up formation during
scratching. The phenomenon of sink-in still leaves a residual pile-up, but the radius of residual
contact does not correspond with the position of maximum height on the residual profile, requiring
a more sophisticated analysis than the one presented here. This necessary truncation can explain
why the elastic-limit of no residual pile-up was not approached except for the low hardening case.

For n = 0.02, the curve clearly indicated a change from a negative to a positive inflection.

To exemplify the relative contribution of n and o/E*, we consider a typical soft metallic
alloy with n = 0.1 and o/E* = 0.001. A decrease in the characteristic h,/h, of that alloy from
approximately 0.75 to 0.6 can occur either if n increases by two fold or if o is increased by an
order of magnitude, indicating a significantly more pronounced effect of increasing hardening
exponent on h,/h,. However, although h,/h, is a complementary measurement that characterizes the
frictional sliding response, the normalized pile-up height does not provide the pressure bearing
capability of the material. In fact, the scratch hardness of the alternative material with n = 0.2 would
be about 4 times smaller than the one for which o, would be increased by an order of magnitude.
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In view of the lack of any prior experimental data or computational predictions for the effect
of plastic hardening on H/c; and hy/h,, the results presented in this paper can only be compared
with the predictions of Bucaille et al. [39, 40] for perfectly plastic materials. For the same indenter
geometry, quantitative agreement is found for the hardness values. For the normalized pile-up
height, the predictions are similar for materials with low hardening but the height predictions for
large o/E* were significantly lower in the previous study [39, 40]. Since the friction increases the
pile-up height in frictional sliding because of the directionality of plastic flow, part of this
difference could be accounted for by the assumption of frictionless contact in refs. [39, 40].
However, the former study used an implicit scheme with a constant depth. Therefore, it is possible
that a change in the trajectory used to reach steady state, as described here in Section 1.2.3, would
also lead to increased h,/h, to corroborate with the results presented here.

As a third parameter to characterize the frictional sliding response, the overall friction
coefficient and the materials property dependence of its respective dimensionless function IT, were
also determined. Figure 1.7 presents the FEM data and this function

o, (FY_. _ o, p,(n)
HT(n’E*)—(P]_ﬂs_H}’,RP/[1+(Xr(n)E*] ] 117

with
l'I,,,RP =0.416,

X,(n)=0.1149-0.2378n + 0.0954n>
and
p,(n) =0.8-n%/2.

This overall ratio of tangential to normal force contains information about the friction for the
normal contact between surfaces and also about the contact geometry. The contribution from the
friction between normal surfaces should be approximately equal to the coefficient /£, which is 0.15
for all the cases presented here. The contribution for the tangential pressure applied towards
upstream would depend on the actual contact geometry and the plastic flow field.

With respect to material properties, /4, varies just the same way as h,/h, except that the
magnitude of the variation is significantly less. Such a smaller dependence can be explained by a
concurrent increase in tangential and normal pressure as the area of contact increases due to a
higher pile-up. Within a limited range of yield strength and for n below 0.2, the predictions
presented here suggest that any intrinsic effect of material plastic flow properties would fall within
the scatter associated with surface preparation, material homogeneity and friction. This prediction
might appear inconsistent with several previous studies that showed changes in friction coefficient
between distinct but similar materials [36, 50, 55]. However, these studies are generally carried out
with a spherical tip in which case the geometry and the contact angle changes with penetration
depth and pile-up height, therefore making the isolation of material properties more difficult.
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Figure 1.7: Effect of normalized yield strength and strain hardening exponent on the friction
coefficients. The curves represent the output from using the predicting equation 1.16.

An additional remark is in order here regarding the process of pile-up formation. It is well
known from previous literature on machining [56-59] that there is a critical apex angle & below
which the plastic deformation process transitions from ductile ploughing to chipping or machining.
Although quantitative information is unavailable, it is very likely that this transition would occur at
a larger angle @ for materials that have a strong tendency to form large and steep pile-up. Using the
finite element models developed in this study, attempts were made to cover softer materials that
would be nearly perfectly plastic while maintaining £, and @to their fixed values. However, with n
below 0.02 and o/E* below approximately 0.005, the normalized pile-up height h,/h, exceeded 0.9
and convergence required the imposition of special mesh gradients and control. It is believed that
such material conditions were near this transition point for the geometry and friction conditions
studied. If one were to characterize computationally or experimentally the behavior of softer
perfectly plastic materials to ductile ploughing, 4, and/or 8 would probably need to be changed.

1.4.3 Experimental comparison

To compare the frictional sliding response of pure mc, ufc and nc nickel with the predictions
from the parametric study, experiments were carried out under the same geometrical conditions.
Using only pure nickel as a model, the effects of different phases and different friction coefficients
were ruled out. In addition, carrying out the experiment at large loads eliminated the risk for surface
and size effects. Because of the difference in hardness of the different nickel samples and the fact
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that a constant load of 2 N was imposed in each case, the absolute dimensions of the width of the
residual scratch 2a, ranged from 60 pum for the mc nickel to 34 pum for the nc nickel. Additional
tests carried out at different loads indicated that the response was not significantly dependent on the
size of the indenter impression.

After the experiment, the pile-up height 4, and the residual depth 4, were determined from
the maximum height and maximum depth obtained after linearly interpolating for the position of
the original surface obtained from profilometry. The points used for this interpolation were away
from the scratch center at a distance of four times the residual radius of contact (4a,). With a very
limited curvature and a slope below 2° for the original surface, this correction procedure was
considered the most simple and reproducible alternative.

Using this procedure, individual values of a,, h, and h, were obtained for each of cross-
sectional profiles obtained from scanning at least 5 independent scratches. Typically, the difference
in the average value obtained from independent experiments did not exceed 5%. However, for a
given set of data associated with a single experiment, the standard deviation could reach up to 20%
for the normalized pile-up height h,/h,. Such level of fluctuation corroborates well the oscillations
in the process of pile-up formation and clearly emphasizes the need for a sample size of at least 25
data points.

Table 1.3: Comparison between experimental results and predictions based on elasto-plastic
properties. The elasto-plastic properties were obtained from tensile tests reported
elsewhere [60-62].

Properties H/o, hy/h, Lot
o, 4
o) |n | Exp. | FEM | A(%) | Exp. | FEM | (%) | Exp. | FEM | A(%)
nc| 1600 | .02 276 | 2.58 7 .82 .84 -2 0.37 .39 -5
ufc 850 | .06 292 | 3.09 -6 74 78 -4 0.38 40 -5
mc 170 | .19 792 7.39 7 .64 .62 3 0.38 41 -7

For all three dimensionless parameters associated with the functions IT,, I1gand IT, Table 1.3
presents a detailed comparison between the finite element predictions and the average values from
the experimental results. With a difference of at most 7% between the predictions and the results,
the finite element predictions appear to capture very well the trends as well as the absolute values
of the scratch parameters Hs, h/h, and 4. Figure 1.8 compares individual experimental scratch
profiles obtained for the mc and nc pure nickel samples. In agreement with the predictions shown
for these materials based on their plastic flow properties (c.f. Table 1.3), the pile-up for the
nanocrystalline nickel has a higher ratio of h,/h, and presents a higher slope in the region of r > a,.
However, although the predictions for the height of the pile-up match with the experimental results,
the experimental profiles appear more blunted. Such blunting could be due to surface stiffness
effects that were not taken into account by the finite element models.
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Figure 1.8: Experimental profiles for pure nc and mc nickel. The lines represent predictions
for these materials based on the plastic flow properties listed in Table 1.3.
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Figure 1.9: SEM image of a typical scratch on pure nc. The tip was moving from left to right. The low
plastic strain hardening of this material results in localized events of instability in the
process of pile-up formation as seen at three locations on the bottom side of the scar.
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To provide a more detailed representation of the frictional sliding process in pure nc nickel,
Figure 1.9 presents an image obtained from a scanning electron microscope (SEM). The low plastic
strain hardening of this material is likely to be the origin for the localized events of instability in the
formation of the pile-up as seen at three locations on the bottom side of the scar. These observations
suggest that the geometrical and material conditions tested here were very near the point of physical
instability discussed in the previous section. They also point to the need for a relatively large set of
residual scratch profiles in order to extract accurate average values.

1.5 Discussion

In this study, we developed a new framework to analyze the material behavior in frictional
sliding. For the contact between a hard conical indenter and a fixed apex angle, it is proposed to use
the scratch hardness and the normalized pile-up height to relate the response with elasto-plastic
properties.

1.5.1 Predicting the scratch behavior using the dimensionless functions

A special attention was given to ensure numerical accuracy. From a computational
standpoint, the explicit/Eulerian scheme used in the analysis was well tested for its elastic limit and
by comparing the results with those obtained with explicit/Lagrangian and implicit/L.agrangian
schemes. From an experimental standpoint, all the measurements were carried out after a direct
calibration of the instrument through the use of standard weights for the force measurements and of
standardized surface patterns for the residual profile data. Under these conditions, the set of
dimensionless functions presented in this study is expected to be relatively accurate and to
correspond well with what would be the theoretical solution for this complex contact mechanics
problem.

The comparison between the FEM results and the experimental results on the pure nickel
model material system showed a strong agreement, both in terms of trends and absolute values. In
fact, the relative difference was well below the computational variability associated with space
discretization and the experimental variability inherent to the processes associated with microscale
elasto-plastic contacts. And in other independent studies, a good correspondence was also observed
between the predictions and the experimental results with pure copper over a wide range of
different grain sizes (c.f. Chapter 2) and with aluminum alloys having different dispersion
hardening precipitates (c.f. Chapter 3).

Now assuming a good accuracy for the results from FEM, the accuracy of the dimensionless
functions would depend on the ability of the fitting functions to correctly interpolate between the
data points. For the interpolation with respect to 6/E*, a careful inspection of Figure 1.5 to Figure
1.7 should provide a convincing argument. For the interpolation with respect to n, it should be
noted that all the sub-functions are very smooth with a limited curvature. The functions al(n),
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o2(n), Ilg,(n) and X, (n) are all nearly linear whereas the functions pg (n) and p, (n) steadily
decrease with n (c.f. Figure 1.10, thesis only). X (n) is the only function with a decreasing slope up
to a minimum point for n = 0.4. Following this minimum point, Xz (n) slightly increases to capture
the important change in the curvature of Iz versus o, £* observed in the range between n = 0.35
and n = 0.5. Through the use of these sub-functions, accuracy should be obtained in the range
covered by the FEM data. This range of properties can be approximated by

o
(4.8 x107° )n_m < [E—V*J < (5.5 X 10_2)e_5'“", where 0<n<0.5, 1.18

or determined by inspection of Table 1.2. This range encompasses a great variety of the elasto-
plastic properties found in practice. However, the numerical functions may not be accurate outside
the specified range or when the plastic flow behavior greatly differs from power law strain
hardening.
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Figure 1.10: Evolution of all the sub-functions used in I, Iz and IT, for the effect of the plastic strain
hardening exponent n.

I1,and 1 were both found to simultaneously depend on 6,/E* and n. Using equations 1.15
and 1.16, a complete sensitivity analysis was carried out for this effect of material properties. Table
1.4 presents the maximum percent variation that can result from independently varying 6/E* or n
by +/-5 %. In most cases, these variations are less than twice those applied to the input parameters
and they were found to be rather independent of the absolute value of o/E*, but their dependence
on the absolute value of the strain hardening exponent was significant. For n < 0.2, the maximum
variation in the predictions is similar or smaller than the variation in the material properties
specified, but for higher n values the dependence intensifies for the effect of variations in n whereas
it decreases for the effect of variations in o/E*. As n increases, its contribution to the magnitude of
the flow stress also increases and so does the sensitivity of the predictions for H/o;, and h/h,.
However, this increased sensitively still falls within the range of 4 times the error on the input
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parameters. For all the material property cases covered in this study, frictional sliding response can
be predicted with an accuracy of the same order of magnitude as the accuracy on the input data for
the material properties.

Table 1.4:  Sensitivity analysis for the effect of variations in material properties on the predictions
from the dimensionless functions.

Effect of o, Effect of n
On H/o, on hy/h, on H/o, on h,/h,
+5% -5% +5% | -5% +5% | -5% +5% | -5%
n<0.1 5.3 -5.3 -4.7 4.8 34 -3.3 -1.8 1.9
n=02 4.1 4.1 24 2.5 7.6 -7.1 -3.3 34
n=035| 32 -3.3 -14 1.5 13.3 -11.9 -1.0 74
n=0.5 24 2.5 -0.7 0.8 18.8 -16.2 -21.0 20.1

1.5.2 Representative plastic strain and comparison with normal indentation

The concept of representative strain has been used in recent studies on indentation [10, 12,
14, 15, 63, 64] for the amount of a characteristic plastic strain and the associated flow stress. The
value is defined as the strain at which you can best establish a direct relationship between the
hardness and the representative flow stress. Through this process, the variables 6/E* and n are
grouped into a single one that relates to the representative stress. As previously stated [10], the
discrepancy in the values reported in the different studies can be explained by the differences in the
definition used. For instance, the values determined using the loading curvature of the (P-h)
response are significantly lower than the 8-10% found both numerically [10] and experimentally
[4] for the traditional definition of hardness based on the residual area of contact.

In this study, we used the traditional definition of the scratch hardness and tried to merge the
variables. It appeared impossible to achieve a maximum error of less than 5% while trying to cover
the full range of n values with a single value of &.,. Therefore, the material properties space
covered was split into two. For the first domain, which includes all the data for n < 0.2 along with
data for o,,/E* < 0.018 and n = 0.35, the evolution of the scratch hardness with respect &./E*
becomes approximately n independent when normalized by the flow stress at 33.6% plastic strain.
This fitting is shown in Figure 1.11 along with a second plot made with a lower &, of 15.5%. To
ensure that all the possible combinations of material properties are covered within the range 0.2 < n
< 0.35, for this second domain data for n = 0.2 and o;.,/E* > 0.016 were added to the set of data for
2 0.35. By separating the material space, the maximum error felt below 4.2% and 3.2% for the plots
with &,, of 33.6% and 15.5%, respectively.
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Figure 1.11: Scratch hardness normalized by the flow stress at two distinct representative
strains. The lower curve is for the first material property domain for which ¢,, =
33.6 % fits best the data, whereas the upper curve is for the second property
domain and &, = 15.5%.

Especially when a significantly different value of &., is needed to cover the full material
property space, this representative strain determined by error minimization may well be more of a
mathematical convenience than a characteristic physical quantify. Ogasawara et al. [14] have
shown that &,, would be more appropriately defined by approximating the strain field in normal
indentation is biaxial. This alternative procedure was also employed in the current study, but Table
1.5 shows no reduction in the fitting error. Also, the biaxial strain assumption did not allow
carrying out a fit with a single &, for all the sets of material properties. One possible explanation
for this result is the predominant shear mode of deformation that prevails during frictional sliding
with the geometry studied here and a low hardening exponent n. But independently of whether &,
is associated with a true characteristic plastic strain or eigenvalue, its usage does provide simplified

expressions for the scratch hardness

1.19

{HS j=9.88[%"’i}+2.31 & n<02 or nso.35and(%j<o.018

0.33.6%

or
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1.20

0-15.5%

(HS )=-5.64(9-‘E5-5f]+3.13 & n2035 or nZO.Zand(a—giiJ>0.016

and also provides a basis for comparison with normal indentation under the same geometrical
conditions. Such a comparison is included in Table 1.5 with literature data based on the loading
curvature of the P-h response as well as based on the traditional definition of hardness.

Table 1.5: Summary of the different values obtained for &,, by using the uniaxial and/or bixial strain
assumption. Also shown are literature data for instrumented indentation.

Based on &, (uniaxial/shear) Based on 2¢, (biaxial)
Eep (%) Max Error (%) Eep (%) Max Error (%)

Property domain #1 33.6 4.2 16.9 4.3

Current study | Property domain #2 15.5 3.2 7.7 3.2
Literature on | Functional for

indentation | loading curvature 33 2.9 1.15 NA
(Dao et al., Functional for

Ogasawara et | residual area of
al., 2005) contact 8.2 6.0 -—- -—-

1.5.3 Practical use and limitations of instrumented single scratch tests

A four fold increase in the amount of plastic strain obtained by using frictional sliding offers
a greater capability to study effects of microstructure on the plastic flow process than with
indentation. These effects could include strain-induced grain growth, partial crystallization or
localized damage induced by the high residual tensile stress components. The residual tensile
stresses are particularly high on the surface of the residual scar, especially near the point of contact
with the indenter.

From a perspective of measuring plastic properties, the frictional sliding technique amplifies
the effect of the strain hardening exponent on the normalized pile-up height. Whereas the maximum
ratio of h,/h, is of the order of 0.3 for normal indentation (Cheng and Cheng 1998), this ratio can
vary from 0.2 to 0.9 for the range of material properties covered in the current study. Also, the
surface curvature in frictional sliding is always positive, leading to the formation of a pile of
material in front of the indenter. It is much easier to measure an impression accurately with pile-up
than with sink-in. Based on these considerations, it could be more suitable to use frictional sliding
in conditions where the information from the residual profile would be used to establish
relationships with properties.
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Repeated measurements of h,/h, in frictional sliding can be more easily obtained by taking
adjacent 2D profiles from the unloaded scratch instead of studying a full 3D pyramidal imprint.
Procedures could be developed to measure the a, and k, by scanning the surface with the indenter
tip itself, but such technique may not provide an accurate direct measurement of A,. Preliminary
experimental trials suggested that the indenter can hardly reenter fully the residual scar without the
application of a relatively high load. Therefore, measuring directly the residual profile appears as
the most reliable approach to establish a relationship with mechanical properties.

A parameter that was not been varied in the experiment or computationally is the Coulomb
friction coefficient y,.. Although a reasonable estimate is provided wherein, the effect of this
parameter on the frictional sliding response. Early calculations indicated a limited dependence for
the normalized hardness H/c;, but a significant dependence for h,/h,. A comprehensive study is
underway for the effect of 4. on the frictional sliding response.
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1.6 Conclusions

From this study of the frictional sliding response of elasto-plastic materials, the following
conclusions are drawn.

1.

The frictional sliding response of elasto-plastic materials in contact with a hard
conical tip can be predicted with an accuracy of the same order as the accuracy of the
input data for the material properties. The material properties needed are the Young’s
modulus, the Poisson’s ratio, the initial yield strength and the plastic strain hardening
exponent.

As for the indentation hardness, the hardness in frictional sliding of elastic-perfectly
plastic materials is between 2.5 and 3 times the yield strength. However, non-linear
effects become progressively more significant as the plastic strain hardening
exponent increases and the magnitude of the change in hardness becomes several
times larger than the one reported for normal indentation. Also, the pile-up height in
frictional sliding can be as much as 3 times as high as the one obtained through
normal indentation and a transition from pile-up to sink-in occurs only at much
greater values of the hardening exponent.

The overall friction coefficient decreases slightly with an increase in yield strength or
strain hardening exponent, but for most cases the magnitude of the change would fall
within the experimental scatter. This finding is specific to the contact with a conical
tip where the assumption of size-independent material properties allows for the use
of geometrical scaling. It does not apply to the contact with a spherical tip where the
geometrical contribution of the penetration depth on the friction coefficient can lead
to a misinterpretation of experimental results.

In frictional sliding, the pile-up height and the hardness are the response parameters
that are the most sensitive to the plastic flow properties. Further research is underway
to develop an engineering method for estimating experimentally these properties.

A simple scratch test induces a localized plastic flow process that can be modeled, reproduced
experimentally and used for material characterization. It can also bring the contact conditions closer
to those generated in actual tribological events.
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Chapter 2: Effects of plastic properties and friction on the
response of metals in sliding contact

From the analysis in the previous chapter, we have a set of dimensionless functions to predict
the frictional sliding response from material properties. In this Chapter, we make a more detailed
comparison with experimental results on materials with largely different plastic hardening
behaviors. The effects of friction on the frictional sliding response is also investigated in details,
both computationally and experimentally.

2.1 Introduction

Indentation hardness tests have been used extensively for material characterization and also
as a basis for predicting the tribological response [1, 2]. The indentation tests were traditionally
based on an estimate of the residual area of contact or the remnant penetration depth, but the
development and commercialization of depth-sensing instrumented indentation systems have
enabled continuous measurement of the force and displacement during loading and unloading.
Following these advances, many studies have examined the contact mechanics of instrumented
indentation. Dimensional analysis and finite element methods (FEM) were employed to quantify
relationships between the measured force—displacement (P—h) response and material properties [3-
13]. Numerous other studies have also investigated the effects of various material properties on
instrumented indentation response [14-16].

As compared to instrumented normal indentation, very few studies have investigated the
mechanics for frictional sliding [17-21]. In the steady state regime of frictional sliding, the normal
force is maintained constant and the tangential displacement induces the flow of material and the
formation of a ridge or a pile-up on each side of the scar. Under appropriate contact conditions, our
related earlier work involving finite element simulations showed a strong connection between this
response and material plastic flow properties [22]. In fact, the effects of initial yield strength and
plastic strain hardening exponent were computationally quantified and isolated for their
contribution to the normalized hardness and normalized pile-up height. This quantitative approach
to study frictional sliding could serve as an experimental tool for material characterization, but also
as a simple predictor for the tribological response of materials. Several previous experimental
studies have used frictional sliding experiments [23-28], but the underlying interpretation provided
only partial information about the relative contribution to overall frictional sliding response from
the material and contact parameters.

Friction is a contact parameter that could certainly influence significantly the response to
sliding contact. For a sliding contact where significant plastic deformation develops on the indented
surface, we envision at least two contributions to the overall friction coefficient defined as ratio of
tangential over normal force. The first contribution is from the local interaction between surfaces in
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normal contact. This friction can be accounted for using Amontons’s law with an appropriate
friction coefficient and it can be directly affected by lubrication. The second contribution to the
overall friction is from the work of plastic deformation and it should be primarily determined by the
contact geometry and material properties.

For normal indentation, finite element predictions suggest a significant influence of the
friction coefficient on the pile-up behavior [29-31]. Experimentally, a lubricant was reported to
decrease the indentation hardness [32, 33] and to increase the hardness in frictional sliding [34, 35].
From the viewpoint of the evolution of contact geometry, the friction force pushes the material
downward during normal indentation while it pushes the material upward and to the front in
frictional sliding. This fundamental difference on the influence of friction on the flow can explain
the different effects on hardness. However, detailed analysis is needed for a quantitative prediction
of the effect of friction in sliding contact.

In this work, we first present experimental results obtained on a model material system to
demonstrate the strong influence of plastic flow properties on the pile-up behavior. The results are
compared with predictions from our numerical study [22]. Based on a comparison of experiments
with computational results, the effect of plastic strain hardening on the deformation field is
discussed. With the absence of significant previous information, we then explore the effect of
friction experimentally, using a lubricant, and numerically, using finite element methods.

2.2 Experimental and computational methods

2.2.1 Material system

Copper was selected as a model material system because large variations in the strain
hardening exponent can be introduced by controlling the grain size and composition. Commercially
pure copper (99.9%) and a single phase copper- 30 wt% zinc alloy were obtained from Noranda Inc
(Pointe-Claire, Canada) in the form of cold worked sheets that were 0.6 mm thick. Standard dog-
bone specimens were machined out of the sheets. After machining, the specimens were divided into
three groups that were then heat-treated for recrystallization at the temperature of 450, 600 or
700°C for 3 h. The microstructure of each alloy was then characterized in detail, including a
quantification of the average grain size d as listed in Table 2.1. With pure Cu and the brass alloy, a
total of 6 material conditions were investigated. In the absence of other significant changes to the
microstructure, the conditions with the different heat-treatments allowed for a specific effect of the
grain size on the frictional sliding response.

Tensile tests were carried out on all materials to quantify the plastic deformation response.
Prior to testing, the specimens were marked with ink a specified distance intervals to independently
measure the plastic strain at maximum tensile strength. The stress-strain curves were corrected for
machine/specimen compliance, and consistency was obtained between the critical engineering
strain, i.e. strain at tensile strength, and the permanent elongation of the specimens that was
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determined by the marking technique. A true stress vs true strain deformation representation was
used to fit the data with the flow stress relationship:

n

E
=0, 1+—sp
o
y 2.1

where &, is the equivalent plastic strain, o is the initial yield strength, E is the Young’s modulus of
the material and n is the strain hardening exponent. The results from this fit are summarized in
Table 2.1 and three example curves are shown in Figure 2.1. In the fitting procedure, more weight
was given to the later part of the experimental curve where the plastic strain is most significant.

Table 2.1: Material conditions tested with average grain size, initial yield strength and strain
hardening exponent based on tensile test results.

Material T d G, n

°C 1wm MPa -
Cu 450 20+8 145 13
Cu 600 150 + 30 44 27
Cu 700 380 + 50 28 29
Cu-Zn 450 27£6 45 35
Cu-Zn 600 76 + 10 15.5 41
Cu-Zn 700 180 + 20 7 45

T LI T T T T ] T
601 -7 A

True Stress (MPa)
&
1

201 - - - - Fitted i
= Cu-Zn 450°C |
101 « Cu450°C 4
+ Cu-Zn 700°C -
®- T T 1 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
True Strain

Figure 2.1: True stress versus true strain curves for three different materials and the associated fitted
function using power-law strain hardening.
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2.2.2 The frictional sliding experiments

All specimens were mechanically polished to a surface roughness of less than + 5 nm and
tested on a commercial nanoindentation test system (Nanotest ™, Micro Materials Ltd, Wrexham,
United Kingdom). The indenter was a conical diamond with an apex angle € of 70.3° and a tip
radius of 2 um. For the conditions of penetration depth investigated, the scale of experimentation
was sufficiently large to consider this indenter as perfectly conical. The experiments were carried
out under constant normal load P, at a velocity of 10 um/s and over a total distance of 1500 pum,
which was sufficient to attain steady state conditions after approximately 300 wm and continue to
generate a region of valid steady-state profile. After the experiment, a series of at least 30 cross-
sectional residual profiles were obtained over the steady state regime by using a Tencor P10
profilometer (KLA-Tencor, San Jose, California). The profilometer was equipped with a conical
diamond probe which had an apex angle of 45° and a tip radius of 2 um. The steady state regime
was also observed with a Leo VP438 scanning electron microscope (Leo Electron Microscopy Inc,
Thornwood, New York).

A schematic section of a residual scratch profile is presented in Figure 2.2 where a graphical
representation for the pile-up height 4, the residual penetration depth h, and the contact radius a, is
presented. The contact radius a, can be used directly to calculate the overall resistance to
penetration using the traditional definition of hardness [1, 36-38]

2P

- 2
Ta.

H 2.2
where P is the applied normal load. Assuming the absence of significant size effects, the main
advantage of the conical geometry is the size-independence due to self similarity. With this

assumption, the simple ratio of h,/h, provides an indication on the tendency of the material to form
a high pile-up.

(a) Residual profile: (b) Indenter geometry:
2a,

<
<

v

»

\)/

y

x (Sliding direction)

Figure 2.2: (a) A section of a residual scratch profile where the pile-up height (%,), the residual
penetration depth (k,) and the contact radius (a,) are indicated, and (b) a schematic view

of a conical indenter with an apex angle 6. Also shown is the coordinate system for the
analysis.
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Friction is the third parameter of relevance to the current problem that can be analyzed
experimentally and computationally. Because friction occurs at two different levels, we will
separate their contribution by expressing the overall friction coefficient as

F
My = 7‘ = f(u,,1,) 23

where F, is the total tangential force, 4, is the coefficient of friction for the normal contact local and
M, is friction contribution from the work of plastic deformation. /4, is governed by Amontons’s law
of friction with specifies the ratio between the normal pressure and the local tangential traction
tensor. The parameter £, will be varied experimentally using an isostearic acid (Century 1105,
Arizona Chemical, Jacksonville, Florida) as a liquid lubricant. The lubricant had a viscosity of 70
cps at 25°C and it contained mainly C;3 branched chains (59%) and Cs cyclic chains (11%).

2.2.3 Dimensional and numerical analysis

For steady state frictional sliding of elasto-plastic materials, the contact conditions can now
be analyzed and predicted in detail. To simplify the elastic contributions from the material and the
indenter, we used the reduced modulus [38]

2 T
E*=[(1-vz)+(l_v" )} , 2.4
E E.

where E; and v; are the Young’s modulus and Poisson’s ratio of the indenter, respectively. For the
diamond used in the experiments, E; = 1100 GPa and v; = 0.07 [39]. The elastic constants specified
for polycrystalline Cu were taken to be: E =110 GPa and v = 0.35 [39]. These properties were
assumed to be isotropic for the conditions tested.

For a fixed cone angle 8= 70.3° and friction coefficient 4, = 0.15, three new dimensionless
functions have been defined using dimensional analysis and evaluated numerically through a
comprehensive parametric study [22]. Under the assumptions for 8 and 4, these functions predict
the frictional sliding response based on material properties and the following closed-form solutions:

o2(n)
o H o
I (n,—2) === |=al(n)| —= , 25
TUE* o E*

y

Tyt _ % P
Hﬂ(n,ﬁ)— B, —Hp,Rp(n)/ |:1+[Xﬂ(n)E*J } and 2.6
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I'I(n D= [ ) =, =M, + (Hm, 'u"y{H[X,(n)E*J } 2.7

where the subscript gp indicate the value of the function at the limit of rigid plastic properties, the
variable F, is for the overall lateral force and the variable 1, is for the overall friction coefficient.
Simple numerical expressions were provided [22] for the other numerical terms for the sub-
functions of n (@l(n), a2(n), I1gre(n), Xg (n), pg(n), X,(n) and p,(n)) and the constant I, z,. With
these functions and their underlining assumptions, one can specify the elasto-plastic properties of a
material and predict the frictional sliding response in terms of normalized scratch hardness HJ/ o,
(ITp), ratio of pile-up height (I1) and overall friction coefficient 14, (I1,).

In their most general form, these dimensionless functions are expressed as:

I,=f (n ,,ua ,0), 2.8
=f (n 5 Ha> 0) and 29
I, f(n =1y, 6). 2.10

For the current study, we specifically investigate the effect of the friction coefficient 4,, which will
add a dimension to the dimensionless functions I1,, Iz and I, presented in Equations 2.5 to 2.7.
On the other hand, the parameter @ remains fixed at 70.3° in this study. Full three-dimensional
models were used because the stress and strain fields generated by frictional sliding cannot be
approximated using two-dimensional or axisymmetric mesh domains. The complete mesh domain
contained 170,000 reduced integration 8-noded elements. The finite element computations were
performed using the general purpose software package ABAQUS [40]. The solution method was
explicit and based on Eulerian boundaries where the mesh remains stationary. Additional details on
the meshing procedure and validation are provided elsewhere [22]. The approach was well tested
for mesh refinement and convergence, and for the independence of the solution method adapted.

Finite element solutions were obtained for fixed values of the friction coefficient 4, = 0, 0.08,
0.2 or 0.3 for. For the materials with a plastic strain hardening exponent n < 0.2, 4, was limited to a
maximum value of 0.2 because higher 4, could generate physical and numerical instability due to
excessive pile-up [22]. In the complete parametric study a minimum of 6 cases of o/E were
explored for any combination of » and g, covered, adding a total of 90 cases to the former study
[22] that focused on 4, = 0.15. The same procedure as in the former study was used to extract h,, h,
and a, from the nodal position of the residual profile. The finite element results from both studies
were all incorporated into the new dimensionless functions so as to develop a comprehensive
understanding of the effects of E, g;, n and 4, on frictional sliding.
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2.3 Results and Discussion

2.3.1 Effects of material properties

Frictional sliding experiments were performed on pure Cu and Cu-Zn with the conical tip and
at a normal load P = 2 N. For each material condition, the experiment was repeated five times and
profilometry observation was carried out on all individual profiles. From these profiles the relevant
scratch parameters were calculated and compared with predictions using the dimensionless
functions. For each of the three parameters, Table 2.2 indicates a maximum difference between the
experiment and the predictions of at most 10, 15 and 5 percents for the hardness, pile-up and
friction, respectively. In addition, the differences between experiments and predictions indicate the
absence of a definite trend, suggesting that the overall dependence of sliding behavior on material
properties is correctly predicted over the range of material properties studied.

Table 2.2: Experimental results compared with the predictions made using the dimensionless
functions from the former study. The materials are listed in order of increasing n.

Material Properties H, (GPa) hy/h, Hiot
(treatment G, A A A
Tin°C) |Mpa |n | Exp. | FEM | (%) | Exp. | FEM | (%) | Exp. | FEM | (%)
Cu(450) 145 | 13| 066 |070| -7 | 7 | 70| O | .42 | .406
Cu(600) 44 | 271062 | 066 | 6 | 57 | 52 | 10| 43 | 409 | 5
Cu(700) 28 | 29| 060 [054| 10 | 51 | 50 | 2 | .42 | 410
CuZn(450) | 45 | 35| 113 | 1.13| 0 | 44 | 41 | 7 | 41 | 407 | 1
Cu-Zn(600) | 155 | 41 | 095 | 0.88 | 8 3 | 34 |-12| 40 | 410]| -2
CuZn(700) | 7 | 45| 081 |075| 8 | 28 | 28 | 0 | 41 | 411| O

As listed in Table 2.2, for a heat treatment at a given temperature, pure Cu has a higher initial
yield strength o, and a lower plastic strain hardening exponent 7 than Cu~Zn. It is also interesting
to note that, for the condition of same heat-treatment, the pile-up height is always lower in Cu—Zn
than in pure Cu. From the dimensionless function in Equation 2.6, a decrease in yield strength, as
seen with Cu-Zn, is predicted to always increase the pile-up height. Therefore, any significant
decrease in pile-up height observed with Cu—Zn is necessarily dues to the increase in the strain
hardening exponent. Also, Equation 2.6 predicts a limited sensitivity of pile-up height to the initial
yield strength o, for the entire range of material properties covered in this study. Therefore, we
primarily focus on the variation of n to interpret the results from these experiments. These
interpretations are also guided by our systematic and parametric studies of the effects of n on the
sliding response.
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A strong correlation was observed between the strain hardening exponent n and the
normalized pile-up height. Figure 2.3(a) presents five individual residual profiles for each of the
two materials recrystallized at the lowest temperature of 450°C, a condition for which # is 0.13 for
pure Cu and 0.35 for Cu—Zn. On this figure, the direction of motion of the indenter is normal to the
plane of the image. Although the profiles of the two materials are similar in general shape, the
average value of hy/h, decreases from 0.70 to 0.44 as n increases from 0.13 to 0.35. Similarly,
Figure 2.3(b) presents profiles for recrystallization at the highest temperature where n is 0.29 for
pure Cu and 0.45 for Cu—Zn. With the decrease in n between pure Cu and Cu—Zn, the average h,/h,
decreases by nearly two-fold, from 0.51 to 0.28. With an experimental scatter in height of the order
of £ 0.05 and an excellent reproducibility between the different scratches, the variations are
significant and well beyond the level of fluctuations observed during profilometry. For these two
specific examples, the initial yield strength of the material was lower for the high hardening case,
which would have increased the pile-up height based on Equation 2.6. Therefore, the decrease in
hy/h, can only be due to the increase in n. In fact, the decrease and variation between the conditions
shown Figure 2.3 would have been even more significant without the difference in initial yield
strength between the materials. Thus, the observed effects of n alone would be seen to serve as a

minimum variation.
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Figure 2.3: Cross-section profiles for the experiments on the materials recrystallized at (a) the lowest
temperature of 450°C and (b) the highest temperature of 700°C. There are five data sets
for each of the two materials.

Figure 2.4 presents secondary electron images obtained in a scanning electron microscope.
For each of the four material conditions, the images present the steady state regime and the final
termination of the experiment. In the steady state regime, the pile-up is more regular for the
samples recrystallized at 450°C than for those recrystallized at 700°C. At least in Cu~Zn, the
preferential orientation of the deformation bands illustrates an effect of individual grains. For pure
Cu recrystallized at 700°C, there are also changes in the orientation of the bands on the free surface
that are consistent with the intrinsic effect of grains. Since the grains are larger for the highest
recrystallization temperature of 700°C, the intrinsic effect of grains with different orientations could
well explain the variability in scar width and on the surface features.

The intrinsic effects from the microstructure have caused local fluctuations in the scratch
pattern such as the scar width and the pile-up height. However, it is interesting to note that the
average values remained consistent with the finite element predictions that are based on a
continuum formulation. Due to the lateral displacement, frictional sliding offers the specific
advantage to probe a larger volume of material and to generate relatively more accurate averages of
properties from a single experiment than a normal indentation test. However, further research is still
needed to fully characterize the effect of material and contact conditions on the response. In
particular, it is of interest to determine the extent to which the overall friction coefficient is
influenced by material parameters.
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The overall coefficient of friction /4, is a quantity that can be measured readily using an
instrumented nanoindenter wherein the frictional sliding experiment is performed. For all six
ductile materials investigated, Table 2.2 shows a maximum difference of less than 7% in the value
of i, A reasonable agreement was obtained between the experiments and the predictions.
However, at least for the range of conditions studied, it would be difficult to use only the friction
information to differentiate between the materials. A similar observation was also made from a
previous study on nickel where the effect grain-size refinement and large variations in yield
strength did not significantly change the overall friction coefficient [22]. Although the friction
coefficient /4, can be readily monitored during an experiment, the two scratch parameters that are
most sensitive to material properties are definitely the hardness and the normalized pile-up height.
In other words, for the conditions explored in this work, relatively little variation in overall friction
coefficient was found.

Our finite element simulations also provide useful information on the distribution of the
equivalent plastic strain underneath the indenter during frictional sliding. For this purpose, results
were extracted from the elements located in the unloaded region and at a distance ar./2 from the
symmetry plane. The results are reported as a function of the distance beneath the scratch surface.
Figure 2.5(a) presents a series of equivalent plastic strain contour plots for a relatively soft material
where oy/E* = 0.001. As the strain hardening exponent decreases, the equivalent plastic strain near
the surface increases significantly. For the strain distribution beneath the surface, it is clear that the
plastic strain deceases less rapidly for the materials with a higher hardening exponent. A more
distributed plastic strain with increasing n is consistent with the decrease in the pile-up height as the
flow of material is further from the material indenter interface.

The initial yield strength also influences the plastic strain distribution. Figure 2.5(b) presents
a similar series of results for a harder material where o;/E* = 0.01. Although the general shape of
these curves remains the same as those for the softer material, there is a general and significant
decrease in the magnitude of the plastic strain. When used together, Figure 2.5 (a) and (b) provide a
description of the evolution of equivalent plastic strain for different strain hardening exponent and
initial yield strength values. The hardening exponent significantly affects the distribution while the
initial yield strength clearly influences the average magnitude of the equivalent plastic strain.
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(a) S ®)

50 um

(d)

Figure 2.4: Top surface image over the steady regime and the termination of a scratch for: (a) pure
Cu recrystallized at 450°C, (b) Cu-Zn also at 450°C, (c) pure Cu at 700°C, and (d) Cu-Zn
also at 700°C. The indenter was traveling from top to bottom.
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Figure 2.5: Magnitude of the equivalent plastic strain beneath the indenter for (a) 6/E* = 0.001 and
(b) 6/E* = 0.01.
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2.3.2 Quantitative descriptions of sliding with friction

In the second part of this study, we consider the effect of the friction coefficient /4, on the
sliding contact response. Computationally, three parameters were varied independently: the friction
coefficient 4, the normalized initial yield strength o;/E* and the strain hardening exponent n. We
studied the effect of each of these parameters on the general dimensionless functions IT,, ITgand IT,
in Equations 2.8 to 2.10. Although different functions could have been used to represent the new
data, the general dependency on n and o;/E* was very similar to that of the earlier analysis which
led to the functional form in Equations 2.4 to 2.7. Therefore, the effect of the friction coefficient
was included in the former functional form by adding penalty terms. The new sub-functions and the
related values of it coefficients were determined by minimization of the residuals.

For the normalized scratch hardness H,/0,, the best fit was obtained by using the function

2.11

0, \[@2(n) + T, (1,)]
E k

I, = [%] =[el(n) +n T, (1,)]

y

with

30(u, —0.1
Fal(ﬂa)=0.12—0.64/[1+e e )],

25(4, 0.1
raz(ﬂa)=0.006—0.0278/ |:1+e S, )}

and the subfunctions (al(n) and a2(n)) as evaluated previously. For hardness, the contribution from
the friction coefficient 4, is included with the terms that previously depended only on the strain
hardening exponent n. The sub-functions I'y; and T’y are exponential growth functions and their
value monotonically varies with 4,. They were especially chosen to minimize the error when fitting
all the data throughout the range of material properties.

Figure 2.6 presents this function I, and the associated finite element data points on log-log
plots of the normalized hardness H/o, versus the normalized yield strength o; /E*. In such a
representation, each series of adjacent curves represents different values of 4, and the different
series are for the different values of n. Based on this plot, the effect of friction appears most
minimal at a transition point where n = 0.35. For n above 0.35, the hardness apparently increases
with increasing 4, but the effect is relatively limited. For n below 0.35, the hardness decreases with
an increase in the friction coefficient 4. This decrease in hardness could be due to an increase in
the amount of material being pushed to the side of the indenter and the increase in the area of
contact through a higher pile-up.
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Figure 2.6: Effect of the friction coefficient 4, on the normalized hardness versus normalized yield
strength relationship.

The second function studied is 14 for the normalized pile-up height A,/h,. The behavior of
this function should be asymptotic on both sides with little influence of yield strength for rigid
plastic materials and with a residual height of zero in the elastic limit. The logistic function selected
in previous study respects both of these limits and it allows for a simple expression of the pile-up
height:

=

o

. p/;(n)
. ; o ' 2.12
5 h pre (M) Tg e (£4,) [Xﬂ(n) Typ(4,) E *]

with

Ty zp(1,) =0.909+0.627 11, ,
Typ(f,) =0.651+1.210, +7.6141,%,

and the sub functions of n (Ilgrp(n), X3 (n) and pg(n)) as evaluated previously. Figure 2.7 presents
the function evaluated at the different values of n and 4, for which we have finite element results.
The sets of curves for the specified values of 7 illustrate in more detail the combined influence of n
and oyE* on hy/h,. Within each set of these curves, the normalized pile-up height h,/h, always
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increases when the friction coefficient 4, increases. This increase in height can be associated with
an increase in the interaction forces that push the material to the front and laterally.

The absolute value of the offset in h,/h, caused by variations in g, is significant and it only
weakly depends on material properties for the strain hardening exponent range: 0.02 < n < 0.35. For
the largest value of n = 0.5, the effect of friction is significantly decreased as the conditions for a
transition between pile-up and sink-in are approached. The sink-in phenomenon was observed in
the simulation for n = 0.5 and ¢, /E* > 0.005, but the results are not presented because sink-in
results in a residual position of contact that does correspond to the position of the maximum height
on the residual pile-up. Including these effects would require a more detailed analysis that would
probably find a limited practical interest because very few practical materials are harder than the
range covered here.

10 e e e
u, values
1 o6
08+ =~ 0.08
0.15

c/E*
y

Figure 2.7: Effect of the frictional coefficient 4, on the normalized pile-up height versus normalized
yield strength relationship.

The last function IT, is for the overall friction coefficient z4,, or the ratio of the lateral force F,
over the normal force P for the interaction between the indenter and the surface. The effect of
friction was incorporated to yield

(o}

F p,(n)
0 o(E)_ _ 4o r _ 14 y 4 2.13
Y [P] Ko = H, ( 7.RP " y.RP (ﬂa) Iua) {Xy(n) FX}'(/ua) E *J
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with
T, e (4,) =0.586+2.64, +0.8774,",

Ty, (4,) =0.8+133u, +0.235u,

and the sub functions of n (Il,zp, X, (n) and p, (n)) as evaluated previously. To emphasize that t,,
is a sum of two contributions from the quantities £, and z, (see Equation 2.3). 4, encompasses all
the contributions to the lateral force that cannot be accounted for by Amontons’s law of friction
with a coefficient 4, evaluated from the nominally elastic contact between two bodies. Therefore,
M, account for all increases in F, that are required to deform the material plastically and to move it
under and on the side of the indenter to leave the path for the indenter. Therefore, i, would be the
primary term to depend on material properties.

Figure 2.8 graphically represents the function IT, where the sets of adjacent curves are now
for a given value of the friction coefficient 4, and the different series are for the five different
values of x,. The curves were plotted using Equation 2.9 but the finite element data points are also
included to illustrate the fitting accuracy. For the different values of y,, the representation also
indicates a limited dependence of material properties for all the cases, but that for a given set of
material properties, the /4, term consistently increases with £,. Another feature that persists for the
different values of 4, is the independence of friction on material properties in the limit of rigid-
plastic behavior. v
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Figure 2.8: Effect of the frictional coefficient 4, on the overall friction coefficient versus normalized
yield strength relationship.
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An experimental study was undertaken to measure and control the friction coefficient. 4, was
measured through a repeated frictional sliding test in which a spherical tip with a radius of 100 um
was used for repeatedly sliding over the same area 12 times. The normal load P was fixed at 1 N
and the material was a high strength specimen of pure copper with an indentation hardness of 1.5
GPa. Under those conditions, the ratcheting or deepening of the impression progressively reduced
and became negligible after approximately 8 passes. Figure 2.9 shows the raw friction signal
obtained during such an experiment. The friction coefficient is found to decrease from an initial
value of approximately 0.22 for the first pass to a steady state value of approximately 0.14. This
technique of measuring £, may result in a small overestimation with a potential for a limited
amount of plasticity in steady state, but it offers a reasonable estimate £, in an efficient manner.
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Figure 2.9: Experimental determination of the friction coefficient 4,. From top to bottom the curves
represent the coefficient of friction g, for an increasing number of passes over the same
area until a steady state is reached. In steady state regime the ratcheting effect vanishes
and g, becomes approximately the friction coefficient z,. The dotted lime at the bottom is
for the steady state with lubrication.

To experimentally vary 4, we used the isostearic acid (c.f. Section 2.3.2) as a liquid
lubricant. The lubricant was added to the surface and the tip after carrying out the load and
displacement calibrations. With the relatively small velocity of the tip, the conditions allowed only
for boundary lubrication. To verify the influence on g, the experiment with a spherical tip
presented in Figure 2.9 was followed by another experiment under the same conditions but with

lubricant. For each pass, the friction coefficient was significantly lower with a lubricant and Figure
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2.9 presents the results for the steady state regime. The use of lubrication enabled to decrease the
steady state friction coefficient from 0.14 to 0.11. This 25% decrease could have several beneficial
effects including a reduction in the tendency to form chips in hard materials for which the plastic
strain hardening exponent is limited. The variation also allows for a more comprehensive
comparison between computational predictions and experimental results.

Frictional sliding experiments were carried out with the six different Cu specimens under the
same conditions described in Section 2.4.1 except for lubrication. The results for the normalized
pile-up height are presented in Figure 2.10 and compared with the earlier results without lubricant.
The materials on Figure 2.10 are classified by their value of the strain hardening exponent n. The
values of the pile-up height is consistently lower with a lubricant, but the effect of lubrication is
found to progressively decrease with increasing n and eventually vanish for n = 0.5. For the scratch
hardness, the results presented in Table 2.3 are consistent with the predictions from the simulation
for n below 0.35 where the hardness increased with decreasing 4,. Above n = 0.35, a decrease in
hardness was observed for all three Cu—Zn alloys to an extent slightly larger than that predicted
computationally. A detailed comparison between the experimental results with lubrication and the
finite element predictions is presented in Table 2.3. For hardness and pile-up height, the maximum
difference between the experimental results and the predictions is within 11%. For the conditions
tested, we find a reasonable agreement for the trends and absolute values.
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Figure 2.10: Influence of lubrication on the experimentally measured values of the pile-up height. The
numbers in parenthesis are the values of the initial yield strength in units of MPa for each
case.
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Table 2.3: Experimental results compared with the predictions made using the new analysis that
incorporates the effect of lubrification. The materials are listed in order of increasing 7.

Properties H, (GPa) hy/h,

Material o A4 pa|

(Tin°C) |MPa |n Exp. | FEM | (%) | Exp. | FEM | (%)
Cu (450) 145 | 13 | 071 (073 | -2 | 063 | 068 | -7
Cu (600) 44 27 (070|067 4 | 047 | 050 | -7
Cu (700) 28 29 1062056 | 11 045 | 049 -7
Cu-Zn (450) | 45 35 (119|117 | 2 | 041 | 039 4
Cu-Zn(600) | 155 | 41 [ 092|091 | 1 | 029 | 033 | -11
Cu-Zn (700) 7 45 [ 078 1078 ( O | 0.28 | 0.28 1
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2.4 Conclusions

The frictional sliding contact of elasto-plastic materials was studied experimentally and
computationally. The following conclusions can be drawn.

L.

A large plastic strain hardening exponent significantly decreases the normalized pile-
up height for the material left on each side of the scar. A more refined grain
microstructure reduces the variability in the frictional sliding process, but it also
increases the normalized pile-up height.

A large plastic strain hardening exponent or higher yield strength decreases the
magnitude of the equivalent plastic strain underneath the indenter. It also distributes
the strain to a greater distance beneath the surface of contact.

Dimensionless functions developed in our parallel study [22] on instrumented
frictional sliding were modified to include the effect of the friction coefficient. For
materials for which the strain hardening exponent is below 0.35, the scratch hardness
increases if the friction decreases.

The most significant effect of friction is to increase the normalized pile-up height.
The effect decreases for very large values of the strain hardening exponent. No
previous studies had reported the specific effect of friction on the frictional sliding
response of a large variety of materials.

An isostearic acid used as a boundary lubricant can decrease by 25% the friction
coefficient between the surface and the diamond tip. The experimental effect of
lubrication on the hardness and pile-up was consistent with the finite element
predictions.

The frictional sliding experiment can be well controlled and designed to consistently yield
results in agreement with the computational predictions. It could become an alternative or a
complement to a normal indentation test.
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Chapter 3: Frictional sliding contact as a test technique to
determine plastic properties

In the previous chapters, dimensionless functions we derived and evaluated numerically
using finite element methods. This chapter illustrates the increased sensitivity to plastic flow
properties by presenting results from frictional sliding on two distinct materials with the same
indentation hardness. Thereafter, the sensitivity to plastic flow properties is exploited to develop
algorithms to extract plastic flow properties from a frictional sliding experiment. The sensitivity of
the algorithm is analyzed using the experimental results obtained in Chapters 1 and 2.

3.1 Introduction

The hardness of materials is known to depend on elastic properties, plastic properties,
indenter geometry and loading conditions. Testing techniques have been recently improved to
establish closer connections between the indentation response and specific material properties [1].
The development and commercialization of depth-sensing instrumented indentation systems has
enabled the continuous monitoring of force and displacement during loading and unloading. Most
of the new analysis techniques employ these force-displacement measurements for the extraction of
material properties. The algorithms developed include those based on measurements from a single
sharp indenter [2-7], from sharp indenters having different apex angles [8-10] or from a single
spherical indenter [11, 12]. With these techniques, it is now possible to use the indentation response
and extract estimates for the elasto-plastic properties.

Frictional sliding or scratch testing is an alternative technique to characterize the hardness
and response of materials in contact with hard indenters. During frictional sliding in conditions
where the tip apex angle is large enough to prevent the onset of discontinuous plasticity [13, 14], a
steady state regime is reached after applying a constant normal force over a sufficient distance. The
characteristics of the residual scratch profile in this steady state regime can be used to document the
resistance and properties of materials. Early studies showed variations in the ratio of indentation
hardness to scratch hardness between different materials [15-17], suggesting that the two quantities
would not correlate. Furthermore, studies based on the finite element method indicated that the
plastic strain generated beneath the surface is much greater in frictional sliding than in normal
indentation [18, 19]. Therefore, frictional sliding is an alternative technique that could be used to
probe material properties under conditions of larger values of plastic strain.

Recently, progress was made in determining the relationships between the frictional sliding
response and material properties. Dimensionless functions were established to predict the residual
scratch profile parameters by using the elasto-plastic properties of the materials as an input [19].
This work differed from the previous work on frictional sliding [18, 20-23] because the effect of
plastic strain hardening was included and a large range of elasto-plastic properties was covered. In a
subsequent study [Ch2], a series of experiments on the copper system demonstrated experimentally
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the strong influence of plastic strain hardening on the pile-up height. The effect of the friction
coefficient was also investigated, both numerically and experimentally. It was found that a major
effect of friction is to increase the normalized pile-up height.

In this study, we provide experimental evidence that the frictional sliding experiment could
complement indentation hardness. The plastic flow properties of an aluminum alloy were tailored to
provide the same indentation hardness with different dispersions of precipitates. A significantly
different behavior was observed in the frictional sliding experiment and compared with the
predictions. Additionally, the methodology is used to develop a new procedure for extracting
plastic flow properties from the frictional sliding test. This method is tested for sensitivity, accuracy
and stability of the solution.

3.2 Experimental and computational methods

3.2.1 Choice of a model material system

A high purity 2000 series aluminum alloy was selected to generate two materials with the
same indentation hardness but different microstructures. The alloy AA 2524-T3 was received from
Alcoa (Alcoa Technical Center, Alcoa Center, Pennsylvania) as a sheet product 0.8 mm thick.
Standard tensile specimens were machined out of these sheets according the ASTM E-8 with the
axis at 45° from the rolling direction in order to probe the average properties. The machined
specimens were heat-treated at 190 * 5°C for different periods of time. After this aging treatment,
microhardness and tensile tests were carried out to determine the properties of the alloy.

The tensile tests were carried out based on the ASTM E-8 test standard [24] to obtain a
precise estimate of flow stress evolution. The specimens were marked prior to testing to
independently measure the plastic strain at the ultimate strength. The stress-strain curves were
corrected for machine/specimen compliance, and consistency was obtained between the critical
engineering strain, i.e. strain at the ultimate tensile strength, and the permanent elongation of the
specimens that was determined by marking. A true stress—true strain deformation representation
was used to fit the data with the flow stress relationship:

3-1

where &, is the equivalent plastic strain, o; is the initial yield strength, E is the Young’s modulus of
the material and » is the strain hardening exponent.
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3.2.2 The frictional sliding experiments

The specimens were mechanically polished with the rolling direction normal to the plane.
The final surface roughness was less than + 5 nm as characterized using a Q-Scope 250 (Quesant
Instrument Corporation, Santa Cruz, California) atomic force microscope in non contact mode. The
specimens were then tested on a commercial nanoindentation test system (Nanotest ™, Micro
Materials Ltd, Wrexham, United Kingdom). The indenter was a conical diamond with an apex
angle @ of 70.3° and a tip radius of 2 um. For the conditions of penetration depth investigated, the
scale of experimentation was sufficiently large to consider this indenter as perfectly conical. The
experiments were carried out under constant normal load P, at a velocity of 10 wm/s and over a
total distance of 1500 um, which was sufficient to attain steady state conditions after approximately
300 um and continue to generate a region of valid steady-state profile. After the experiment, a
series of at least 30 cross-sectional residual profiles were obtained over the steady state regime by
using a Tencor P10 profilometer (KLA-Tencor, San Jose, California). The profilometer was
equipped with a conical diamond probe which had an apex angle of 45° and a tip radius of 2 pum.

A schematic section of a residual scratch profile is presented in Figure 3.1 where a graphical
representation for the pile-up height £, the residual penetration depth 4, and the contact radius a, is
presented. The contact radius a, can be used directly to calculate the overall resistance to
penetration using the traditional definition of hardness [25-28]

_ 2P

Hi=—
wa:

. 3.2

where P is the applied normal load. Assuming the absence of significant size effects, the main
advantage of the conical geometry is the size independence. With this assumption, the simple ratio
of hy/h, provides an indication on the tendency of the material to form a high pile-up.

(a) Residual profile: (b) Indenter geometry: é
Za, E\H

y

v

d
|

x (Sliding direction)

Figure 3.1: (a) A section of a residual scratch profile where the pile-up height (h,), the residual
penetration depth (%,) and the contact radius (a,) are indicated, and (b) a schematic view
of a conical indenter with an apex angle 8. Also shown is the coordinate system for the
analysis.
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Friction is the third parameter of relevance to the current problem that can be analyzed
experimentally and computationally. Because friction occurs at two different levels, we will
separate their contribution by expressing the overall friction coefficient as

F
ﬂtot =Ft=f(ﬂa’ﬂw) 3.3

where F, is the total tangential force, 4, is the coefficient of friction for the normal contact local and
My is friction contribution from the work of plastic deformation. 4, is governed by Amontons’s law
of friction with specifies the ratio between the normal pressure and the local tangential traction
tensor. From a previous study [Ch2], it have been found that 4, depends only limitedly on material
properties. On the other hand, the effect of 4, on the response was significant. To determine /4,
experimentally we used the repeated pass technique described elsewhere [Ch2] and found a
coefficient of 0.15.

3.2.3 Dimensional and numerical analysis

In steady state frictional sliding of elasto-plastic materials the contact conditions can now be
analyzed and predicted in details using dimensional analysis and finite element methods. The
elastic contributions from the material and the indenter can be simplified using the reduced
modulus [28]

2 2,7
E*=[(1_” ), (-, )} , 14

E E.

{

where E; and v; are the Young’s modulus and Poisson’s ratio of the indenter, respectively. For the
diamond used in the experiments, E; = 1100 GPa and v; = 0.07 [29]. The elastic constants specified
for polycrystalline Cu were taken to be: £ =73.1 GPa and v = 0.33 [29]. These properties were
assumed to be isotropic for the conditions tested.

For frictional sliding contact, independent functional can be expressed for independent
quantities such as the scratch hardness H; and the pile-up height 4,. By making the quantities
dimensionless and using the [] theorem, the functions can be evaluated numerically and then used
for any specific material condition within the solution space. For a fixed cone angle 8 of 70.3°, the
finite element results from a detailed parametric study enabled to numerically determine the
dimensionless functions:

) 35

o, \[a2(n)+ T, (u,)]
E *

In, = [%J = [al(n) +nl, (4, )][

y
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where the subscript g indicates the value of the function at the limit of rigid plastic properties, the

variable F; is for the overall lateral force and the variable 4, is for the overall friction coefficient.
Simple numerical expressions were provided [19] for the other numerical terms for the sub-
functions of n (al(n), a2(n), I1gre(n), X5(n), pg(n), Ilgg, X, (n), py(n)) and the sub-functions of 4,
Tot (o), Tz (o), Tgrr (Ma), Txp (o), Tyrr (), Txy(1)). With these functions and the underlining
assumptions, one can specify the elasto-plastic properties of a material and predict the response in
terms of the normalized scratch hardness H,/ g, (I1y) , the ratio of pileup height (I1p) and the overall
friction coefficient p (I1,) . The third function IT, for the overall friction coefficient was omitted in
the analysis because of its low sensitivity to material properties as demonstrated in previous
experiments (Ch1, Ch2).

3.3 Results and Discussion

3.3.1 Indentation hardness versus scratch hardness

The evolution of hardness as a function of aging time is presented in Figure 3.2 for the
aluminum alloy used in this study. The hardness initially decreases and then rapidly increases.
Subsequent to a maximum which occurs between 5 and 10 hours, the hardness progressively
decreases to its original value of 142 HV after 200 hours. These results on the aging behavior are
consistent with literature data on similar alloys [30]. For the frictional sliding experiments, we
tested the materials in the as-received condition and in the condition aged for the longest period of
time of 200 hours. This condition leads to two materials with the same indentation hardness.
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Figure 3.2: Evolution of microhardness of the aluminum alloy AA2524-T3 with aging time.
The horizontal dotted line is for the hardness of the as-received material.

Figure 3.3 compares the residual cross-sectional profiles from frictional sliding experiments
on the two materials. The scales are normalized by the residual penetration depth A,, so as to
develop a better relative comparison of the behavior. The profiles from the as-received specimen
present a lower maximum height h, and a smooth transition from the maximum towards the
original un-deformed surface. For the aged specimens, the maximum height k, is higher and the
transition from the maximum to the original surface is significantly more abrupt. These differences
in the relative shape of the profiles could well translate into a different resistance to tribological
damage. A more blunted profile would reduce the amount of material removal in a subsequent
tribological event.

The average normalized pile-up height and the experimental scratch hardness are presented in
Table 3.1. Although the materials have the same indentation hardness, the scratch hardness of the
as-received specimen is 18% higher while at the same time its pile-up height is 30% lower. These
differences offer new experimental evidence that two similar materials with the same value of the
indentation hardness can have a different scratch hardness as well as a different behavior in
frictional sliding. With the differences observed, the results clearly indicate an influence of the
testing technique on the comparative ranking of the materials. For a given application, it may prove
most appropriate to use the testing technique that reproduces more closely the real contact
conditions.
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aged conditions. The sliding direction is normal to the plane.

-78 -



The size and distribution of the hardening precipitates was the main microstructural
parameter varied through the aging treatment. This treatment changed the plastic strain hardening
characteristic of the material, and these changes in the plastic flow properties of the alloy can be
used to interpret the difference in the frictional sliding response. As listed in Table 3.1, the aging
treatment resulted in an increase in initial yield strength o;, but also a significant decrease in the
strain hardening exponent n. Using the dimensionless functions I1, and Il from Equations 3.4 and
3.5, the increase in ¢, would increase hardness and decrease pile-up for the aged material.
Therefore, the only possible explanation for the decrease in scratch hardness and the increase in
normalized pile-up height is that aging reduced the plastic strain hardening exponent.

Table 3.1 also presents the predictions obtained from the elasto-plastic properties and the
dimensionless functions I, and I1g. A good correspondence is observed between the experimental
measurements and the predictions with differences less than 8% in all cases. In addition to the
aluminum alloy presented in this study, we used the dimensionless functions I, and Il to interpret
results from frictional sliding response of pure nickel, pure copper and a single phase brass alloy.
For each of these materials, we studied a large range of grain sizes and found an excellent
correspondence between experimental results and predictions.

Table 3.1: Summary for the comparison between finite element predictions and the experimental
results. The plastic properties of the materials are listed as a reference.

Experimental Plastic properties FEM predictions
Hg (GPa) hp /h, o, (GPa) n Hg (GPa) hp/h,
As-received 13+.2 0.54+.13 0.22 18 1.28 .58
Aged 1.L1+£.1 0.79 .15 0.33 .08 1.14 .76

3.3.2 Extracting properties from the frictional sliding experiment

With a well-tested methodology for predicting the frictional sliding response from
mechanical properties, attention is now directed at how the functions IT, and ITzcould be used to
extract properties from the frictional sliding experiments. As part of the analysis, we will consider
the sensitivity of the technique to errors in the experimental data. Figure 3.4 presents a summary of
the proposed reverse algorithm and related assumptions. The algorithm assumes that coefficient of
friction g, is known. It is assumed that the friction coefficient 4, is independent of the pressure
applied and that the value of 4, is determined experimentally following a methodology such as the
nearly elastic contact [Ch2]. It also assumes known elastic properties for the tip and the material,
indicating that the value of E* needs to be determined. It also requires that to the real material
plastic flow relationship can be approximated by a power-law and the incremental theory of
plasticity. Finally, the indenter is considered as a perfect cone with an apex angle of 70.3°.
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With the measured values of H and h,/h, as principal experimental inputs, the objective is to
extract n and g/E*. The dimensionless functions can be rewritten as:

el B i) [Z_J i [(%J/(“l(m +nT, (ua))] e

and

by

4 ? H’
T (IT,,n,1,) = 'h—p =115 zp(n) Fﬂ.Rp(ﬂa)/ |:1 + {Xﬂ(n) l";(,u ) ]pﬂ(n)] . 3.9

To solve this system numerically, we need to replace the expression of IT'; in IT's and to solve
numerically I1’s by varying » until reaching the experimental value of h,/h,. As it will be shown in
the next figures, the value of h,/h, steadily decreases with increasing n, simplifying the solution
procedure. Once n is determined by iteration on IT', it can be inserted back in IT', to determine
o/E*. To solve numerically this system, the set of equations can be implemented in a calculus
spreadsheet by reserving columns for the outputs and for each sub-function of n or 4,. A single
iteration loop is need for solving IT's through determining n. To complete the algorithm, it is
important as a final step to verify whether the numerical solution for » and o/E* is within the
bounds covered by the parametric study used to establish IT'; inIT's:

o
(4.8x107%)n"2 < (E—y*] <(55%107%)e™"™", where 0<n<05, 3.10

This range of material properties covers a large variety of engineering materials, but there are
exceptional cases outside the range defined above that would need a different analysis [19].
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Figure 3.4: Summary of the reverse algorithm proposed to extract plastic flow properties from a
frictional sliding experiment

The solution field for the reverse analysis can be represented graphically with the plastic flow
properties 6/E* and n as coordinate axis. For the purpose of the discussion in the remaining of this
section, the friction coefficient g, is fixed at 0.15. The first set of curves for the solution is
presented in Figure 3.5 for specific values of the normalized hardness Hy/E*. For each curve, H/E*
was set at fixed value and the material parameters were varied to identify all possible combinations
of solutions. The solutions for constant H/E* all have a decreasing slope, indicating that a decrease
in normalized initial yield strength o;/E* can be counterbalanced by an increase in n in order to
maintain a constant hardness. |
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Figure 3.5: Combinations of normalized yield strength o/E* and strain hardening exponent  for
which the normalized hardness H/E* remains constant. The different curves are for eight
different values of H/E*,

To complete the representation of the solution, curves for constant values of the normalized
pile-up height h,/h, are presented in Figure 3.6. On this plot, the vertical scale for the normalized
yield strength o/E* was changed to logarithmic in order to improve the resolution for soft
materials. The curves of constant 4,/h, have a relatively high negative slope, especially at low yield
strength or high strain hardening exponent. Each of these constant 4,/h, curves intersects with the
second set of curves for a constant hardness H/E*. These hardness curves are reproduced from the
previous Figure 3.5 and included to discuss the solution to the algorithm for extracting properties. It
is clear from the two sets of curves shown that the fields are continuous and monotonically varying
with properties. Also, throughout the regime, the local slope of the constant 4,/h, curves is always
higher than the slope of constant H/E*. Therefore, to each set of values for H/E* and hy/h,
corresponds a single intersection point in this plane of plastic flow properties, o/E* versus n. At
the same time, the stability of the solution is ensured for the algorithm of extracting plastic flow
properties from H/E* and hy/h,. Providing that the elastic and contact properties are known, the
normalized hardness and the normalized pile-up height are sufficient to determine the plastic strain
hardening exponent and the initial yield strength.
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Figure 3.6: Solution field for extracting plastic flow properties from scratch hardness and normalized
pile-up height ,/h,. The series of curve with the lowest slope is from Figure 3.5 for the
different values of the normalized hardness H/E*. The new series of curve is for the
different values of the normalized pile-up height that decreases from left to right.

The reverse algorithm and the curves presented here can be used as a reference for comparing
materials on the basis of constant hardness. We consider an example where the normalized
hardness H/E* is maintained fixed at 0.02 and we want to determine which sets of plastic flow
properties would respect the constraint. According to Figure 3.6, there is a continuous spectrum of
solutions for going along the specific curve of H/E* = 0.02. Five different possibilities were
depicted among all possible solutions and Figure 3.7 presents the constitutive stress-strain curve of
each of them. Although these materials will yield the same H/E*, other parameters of the frictional
sliding behavior can differ significantly including the indicated variation in normalized pile-up
height h,/h,. The material with the lowest yield strength may appear softer on the basis of its plastic
flow properties up to a flow stress of approximately 30%, but this material has the same scratch
hardness and a significantly lower normalized pile-up height h/h,. Clearly, hardness alone is an
incomplete predictor of the response in frictional sliding.

On the other hand, the practical significance of decreasing the pile-up height h,/h, cannot be
assessed quantitatively from the framework used in the study. In principle, a more blunted pile-up
with a lower maximum height would be less likely to be removed in subsequent tribological events.
A lower h,/h, may also make the material less prone to plastic instability or chipping when the tip
apex angle @ decreases. However, more research is needed in this area before quantitative
relationships can be established.
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Figure 3.8: Abacus for estimating the strain hardening exponent and the normalized initial
yield strength from the normalized scratch hardness and the normalized pile-up
height.
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To complement the above methodology on extracting properties from the dimensionless
functions I1, inI1g, Figure 3.8 presents an abacus with several intermediate values for the curves of
the constant H/E* and constant 4,/h,. On this abacus, the underlined numerical values are for the
H/E* curves; whereas, the dotted lines for h,/h, are all at a 0.05 offset from the solid lines. This
abacus could be used as a tool to identify alternative combinations of properties and their
characteristics in frictional sliding. The representation is subjected to the same underlying
assumptions and it was drawn for a friction coefficient g, of 0.15. It could also serves as a first
order approximation of the solution scheme presented in Figure 3.8.
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Figure 3.9: Variation in the value of hardness H; and normalized pile-up height h,/ h, that
results from a friction coefficient i, different than 0.14.

3.3.3 Sensitivity analysis

Determining experimentally the friction coefficient t, can be subject to a certain level of
uncertainty. With the objective of presenting representative values for the sensitivity of the
parameters h,/h, and H/E* to 4,, the dimensionless functions I1, and Il from Equations 3.4 and
3.5 were used to vary g, from a mean value of 0.14 by = 25%. The normalized yield strength of the
material was fixed at o/E* = 0.0045. Figure 3.9 presents the results for the relative variation in
hyh, and H/E* as a function of the plastic strain hardening exponent. Throughout the range
covered, all variations are within 5%. The error that can be generated varies between the material
conditions and they can be easily determined for any condition using the dimensionless functions
I1, and Il On the other hand, the sensitivity of the functions is relatively limited. Although the
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most precise value of g, is more suitable, a variation within 10% would probably fall well within
the experimental scatter.

The effect of experimental scatter on the extracted values of plastic flow properties is also
important in determining the robustness of the reverse algorithm proposed here. We first present the
results from applying the reverse algorithm to experimental results on the aluminum alloy with the
different heat treatment. The frictional sliding results from previous studies on pure copper, a
copper-zinc alloy and pure nickel were also utilized. For each copper-based material, the grain size
was varied through a recrystallization heat-treatment [ch2]; whereas, the processing technique was
changed to obtain microcrystalline, ultrafile crystallline and nanocrystalline pure nickel [19]. Table
3.2 presents a comparison between the properties extracted from the frictional sliding results and
those obtained from the tensile test measurements. With three exceptions out of the 22 properties
extracted, the error fall within less than 18%. Interestingly, the average and maximum error is
significantly lower for the prediction the of the plastic strain hardening exponent.

The sensitivity to + 5% variations in h,/h, and H/E* was also studied in details using the
reverse algorithm. Table 3.2 presents a summary where the results are classified by categories of
values of n. The 8 values of error reported on each line were the maximum found for the different
values of g/E* studied for each category of n. With 4 exceptions, the effect of a 5% variation is of
at most 15%. This result can be considered as a moderate sensitivity for a reverse algorithm. With
the relationship between the strain hardening exponent and tensile ductility, the reverse algorithm
can allow to predict the tensile behavior with a reasonable level of certainty.

Table 3.2: Comparison between the predictions for the reverse algorithm and experimental values.
The data for pure Cu, Cu-Zn and pure Ni are from previous work [Ch1, Ch2].

Experimental Extracted properties Properties from tension
Hg (GPa) h,,/h, )29 n (A n
(MPa) (MPa)

Al (As-received) 1.3 0.54 180 0.21 220 0.18
Al (Aged) 1.1 0.79 370 0.05 330 0.08
Cu (450°C) 0.66 7 135 0.13 145 0.13
Cu (600°C) 0.62 57 58 0.23 44 0.27
Cu (700°C) 0.60 S1 35 0.28 28 0.29
Cu-Zn (450°C) 1.13 44 59 0.32 45 0.35
Cu-Zn (600°C) 0.95 3 129 044 15.5 041
Cu-Zn (700°C) 0.81 28 7.8 0.45 7.0 0.45
Ni (nc) 4.42 0.84 1723 0.02 1600 0.02
Ni (ufc) 2.63 0.76 804 0.07 850 0.06
Ni (mc) 1.35 0.63 201 0.18 170 0.19
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Table 3.3: Sensitivity analysis for the reverse algorithm.

4on g, for H, Aonn for H Aon g, for hy/h, | Aonnfor hy/h,
+5% -5% +5% -5% +5% -5% +5% -5%

n<0.1 79 -1.7 -11.8 12.1 144 -12.1 -21.9 21.1

0.1<n<0.2 10.8 -10.0 -15.2 15.8 13.3 -12.8 -15.5 16.9

02<n<035 11.3 -10.9 -11.3 10.8 12.8 -11.8 -12.6 13.3

035<n<0.5 20.3 -11.6 -11.2 3.8 12.3 -11.3 -8.1 19

3.4 Conclusions

Frictional sliding and normal indentation were compared experimentally and a set of
dimensionless functions was used to develop a new methodology for extracting the plastic flow
properties from a frictional sliding experiment. The following conclusions can be drawn.

1. Two materials with the same indentation hardness can have significantly different
scratch hardness. They can also present a significantly different pile-up behavior in
frictional sliding, adding to the advantages of using frictional sliding as a test
technique when it reproduces more closely the contact conditions in a real
application.

2. The plastic properties of a material can be extracted from the response to a frictional
sliding test. Provided that the elastic moduli and contact properties are known, the
normalized hardness and the normalized pile-up height are sufficient to determine the
plastic strain hardening exponent and the initial yield strength.

3. The algorithm proposed to extract properties has a reasonable sensitivity to variations
in the input parameters. Small variations in the friction also have a limited effect on
the properties. Using averaged measurements and well calibrated equipment can
endure reliability of the results.

The frictional sliding test could well serve as a predictor of the tribological response and as a
testing technique to probe the plastic flow properties of materials. The technique is now proven to
be highly capable to identifying small variations in the strain hardening exponent of the material, a
quantity that is a prime indicator of ductility in a tensile test. An analysis framework is now
available to fully predict the frictional sliding response from known material properties or extract
plastic properties from the frictional sliding response.
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Chapter 4: The frictional sliding response of nanocrystalline
nickel and nickel-tungsten alloys

This last and forth chapter presents a summary of experimental results from a comprehensive
investigation on the frictional sliding response of nanocrystalline nickel and alloys. As a major
difference, a spherical tip was used for all the experiments. At low load, the use of a spherical
geometry was a necessity with no other axisymmetric shapes commercially available. Also, the
spherical tip was less prone to changes in geometry from wearing against hard asperities on the
surface. With significant previous research on the mechanical properties and behavior of
nanocrystalline metals and alloys, this study on frictional sliding was a logical subsequent step as a
potential application would be for small devices or as surface engineering overlay.

4.1 Introduction

Nanocrystalline metals and alloys were recently developed and they have been studied
extensively, both computationally and experimentally [1]. Their high indentation hardness and high
tensile yield strength made them candidates for applications where the mechanical resistance is
important. According to previous operating definitions, a material would be nanocrystalline if the
size of all grains in the microstructure falls below 100 nm [1]. Among other properties, the
mechanical behavior and plastic deformation characteristics of nanocrystalline materials revealed
differences as compared to crystalline materials with larger grain sizes.

It is now well established that nanocrystalline materials present increased strain-rate
sensitivity in the plastic deformation regime [2-6]. The higher dependence of the flow stress on
strain rate was revealed through both tensile tests and instrumented indentation experiments. The
increased time dependence on deformation events has also been observed in constant load and
cyclic loading experiments [7]. A decrease in the activation volume with decreasing grain size was
recently proposed [8] and it could explain these time dependent phenomena.

The mechanisms of deformation in nanocrystalline metals and alloys can depend on the
particular system of interest and on grain size. Within the nanocrystalline grain-size regime, at grain
sizes of typically less than 10-15 nm there is a breakdown in the Hall-Petch relationship which
stipulates the rate of increase in hardness with decreasing grain size in conventional materials [1].
Below this critical grain size, grain boundary sliding and migration have been proposed as a
possible deformation mechanism [9-15]. However, above the threshold size, in-situ transmission
electron microscopy in nanocrystalline pure nickel provided experimental evidence of significant
dislocation activity [16]. In spite of this dislocation activity, microscopy on deformed specimens
revealed deformation-induced changes of the grain boundaries but a low remnant density of
dislocations [16]. With the apparent limited multiplication do dislocations, the sources for plastic
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strain hardening in nanocrystalline nickel could very well be limited. Also, the information
available suggest that the grain boundaries are acting as sources and sinks for dislocations for grain
sizes between 10-15 and 100 nm.

Grain refinement also changes the fracture resistance. In pure nickel, grain refinement was
found to have a beneficial effect on the fatigue crack initiation resistance, but a deleterious effect on
the crack fatigue propagation resistance [17, 18]. Based on these results, it was proposed to use
nanocrystalline nickel as a surface coating [17]. Since surfaces was often are subjected to repeated
contact and nanocrystalline materials may find applications for tribological resistance with their
higher hardness, an initial study was undertaken to study the effect of grain size and microstructure
on the frictional sliding response [19]. Yield strength was identified as a critical parameter in the
response and the response of nanocrystalline pure nickel was found significantly superior to the
resistance of pure with coarser grain sizes.

In this study, we also use frictional sliding but the extent of plastic deformation was increased
by selecting a ratio of penetration depth to tip radius between 5 and 10 higher. In conditions of
frictional sliding with high plasticity [20], previous finite element analysis and experimental results
[ch2] indicated a large influence of plastic strain hardening on the pile-up height. Therefore, the
frictional sliding test technique was selected because it reproduces a basic tribological event and it
allows an investigation of the strain hardening properties. The testing technique was applied at two
different length scales and on appropriate nanocrystalline materials to investigate their resistance to
frictional sliding and the effect of grain size and alloying on the plastic flow behavior at large
plastic strain.

4.2 Experimental techniques

4.2.1 Materials and preparation

The materials for this study were pure nickels and nickel-tungsten alloys. Based on the recent
classification of grain sizes [1], the three types of pure nickel studied were appropriately labeled as
microcrystalline (mc), ultra-fine crystalline (ufc) and nanocrystalline (nc). These materials were
from the same processing batch as in previous studies where their structure and mechanical
properties were investigated and reported in details [2, 18, 21]. Except for pure mc nickel which
was cold worked and annealed, all the other materials investigated in this study were produced by
electrodeposition. For the second material system, nanocrystalline nickel-tungsten alloys were
studied for three different average grain sizes of 40, 17 and 9 nm. The grain sizes were
measurement through x-ray diffraction and the variations in grain size were obtained by varying the
tungsten composition in the electrolytic batch. Details on the processing technique, composition
and mechanical properties of these alloys are available in Detor et al. [22].

The specimens were mechanically polished with the deposition orientation normal to the
plane. The final particle size suspension polishing was 50 nm. Special care was necessary to
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prevent surface adhesion of these 50 nm particles as well as of the 250 nm diamond particles. The
best practice found was to use a small quantity of soap (Liquinox) with di-ionized water and
ultrasonic vibration. The sample needed to be soaked right after polishing before the drying of the
surface and a series of rinsing cycles was often necessary. The final surface roughness of the clean
surface was less than + 3-5 nm as characterized using a Q-Scope 250 (Quesant Instrument
Corporation, Santa Cruz, California) atomic force microscope in non contact mode.

4.2.2 Experimental testing

After a detailed characterization of the surface, low load experiments were carried out using a
500 nm spherical tip. A commercial nanoindentation test system (TriboScope®, Hysitron Inc,
Minneapolis, MN) was used to applied a constant normal force P and induce a tangential
displacement over a sliding distance of 10 um. During the experiment, the lateral force and normal
displacement were continuously monitored. Each testing condition was repeated between S and 10
times to access repeatability and to generate statistics. The surface of each scar was then
characterized for topography using the Q-Scope 250 atomic force microscope. Full three-
dimensional images were imported and analyzed to extract information about the residual scratch
profiles. Only the regions of steady state were considered for this analysis.

As a bench mark for comparison, all the materials were also tested at higher normal loads
with another nanoindentation test system (Nanotest ™, Micro Materials Ltd, Wrexham, United
Kingdom). In this case, the indenter was a spherical diamond with a tip radius of 25 um and the
experiments were carried out under a constant normal load P, which was varied between the
experiments to cover a range of testing conditions. For all the experiments, the tip traveled at a
velocity of 10 um/s and over a total distance of 450 pum. This distance was sufficient because
steady state conditions were attained after approximately 75 pm and then sliding was continued to
generate a large region of valid steady-state. After the experiment, a series of cross-sectional
residual proﬁlés were obtained over the steady state regime by scanning the surface with the piezo-
tube and the measurement head of the TriboScope®. The measurement head was loaded with a
spherical indenter having a radius of 500 nm and the applied normal load was fixed to 10 uN
during scanning at a velocity of 15 pmys.

4.2.3 Analysis framework

The analysis of the results focuses on the steady state regime which develops after a traveling
distance of the order of three or five times the contact radius. Since the experiments performed in
this study included a detailed characterization of the residual surfaces, we will use specific surface
measurements to quantify the response of the different materials. Figure 4.1 presents a schematic of
a residual scratch profile with an illustration of the residual width (2a,), residual penetration depth
(h,) and the residual pile-up height (4,). Using this height information, the dimensionless ratio h,/h,
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can be expressed and calculated for the different materials. On the other hand, the residual width
can be used to calculate the scratch hardness

2P

Ta’

r

H, 4.1

where P is the magnitude of the applied load. Finally, the ratio of tangential force F; over normal
force P can be used to calculate an overall friction coefficient

17 =_t = u ,u 4.2
tot P f( a w)

where 11, is the coefficient of friction for the normal contact local and £, is friction contribution
from the work of plastic deformation. 4, is governed by Amontons’s law of friction with specifies
the ratio between the normal pressure and the tangential traction tensor for the local interaction
between the indenter and the surface.

2a,

A
v

X (Sliding direction)

Figure 4.1: Schematic of a residual scratch profile with the sliding direction along the x axis and the
measured quantities as indicated: residual width (a,), residual depth (%,) and residual pile-
up height (k).

For the conical tip geometry, quantitative dimensionless expressions were developed in
previous research for the relationships between the response parameters herein described (H;, hy/h,
and (4,;) and the properties of the material [20] as well as the contact conditions [ch2]. For the low
load experiment in the current study, the use of a spherical geometry was a necessity with no other
axisymmetric shapes commercially available. Also, using an initially sharp tip would have probably
resulted in a change in tip geometry with time as a result of wear when contacting hard asperities of
natural oxides. Unfortunately, the methodology developed for a conical indenter is not directly
applicable because the contact geometry becomes a function of the penetration depth for a spherical

indenter.
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4.3 Experimental results

Because of this effect of penetration depth on contact geometry, the response to frictional
sliding has been investigated at different values of the contact normal load. For the experiments
with a 500 nm spherical diamond tip at low loads, the normal load P was set at 200, 500 and 1000
UN for all the material conditions. Figure 4.2 (a) presents the evolution of the overall friction
coefficient for these different loads and for all the materials studied. Except for the pure nc Ni and
the Ni-W alloy with 40 nm grain size, all the other material conditions show a significant decrease
in the frictional coefficient with decreasing grain size. Also, the friction increases with the applied
normal load for all the materials.

To interpret these effects and estimate the contribution to friction originating from a change
in the geometry of contact, the friction results are re-plotted in Figure 4.2 (b) as a function of the
penetration depth. Although there are still differences between the material conditions, these
differences have been largely reduced by changing the point of comparison from same normal load
to same residual depth. Therefore, a major part of the decrease in the friction coefficient with
decreasing grain size is an indirect effect of the change in hardness on the penetration depth. As the
grain size decreases and the hardness increases, the penetration depth decreases and so does the
coefficient 4, for the amount of plastic work involved in the generation of the permanent groove.

In this study, the objective is primarily to investigate differences in the response of the
materials to plastic deformation. Therefore, the results will be presented as a function of penetration
depth. The use of residual depth as a reference is the best approach to compare the behavior of the
different materials under similar contact geometries and plastic formation fields. Through the
calculation of scratch hardness, this representation also allows for a comparison of the overall
resistance of the material to penetration. Finally, for the loading condition with a spherical tip, the
tip radius R can be considered as an important scaling variable and we will normalize the
penetration depth by R in order to make a better comparison between the experimental results at
low and high loads.

The scratch hardness is plotted in Figure 4.3 for the experiments at low load with the tip
radius R = 500 nm. For all materials, the hardness decreases with the penetration depth. This result
is contrary to the expectations from continuum-based theories for the indentation with spherical tips
[23-25]. The decrease could well result from a size effect of surface effects. On pure mc nickel, the
thickness of the natural oxide can easily reach 2-5 nm in air at room temperature [26, 27].
Depending on whether the natural oxide breaks in several pieces or act as a stiffening agent for the
surface, different effects could be observed. We will discuss further these potential size and surface
effects when presenting the results for the residual surface profiles. '
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the nanocrystalline (nc) series are for pure nickel. The 40, 17 and 9 nm grain size series
are for the nickel tungsten alloys.
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Figure 4.3: Evolution of the scratch hardness as a function of the penetration depth for the different
materials in the experiments with the 500 nm spherical tip.
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Experiments were also carried out at high loads with a tip radius R = 25 pum. In this case,
Figure 4.4 shows an increase in scratch hardness with penetration. With the increase in the length
scale of the experiment, this change is consistent with the disappearance of size and surface effects.
On the other hand, the hardness values for the different materials are relatively similar to those
obtained at low loads. Also, both at low and high loads, the difference between the Ni-W alloy with
40 nm grain size and the pure nc Ni appears just within the experimental scatter.

The scratch hardness results were compared with bulk indentation micro-hardness from a
pyramidal Vickers indenter. Since the scratch hardness varies with penetration depth, a reference
normalized penetration depth 4,/R of 5% was selected as a representative value. As shown in Figure
4.5, the scratch hardness and the indentation hardness appear correlated but with a significant non-
linearity. The non-linearity is more apparent for the softer materials, both in the low and high load
experiments where pure mc and ufc nickel appear comparatively harder in frictional sliding than in
indentation. Also, for the nanocrystalline materials, the slope of the Hs versus H, relationships is
significantly greater than unity. Under these conditions, a unit change in indentation hardness
results in a larger change on scratch hardness. Since the experiments at low and high loads let to
this same observation, the high slope of the Hs versus H, relationships should not be from size or
surface effects. Whether the origin would lies simply on the use of a spherical tip is currently under
experimental investigation. However, since the scratch hardness was normalized at a fixed

penetration depth, the contribution from tip geometry should be minimal.
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Figure 4.5: Relationship between the scratch hardness and the indentation micro hardness for the

frictional sliding experiments with the (a) 500 nm and (b) the 25 pm spherical tips. The
scratch hardness was taken for the normalized penetration depth £,/R of 5%.

A second parameter of interest from the residual scratch profiles is the normalized pile-up
height. For a conical geometry, previous numerical [20] and experimental studies [ch2] indicated a
strong effect of the plastic work hardening exponent of the material on pile-up height. Although the
concept needs to be clarified for the spherical geometry, it can be expected that a change in the
hardening exponent should also translate in a different pile-up. Figure 4.6 (a) presents the evolution
of the normalized pile-up height with penetration depth for the different materials. For a normalized
penetration depth A/R of less than 10%, it appears that the ratio of normalized pile-up height
decreases with penetration depth.

As seen in Figure 4.6 (b), the behavior of mc and ufc pure nickel present an opposite trend
with an increase in the normalized pile-up height as the penetration depth increases. To describe the
extent to which size and surface effects may have contributed to the behavior, Figure 4.6 (b) also
presents the pile-up results for frictional sliding contact of a 25 pm tip on the same materials. With
the increase in the length scale of the experiment, the pile-up height increased by a factor of
approximately 2. With the absence of significant other changes in the test conditions than the length
scale, the low pile-up height observed for pure mc and ufc nickel at low loads is most likely a size
or a surface effect. Size and surface effects may complicate the analysis of the results, but
quantifying their effect is an important step towards a mechanistic understanding of the
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experimental frictional sliding response at low loads. These contact properties at low load may
become practically important.

To describe further the response at low loads, the following figures present actual cross-
sectional profiles for the steady state regime. Figure 4.7 presents a comparative view for the
response of nc pure Ni and Ni-W with a 40 nm grain size. Under these conditions with a normal
load P = 500 pN, the two materials present a very similar behavior. The scatter and broadness of
the pile-up might be slightly higher with the Ni-W alloy, but the average measurements are rather
similar. Very similar observations were made at the different loads. These observations can be
supported by the very similar scratch hardness (Figure 4.3) and normalized pile-up height (Figure
4.6) for these two materials in all the conditions investigated. All the results available from the low
and high load experiments suggest to absence of statistically significant difference in the frictional
sliding response of nc pure Ni and Ni-W with a 40 nm grain size.

In light of the earlier discussion about the important effect of strain hardening on pile-up, the
results suggest the absence of significant change in the hardening behavior of the materials.
Tunsgten in nanocrystalline nickel may act as an obstacle for the nucleation or motion of
dislocations. Such strengthening can explain the similar scratch hardness for a slightly coarser grain
size in the Ni-W alloy. However, similarly to deformation in pure nanocrystalline nickel, the
strengthening mechanism with tungsten does not appear to generate significant work hardening
because the normalized pile-up height is unaffected by alloying.

Other material conditions did present significant differences in their pile-up behavior. The
Ni-W alloy with a 9 nm grain size presented the highest normalized pile-up height (Figure 4.6).
Figure 4.8 compares the cross-sectional profile of this 9 nm grain size with the 40 nm grain size Ni-
W alloy. Although the penetration depth is slightly larger with the 40 nm grain size alloy, the 9 nm
grain size alloy presents to a broader and more blunted pile-up. In the situation shown here (and
also in all the other load cases with the 9 nm grain size alloy), the surface area of the pile-up region
is greater than the surface area of the residual scar. The areas can be calculated using the line for
surface height equal zero (interpolated initial surface) to separate the regions. With the steady state
nature of the frictional sliding process and by neglecting the volume changes from the residual
elastic stresses, the surface area of these two regions should be approximately equal providing that
the mechanism of permanent deformation is not dilatational.
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- 100 -



40 L) L] L} L) T L

30 ==
| \ 1
20 4 C;\:
T 10 '
E # S ;
£ ofE .
Ry . ) ]
2 o0 -
8 ] P -
. i
8 -20 &
3 h g 4
»w 30 A
-40
'50 T T T T T T T
06 04 02 0.0 0.2 0.4 0.6
(a) Distance to symmetry plane (um)
40 T L L T Ll T
30 G %‘i
20 rﬁg%' 5 x
_ S § 2 ( N
E 10 2\5
E VJ — 2 W
o ‘i ]
2 10 .
2 ] & -
- ™
8 -20 @
5 1 \ / ]
0 .30 EQ o
J Lb 4
-40 e
'50 T T T i T T T
06 -04 -02 0.0 0.2 0.4 0.6
(b) Distance to symmetry plane (um)

Figure 4.7: Residual scratch profile for the (a) nanocrystalline pure nickel and (b) nanocrystalline
nickel tungsten alloy with a 40 nm grain size. The normal load was 500 pN.
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The apparent volume dilation observed predominantly with the 9 nm grain size alloy could
be explained by a number of possibilities. A first possibility would be that with a higher flow stress,
the components of residual stresses are larger in the 9 nm grain size alloy. However, with the
important amount of plasticity involved in these specific conditions, the residual stresses should be
relatively similar for the different alloys. As a second possibility, the breaking of the natural oxide
may affect the plastic flow and generate pores in the pile-up material. A third possibility would be a
direct size effect of having grain size and pile-up height of same order of magnitude. The level of
fluctuations in the process of pile-up formation is an additional parameter to consider in interpreting
volume dilatation and we will address this question.
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Figure 4.8: Comparison of the residual scratch profile of two nanocrystalline nickel tungsten
alloys under conditions of similar penetration depth. For the alloy with a grain
size of 9 nm, the normal load was 1 mN.

Detailed topographical views of the residual surface profiles are presented in Figure 4.9 for
the 9 nm grain size alloy and for pure ufc nickel. The overall vertical scale is only 22 nm and,
therefore, the roughness of the original surface can also be observed. The conditions selected allow
for comparing the pile-up under similar contact geometry. The 9 nm grain size alloy presents a
significantly greater pile-up than ufc pure nickel. In fact, the deformation process at this load
resulted in more apparent dilatation than for the condition presented for a larger load in Figure 4.8.
On the other hand, it is remarkable to note the regular pile-up morphology with the scratching
distance. For the ufc pure nickel, similar comments can be made about the regularity of the pile-up
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although a few irregularities are observed along the sliding distance. A particularity to ufc nickel is
the sharpness and low elevation of the pile-up, a behavior consistent with a greater effective strain
hardening at the length scale of the experiment.

The effect of small scale testing on lowering the pile-up of the ufc pure nickel has already
been discussed in details. The apparent volume dilatation in the 9 nm Ni-W alloy has also been
discussed. The information provided in Figure 4.9 provides a convincing argument that the
deformation process of formation of these high and blunted pile-ups is rather steady and regular in
nature. The origin of the dilatational is not fully understood. However, a careful examination
revealed that the proportion of the dilatational decreases rapidly with an increase in the penetration
depth. Therefore, the dilatation mechanism operates predominantly at low loads. The experiment
here cannot isolate between possible mechanisms such as the small grain size and deformation zone
or the effects from surface tension and natural oxides. On he other hand, the experiment clearly
point to effects that cannot be treated from continuum mechanics.

Alpha = 35° Beta = 40° Alpha = 35° Beta = 40¢

(a) (b)

Figure 4.9: Full topographical images of (a) nc Ni-W alloy with a grain size of 9 nm tested at a normal
load of 500 pN for a steady state penetration depth of 14 nm and (b) pure ufc Ni tested at a
normal load of 200 pN for a depth of 17 nm. These conditions of different load allow for a
comparison at similar penetration depth. The tip was traveling from bottom to top.
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4.4 Conclusions

The frictional sliding response of nanocrystalline materials was studied in details through low
load and high load experiments with spherical tips. The following conclusions can be drawn.

1. Size and/or surface effects are observed in frictional sliding at low loads. The
specifics on the length scale effect are different for nanocrystalline materials than for
materials with larger grain sizes.

2. For large grain sizes, the pile-up height observed in the low load experiments was
significantly lower than the values observed at higher loads where the continuum
assumption applies. The lower pile-up height and its sharpness were consistent with a
higher effective strain hardening of the material.

3. For the nanocrystalline materials, size or surface effects were observed from the
important decrease in the scratch hardness with increasing penetration depth. This
trend is contrary to experimental measurements carried out at higher loads and to
expectations from continuum-based models.

4. For the hardest nickel tungsten alloy, the size effect was most noticeable by an
apparent dilatational component in the process pile-up formation. The proportion of
the apparent dilatational component increased significantly as the penetration depth
decreased, clearly indicating that the effect is primarily due to the fine scale of the
experiment. The effect could be associated with the similarity in the size of the grain
and of the deformation zone or to surface effects.

5. Under the conditions investigated, one nanocrystalline nickel tungsten alloy behaved
very similar to pure nanocrystalline nickel. Although tungsten in nickel strengthens
the structure for plastic yielding, the results collected suggest that tungsten would not
significantly affect the strain hardening behavior of nanocrystalline nickel.

This experimental study provided detailed information about the frictional sliding response of
nanocrystalline materials. The influence of size scale and surface effects was partially differentiated
from microstructural effects through the use of different loading conditions. The spherical tip
geometry enables to collect a greater amount of information about the material, but it also limit the
analysis as no quantitative framework is available to predict the effect of material and contact
parameters.
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Summary and Conclusions

In this thesis, a new framework was developed to characterize the steady state frictional
sliding response of elasto-plastic materials. The framework is based on using the scratch hardness,
the normalized pile-up height and the overall friction coefficient as prime parameters for the contact
response. Quantitative relationships have been established to predict these prime parameters from
the mechanical properties of the materials being investigated. For these relationships, the effect of
the surface friction coefficient was also determined and included. Although all the predicting
relationships were determined by using finite element methods, they were validated using different
solution schemes and through a comprehensive comparison with experimental results on selected
material systems. Also, the mechanics of steady state frictional sliding was compared with normal
indentation and an algorithm was developed to extract plastic flow properties from a scratch
experiment. The key contributions from this thesis can be summarized as follow:

1. The steady state frictional sliding response can now be predicted using the
dimensionless form of the equations for the scratch hardness, pile-up height and
overall friction coefficient. The accuracy of the predictions is of the same order as the
accuracy of the input data for the material and contact properties. With these
dimensionless functions, it becomes unnecessary to carry out any additional finite
element calculation as the functions are smoothly covering any combination of
material and contact properties within the specified range.

2. As compared to normal indentation, frictional sliding induces more plastic
deformation and curvature to the free surface. Calculations based on the
representative strain indicated a 4 fold increase in the magnitude of the equivalent
plastic strain in frictional sliding. Frictional sliding also increases the height of the
pile-up formed on each side of the indenter by a factor up to 3 and it eliminates the
phenomenon of sink-in for the range of material properties studied. Sink-in would
eventually occur in frictional sliding, but only for conditions of high yield strain and
strain hardening that fall outside the properties range of most engineering materials.
Finally, the comparison of the scratch hardness with the indentation hardness
indicated the independence of the two quantities. This independence was
demonstrated computationally and also experimentally, by comparing the frictional
sliding response of two materials with the same initial indentation hardness.

3. The plastic strain hardening exponent affects very significantly the pile-up height.
Both the computational predictions and the experimental results on a model material
system showed a large decrease in the pile-up height with increasing strain
hardening. The initial yield strength can also influence the pile-up morphology, but
to a much lower extent. This trend and its quantification could provide a tool to relate
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material properties and their tribological response. However, further work is needed
to clearly establish relationships between pile-up and wear resistance.

4. The plastic properties can now be extracted from the response to a steady state
frictional sliding test. Provided that the elastic moduli and contact properties are
known, the normalized hardness and the normalized pile-up height are sufficient to
determine the plastic strain hardening exponent and the initial yield strength. The
sensitivity of this reverse algorithm to variations in the input parameters was
reasonable based on calculations using the dimensionless functions. Also, in
comparison with instrumented indentation, the proposed algorithm to extract plastic
properties is found to have a significantly improved resolution on the estimate of the
plastic strain hardening exponent.

In addition to this work on the relationships between the contact response and mechanical
properties, the experimental frictional sliding response of nanocrystalline nickel and nickel-
tungsten alloys were studied at low and high loads. Size and/or surface effects were observed in
frictional sliding at low loads. The results and interpretation can be summarized as follow:

5. For the nanocrystalline materials, size or surface effects were observed from the
important decrease in the scratch hardness with increasing penetration depth. This
decrease was contrary to experimental measurements carried out at higher loads and
to expectations from continuum-based models.

6. For the hardest nickel tungsten alloy, size effects were most noticeable by an
apparent dilatational component in the process of pile-up formation. The proportion
of the apparent dilatational component increased significantly as the penetration
depth decreased, clearly indicating a size effect that could be associated with surface
effects or with the similarity between grain size and the size of the deformation zone.

7. Under the conditions investigated, one nanocrystalline nickel tungsten alloy behaved
very similar to pure nanocrystalline nickel. Although tungsten in nickel strengthens
the structure for plastic yielding, the results collected suggest that tungsten would not
significantly affect the strain hardening behavior of nanocrystalline nickel.

While scratch tests have been used as a qualitative tool in the past decades, the framework
developed in this thesis may help improve the quality of the quantitative analysis of the steady state
frictional sliding experiments. The technique could be a complement to instrumented indentation by
providing a greater sensitivity to the strain hardening exponent. On the other hand, further research
in multiscale modeling help establish direct relationships steady state frictional experiment and
actual tribological processes.
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Appendix

The following figure was generated using the indentation hardness expressing from Dao et al
(2001) and the scratch hardness expression from Equation 3.5 in this thesis. The different curves
are for the different values of » as indicated. It shows how the ratio in the two quantities depends on
the strain hardening exponent n. The figure is best supporting information for Chapter 3.
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