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POST-YIELD CHARACTERISATION OF WELDS BASED ON INSTRUMENTED
HARDNESS TESTER DATA
by Hamdi Habbab

The strength of welded joints has a vital effect on the structural response of a welded
structure under severe loading conditions. The thermal nature of the weld process causes
considerable changes in the microstructure across the weld regions, which leads to
different material properties in these regions, namely, the parent metal, the weld fusion
zone, and weld heat-affected zone.

The reliability of predicting the real behaviour of the welded structure using finite
element analysis depends on the accurate determination of the material properties across
these regions which are essential input data in the model. Whilst conventional tensile
testing is incapable of providing these properties on such a small scale, the instrumented
micro/nano-hardness test lends itself for such a task. In this non-destructive technique a
small indenter, which is spherical in this study, is pressed onto the surface of the
material and then unloaded while load and depth of indentation are continuously
measured. Several approaches have evolved to analyse the measured load indentation
data to extract various material mechanical properties corresponding to each indent
location. The primary objective sought from such an analysis is the determination of the
contact area, which is then used to obtain material properties. While the existing
analytical approaches assume the contact edges sink-in, soft metals, however, tend to
pile-up resulting in possible large errors in the derived results. The available correction
formulae attempt to predict pile-up based on a prior knowledge of the strain hardening
exponent of the test material. In addition, they assume a constant ratio of the pile-up lip
height to indentation depth, which they defined as a function of the strain hardening
exponent. Thus they do not predict pile-up based solely on the indentation data.

This study shows, based on detailed finite element modelling, that pile-up starts with a
negative value (sink-in) in the early stages of an indentation experiment and then
develops and builds up until it stabilises at a certain level. An empirical relation 1s
proposed to predict the extent of pile-up of an unknown material based on the residual to
total indention depth ratio. This leads to a more accurate estimate of the contact area and
thus the derived stress-strain curve. In addition, a characterisation model for an indenter
of imperfect geometry is also proposed in this study which identifies the characteristic
strain for an imperfect sphere. An algorithm is suggested which incorporates the
proposed characterisation analysis in a complex iteration technique in the frame
compliance calibration routine to process the raw acquired data. The proposed
characterisation technique has been verified on experimental data of test materials, and it
has then been applied to indentation data on butt-welded steel spanning the distinct weld
regions.
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NOMENCLATURE

Subscripts

cr Refers to critical.

i Refers to the indenter.
) Refers to the specimen.

Roman Upper Case

A The projected contact area.

BHN Brinell hardness number.

B, Material type constant, Eq. 2-67.

C Constraint factor, Eq. 2-18.

Cy, Gy G5, C,,e | Constants relating to the constraint factor C covering three stages of
strain field development during indentation, Eq. 2-73.

Cr Frame compliance, Eq. 3-2.

C Specimen compliance, Eq. 3-3.

G Total compliance of the specimen and the frame, Eq. 3-2.

D Indenter diameter.

E Young’s modulus.

G Shear modulus.

H Hardness.

H, Vickers hardness number.

H, Knoop hardness number.

K Material strength coefficient.

Ny, NV, Fitting constants in Eq. 2-82 and Eq. 2-83.

P Load applied on the indenter.
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P Peak load in a cycle.

P Load at an intermediate location on the unloading curve.

S Elastic contact stiffness (initial gradient of the unloading curve).

s, Loading contact stiffness at peak load (gradient of the loading curve
at peak load)

Xp Constant of the ideal area function of a pyramidal indenter in Eq. 2-6.

Xon Material constant obtained from Meyer’s law.

R Indenter radius.

R, Rockwell hardness number for a conical indenter.

R, Rockwell hardness number for a spherical indenter.

R, Effective radius.

U, Radial displacement.

Uurs Ultimate tensile strength.

X1, Xo, X3, X4 Fitting constants in Eq. 2-85.

Roman Lower Case

Radius of the contact circle that lies in the plane of the original

@ surface, which corresponds to the maximum penetration depth.
a. Radius of the contact circle of an indentation.
b, Material yield stress offset constant Eq. 2-68.
¢ Pile-up parameter for spherical indentation, Eq. 2-57.
¢’ A pile-up parameter for Vickers indentation, Eq. 2-60.
d Diameter of the contact circle of a residual impression.
Diameter of the contact circle of a residual impression that lies in the
dp plane of the original surface, which corresponds to the maximum
penetration depth.
e Engineering strain.
h Penetration depth.
h, Elastic penetration depth or elastic recovery of the contact centre.
h Depth of a residual indentation.

-
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h, Contact depth.
raw Penetration depth acquired by the instrument (raw data).
s Indentation depth of the indentation edges.
hy Maximum lip height of the pile-up.
h; Maximum penetration depth in a load cycle.
Rins Indentation depth at an intermediate location on the unloading curve.
k Material constant in Meyer’s law.
l Mean diagonal of the residual Vickers indentation.
b The longer diagonal of the residual Knoop indentation.
m Meyer index.
n Strain hardening exponent.
p(r) Contact pressure at radial distance r from the contact area centre.
Po Contact pressure at the centre of the contact area.
Dm Mean pressure over the contact area.
q Exponent of a simple power law function Eq. 2-17.
r Radial distance from the contact centre.
r Radius of curvature of the recovered indentation surface.
Greek
a Semi-included angle of the indenter tip.
a, Strain rate sensitivity.
Angle between the tangent to the indenter at the indentation edge and
s the original surface.
Mutual approach of distant points in two spherical bodies during
g elastic contact, Eq. 2-13.
@ Coefficient of a simple power law function Eq. 2-17.
£ True strain.
o True stress/ flow stress.
o, Engineering stress.
Oos Stress at plastic strain of 0.2%.
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o, Elastic limit.
o, True stress corresponding to the characteristic/representative strain.
o, Yield stress.
£ Liiders strain.
£, Characteristic/Representative Eq. 2-71.
The correction factor to Sneddon’s solution for a conical indenter,
’ Eq. 2-35.
Correction factor to Hertz solution for spherical indentations Eq.
7 2.54.
Poisson’s ratio.
n Correction factor accounting for the indenter geometry Eq. 2-27.
Yield shear stress Eq. 2-20.
An angle related to the indenter tip included angle and used only for
¢ calculation, Eq. 2-21.
T Shear stress.
p A parameter that accounts for the indenter geometry when

calculating the contact depth Eq. 2-33.
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Chapter 1: Introduction

CHAPTER 1

INTRODUCTION

Steel construction requires the assembly of structural steel components manufactured in
particular dimensions that facilitate handling, transportation, and installation. The most
commonly used method of connecting these components is fusion-welding, which is of
interest in this study. The strength and response of the welded joints are essential design
issues to ensure safe load transfer between the steel members, as if these members were

continuous at the joints.

Welded joints play a major role in the design and performance of the whole structure.
Hence, it is important to understand their behaviour to deliver a safe and efficient design.
Many attempts [1-7] have been made to investigate the stress distribution in welds in
order to estimate the joint strength. These approaches were based on the theory of
strength of materials and fracture mechanics. Although different parameters were
considered such as the connection geometry, the direction of the applied load, and the
weld size, these approaches ignored the variation in the material properties across the
weld regions. A review of different methods for evaluating the strength of welded joints

was presented by Mellor et al. [8].

The thermal nature of the weld process causes not only residual stresses in the welded
joint but also changes in the microstructure across the weld regions. Many studies on
such effects have been carried out [9, 10]. The behaviour of a welded joint is influenced
not only by the strength of the weld metal and the joint geometry but also by the
variation in the microstructure across the weld regions, which leads to different material
properties in these regions. Therefore, the metallurgical events that occur in welding

should be considered.
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1.1 Effect of welding on the microstructure

Welding involves complex metallurgical phenomena that take place during the course of
making a weld. These phenomena occur very rapidly in comparison with those
occurring in other metallurgical fields such as casting and heat treatments. The fusion
welding processes involve a very intense heat source that inevitably leads to rapid local
melting of the weld and base metal, which then cool again rapidly under conditions of
restraint imposed by the geometry of the joint. As a result, three distinct regions are
created in the weld region: the weld fusion zone (weld pool), the heat weld affected zone
(HAZ) and the base metal, as shown in Fig. 1-1.

Weld pool HAZ Weld pool

Base metal

Fig. 1-1 Manual metal arc welds of (a) a double V-butt weld and (b) a single V-butt weld

in a constructional steel. The weld pool, HAZ, and the base metal are identified.[9].

The different microstructures observed in Fig. 1-1 result from the reaction of the alloy to
the various welding variables. Columnar grains appear in the weld fusion zone as a
result of epitaxial growth from the fusion line under a high temperature gradient, while
the microstructural changes in a steel weldment result from the solid state phase

transformations that occur on heating and cooling steel [11]. This results in the changes

19



Chapter 1: Introduction

in grain structures across the weld regions shown schematically in Fig. 1-2, which can

considerably influence the mechanical properties.

Fig. 1-2 A schematic diagram of the various grain structures across the weld regions of a

constructional steel.

1.2 Evaluation of the strength of welded joints by the finite element method

Determining the strength and behaviour of welded joints is essential when analysing the
whole structure. Due to the complexity of this problem, the analytical design approaches
neglect various important factors as a result of the approximations and assumptions
made. Whilst this gives rise to uncertainty in the analysis prediction, especially when
plastic strains are present, it is essential to identify a more rigorous means of analysing
the structure. With the advances of the computing capabilities and high data storage
capacity, the Finite Element Method (FEM) can effectively be employed for such a task.
In fact, elasto-plastic finite element analysis is a powerful tool that can be used for
analysing structures under various loading conditions. However, the effectiveness of the
FEM simulation to predict the response of a structure relies largely on the accuracy of
the material data input into the model. This is particularly essential when modelling
welded joints since the material properties across the weld regions are not uniform and
vary as a consequence of the microstructural changes induced by the welding process.
This necessitates utilising an accurate means to probe the surface on a micrometre scale
given that the weld regions stretch over a few millimetres. On this requirement, the
conventional tensile testing, which is a destructive testing method, is incapable of
providing the material properties on such a scale. On the other hand, the hardness test, as

a localised non-destructive method, can lend itself for such a task.
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1.3 Instrumented micro-indentation technique

Conventional hardness tests are attractive as they are cheap, non-destructive, simple,
quick, and can be used to estimate the strain-hardening exponent. They were first used to
qualitatively compare the quality of steel products. In a hardness test, an indenter, which
can be conical, pyramidal, or spherical is pressed onto the surface of the material under a
pre-specified load and then fully unloaded forming a residual indent. The load applied
divided by the surface area of the residual indent, which is determined from optical

measurement, defines the hardness number of the material.

Whilst pyramidal indenters have the advantage of the hardness being independent of the
load applied since the strain pattern imposed by the indenter is similar for all load
values, the hardness number derived from a spherical indenter increases with penetration
depth to a degree dependent on the strain hardening capability of the material. This
allows the stress-strain curve to be determined by carrying out a series of hardness tests

at different loads.

The development of high-resolution measurement instruments that have the capability of
continuous measurement of force and displacement has made it possible to obtain load-
depth indentation data during a hardness test. This facilitates probing the material
surface on the micrometre scale using a very small indenter. Many approaches [12-14]
have been introduced to extract the material properties from analysing cyclic load-
indentation data based on the unloading deformation being considered elastic. Hence,
the indentation unloading curve can be correlated with the elastic properties by
implementing the elastic contact solution to describe the elastic recovery of the material.
The key quantities measured from this analysis are the contact area and contact stiffness
at full loading, leading to the determination of hardness and the elastic modulus [13, 15].
Meyer hardness and the indent size, in conjunction with the indenter geometry, at
different load levels, could then be correlated with the stress-strain curve derived from
the uniaxial tensile test. The effectiveness of this correlation relies particularly on the
accuracy of the estimated contact area, which is derived based on the assumption that the
contact edges deform in the direction of the indenter movement. Whilst this represents
the behaviour of hard material, soft metals act differently in that the contact perimeter

tends to rise above the level of the original surface (piling-up). Ignoring the pile-up
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effect results in an error in estimating the contact area, which can amount to 40% [16].

Empirical correction formulae were then proposed [17-19] to account for the pile-up

effect assuming a prior knowledge of the strain hardening of the material, which is

clearly not applicable to unknown materials. Assessing the performance of these

formulae on test materials, whose properties are known, showed the weakness of these

formulae in predicting the correct stress-strain curve in the case of a spherical indenter.

To day, there is no a general method to derive the stress-strain curve of any unknown

metal based solely on the indentation data from a spherical indenter. The knowledge of

the strain hardening exponent or yield stress is required a priori.

1.4 Objectives

The outcomes sought from this research are:

1.

o

The assessment of the reliability and the performance of an instrumented
microindentation tester, and the development of a characterisation model that
represents the geometry of the available spherical indenter.

The assessment of the analysis approaches for deducing elasto-plastic material
properties from load-indentation data and the highlighting of their limitations.

The development of a reliable finite element model, based on a general purpose
software package, for simulating spherical indentations.

The investigation, through finite element simulations, of the pile-up phenomenon
and the effectiveness of the existing methods that aim to account for the pile-up
effect.

The development of a new technique to account for the pile-up effect, in the case of
indentations with an almost spherical, axisymmetric indenter, relying exclusively on
the load-indentation data in a scheme to predict the stress-strain curve of an
unknown material.

The assessment of the effectiveness of the new technique to predict accurately the
stress-strain curve through its extensive application on different test materials.

The implementation of the new technique to the analysis of indentation data
produced from hardness testing across the distinct weld regions of a butt-welded
joint, in order to assess the elasto-plastic material properties variation across these

regions.
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1.5 Methodology

The methods adopted to achieve the aforementioned objectives are divided into two

classes as follows:

e Experimental procedures

1.

!\)

Reference specimens are prepared for indentation testing from various steel
grades whose stress-strain curves are determined through tensile testing.
Indentations are also performed on reference hardness test blocks (Vickers
Hardness=303 and 700).

Indentation testing is performed on the reference specimens using the
instrumented microindentation and Vickers microhardness testers to evaluate
the performance of the instrument and compare its result with those from the
conventional hardness testing. A diamond spherical indenter, of nominal
radius R=150 um, and the Berkovich indenter are used with the instrumented
tester. The Berkovich residual indents are imaged to measure their contact
area to be compared with the corresponding derived value from analysing the
load-indentation data. In addition, the hardness from both the Berkovich and
the Vickers indenters are compared.

Scanning Electron Microscopy (SEM) is used to image the spherical indenter
at various angles of rotation about its nominal axis of symmetry, and these
profiles are digitised in a scheme to characterise the actual indenter geometry.

Test specimens are prepared from constructional steel and stainless steel
plates, 8 mm thick, for indentation testing. The surface of these specimens are
ground and polished to a mirror finish. In addition, tensile test samples, of a
circular cross-section, are machined from the as-received plates and pulled
until rupture to extract the stress strain curve, thus the true-stress-logarithmic
strain curves. These curves are regarded as the material properties sought to
re-produce from indentation testing.

A butt-welded joint is formed from an 8-mm thick steel plate using
submerged arc welding. The joint is then sectioned transverse to the weld line
and indentation testing is carried out on the cross section to span the three
distinct regions of the weld, which are the parent metal, HAZ, and weld fusion

zone.

e Modelling and analysis procedures
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1.

A reliable Finite Element (FE) model is developed using ANSYS and the
meshing facilities in PATRAN to simulate the indentation process with the
spherical indenter for different cases as follows:

» Rigid perfectly spherical indenter, R=150 um, on virtual materials, whose
stress-strain curves are described by a single power law function as an
approximation to those of the test materials.

» The actual geometry measured for the imperfect spherical indenter used
pressed on the test materials using their stress-train curves from tensile
testing as input data to the FE model

Resulting from the FE simulation are the load-indentation data, which serve as

simulated experiment output, as well as the indent profile geometry at various load

levels.

2. A computer program is developed using MATLAB, benefiting from its statistical

1.6

toolbox to analyse the load-indentation data and thus deduce the contact area and
initial contact stiffness, which lead to hardness and reduced elastic modulus. The
program implements the existing approaches of analysis including a correction
formula to account for the pile-up effect. The analysis is applied to the simulated
load-indentation data resulting from the two aforementioned cases above.

Based on the FE output, a fitting procedure is employed aiming at relating indent
geometry to load-indentation data for different material properties. This is a
scheme to develop an improved empirical relation accounting for the pile-up
effect relying exclusively on the load-indentation data, and hence deduce the
stress-strain curve for a new material.

The new characterisation analysis with the empirical relation developed is
applied to the indentation data from the spherical indenter on the various weld

regions of a butt-welded joint.

Layout of this thesis

e The second chapter includes the literature review on the subject of this thesis.

e The third chapter presents a detailed description of the instrumented indentation

tester and the mechanism of performing indentation including all calibration

routines. Validation of the instrument performance and reliability tests are carried
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out. In addition, a characterisation model of the spherical indenter available is
presented.

o In the fourth chapter, tensile testing is performed on the test steel plates to obtain
their stress-strain curves. In addition, an FE model that simulates the indentation
process 1s developed and validated. Finally, the effect of the creep phenomenon
exhibited by the constructional steel is investigated.

e The fifth chapter investigates the correlation of the stress-strain curve with the
indentation parameters. The effectiveness of the applicable analysis approaches and
existing correction formulae to account for the pile-up effect are assessed based on
FE simulated data. A new analysis technique 1s proposed to predict the pile-up from
the load-indentation data, which involves a new iterative mechanism that facilitates
the prediction of the strain hardening exponent.

e In the sixth chapter, the proposed characterisation analysis is applied to the
experimental data of the test materials. A method to incorporate the new technique
into the frame compliance calibration of the instrumented hardness tester is
suggested, and its capability of predicting the stress-strain curve is assessed. Finally,
it is applied to the indentation data from the indents performed across the weld
regions in a butt-welded joint.

e The seventh chapter summarises and discusses the findings of this research, and
introduces future work.

e Appendix 1 includes some background on welding process and metallurgy.

e Appendix 2 contains description of the MATLAB program developed for this
research to analyse the load indentation data incorporating the new characterisation
analysis and the frame compliance calibration.

e Appendix 3 is a brief description of the ANSYS PROGRAMMING LANGUAGE
(APDL) script built to extract various output quantities of the FE simulation.
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CHAPTER 2

LITERATURE REVIEW

2.1 Overview of conventional hardness testing

There are several types of hardness measurements: indentation hardness, scratch
hardness, and dynamic hardness. Indentation hardness is the one considered in this
study. Quantitative indentation hardness techniques have been developed over the past
50 years which involve a small indenter pressed into the surface of the test material
under controlled conditions of load application. In these conventional hardness tests, the
hardness number is determined from the knowledge of the maximum applied load and
from the depth and size measurement of the resulting residual indent. There are different
conventional indentation hardness tests used to estimate materials hardness and the

values from those tests are conventionally presented in kg/mmz.

¢ Brimley hardness test

In Brinell tests, a hardened steel (or tungsten carbide) spherical indenter is used. The
diameters used are 1, 2, 2.5, 5, 10 mm. Standard load ranges are between 500 and 3000
kg in 500 kg increments. During a test, the load is maintained constant, and the diameter
of residual impression is averaged from its measurements in two orthogonal directions.
Assuming that the radius of the impression curved surface area is equal to the indenter
diameter, Brinell hardness number, B.H.N, is then defined as the ratio of the applied load
to the curved surface area of the resulting indentation:

2P

7z [p* -pIp* —a?) Eg. -1

where P is the applied load, D is the ball diameter, and d is the chordal diameter of the

B.H.N =

residual indentation. Brinell hardness is load dependent. Hence, both the load and the
ball size should be mentioned when reporting the hardness of a material. For steel ball

indenters, the Brinell hardness test is not recommended for testing materials whose
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hardness is in excess of 400. A spherical indentation can also yield Meyer’s hardness
[20], or the mean pressure p,,, Which is ratio of the load applied to the projected area of
the residual indentation:
4P
Pn= i’

Eq. 2-2

¢ Rockwell hardness test
The indenters in Rockwell tests include hardened steel balls with diameters of 1/16, 1/8,
1/4, 1/2 in., and a conical diamond indenter, which is used for harder materials. With this
system a hardness number is determined by the difference in depth of penetration
resulting from the application of an initial minor load and followed by a larger major
load. Several different scales may be used. The hardness number used is designated R,
for spherical indenters and R. for a conical indenter. Both hardness number and scale
symbol must be indicated. On the basis of the magnitude of both major and minor loads,

there are two types of tests: Rockwell and superficial Rockwell.

e Vickers hardness test

This test employs a square-base diamond pyramidal indenter. The angle between
opposite faces of the pyramid is 136° and this was chosen so that close correlation can
be obtained between Vickers and Brinell hardness. The two diagonal measurements of
the residual impression are averaged and the pyramidal surface area of contact is then
calculated assuming that the residual impression is of an included angle equal to that of
the pyramidal indenter. Vickers hardness, H,, 1s defined as the ratio of the applied load
to the pyramidal surface area of the indent, and is calculated from the following
expression

HV:1.854]£; Eq. 2-3

where [/ is the mean diagonal of the pyramidal indentation. The standard loads used in
this test are 1, 2.5, 5, 10, 20, 30, 50, and 100 kg. In a Vickers test, there is geometrical
similarity between impressions under different indenter loads, and the hardness number
is independent of the load, except for very low loads at which there is often a higher

hardness owing to a skin effect on the test piece. Another advantage of the Vickers test is

10
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that it can be used to test hard materials that are far in excess of that possible with the

steel ball in the Brinell test.

e Knoop and Vickers micro-hardness tests

These tests are different from the previous ones as they are on the micro scale for which
the applied load is of the order of grams. For each test of Knoop and Vickers micro-
hardness, a very small diamond indenter having a pyramidal geometry is forced into the
surface of the specimen. The difference between the two is in the geometry of the
pyramidal indenter. The Vickers indenter is a square based pyramidal diamond while the
Knoop indenter is a rhombic based pyramidal diamond that produces a diamond shaped
indenter with a ratio between long and short diagonals of 7:1. The applied loads are
much smaller than for Rockwell and Brinell, ranging between 1 and 1000 g and the
hardness numbers are denoted by H; and H,, respectively. The mean diagonal of the
indentation is measured, thus the corresponding surface area of the indentation is
calculated based on the assumption that it has the same geometry as the indenter. For a
Vickers micro-hardness test, the hardness is calculated using Eq. 2-3. For a Knoop test,

the hardness number is calculated using the following equation

where [, is the measured long diagonal of the residual indent.

2.2 Instrumented micro-indentation technique

In hardness measurements, plastic deformation is incorporated in the indentation. A
closed form solution for the plastic stage of indentation is a very complex problem since
the constitutive equations are non-linear and a number of material parameters must be
included to describe the material behaviour. Analytical solutions are not easily obtained.
As a result, more insight on the plastic behaviour of materials during indentation has

been gained through load and depth sensing experiments and finite element simulation.

The development of the instrumented hardness technique with the capability of
continuous high-resolution measurement of forces and displacements has made it

possible to probe the mechanical properties of a surface at localised positions and map

11
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its properties on the micrometre scale. The outcome of an experiment using an
instrumented micro-hardness tester is the load-depth indentation data. The testing pattern
at each location is either in one cycle or in multiple cycles in which partial unloading
takes place at the end of each cycle then the load is applied progressively in the

succeeding cycle involving load increase.

The two mechanical properties measured most frequently using this technique are the
elastic modulus E and the hardness H. Methods for determining the post-yield stress-
strain relationship have also been applied. The latter can be expressed as a power law in
the form
o=K¢" Eq. 2-5

where o is the true stress or flow stress, &€ the logarithmic strain, K is the material
strength coefficient and » the strain hardening exponent. Interest in load and
displacement sensing during indentation as a means of measuring the elastic modulus of
the indented material began in the early 1970’s with the work of Bulychev et al.[21] on

instrumented micro-hardness testing machines.

The direct measurement of the residual impression in the case of a micrometre
indentation 1s difficult and tedious. Hence there was a great need to estimate the contact
area at a peak load through the load-displacement data. This should be based on the
knowledge of the contact depth, A, at the peak load in conjunction with the indenter area
function, X,, which relates the projected area at certain distance from the tip to this
distance, and is ideally given by
A=X,h’ Eq. 2-6

where X, is equal to 24.5 for the Vickers indenter. Since with the Vickers indenter it is
inevitable to form a line tip where four planes intersect, an equilateral triangle-base
pyramidal indenter known as the Berkovich indenter has been more frequently used and
favoured over Vickers as it can have a pointed tip. The Berkovich indenter has an
included half angle of 65.3° between a face and the vertical axis so as to give the same
area function as Vickers, but with X;, equal to 24.56. However, hardness measurements
using the Berkovich indenter were reported to be slightly larger than those with Vickers

22]. It should be noted that the original Berkovich indenter [23] had a slightly different
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angle, that of 65.03°, which gives the same surface area to depth ratio as a Vickers

indenter.

Several approaches were developed that aim to analyse the load-depth indentation data
in order to evaluate the material mechanical properties. These data are the outcome of
the interaction between the indented material and the indenter itself. Both the material
and the geometry of the indenter have an influence on the resulting indentation data, and
should be taken into account when analysing the indentation curve. As a result,

analytical approaches were developed accordingly.

2.3 Theoretical studies on contact
2.3.1 Elastic contact

The hardness problem was first addressed in terms of elastic contact in the 19" century
by Hertz [24] and Boussinesq [25]. Boussinesq developed a method to compute the
stresses and displacements in a semi infinite elastic body loaded by a rigid, axisymmetric
flat punch. Hertz analysed the problem of the elastic contact between two spherical
surfaces with different radii and elastic constants. His solutions comprise the basis of
theoretical work in the field of contact mechanics [26]. In the Hertzian theory, several
assumptions were made:

¢ The surfaces of the bodies in contact are continuous.

e The strains are small: a.<<R, where a. is the contact area radius and R is the indenter

radius.
¢ Each solid can be considered as an elastic half space.

e The surfaces are frictionless.

Contact deformations and stresses are calculated assuming a pressure distribution over
the area of contact that obeys the equation

2

2 Q0.5
a>-r
p(r)= Po{c—,} Eq. 2-7
a

13
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where r is the radial distance from the contact centre, and p, is the pressure at the centre
of the contact area, which is the maximum value for the contact pressure. The contact

area radius and p, are calculated from

3 3P |6P(EN ]
Do Pm = om? F[RJ
1
a :{ﬂ_}s Eq. 2-9
< | 4E,

where p,, is the mean pressure, and E, is the reduced modulus, or composite modulus,

which accounts for the case of a deformable indenter and is determined by

— = d Eq.2-10

—= > Eq. 2-11

where v is Poisson’s ratio, and the subscripts i and s refer to the indenter and the
specimen, respectively. The penetration depth at the centre can be calculated using the

following expression:

2 2 2
h, :1 v, 3P :1 Vv, 3R9ErP Eq.2-12
E . 4a, E, 16R

The mutual approach of distant points in two bodies during contact is obtained from

1
, 1
5:‘;; :{169112);2]3 Eq. 2-13

For v=0.3 the maximum shear stress, 7, , occurs at 0.48a. below the centre of the
contact area, and is determined from

T =031p,=047p, Eq. 2-14
The condition for plasticity is reached at that point of maximum shear when the shear

stress becomes equal to half the yield stress o,

z,.. =0.50, Eq. 2-15

At this stage of first plasticity, the mean pressure, defined in Eq. 2-8, is

14
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p,=1llo, Eq. 2-16

Sneddon [13] derived a general relationship between the load, displacement, and contact
area for a punch that can be described as a solid of revolution of a smooth function. His
results show that the load-displacement, (P-h), relationship for many simple punch

geometries can be written as

P=qph? Eq. 2-17
where A, is the elastic penetration depth, @ and g are constants. Values of the exponent g
for some geometries are: g = 1 for flat cylinder, g = 2 for cones, g = 1.5 for spheres in

the limit of small displacements, and paraboloids of revolution. For g greater than 1,

elastic deformation is thus linear with load.

2.3.2 Plastic deformation - spherical indentations

As pointed out in the previous section, when the spherical indenter is loaded into the
surface, the metal surface will deform elastically according to the classical equations of
Hertz [24]. This stage continues until plasticity commences at maximum shear stresses

and the mean pressure p, =1.1o,. As the applied load increases, the plastic zone

beneath the indenter grows and the mean pressure increases until the plastic zone
surrounds the whole indentation and reaches the surface comprising the onset of the full
plastic stage. Between the point of the first yield and fully plastic flow there is a range of
behaviour where both elastic and plastic strains influence the deformation and the
indentation pressure. It is noteworthy that these stages are clearly distinguished when
indenting with blunt indenters, such as the spherical indenters. In contrast, indenting
using pointed indenters produces plastic flow when the indenter touches the surface at

low loads. Once penetration has commenced the flow pattern is unchanged.

For an ideal plastic material, Tabor [14] has correlated the mean pressure p,, to the yield
stress in simple compression o, , for an ideal plastic material, through the constraint
factor C. The relation has the form

p,=Co, Eq.2-18

15
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For strain hardening materials, the yield stress is replaced by the true stress o,

corresponding to the representative strain (see Section 2.6.1), and Eq. 2-18 will become
p,=Co, Eq. 2-19

The condition of reaching the fully plastic stage has no close form solution for spherical

indentations. Ishlinsky’s analysis [27] showed that, over a wide range of experimental

conditions, p., = 2.60, -2.90,. A value of 30, was a good approximation. Experimental

work by Tabor [14, 28] has found that the constraint factor, C, varies from 2.8 for mild

steel and copper to 2.9 for aluminium.

Johnson [29] through his experimental work on shallow indentations using spherical
indenters, proposed that the indentation pressure induced is governed by the single
parameter (E/o,)tanf, where [1is the angle between the tangent to the indenter at the
indentation edge and the original surface. This parameter can be interpreted as the ratio
of the characteristic strain imposed by the indenter to the maximum strain that can be
accommodated by the material before yielding. With strain-hardening materials, o, was
taken to be the true stress at a representative strain of 0.2 tan/. This parameter can also
be used to identify the development of plastic deformation during the indentation
process, which consists of three stages: (i) a reversible, elastic deformation at which
(Elo)tanf<2; (ii) a permanent, plastic deformation when (E/o;)tanf>50; or (iii) both

plastic and elastic deformation when 2<(E/o;)tan 5<50.

2.3.3 Ideal plastic solid indented by a flat punch

This problem has been solved using the slip line method by Prandtl [30, 31]. For a flat
punch the fully plastic stage will be achieved when the normal pressure of the punch
satisfies the condition:

P, =2A(1+0.57) Eq. 2-20

According to Tresca yield criterion, 24 =0, while the von Mises criterion requires
24 =1.150,. Hence, the yield pressure, which is the mean pressure at the fully plastic

stage, will vary between p, =2.60, and 30, . Hencky [31] and Ishlinsky [27] have

16
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shown theoretically that the fully plastic stage will be achieved when the mean pressure

of the punch satisfies the condition: p,, =2.840,. As a result, the constraint factors in

the case of the circular flat punch and the spherical indenter are similar.

2.3.4 Plastic deformation by pyramidal indentation

The hardness obtained by using pointed indenters is practically independent of the load
but it depends on the included angle of the indenter. The smaller the angle is, the larger

the mean pressure.

A theoretical relation between the mean pressure and yield stress for ideal plastic
material has been found based on a two-dimensional model for a wedge and adopting
von Mises criterion (Hill ef al [32])

pn=1.150,(1+6) Eq. 221

where 8is related to a, the semi-included angle of the indenter, through the relation

cosé@
1+siné@

cos(2a - 8)= Eq. 2-22

Hence for a wedge with a semi-included angle between 70° and 90°, the mean pressure

is of the order 3 o, . The solution for the two-dimensional wedge is roughly valid for the

three-dimensional indenter, particularly if the semi-angle is not too small. This is
supported by the observations of Tabor [14] who reported that for conical indenters of
semi-angle greater than 60° and for a square pyramidal indenter of semi-angles of 68°
the theoretical value for the mean pressure is also 30;,. However, Tabor found
experimentally that the corresponding mean pressure is about 3.2¢; to 3.30;. The
discrepancy was attributed to the fact that the flow pattern for three-dimensional
deformation is different from that which is obtained in two-dimensional deformation.
The discrepancy becomes more marked for indenters of small included angles. The
mean pressure was noticed to increase as the semi angle decreases unlike the two-

dimensional model.

17
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2.3.5 Expansion of a spherical cavity in an elastic-plastic half space

Johnson [29] has proposed a simplified theoretical model for indentation by extending
Hill’s theory [33] on expanding a cylindrical or spherical cavity in an elastic-plastic
material. This model considers the surface of the indenter to be encased in a semi-
cylindrical or hemispherical ‘core' of radius a, which is the contact radius, and the mode
of deformation was assumed to be radial expansion caused by the hydrostatic stress

beneath the indenter within the core.

The elastic-plastic boundary in the model coincides with the boundary of the core
(c/a=1) at p./o, = 1.1. At the fully plastic pressure, the elastic boundary moves out to
make ¢/a = 2.5. For a pyramidal indenter, as it is not a solid of revolution, £ was taken
to be the equivalent angle for a cone, which displaces the same volume of material as the
pyramidal indenter for the same indentation depth. Considering the equivalent cone
angle enables the use of the cone indenter, as it is a solid of revolution, in modelling
indentation produced by pyramidal indenters. For a Vickers diamond pyramid, B was
taken as 19.7°. Johnson [29] showed that the dependence upon the single parameter

((E/o,)tan Bappears to correlate with the experimental results reasonably well up to

values of £ = 30°. With sharper indenters, the work of Hirst and Howse [34] with cones,
showed that the deformation mode was different and correlation of indentation pressures

on the basis of (E /o, )tan Bis no longer appropriate.

Marsh [35] likened the mode of deformation of Vickers indentation to that of a spherical
cavity in an elastic-plastic material. He found that the indentation pressure for a variety
of materials, measured with a Vickers indenter, followed the relation

Pn 007+06 h{i] Eq.2-23

Oy Oy

which is similar in form to the theoretical expression derived by Hill [33] for the
pressure necessary to expand a spherical cavity in an elastic-plastic infinite solid, viz.

9]
Pu_a04+21m £ Eq. 2-24
3

o, o,
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2.4 Determination of elastic modulus and hardness
Hardness and elastic modulus are determined from direct analysis of the unloading
indentation curve. All approaches rely on the following observations in their analysis:
e The recovered deformations on unloading are considered elastic so that the elastic
solution of contact can be applied.
e During unloading, there is appreciable recovery in depth whilst there is practically
negligible change in the diameter of the indentation, less than 3%.
e During indentation, the contact perimeter is depressed downwards elastically, and

regains its original position upon unloading.

When indenting a material using a spherical indenter, the residual contact impression
was found by Tabor [14] to be still spherical but with a slightly larger radius than that of
the indenter. The elastic loading and unloading of such an impression can thus be
described as a spherical ball of one size elastically deforming in a spherical hole of
another, which is a problem of Hertzian contact. When indenting a material using a
conical indenter, as observed by Stilwell et al. [36], the residual impression is still

conical but with a larger included tip angle than that of the indenter.

2.4.1 Approach based on pyramidal indentations

Analysing the unloading curve to determine hardness and elastic modulus was based on
Sneddon’s solution [13] of an elastic half space indented by an elastic punch that can be
described as a solid of revolution. The important feature of his solution was that it
related the elastic modulus to the slope of the unloading curve at the initial stage, namely
the contact stiffness. The basic assumption is that during the initial withdrawal of the
indenter, the contact area between the indenter and the specimen remains constant. This
was the basic framework of all approaches that analyse the unloading curve to determine

hardness and elastic modulus.

Sneddon’s analysis on indenting an elastic half space with a flat rigid cylindrical punch

leads to a simple relation between P and 4, of the form [13]

4a G
P=—¢2"h Eq.2-2
1-v, ° q- 2-25
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where a. is also the radius of the cylinder and G; is the shear modulus. Oliver and Pharr
proposed a method [15, 37] based on the above solution and Tabor’s observations [14].
Rewriting Eq. 2-25 in terms of E and the area of the contact circle, A, and then

differentiating it with respect to 4. in order to obtain the contact stiffness gives

dP 2
S=—=""_FE JA 2-2
ah Am " Eq. 2-26

where § is the stiffness of the upper portion of the unloading data. Hence, by measuring
the initial unloading stiffness and assuming that the contact area is equal to the measured
area of the residual impression, Eq. 2-26 can be used to calculate the reduced elastic
modulus. However, applying Eq. 2-26 to the unloading indentation data, assuming the
recovery is elastic, is questionable as it was derived based on the following two
assumptions:

e The surface of the indented material is flat.

e The indenter is a cylindrical punch so that the contact area is constant during

indentation.

Oliver and Pharr [37] showed that Eq. 2-26 is still valid for describing the elastic
behaviour of a material when unloading the indenter, and the fact that the indented
surface is not flat does not appear to impose severe restrictions on the application. They
also showed that the equation is independent of the indenter geometry which means that
methods for determining contact area and elastic modulus from the initial unloading
slope of load-depth sensing indentation data can be used even when the contact area
between the indenter and the specimen changes continuously as the indenter is

withdrawn and the indenter does not behave like a flat punch.

Although Berkovich and Vickers indenters are not bodies of revolution, Eq. 2-26 can
still be used with negligible error. This follows from finite element calculations of the
load-displacement characteristics of elastic half spaces deformed by flat-ended punches
with circular, triangular and square cross sections performed by King [38]. The latter
two geometries are equivalent to the Berkovich and Vickers indenters. King found that

for all three geometries, the unloading stiffness is given by

P 2
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where the values of the constant 77 are 1.0, 1.034, and 1.012 for circular, triangular, and
square cross-sections, respectively. This means that the value for 77 for triangular and

square indenters will deviate from the circular one by only 3.4% and 1.2%, respectively.

Doerner and Nix [12] suggested that the unloading stiffness can be determined by fitting
a straight line to the upper one-third of the unloading curve. This was justified by the
experimental observations they carried out which suggested that the initial portion of the
unloading curve is linear. This means that the contact area between the indenter and the
specimen remains constant and the relationship between the contact stiffness, the contact
area, and the elastic modulus is not dependent on the geometry of the punch. Hence,
Sneddon’s analysis for the indentation of an elastic half space by a flat cylindrical punch

is considered to approximate the real behaviour.

Oliver and Pharr [37] subsequently carried out nano-indentation experiments using the
Berkovich indenter on different materials that span a range of hardness and elastic
modulus. They suggested that a specimen should be loaded and unloaded three times in
succession to ensure the reversibility of the deformation, and the peak load should be
held for 100 s to allow for any creep effect to diminish. They plotted the unloading
curves on logarithmic axes and proved that none of the curves were linear. In fact they
were slightly concave upwards. They fitted the unloading curve to a simple power law

function in the form of Eq. 2-17. By substituting s, with (h—h,) where A, is the
residual depth, Eq. 2-17 becomes

P=¢(h-h,)? Eq. 2-28
The parameters ¢, g, and A, are determined by the fitting procedure. It was observed

that the power law exponents for the test materials varied from 1.25 to 1.51 with a mean

value of 1.40. This means that none of the data is consistent with flat punch behaviour.

The value obtained for the unloading stiffness together with the indentation projected
area are substituted in Eq. 2-26 to calculate the elastic modulus. Hence there was a great
need to estimate the contact area at peak load through the load-displacement data. This
should be based on the knowledge of the contact depth 4. at the peak load in conjunction

with the indenter area function. Doerer and Nix [12] suggested that the contact depth,
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h., is obtained by extrapolating the initial linear portion of the unloading curve to zero

load.

In the indentation of electro-polished tungsten, a continuous measurement of the contact
stiffness, which is a measure of the contact area as well, proved that the contact stiffness
changes immediately and continuously as the specimen was unloaded. Thus, the contact
area is not constant during unloading even during the initial stages of unloading. This
means that the flat punch is not an adequate approximation. Oliver et al. [37] proposed a
procedure to account for the curvature in the unloading data in determining the contact
depth, which is used in conjunction with the indenter shape function to establish the
contact area at peak load. It was assumed that the behaviour of the indenters that can be
described as a body of revolution would give a better description for a Berkovich
indenter. Hence, in this solution a conical indenter, equivalent to the Berkovich indenter,
was chosen for modelling the indentation. The included angle of the cone was taken to
give the same area function as the Berkovich indenter. At any time during indentation,
the total displacement 4,is written as
h; =h, +hg Eq. 2-29

where A, is the deflection of the surface at the contact perimeter, which depends on the

indenter geometry, as illustrated below in Fig. 2-1 that shows the indentation profile

assumed by the Oliver and Pharr approach when loading and unloading.

'
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Fig. 2-1 The profile of an indentation at peak load and after unloading for a pyramidal

indenter.
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For a conical indenter, A is given by [13]

_2
hy = E—”—- (hy —h,) Eq. 2-30

where (h, —h,) is the elastic displacement at the indenter tip. Sneddon’s force-

displacement relationship (Eq. 2-28) for a conical indenter (g =2) yields

P
(h—h,)=2— Eq. 2-31
S
Substituting Eq. 2-31 into Eq. 2-30 gives
P
h, = ,{% Eq. 2-32

x==(r-2)=0.72 Egq. 2-33

For a flat punch, ¥ = 1.0, and for paraboloids of revolution, y = 0.75. It can be seen
now why Doerner and Nix in their analysis used the value 1.0 for y, which is the case

for flat punch as their analysis was based on flat punch behaviour. Having found the
contact area at the peak load, the hardness can be determined through the equation

P
H =-max Eq. 2-34
A

The reduced modulus can then be calculated from Eq. 2-27. Oliver et al. |37] compared
the measured residual contact areas using Scanning Electron Microscopy (SEM) with
the calculated ones and reported a good agreement except for aluminium whose
calculated areas were smaller than the imaged ones, which was attributed to the pile up
around the indentation. It was suggested that a paraboloid geometry for the indenter can
best describe the unloading behaviour and matches well the predicted mean value for the
power law exponent, which was found equal to 1.40 that is very close to that predicted

by Sneddon’s analysis for paraboloid.

Oliver and Pharr [37] reported that the power law method for fitting is less sensitive to
creep and that the stiffness measured from the first unloading data was slightly greater
than that from the last unloading curve. However, when linear fitting was used to
measure the initial unloading stiftness, the fraction size of the unloading curve used for

the fit affected significantly the contact stiffness. The modulus values predicted by their
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method were compared with the values measured by different methods. The difference
was within 4% except for sapphire and quartz whose measured modulus was higher by
about 9% for sapphire and 30% for quartz. This was attributed to the anisotropy, the
influence of which was not fully investigated, and it was suggested that the measured
value should be some average quantity. Fischer-Cripps [39-41] verified the approach of

Oliver and Pharr on experimental and simulation indentation data.

Hay et al. [42] investigated the applicability of Sneddon’s solution that assumes a rigid
conical indenter penetrating an elastic half-space. They compared Sneddon’s analytical
solution with the finite element simulations, under the same boundary conditions. FE
results showed that Sneddon’s solution deviates from the physical interpretation of a
rigid conical indenter in that the deformed surface of an indent does not conform to the
indenter profile. Rather, the radial displacement within the contact radius is inwards
virtually penetrating the indenter surface. The severity of this deviation depends on both
the semi-included angle of the indenter tip and the Poisson’s ratio of the material being
indented. Sneddon’s solution was found to underestimate the actual contact radius by up
to 9% and 27% for rigid conical indenters with half-included angles of 70.32° and
42.28°, respectively. Hay et al. proposed an aproximate analytical correction to the
Sneddon relationships for the case of a right circular cone of arbitrary included angle.
This was presented by the factor ¥ which accounts for the effect of the indenter angle
and Poisson’s ratio, given by

(1-2v)

SRR Ul
7 4(1-v)tana

Eq. 2-35

The correction factor is implemented in determining the contact area from the
instrumented hardness experimental data. Hence, Eq. 2-27 is modified to

dP 2
S=— el

= = ‘\/_ZE -
dhe 7(77\/'7? r) Eq 2-36

A new technique, called the slope technique, was later proposed by Oliver [43] to
measure the elastic modulus and hardness from the analysis of the indentation data with
the Berkovich indenter. In this technique the initial contact stiffness at the cycle peak on

both the loading and the unloading curves are utilised. The determination of the loading
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curve was based on the work by Malzbender and Toonder [44] who proposed that the

loading curve produced with a perfect Berkovich indenter is given by

1 E 7©T |H |,
P=E | — |- +0.751/— /— h Eq. 2-37
[ X, \/H 4 E} q

Combining the initial contact stiffness from the loading curve at the cycle peak with that

from the unloading curve, Oliver proposed the following equations to obtain the reduced

modulus and hardness.

£ - |7 1 S28, Ea.0.38
"TVX, 27P_ | 25-0.755, 4=

where S; is initial contact stiffness from the loading curve at the cycle peak. The contact

area is given by

2

25 -0.758

A=X,P. | ——L Eq. 2-39
SS,
and hardness can be computed from
-2

25 -0.75

__ ! 5, Eq. 2-40
X,P._, SS,

Results from this technique agree well with those from the original one that is based on
Eq. 2-26 for deep indentations. However, this technique was shown to be less sensitive
to the tip roundings thus more accurate estimation of the hardness measurement at
shallow indentation can be obtained. On the other hand, it assumes that the peak of the
loading curve coincides with the start of the unloading curve with no presence of creep,

time dependent deformation.

2.4.2 Approach based on spherical indentations

Field and Swain [45, 46] proposed a method based on a cyclic loading routine with
multiple partial unloading, which allows an estimate to be made of the impression depth
for all load steps by employing the Hertzian elastic solution during unloading. The basis

of their approach is Eq. 2-13, which they rewrote in the form
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2

h =0T =< (for rigid indenter)

‘ R
2 Eq. 2-41
Q=32[_P_J , T:\/I
\/16 E, R

where 1/ R 1is the curvature of the contact surface. It is worth remembering that Eq. 2-13

assumes indenting a flat surface with a sphere. However, partially unloading an
indentation from the peak load P,.. to an intermediate value P,, is elastic and is
equivalent to reloading a residual impression into reconformation with the indenter. The
total penetration is the sum of the depth of the residual impression and the elastic
displacement associated with its reloading. The problem of loading a residual spherical
impression was analysed by Goodman et al. [47]. In order to make the above equation
valid to describe the unloading behaviour in which the indented surface is not flat, the
curvature of the indented surface should be considered. This was done by introducing

the effective radius R, defined through

111 Eq. 2-42
R R 1 -0

r

where rpis the radius of curvature of the residual impression. Field and Swain’s

approach is only concerned with the fully plastic stage of indentation, which was

assumed to start when C approaches 3.0.

When partially unloading an indentation, Field and Swain assume that the elastic

recovery h, is known as well as the contact radius a.. Hence

T=; Eq. 2-43

2
c

The contact depth can then be determined from

h. =R-+R? - a2 Eq. 2-44

The depth of the loaded indentation below the original surface is

h
h,=h, +h, :hc+%:>h,=hc—?f Eq. 2-45

Fig. 2-2 shows the geometry of the profile of an indentation when it is fully unloaded.
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h,

Fig. 2-2 Schematic relationship between the depth of loaded and unloaded indentation

Field and Swain’s approach assumes that the unloading curve can be described by Eq.
2-28 with g=1.5, which is a short form of Eq. 2-41. It was suggested that only two points
on the unloading curve are required to determine this equation. The first point is the one
at peak load and the second is at any intermediate position of the unloading curve. The

direct aim of this is to determine the residual depth 4, that follows from

P 2/3
B | =1 —h
b - " {P ] ’ Eq. 2-46

where P, is an arbitrary intermediate load value on the unloading curve. The contact

depth in this case is found from Eq. 2-45 as

_h +h,

he 5

Eq. 2-47

From the contact depth, the contact radius of the circle of contact is given by

a, =+2Rh, —h; Eq. 2-48

The reduced modulus can then be determined directly from

_3Ph

E =
4 a,

Eq. 2-49
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Field and Swain applied their approach to different materials and found that the material
response under indentation was underestimated. They managed to achieve a good
agreement when they assume a larger value for the indenter radius in their calculations
by 30% and 44% for the 50 um and 5 pm radius indenters, respectively. They justified
this from their observations of interferograms of the tip which showed a slight flattening
to the spherical shape at the tip as if material was missing. Their prediction of the elastic
modulus of aluminium ranged between 70 and 150 GPa whilst the calculated hardness
varied between 0.9 and 1.1 GPa [46]. This approach was reviewed and verified by
others, e.g. Fischer-Cripps [40, 41, 48-51].

Hay er al. [52] also proposed a correction to Eq. 2-49. Their idea was based on the
discrepancy between the boundary conditions for the elastic contact problem (in which
the deformed surface within the contact radius must fall on the indenter profile) and the
inward radial displacement resulting from analysing the indentation data using Hertzian

analysis. Hertzian radial displacement within the area of contact is given by

2 2 3/2
U :_(I—ZVS)(I-FVS)CIC p0|:1_[1__r_2] ] r<a, Eq. 2-50
r

' 3E,

[

hence the contact radius can be calculated from the radial displacement added to the

original radial coordinate of the contact edge as follows
a,=r+U, Eq. 2-51

Based on the approach of Hay et al. [52] the corrected Hertzian relation can be written

in the form
P=y, g E JR A Eq. 2-52
thus
g 29_{5]; Eq. 253
"4l y, \/Eh;.s

where the correction factor % is defined by

2 E (1-2v))a, Eq. 2-54
37 E, (1-2v,)R

v, =1+

5 r
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Whilst this correction assumed an infinitely rigid indenter, a similar equation was also
proposed to consider a deformable indenter. However, the elastic deformation
accommodated during the elasto-plastic indentation is small enough to make the
contribution of this correction negligible especially for soft metals, the focus of this

research.

2.4.3 Effects of sinking-in and piling-up on estimating the contact area

During indentation, material is displaced around the vicinity of the indenter. It either
deforms downwards sinking-in or deforms upwards forming a raised lip surrounding the
impression, i.e. piling-up. For a work-hardened material the displaced metal tends to
pile-up, whilst with annealed and hard metals, the initial displacement of the metal
produces appreciable work-hardening and the metal immediately adjacent to the
indentation is depressed, sinking in. For materials exhibiting piling-up during
indentation, applying the elastic solution to the unloading curve, which always assumes
the contact edges deform downwards, would include an error resulting in
underestimating the contact area, which is supposed to lie in a plane above the original

surface.

Cheng et al. [53] studied the phenomena of piling-up and sinking-in of the surface
profiles in conical indentation in elastic-plastic metals that work-harden. Their study was
carried out using dimensional and finite element analysis. A rigid conical indenter
equivalent to Berkovich indenter was modelled. The contact depth was assumed as a

function of the form

o,
h, = h,H[ E) ,n,a} Eq. 2-55

The ratio h./h, can be either greater or smaller than one, corresponding to piling-up and
sinking-in, respectively. Based on dimensional analysis, the contact depth, A., was
shown to be proportional to the indenter displacement, h, that is the ratio hJh, 1S

independent of indenter displacement.

The finite element simulation was applied assuming v = 0.3, & = 68°. This meant that

ho/h; was considered only a function of ¢, /E and n. In each calculation using E, o,

29



Chapter 2: Literature review

and n as input parameters, the loading and unloading curves were obtained together with

the contact depth as a function of the indenter displacement. For large o, / E sinking-in
was predicted for all values of n. For small ¢, /E both sinking-in and piling-up may

occur depending on the degree of work hardening.

The Oliver-Pharr procedure for estimating the contact depth under load was found to be

valid when the ratio o, / E is large (e.g. greater than 0.05 independently of the value of
n) or for most o, / E values if n =0.3. This is expected since this procedure is based on

Sneddon’s analysis of the surface profiles for elastic contacts. In fact, hA./h, estimated
using the procedure of Oliver-Pharr is always less than unity. Thus, the procedure may
be used with confidence for materials that can accommodate high elastic deformation.

For materials with low o, / E such as soft metals, the Oliver-Pharr procedure should be

used with caution as it could underestimate the contact area by up to 40%. Hence it

would lead to an error in estimating the hardness and the reduced modulus.

Bolshakov et al. [54] also used finite element analysis to simulate indentations formed
by a rigid cone, equivalent to Berkovich. They investigated the influence of the pile-up
on the measurement of the contact area and tried to define the condition under which
pile-up is significant. Two separate cases of strain hardening were simulated, one with
no strain hardening, and the other with a work hardening rate of do/de = 100, based on
a bilinear plasticity model. The Poisson's ratio was taken as v = 0.25 for all materals
tested. A measurable material parameter, h/h, was used to identify the expected
behaviour of a given material. A parametric study was carried out to investigate the
dependence of different material properties on this parameter. The dependence of H/E
on h,/h, was studied for both extreme cases. The contact area was obtained at peak load,
and E was the input value in the modelling. The modelling results of the simulated

material showed the following

lim (H/E) =0
h lh —l
Eq. 2-56
lim (H/E)=0.07
hy lhy =0

30



Chapter 2: Literature review

A value of 0.191 was expected from Sneddon’s analysis for H/E instead of the value of
0.207. This was attributed to the fact that Sneddon’s analysis applies to small
deformation while the finite element code accounts for finite deformation. The implied
error in estimating H/E from h,/h, was within 15% for 0.8 < h/h, < 1 and less than 7%
for 0.0 < h,/h, < 0.8. Bolshakov et al. showed that the amount of piling-up or sinking-in
depends on the amount of work hardening as well as on the value of A,/h,. It was noticed
that for h/h, <0.7, very little pile-up was found no matter what the work hardening
behaviour of the material is, which was supported by the FE simulation carried out by
Pharr [55]. As a consequence, the contact areas given by the Oliver-Pharr method match
very well the contact areas obtained from the finite element analysis, independent of the
amount of work hardening. However, when h,/h, >0.7, the pile-up depends on the degree
of the work hardening, thus the accuracy of the Oliver-Phair method depends
significantly on the amount of work hardening in the material. If the material is elastic-
perfect plastic, the Oliver-Pharr method underestimates the contact area by more than
40% at h,/h, =0.9735. It was also observed that for h/h, > 0.7, the effective modulus is

overestimated by 10 to 16% even if the correct contact area is used.

Bolshakov et al. attributed this overestimation to the plastic properties of the material
affecting the unloading curves in such a way that the analysis can no longer be done by
means of elastic solutions only. It was not possible for them to predict if a material work
hardens based solely on the load-displacement data. Therefore, they recommended more
care to be taken when h/h, > 0.7. However, they reported that for materials with very
low h,/h,, the method of Oliver-Pharr overestimates the effective modulus by 2 to 9%.
This was attributed to the fact that Sneddon’s solution needs correction. The geometry of

a spherical indentation with piling-up and sinking-in is illustrated in Fig. 2-3.

Norbury and Samuel [56] investigated the pile-up and sink-in effect on the measurement
of contact area and how that can be related to the material strain hardening exponent.
They measured the contact circle diameter and its elevation on recovered indentations
and calculated the contact depth of penetration of the loaded indenter below the circle of
contact. They found that the lower # is, the more the tendency for pile-up. The profile

characteristics: the contact depth 4. , the displacement of the contact circle relative to the
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original surface 4, and the radius of the circle in the plane of the original surface a, are

related through the parameter ¢

cz—h‘“‘—1+h' _ G ora =ca Eq. 2-57
h h, ~ al ¢ 0 4=

1 1

where a, is given by

a, = 2Rk, — h? Eq. 2-58

The data published by Norbury and Samuel [56] comprised the framework for
subsequent research to relate the pile-up extent to the strain hardening exponent through
empirical equations that fit these data, which are examined in Section 5.2.2. Matthews
[18] extended the Hertzian elastic contact solution to nonlinear viscoelastic materials
including materials that work harden according to Meyer’s law, and proposed an
expression for ¢ that would fit Norbury’s data. Richmond et al. [57] considered an

approach through nonlinear elasticity theory and obtained values for h/h, which lay
close to Norbury’s data for two materials. Hill er al.[58] determined the ratio a_ /DA,
and verified their results by finite element analysis. They based their work on the
framework by Hill [17]. They validated Meyer’s law and proposed an alternative

relation for ¢*, which gives better fit to the experimental data than Matthews’s

expression.
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Sink-in Pile-up

h

Fig. 2-3 A schematic illustration of spherical indentation with piling-up and sinking-in.

In order to account for the effect of pile-up, Field and Swain proposed in their approach
to consider the measurement relative to the original surface and not to take into account
any pile-up or sink-in. This would result in calculating the contact radius, ay, that lies in
the plane of the original surface. Hence, the correction 18 possible provided ¢ can be

determined.

Taljat et al. [19] produced different ¢* expressions for loaded and unloaded indentations
from FE analysis. The pile-up effect was found dependent on n for E/0;,=500, and two
relationships were proposed for both cases. Alcala et al. [59] performed indentations
with the Vickers indenter and a spherical indenter on ceramics, copper and stainless steel
materials. They examined the profile of the residual indents and attempted to relate the
surface deformation at the contact edges (i.e. pile-up or sink-in) to the strain hardening
exponent for each type of indentation. They carried out a polynomial fitting and came up
with the following empirical relations for both types of indenter, namely spherical and

Vickers, respectively:
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c* =1.276—1.748n+2.451n* —1.469n" (spherical indenter) Eq. 2-59

cp =1.202-0.857n+0.302n" (Vickers indenter) Eq. 2-60

2.5 Relation of hardness to plastic flow
2.5.1 Meyer’s Law

The relation between load and size of indentation produced by spherical indenters can be
expressed by Meyer’s law [20]. For a ball of fixed diameter:

P=kd™ Eq. 2-61
where k is a constant, m is Meyer index, which gradually decreases with the
development of plastic deformation around the indenter. It ranges from a value of 3 in
the elastic stage to a value between 2 for fully work-hardened metals and 2.5 for fully
annealed metals at the full plastic stage of indentation at which the total deformation of
the material around the indenter is plastic. When balls of different diameters, D;, D»,

Ds, ..., are used, the value of k changes according to:
P:kldl’" :kzdg’ :k3d§" ..... Eq. 2-62

Meyer found experimentally that the index m was almost independent of D but that k£

decreases with increasing D in such a way that
X, =kD"*=k,D;y*=k,DI..... Eq. 2-63
where X is a constant. Thus the most general relation involving 4 and D is

P___delm — de?’_n — Xrndf;n _

- 2= 2= Eq. 2-64
Dlm—Z D,I;_~ Dé"-- q
This can lead to the following:
Pox 4] & £ :Xm{i Eq. 2-65
d D D~ D

The Meyer index and the strain-hardening exponent are related by m=n+2. By
performing a series of spherical indentations at different loads, Meyer law expressed in
Eq. 2-65 can be a means of measuring the strain hardening exponent of a material.

However, the strain-hardening exponent can also be obtained in two other ways: (1) from
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the uniaxial engineering strain-strain curve, as n is the true logarithmic strain at the
ultimate tensile strength, UTS, Dieter [60], (ii) from fitting the true stress-true strain

curve by the power law function in the form of Eq. 2-5.

2.5.2 Correlation between hardness data and yield stress

There have been attempts, Atkins et al. [61], to correlate the 0.2% offset yield stress of
metals to Vickers hardness. Devenpeck and Weinstein [62] indicated the possibility of
obtaining the proportional limit from hardness measurements but did not derive a
specific relationship. Cahoon et al. [63] attempted to derive an expression which
correlated the 0.2% offset yield stress with Vickers hardness for various materials which
included the strain hardening exponent. They studied materials strengthened by heat
treatment and by cold working. They selected two alloy systems, 65S, age hardening
aluminium alloy, and 1040 steel and found that the strain hardening exponent
determined from hardness measurements generally agreed within 25% of that obtained
from stress-strain curves. For the 65S aluminium alloy, the yield stress could not be
correlated directly with hardness but was dependent on the strengthening mechanism.
They reported that in a 1040 steel, the strain-hardening exponent was dependent only on
hardness and not on the strengthening mechanism. The results showed that the yield
stress varies from H/6 for an alloy with a high strain hardening exponent to H/3 for an
alloy with low strain hardening exponent. Cahoon et al. [63] came up with the following
equation for correlating Vickers hardness with 0.2% offset yield stress:

H
~(0.1)" Eq. 2-66

O'y=3

This equation was derived from the power law relation between plastic stress and plastic
strain, assuming the stress at 8% strain for a Vickers indenter, is H/3 for an ideal plastic
material. The constant 0.1 was an approximation for &/0.08, which was obtained for
steel and aluminium. Comparing the calculated 0.2% offset yield stress with the

experimental one, the error was about 16% for steel.
George et al. [64] attempted to estimate the 0.2% offset yield strength of hot and cold
rolled sheet steel from hardness data using the Rockwell ball indenter. The ball diameter

was 1/16 in. Their work was based on Meyer’s law, Eq. 2-64 and Eq. 2-65. For each
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loading cycle, the total penetration depth, 4, is measured and the corresponding diameter
2ap which lies on the original surface is calculated from Eq. 2-58. Meyer’s hardness law,
Eq. 2-65, is then applied to determine the material parameter X,, and the strain hardening
exponent n. Haggag et al. [65-67] confirmed the findings of Cahoon et al. [63] in that
the material parameter X,, can be related to the yield stress by

o,=B,X, Eq. 2-67
where B,,, the material-type constant, has a single value for each type of material. B, =
(0.2285 is applicable to all carbon steels whether cold rolled, hot rolled, or irradiated, and
a value of B,, = 0.191 is used for stainless steel materials [66]. For a better fit, Eq. 2-67
can be written in a more general form

o,=b,+B,X, Eq. 2-68
where b,, is the material yield stress offset constant. Haggag tested different kinds of
hard steel and the heat-affected zone of welding [68-72] and reported gradients in

hardness and mechanical properties, which could not be correlated using his technique.

He attributed this to the paucity of the data.

2.5.3 Correlation between hardness data and ultimate stress

Tabor [28] also correlated the engineering ultimate tensile strength UTS with Brinell

hardness and with Vickers hardness by the following two equations

UTS 1-n 10nj” Eq. 269
BHN 262\1-n

UTS 1-n 12.5n}" Eq. 270
H, 29\1-n '

However, Eq. 2-69 and Eq. 2-70 are only valid for a limited range of alloys.
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2.6 Stress-strain curve from indentation data
2.6.1 Representative strain and constraint factor

Tabor reported that the strain at the edge of the Vickers indentation is equal to 8% on the
uni-axial stress-strain curve. He also proposed that the strain at the edge of a spherical
indentation is proportional to the ratio of the contact area diameter to the indenter
diameter, d/D. This strain was called the representative strain, &, and is calculated from

aE
R

The corresponding true stress is related to the hardness measurement through the

g, =02sinf=02

Eq.2-71

constraint factor, defined in Eq. 2-19. The coefficient 0.2 was obtained by Tabor from
measuring Vickers hardness of metals that have been compressed uni-axially by various
amounts in order to obtain a relation between hardness number, the amount of
deformation or strain at the indentation edges and the true stress. Eq. 2-71 was verified

later by Hill et al. [58] and Sinclair et al. [73] using FE analysis.

In general, the value of the strain at the indentation perimeter depends on the angle
between the indenter surface, at the contact edge, and the original surface plane.
Therefore, the strain produced by sharp indenters is of a constant value that is related to
the included angle of the indenter tip and is independent of the indentation depth.
However, in the case of indentation using a spherical indenter, the angle between the
indenter surface, at the contact edge, and the original surface increases with indentation
depth, as would the corresponding representative strain. Hence, the strain produced by
spherical indenters depends on depth of penetration. This is the main advantage of
spherical indenters as it should be possible to obtain the stress-strain curve provided the

contact area is measured over a range of depth values.

Using Tabor’s Eq. 2-71, Au et al. [74] proposed the following equation to determine the
contact radius from direct measurement of ball indentation depth

47P o R +a?
a, =05 2 e p Ly L e Eq. 2-72
2 E, E, \h’+a?-Dh,

s

—

This equation was implemented together with Tabor’s equations in order to obtain the

stress-strain curve. FE results by Taljat et al [19] showed that values of the contact
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radius obtained by Eq. 2-72 are almost identical to the radius at the original surface
plane ay, meaning that this equation does not consider the pile-up effect on the measured
contact area. This is because Eq. 2-72 was developed with the assumption of an ideal
spherical depression in which the diameter before and after load application is the same.
Hence, the radius it calculates is essentially identical to ap if one neglects the change of

indentation diameter caused by the elastic deformation of the indenter.

Taljat et al. [19] verified Tabor’s equation Eq. 2-71 using FE analysis by checking the
distribution of the equivalent plastic strain across an indentation profile for three values
of n, that is, 0, 0.25, 0.5, at a penetration depth corresponding to a/R = 0.5. The curves
corresponding to the three different n values intersected the predicted strain value
obtained by Tabor between 0.97d and 1.034. As Tabor’s equation Eq. 2-71 can cover up
to 20% strain, they proposed in their method two extreme values for the representative
strain at which the corresponding stress can be calculated. For each strain value, they

proposed a set of equations for calculating the constraint factor.

For materials that strain-harden, Eq. 2-19 is still valid if the true stress corresponding to
the representative strain was considered. Hence, the mean pressure can be correlated
with the true stress, for all indenter geometries, according to the general equation Eq.
2-19. In the case of spherical indentation, the constraint factor C equals 2.8-3.0
according to Tabor [14] when full plasticity is reached for an ideal plastic steel. Tabor’s
equations for correlating hardness with the true stress are valid only during the stage of

full plastic indentation; hence the onset of this stage needs to be identified.

Au et al. [74] also determined the process of development of the plastic zone beneath the
indenter. This was based on the work of Francis [75] who tried to find the value of the
constraint factor during the elastic-plastic transition. The set of equations that describe

the constraint factor has the form

Cq P<1
C= C1+C21n¢ 1<(PSC3 Eq. 2-73
Cmax (P>C3

where
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Eq. 2-73 predicts C during three mechanical stages: elastic, when C has a constant value;
transition, which is a combination of elastic and plastic deformation when C is a linear
function of In(®); and fully plastic, when C has a constant value. Francis [75] adopted
the following values from his studies: C, = 1.11, C, =0.534, C3 =27.3 and C,.,, = 2.87,
whilst the values for these constant by Au et al [74] were C; = 1.07, C, =0.759, C3 =24
and C,... = 3.48. Nonlinear regression analysis was used to obtain a set of equations,
applied iteratively, to predict the homogeneous plastic flow part of the true stress-true
strain curve. The large value of C,,,. = 3.48 was attributed to the strain rate effect on the
flow properties of 1015 steel samples. Low carbon steels generally have higher strain
rate sensitivity values than most other common metals. Lucas and Haggag [76]
suggested that some materials have their constraint factor dependent on the strain rate

and that can affect the derived stress-strain curve.

A group of investigations [63, 65-67, 69-72, 77-82] attempted to determine flow
properties of a material including welds and their heat affected zone using indentation
data. They utilised tungsten carbide spherical indenters of diameter ranging from 0.1 to
0.62 inch in performing instrumented hardness indentation, and proposed a set of
equations similar to those of Au er al. [74] Eq. 2-73 but with C, =1.12, C, =27,
C,=(C_, —1.12)/In27,and C__ =2.87«, where ¢, is the material strain sensitivity
parameter usually taken equal to unity for most mild steels. The residual depth was
determined by linearly extrapolating the upper portion of the unloading curve to zero

load axis. Eq. 2-72, and Eq. 2-73 are solved iteratively to yield the contact diameter and

the stress-strain curve.

Taljat et al. [19] adopted the values of Francis [75], and they defined the parameter @
through

E, 2Eh
® = tan(f) =+ = —— Eq. 2-74
o a.o

r o~ r
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The set of equations Eq. 2-73 that define the constraint factor do not predict its
dependency on the strain hardening exponent, n. Matthews [18] and Tirupataiah and
Sundararajan [83] presented approximations for this dependency. Matthews’s equation

C= 6 (ﬂ} Eq. 2-75
2+n\97

gives the values C=3, 2.85, for n=0, 0.5, respectively. The experimental results of
Tirupataiah showed the same trend and the C values ranging between 2.4 and 3.1. The
FE results of Taljat et al. [19] showed good agreement between the values of C
presented by Francis [75] and Johnson [29]. The calculated C,... is equal to 3 and
decreases for materials with higher n. This agrees with the results of Matthews [18] and
Tirupataiah and Sundararajan [83]. They found that materials with low n show a high
Chma: value, and vice versa. The values of C,,,, range from 1.5 to 4.0 for n=0.5 to n=0.0,

respectively.

The FE results of Taljat er al. [19] showed the equivalent plastic strain has a small value

at the edge but it increases towards the indentation centre. It reaches the maximum at a
distance around 2a,/3 from the indentation centre and then decreases with a smaller
gradient to the centre. This location was exploited, as a reference point, to determine
stresses at higher strain values that might be over 100%, and the strain at that location
was taken as a maximum representative strain defined by

d 2
£ = [O.Sn P 1.6}[—()} Eq. 2-76

Jn+0.1 D

where do=2ao. The corresponding C value for calculating the corresponding stresses can

be obtained from the following

—0.65 +1n(®)
C= 2 Eq. 2-77

Copax =—081+—
Jn+0.2

where @ is calculated from Eq. 2-74. Similarly, the point at a distance a,/5 from the

indentation edge was chosen as the reference point for determining a low strain value

that can be below 1%. The minimum representative strain is given by

1. a, 2.45-0.85n
£ i = {— 2+0.87n +LI—°} Eq. 2-78

vn+0.36 \ D
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The corresponding C can be approximated as

~3.18n%+2.891°
j Eq. 2-79

C =13.65—4.3n> +4.36n3I%0

The above equations are strongly dependent on # to account for the difference between

a, and the actual contact diameter in order to determine the stress-strain curve from the

indentation data.

Herbert et al. [84] attempted to predict the yield stress from spherical indentations, and
compared the stress-strain curves derived from the spherical indentation data based on
Tabor’s equations with those from uniaxial tension. In their measurement of the yield
stress, they explored 3 different methods, all of which relied on a deviation from the
Hertzian solution. This includes: (i) Identifying initial yielding at the end of the elastic
stage of indentation, which is the mean pressure divided by 1.1. However, they reported
that the first evidence of yielding did not occur until p,/0,=1.6, which agreed with the
FE investigation of Mesarovic and Fleck [85]. (i1)) when A/h,=0.5, and (iii) when the
ratio of the loading slope/unloading slope=1. Noticeable uncertainty was observed in
measuring the yield stress from these methods. On the other hand, the stress-strain curve
derived from the indentation data underestimated stresses at strains smaller than 12%
and overestimated stresses thereafter, resulting in a considerable overestimate of the

strain hardening exponent. That was due to the pile-up effect.

2.6.2 Procedures for data analysis

Tabor [14, 28] was able to correlate hardness to material mechanical properties by
carrying out measurements of the residual indentations profile at different depth values.
In his research on indentation with a spherical indenter, he considered Meyer hardness
because, in comparison with Brinell hardness, the former has a more fundamental
physical concept as geometrically similar indentations give the same hardness, and can

be correlated directly with the true stress of the metal.

In spherical indentations for extracting the stress-strain curve, according to the

approaches of Haggag et al. [82] and Field and Swain [45, 46], the indentation routine is
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performed in cycles in a pattern of loading with partial unloading followed by further
loading to progressively higher loads. The purpose of performing multiple cycles, whose
peak loads are incremented successively, is to apply incremental plastic strain as the
indenter penetrates the material. Hence, the corresponding true stress at each cycle can
be determined. The stress and strain values obtained from each cycle constitute one point
on the stress-strain curve meaning that the number of data points for plotting this curve
is equal to the number of the loading cycles. The power law has been used to fit the
derived true stress-logarithmic strain to determine the strain hardening exponent », and
the strength coefficient K. The elastic modulus of the materials was obtained from the
unloading curves, and hardness was determined from the maximum applied load divided

by the corresponding contact area.

Jayaraman et al. [86] proposed a method to extract two points on the stress-strain curve
from pyramidal indentation data. Their method was based on utilising two different
sharp indenters: Berkovich and cube corner which has a nominal angle of 35.3 between
the face and the vertical axis. Based on FE simulation, they suggested the empirical
equation Eq. 2-80

H o 0.92
== 1.7{—"] Eq. 2-80
E E

that enables the determination of two points on the stress-strain curve with the hardness
measurements with these two indenters. They defined the characteristic plastic strain
values corresponding to the two indenters being 0.07 and 0.225, respectively, which they
obtained from best fitting as well to their FE results. However, their proposed relation is
only applicable over the range H/E<0.16. Similar work was carried out [87-92] to relate
the material flow properties with the loading indentation data produced using pyramidal
indenters, i.e. Vickers and Berkovich. The relation was made through empirical
equations whose forms were assumed a priori and their constants were obtained from
best fitting to the finite element simulations of various materials. This approach of
empirical equation was also adopted by Xu et al. [93] who attempted to relate the yield
stress with the ratio of the elastic recovery to the total penetration depth of the Berkovich

indenter.
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Taljat et al. [19] proposed a new method to determine the stress-strain curve from
spherical indentation data based on the loading part of the loading curve. Their analytical
approach related the indentation data continuously measured during loading to the
stress-strain curve in contrast to previous approaches, where the unloading curve is

required to determine a point on the stress-strain curve. However, either n or o, was

required for determining the full stress-strain curve. The representative strain calculated
by this method is in the range from yield strain to a strain between 0.3 and 1.6,
depending on material's strain hardening properties. In addition, they used the

measurement of a,, and they studied its influence on the resulting stress-strain curve.
Their results were based on FE simulation of indenting materials with £/0, = 500 and

the Poisson's ratio of 0.3. They developed a new set of equations that relates the material
flow properties to the indentation parameters. The advantage of the equations developed
was that a significant extension of strain range over which the curve can be determined,
whilst Tabor’s Eq. 2-71 allows calculating the stress and strain up to 20% strain. Also, a
continuous stress-strain curve 1s calculated during loading of the indenter. The behaviour
of materials with extreme properties may be different, see Bolshakov el al.[54]. They
reported that friction affects the P-h curves when the friction coefficient considered is
less than 0.2, above which no further effect was observed. In their material simulations,
a set of uniaxial true stress-strain curves was obtained by varying the strain hardening
exponent, n, in the range from 0.0 to 0.5. The strength coefficient, K, for each of these
curves was calculated with the assumption that the power law constitutive behaviour

starts at the point defined by a 0.2% offset of the yield strain, so that

n

K=—2r Eq. 2-81
O,
¥ +0.002
E

Taljat reported in previous work [94] that the loading part of the P-h curve could

correlate with ¢y and n.

Nayebi et al. [95] performed FE simulation of a deformable spherical indenter, D=1.587
mm, on materials of various plastic properties. They suggested that the loading curve is a

function of the yield stress and strain hardening exponent, as expressed in the form
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h, =N, (c,,mP">" Eq. 2-82
Based on the fitting procedures of the FE results, they proposed the values of the
variables N; and N, as

N, = [n(-0.1515, +0.609) +0.090, +0.975"

o T, Eq. 2-83
N, = [(—3294 +2217000% )™ }

They proposed that using an optimisation procedure to minimise the error between the
theoretical curve in Eq. 2-82 and the experimental indentation curve will yield the

parameters oy, and h.

Recently, Cao and Lu [96] performed dimensional analysis on extracting materials
plastic properties from simulated spherical indentation data assuming that the elastic
modulus is known a priori. They extended the definition of the characteristic strain of
sharp indenters, by Dao et al.[97], being independent of the strain hardening exponent,
and suggested an empirical relation based on the fitting procedure that defines the

characteristic strain as a function of 4/R given by

E, hy =0.00939 +0.435 A —-1.106 3 : O.OISESO.I Eq. 2-84
R R R R
For h/R=0.06 the characteristic strain was identified to be 0.0316. Their extraction to the
material properties was based on the idea that the loading curve can be described as a

dimensional function of various parameters given by

5[ E .| E E
P:O',h,{Xlan[o_’]+len'( ’j+X3 ln{o_—’j+X4} Eq. 2-85
r o-r r

The constant values X; to X4 were determined from best fitting of the FE results and

were expressed in tabular format as a function of A/R. Although they normalised the
indentation depth relative to the indenter radius, they used a fixed radius of 5 mm in

their simulations which assumed frictionless contact.
Most recently Taljat and Pharr [98] carried out extensive FE simulations investigating

the development of the pile-up during spherical indentation. By examining the simulated

indentation profiles and relating the deformation behaviour to the material and
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. . . - . . E_2h
indentation parameters, they identified a unified material parameter ———= that can

o, a,

relate directly to the pile-up extent, which makes it applicable to any indenter radius,
indentation depth, and material properties. They reported that pile-up is not a function of
n only as assumed in previous research e.g. [17-19]. Rather, the indentation perimeter
was observed lying below the original surface in the early stages of indentation then it
increases with depth even beyond the limit of the fully plastic regime. Then it levels off
at a value that can be predicted from various expressions [17-19]. Taljat and Pharr [98]
observed that friction has a noticeable effect on the amount of the pile-up especially
when it predominates. Interestingly, these two facts tie up with some of the findings in
E. 2h,

this present study. They proposed a curve to determine the pile-up extent given —- ,

o, a,

which is not known from the load indentation data. Hence they suggested using 2h/ao

instead for an estimate of the pile-up.

2.7 Summary

Several analytical approaches have been proposed to deduce the Young’s modulus and
the hardness from the experimental instrumented indentation data. Central to these
approaches are the methods by which measurable quantities such as the peak indentation
load, the maximum penetration depth of the indenter tip and the contact stiffness are
related to the contact area and Young’s modulus. The idea of correlating the indentation
pressure and geometry with the tensile stress-strain curve for the tested material was first
proposed by Tabor [14]. The major step of the load-depth indentation data analysis in all
approaches is determining the actual contact area without the need for direct

measurement.

The approach of Oliver and Pharr [37] is aimed at deriving Young’s modulus and the
hardness using a pyramidal indenter. Their approach is based on Sneddon’s solution.
The deduced properties were in good agreement with the real ones for hard materials,

but the error was about 40% when testing soft materials that pile-up.
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Field and Swain [46] proposed an analysis of the load-depth indentation data produced
by the spherical indenter in order to measure Young’s modulus and the hardness. They
adopted an existing correction expression to the contact area provided the strain-

hardening exponent of the material is known a priori.

A group of researchers led by Haggag [63, 65-67, 69-72, 77-82] attempted to derive the
stress-strain curve from analysing the indentation data produced by the spherical
indenter. Their theory was based on the work by Au et al.[74], which does not appear
rational in two ways: First, the determination of the contact radius was based only on E
and no other material properties. Second, the contact depth value was obtained by
extrapolating the upper third portion of the unloading curve linearly to the zero-load

axis. Further, his determination of the yield stress was empirical.

The approach of Taljat et al. [19] was also aimed at determining the stress-strain curve
of the test material. The proposed method was based on the total measured displacement
rather than the actual contact depth and the actual contact area. As Tabor’s Eq. 2-71 can
cover up to 20% strain, Taljat et al. proposed two new bound values for the
representative strain at which the corresponding stress can be calculated over a wide
strain range extending from 1 to 100%. However, knowledge of the strain-hardening

exponent of the material is essentially required to apply their approach.

Alcala et al. [59] did some work similar to that of Norbury and Samuel [56] and
proposed two equations, corresponding to Vickers and spherical indenters, that relate
pile-up level to the strain hardening exponent. Other approaches, such as by Cao and
Nayebi [96], suggested extracting the material plastic properties from the loading curve
whose equation was determined from fitting procedures. Recent work by Taljat and
Pharr [98] examined the development of pile-up and correlated its extent with material
properties and the true contact area, which cannot be determined from the load

indentation data.
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CHAPTER 3

EVALUATING THE RELIABILITY OF THE INSTRUMENTED
MICROHARDNESS TESTER

The instrumented microhardness technique is an attractive non-destructive method to
measure the mechanical properties of minimal volumes of material. In an indentation
experiment, the indenter is pressed into the test material at a low load, and the applied
load and the resultant penetration depth are acquired and measured continuously. A
typical set of load-displacement data obtained from an experiment is presented in Fig.
3-1.

Unloading

Load, P

Indentation depth, A

Fig. 3-1 Typical indentation load-displacement curve.

The small indents formed at the nano/micro scale renders conventional hardness
techniques difficult and inaccurate since conventional hardness testing requires direct
imaging and measurement of the residual contact area. This is a tedious task and lacks

sufficient accuracy at the nano scale. Since the contact area is a key parameter in
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calculating material properties, it is essential to devise other means to measure it more
accurately. Advances in the technology of instrumented indentation hardness testing
facilitates high resolution measurement of load and displacement that can be in the order
of mN and nm, respectively. This data can then be analysed to estimate the contact
depth, which is used in conjunction with the known indenter geometry to establish the

contact area at peak loads.

To verify the experimental data obtained from the instrumented indentation tester, the
reliability and robustness of the instrument and its analytical procedures have to be
validated. This chapter thus includes a description of the investigation carried out to
assess the performance of all parts of the instrument and the analysis technique used to

estimate contact area.

3.1 Description of the instrumented nano/micro indentation facility

The instrumented nano/micro indentation tester used in this study is manufactured by
MicroMaterials Ltd. Its resolution of load and displacement measurement is 100 nN and
0.1 nm, respectively. It includes two separate instruments, Microtest-200 and Nanotest-
600 for indentation on the micrometer and nanometre scale, respectively. Both
instruments are positioned on the same base adjacent to each other. The instruments are
enclosed in a temperature controlled cabinet to provide a thermally stable environment
and to isolate the internal environment from any air current effect. The temperature
inside the cabinet is maintained at 25°C using two internal heaters while the temperature
outside the cabinet is maintained at approximately 20°C using a thermal system that
consists of an air conditioner and a heater. The two instruments, Microtest-200 and
Nanotest-600 sit on a self-adjustable table that keeps its level by an automatic air
pumping mechanism underneath the table. The above precautions are to protect the
indentation process both from any thermal disturbance and from any normal external

vibrations and so minimise noise and thermal effects on the indentation data acquired.

Operating both instruments is almost the same in principle. The manual provided by
MicroMaterials [99], although designed specifically for operating the Nanotest-600, was

also relevant for the Microtest-200. However, slight differences between the two
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instruments were highlighted in a training programme provided by MicroMaterials. The
instrumented micro-indentation tester, Microtest-200, is the one used to carry out all the
indentation experiments in this study. It has the capability of performing indentation
under loads up to 20 N, and the maximum indentation depth achievable is about 30 pm.
Load and indentation depth are measured continuously during an indentation
experiment, and the data acquired are transferred to a PC connected to the instrument
through an IEEE port.

3.2 Operating principles

The instrumented micro-indentation tester Microtest-200 utilises a pendulum mechanism

for indentation as shown in Fig. 3-2 and Fig. 3-3.
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l— Cylindrical magnet
Coil
l Counter weight

Direction of pendulum movement

during loading the indenter

<— Pendulum

Limit stop

Twin plate Indenter holder
capacuH\ /

Direction of indentation

Pivot

Specimen

Cylindrical stub

pa

Fig. 3-2 Schematic drawing showing the main components of the Microtest-200.

50



Chapter 3: Evaluating the reliability of the instrumented microhardness tester

Fig. 3-3 Details of Microtest-200, (1) capacitor plates, (2) indenter holder, (3) specimen,
(4) aluminium stub, (5) plates constituting the pendulum pivot, (6) permanent magnet,
(7) coil, (8) counter weight, (9) 3-bar ceramic pendulum, (10) limit stop, (11) travelling

stage.

A counter weight and a coil are mounted at the top of the pendulum. The coil can move
freely through a central annulus surrounded by a cylindrical permanent magnet. The
indenter holder, to which an indenter is fastened, is located at the bottom of the
pendulum. The pendulum is pivoted using a plate mechanism located between the
indenter holder and the limit stop. The motion of the indenter towards the specimen and
into the specimen surface occurs when the coil is attracted towards a permanent magnet
in response to the presence of a DC current in the coil. The voltage of this current is used
to measure the applied force on the indenter. The limit stop, located above the pivot, is
to define the vertical position of the pendulum, and its position can be manually adjusted
with a micrometer. The pendulum is vertical when it is touching the limit stop at which

point the coil cannot move any further towards the magnet, hence the indenter cannot
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move any further towards the specimen. The counter weight is for fine adjustment of the

pendulum so as to ensure that it is vertical against the limit stop.

The displacement of the indenter is measured by means of a two-parallel plate capacitor
situated at the back of the indenter. One plate is attached to the indenter holder and
moves with it while the second plate is fixed. When the indenter is pressing into the test
specimen, the spacing between the parallel plates changes, hence the capacitance
changes. By measuring this change by means of a capacitance bridge, the indenter
movement can be measured. Data from the capacitance bridge are transferred as signals
to the main electronic control unit, which contains a ramp generator that supplies the coil
current. The data received from the capacitance bridge is then amplified, rectified,

digitised and transferred via the IEEE bus to a computer.

3.2.1 Indentation experiment process

The test specimen is glued (with superglue LOCTITE) at its base to a cylindrical
aluminium stub that is fastened to the drive stage. Attached to this stage are three DC
motors that electromechanically drive the specimen in three directions X, Y, and Z. The
X-direction coincides with the axis of symmetry of the cylindrical stub, while the Y and
Z directions coincide with the horizontal and vertical axis of the plane of the specimen
surface. The travelling range of each motor is up to 50 mm. The X-motor brings the
specimen towards or away from the indenter, while the Y and Z motors enable the
specimen to be moved across its surface plane so that the indenter can indent different
areas on the surface. The velocity of motion of each motor ranges from 1 to 250 pum/s.
Using the X-motor, the specimen is brought into contact with the indenter. Once the
specimen touches the indenter, the indenter retracts backwards away from the specimen
by a distance controlled by the operating software, which is within the range of the
pendulum movement. The specimen then moves half way towards the indenter and then
moves in the Z-direction by 75 um in order to move the area of first contact away from
the indenter, so that the coming indent will be on a virgin area. The indenter is then
brought into contact with the specimen, and it contacts the specimen at a very small
load, a few mN. This stage is called initial contact and only the load and the indentation

depth corresponding to the end of this stage are measured. After this stage the following
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load cycle(s) starts. The indenter is pressed into the surface of the specimen by a load
which increases at a pre-defined rate. Loading continues until a pre-defined maximum
value of load or depth is reached, then the indenter is held for a certain pre-defined time
called the dwell time. Next, unloading starts and the load drops gradually at a pre-
defined rate and the penetration depth decreases due to the elastic recovery of the
deformed material. Load and displacement of the probe into the surface are monitored

continuously and recorded.

Indentation can be carried out at each position in two patterns: a) a complete load cycle
that includes loading to a maximum load, dwell time, and complete unloading. b)
loading-partial unloading in which the loading mode is performed in more than one
cycle, as illustrated in Fig. 3-4. The first cycle is exactly the same as explained
previously in (a). However, unloading is not complete. The load drops to a previously
defined minimum value before the indenter is reloaded to start the following load cycle.
During partial unloading the indenter is still in contact with the indent and the minimum
load can be held for a pre-defined time. Successive loading/unloading cycles are formed

by increasing the peak load progressively. In the last cycle, unloading is complete.

A
n
R
A, 2 5
< Py | "7 i
< : :
3 i !
1 i !
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h1 h2 hn

Indentation depth, A

Fig. 3-4 Multi-cycle loading pattern with partial unloading.
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3.2.2 Description of the built-in software in the instrument

The built-in software has the task of fully operating the instrument and analysing the
indentation data. Its tasks are divided into three main parts:
a)  Defining the schedule to perform an indentation experiment, which includes

determining the experiment parameters setup, namely:

e Type of the indenter used (pyramidal or spherical) and indenter radius if

spherical.

e Loading pattern for indentation (one cycle at each position or multiple

cycles with partial unloading).

e The grid of indent positions. This includes the number of lines in the grid,
the number of indents in every line, the spacing between indents in the grid in

two directions, and also number of cycles at each indent position if applicable.

e Maximum load or depth to reach in a cycle, minimum load for partial
unloading in cyclic loading mode, and loading and unloading rate with the

dwell time at maximum and minimum load.

e Load of initial contact.

b)  Carrying out the required calibrations, discussed in more detail in Section 3.3,
including load calibration, depth calibration, frame compliance, bridge box and

pendulum test, and zero load calibration.
¢)  Analysing the acquired indentation data to determine two main quantities:
e Hardness A, which 1s the mean pressure over the projected area of contact.

e Reduced modulus E, which is computed using the analysis based on the
approach of Oliver and Pharr [15, 37] for the Berkovich indenter and that of
Field and Swain [45, 46] for spherical indenters. The software also calculates
for each indentation curve the maximum contact depth, the recovery in
depth, and the contact stiffness. Export facility to a text file is also available.
This covers the analysis parameters and results, experiment set-up

parameters, and calibration parameters.
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In both the Oliver and Pharr, and Field and Swain approaches, the part of the unloading
curve considered for fitting extends from the peak load to the minimum load or 20% of
the peak load, whichever is larger, and the geometry of both types of indenters,

Berkovich or spherical, is assumed perfect.

3.3 Calibration procedures

Indentation testing, as for any experimental testing, is accompanied by three types of
error: random, systematic, and gross errors. Gross errors can occur due to any accidents
such as a complete instrument breakdown. Such errors are normally very easily
recognised. Random error is when the results fall on both sides of the average. It can be
viewed as the irreproducibility of making replicate measurements and affects the
precision of a result, which is described by statistical quantities such as the standard
deviation. Systematic errors are errors that produce a result that differs from the true
value by a fixed amount. Examples of causes are instrument calibration, or human
factors. Such errors affect the accuracy of the results. Systematic errors can be
minimised by a careful check on experimental set up and the equipment used for testing.
In contrast to random errors, systematic errors cannot be revealed merely by making
repeated measurements. In the case of instrumented hardness testing they can be
revealed by carrying out measurements on materials whose hardness and Young’s
modulus are already known. One important step to avoid, or minimise, instrument
systematic errors is to perform careful calibration prior to any experiment. The

Microtest-200 requires five calibrations.

3.3.1 Load calibration

The load calibration establishes the magnitude of the forces applied at the indenter tip
during a measurement. The calibration consists of hanging three different masses, one at
a time, ranging from 10-100 g, which covers the range of load applied by the instrument.
Each mass has a hook which is used to hang it at a set point near the end of a cantilever

attached to the pendulum close to the pivot as shown in Fig. 3-5.

55



Chapter 3: Evaluating the reliability of the instrumented microhardness tester

Hanging point

of rotation

Pendulum centre T’]

Fig. 3-5 Schematic drawing showing the lever arms involved in load calibration.

Under the weight of each mass, the pendulum will rotate slightly about its pivot
clockwise so the coil will move away from the magnet. The load calibration routine built
in the instrument software forces the coil to generate a current that applies a countering
force corresponding to the force caused by the mass applied, in order to maintain
pendulum equilibrium. The voltage measured 1s correlated to the load applied from the
mass hung. By hanging three different masses, one at a time, three points of load versus
voltage can be plotted, and then these points fitted to a straight line. The load applied to
the indenter is determined by multiplying the slope of this fitting line by the voltage in

the coil.
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3.3.2 Depth calibration

A parallel plate capacitor is used to measure displacement. The outcome of this
calibration is known as the ‘Depth Calibration Factor’, which relates the change of
spacing between the twin plates to the indenter movement. For this calibration, a Brinell
ball indenter 1 mm in radius, made of hardened steel, is used together with a fused silica
sample. Selecting a rather big ball and a fused silica sample, as a hard material, 1s to
ensure that contact during calibration is elastic. The depth calibration is performed as
follows: First, the fused silica sample is brought into contact with the indenter. Then, the
X-motor pushes the sample against the indenter causing the indenter to move backwards,
hence the spacing between the two parallel plates decreases. The resulting change in
capacitance is measured by means of the bridge box. From the known sample
movement, which is determined directly from the X-motor movement, and from the
solution of the elastic contact problem, the movement of the indenter can be computed.
By taking at least five depth measurements, the indenter movement is related to the

change in capacitance incurred so producing the mean depth calibration factor.

3.3.3 Frame compliance calibration

In any indentation experiment, the measured indentation depth is not merely the
penetration depth of the indenter into the test specimen, it also includes deformation of
the Bakelite used to mount specimens and deformation of the instrument parts such as
the stub, the pendulum, and the indenter holder. This extraneous deformation per unit
force is called the frame compliance. The frame compliance value is not negligible,
hence it is essential that this is known so as to produce a more precise measurement of

the indentation depth. For any acquired raw depth measurement, 4, the corresponding

raw ?

penetration depth 4, is calculated using the following equation:

h, = by, — PC Eq. 3-1

raw f

where Cy is the frame compliance, which is expected to lie between 0.3-0.5 pm/N

according to the MicroTest-200 manual.
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The frame compliance calibration procedure involves performing indentations on a hard
steel sample of 700 Hy 1 whose Young’s modulus and Poisson’s ratio are known.
Hence, the reduced modulus, which is the target value for calibration, is determined a
priori. The frame compliance of the instrument is initially set to zero before performing
any indentation. For each indentation curve, the frame compliance is calculated to be the
factor by which the depth values of the indentation curve are modified according to Eq.
3-1, so that the target reduced modulus can be derived, within any pre-defined accuracy,

from the unloading indentation curve.

3.3.4 Bridge box calibration and pendulum test

This calibration ensures that all the electronics are functioning correctly and are set for
taking measurement. It also tests whether or not the pendulum is properly mobile.
During the test, the pendulum has to reach the limits of its range of movement. At the
limit stop, the voltage should read 4 volts and when the pendulum is furthest from the
limit stop, the voltage should measure zero volt. Operations such as sample contact and

calibrations depend on the user being able to obtain an acceptable pendulum test.

3.3.5 Zero load calibration

The zero load calibration provides a minimum coil voltage necessary to hold the
pendulum on the limit-stop. The pendulum is made to touch the limit stop at a minimum

voltage at which the load is considered to be zero.
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3.4 Description of the frame compliance calibration software used for a spherical

indenter.

The instrumented microindentation tester is run by built-in software that controls its
operation and functionality, including calibration, analysis, and plotting and extracting
various results and indentation data. During the process of an experiment, the recorded
acquired raw displacement data include the equipment frame deformation in addition to
the material deformation, which is needed for the analysis. Since the accuracy of the
analysis results largely depends on the analysed data being a true representation of the
material deformation, it is essential to remove the frame compliance. Any error in

estimating the frame compliance will lead to erroneous analysis results.

The built-in software that operates the Microtest -200 is capable of performing the frame
compliance calibration for experiments with the Berkovich indenter only. It requires
performing indentations on a reference specimen whose Young’s modulus and Poisson’s
ratio are known a priori. Since the elastic properties of the indenter, which is made of
diamond, are known, the reduced modulus of the specimen can be calculated.
Indentation is performed in a cyclic loading-partial unloading pattern with an increasing

cycle peak load, as shown in Fig. 3-4.

The software first calculates the reduced modulus from each unloading curve. An
average value of the reduced modulus i1s then generated and compared with the target
value which is the true reduced modulus of the specimen. The frame compliance is then
calculated using Eq. 3-4 until the average value of the reduced modulus calculated

equals the target value.

However, when using the frame compliance obtained using the Berkovich indenter to
analyse the indentation data from a spherical indenter, the results were erroneous. The
holder of both indenters, the Berkovich and the spherical (R=150 pm), are made of
different materials. Also, the part of the holder to which the spherical indenter tip is
brazed is longer. Such differences are expected to result in different values for frame
compliance. Hence, it was considered essential to build a program that can determine the
frame compliance calibration for the data produced by a spherical indenter. Using

Matlab, a program presented in Appendix B, was developed to carry out this calibration

59



Chapter 3: Evaluating the reliability of the instrumented microhardness tester

in a similar way as in the case of the Berkovich indenter. It was based on the concept
that the elastic modulus is a property of the material that should be constant with
indentation depth. Hence, analysing the indentation cycles should yield the reduced
modulus of the specimen. This method models the frame compliance and the specimen
deformation as two springs in series, as proposed by Oliver and Pharr [15, 37], in which

case the total measured compliance C, is given by
C,=C,+C, Eq. 3-2
where C; is the compliance of the specimen. Based on the stiffness method, C; can be

calculated from

c =Ll__1 Eq. 3-3
* S 2a.E

Hence, the frame compliance is determined from

C,=C —— Eq. 3-4

The iterative procedure for calculating Crcan be summarised as follows:

(1) Having indented the reference specimen by a spherical indenter, the raw data are
initially analysed with the frame compliance taken as zero leading to a value of reduced
modulus, which is much smaller than the true material reduced modulus.

(2) Then the indentation data are modified according to Eq. 3-1 using a chosen value for
compliance, calculated from Eq. 3-4, and

(3) the new indentation data are analysed to calculate the new value of reduced modulus.
If this new value of the reduced modulus is the not same as the material modulus within
a pre-defined tolerance then the total compliance is calculated from the indentation data

and then steps (2) and (3) are repeated.

The iteration process terminates once the resulting value for reduced modulus is within a
pre-defined tolerance of the material modulus. The corresponding value for frame
compliance is considered as the calibration factor and the new data are considered to

reflect the pure material deformation.
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3.5 Characterisation of the spherical indenter geometry

The indenter used was supplied via MicroMaterials. It is conical with a polished
diamond tip which is almost a hemisphere. Its nominal radius was 150 pm with an
included apex angle of the cone of 90°. This should allow a maximum vertical distance
from the the hemispherical tip of approximately 44 um before reaching the conical part
of the indenter. In order to confirm these data and also to obtain more precise
information on the geometry of the indenter, the indenter was examined using a FEG-
SEM 6500F, Field Emission-Gun Scanning Electron Microscope. The indenter was
attached to a microscope stub, positioned with 0° tilt so that the axis of the indenter was
at right angles to the electron beam. Images were taken at seven positions, each obtained
by a 26° rotation of the indenter about its axis of symmetry. The SEM micrographs of

the seven profiles are shown in Fig. 3-6.
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Fig. 3-6 SEM micrographs showing the

indenter profiles at 7 positions each 26°

apart.
50 um
(]
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Measurements shown on Fig. 3-7 and Fig. 3-8 confirmed that the cone included angle is
about 95°-95.5° which is slightly larger than the nominal value, 90°. However, the
vertical distance from the tip to the conical section ranges from 18-25 um, which is less

than the expected nominal value of 44 um.

AccV Spot Magn DetiiWb S ———mraamal i DO
230kv 45 500x GSE 114 07 Torr

Fig. 3-7 Cone included angle of the indenter tip measured for one of the profiles imaged

by SEM.
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AccV Spot Magn Det WD ——— 50um
230kV 45 b00x GSE 11.4 0.7 Torr {

Fig. 3-8 Cone included angle of the indenter tip measured for another profile imaged by
SEM.

3.5.1 Determination of the average profile of the indenter

In order to determine the tip profile, the profile in each SEM micrograph was digitised,
then split into two halves and one half was mirrored so the two halves for each image

could be re-plotted as shown in Fig. 3-9. The fourteen curves are then averaged.
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Vertical distance from indenter

Radial distance from the tip (um)

Fig. 3-9 Seven profiles split into halves, left(L) and right(R). The average profile is also

given.

The average profile is then plotted and compared with the nominal spherical profile of
150 um radius in Fig. 3-10. It can be noticed that for the first 5 um of vertical distance
from the indenter tip the average indenter profile has a slightly larger radius than the
nominal sphere. At vertical distances from the indenter tip of greater than 5 pum the
average indenter profile has a smaller radius than the nominal sphere. This results in a

variation in curvature with vertical distance from the indenter tip.
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Vertical distance from indenter
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Fig. 3-10 Profile comparison with a perfect sphere of 150 um radius.

The indents made by the spherical indenter were also examined by optical microscopy.

The residual indents on a stainless steel grade 316L are shown in Fig. 3-11.

Fig. 3-11 Microscopic images of residual
indents on stainless steel made by the
spherical indenter used in this study.
Indentation load was 20, 15, and 10 N

for (a), (b), and (c), respectively
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As can be observed from the residual indents, the perimeter deviates from a perfect
circle especially for small indents. The indenter profile cannot be described by a constant
radius of curvature. This necessitates a more accurate characterisation of the indenter
geometry in order to define the variation of effective radius and gradient that can
subsequently be used to represent the indenter profile geometry at a certain vertical

distance from the tip for analysis purposes.

3.5.2 Gradient and radius calculation of the indenter profile

As described in Section 2.3, the uni-axial stress-strain curve of a material can be related
to the measurements of the mean pressure and a representative strain value at different
loads. The characteristic strain imposed is related to the gradient of the indenter surface
at the edge of the contact area. Since the indenter used deviates from its nominal perfect
spherical geometry, it is essential to measure the radius and gradient variation along the

average profile. Three methods were attempted for this purpose:

1. Linear fitting: in this method the points making up the average profile, some 130
points, are put in adjacent groups in such a way that each two adjacent groups
have overlap between each other but with a shift of 2 points to cover the whole
profile. The group size was taken to range from 3 to 12 points to check the effect
of group size on fitting. Each group of points is then linearly fitted and the slope
of the fitting line is assigned as the local gradient of the profile at the centre of the
corresponding group. The local gradient as a function of vertical distance from

the indenter tip for various group sizes used is plotted in Fig. 3-12.
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Fig. 3-12 Local gradient of the indenter profile obtained from linear fitting using

different group sizes from 3-12 points.

!\)

Local arc fitting: This method is similar to the linear fitting method as regards

methodology. However, the group size was taken to range from 12-20 points to
check the effect of group size on fitting. Each group is then fitted by an arc whose
centre and radius of curvature are calculated from arc fitting, a fitting routine
developed using Matlab based on the least squares method. Having obtained the
arc equation, it is then differentiated and the tangent at the midpoint of its length
is calculated. Radius and tangent of the arc are assigned to its midpoint. The
variation of gradient and radius with depth are plotted in Fig. 3-13 and Fig. 3-14,

respectively.

Axi-symmetric circle fitting: In this method an axi-symmetric part of the indenter

tip up to a certain vertical distance from the tip is fitted by an arc sharing the
same axis of symmetry. The fitting procedure is started by fitting a region close
to the indenter tip then gradually increasing the vertical distance of the fitted part
around the tip centre until it covers the whole spherical tip. The radius value of
the fitting arc is assigned to the point furthest from the tip considered for fitting.

Gradient values are also taken at this point. Gradient and radius as a function of
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vertical distance from the indenter tip are shown in Fig. 3-13 and Fig. 3-14,

respectively.
0.7 ~&- Linear fitting
&
0.6 1| —=- Axi-symmetric arc fitting [ --------=----=-----~--~-~-~----- i

05 | — Perfect sphere R=150pym | _ ________

& Local arc fitting from 12-20
04 4 point group sizes

Local gradient from average profile

0 5 10 15 20
Vertical distance from indenter tip (um)

Fig. 3-13 Comparison of profile gradient calculated from local arc fitting, local linear

fitting, axi-symmetric arc fitting, and that of perfect sphere of 150 pum radius.
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Fig. 3-14 Radius obtained from local arc fitting and axi-symmetric arc fitting.
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As observed from Fig. 3-13 and Fig. 3-14, the results from local arc fitting are very
sensitive to the number of points in the group size. An abrupt change in gradient and
large scatter in radius is observed. On the other hand, the linear fitting method gives a
rather smooth variation of gradient with vertical distance from the indenter tip and is
insensitive to the number of points in the group size but it is incapable of measuring
local radius. However, better performance can be observed from the axi-symmetric arc
fitting method. It gives a smooth change of radius and gradient with vertical distance
from the indenter tip. In addition, the radius obtained by this method is close to the
nominal value provided by the manufacturer of 150 um, and the gradient is close to that

obtained from linear fitting.

The results from the various profile measurements and curve fitting applications
presented above are used in Chapter 6 for material characterisation using a non spherical

indenter.

3.6 Validation of instrumented hardness measurement with conventional Vickers

microhardness values

Since the Berkovich indenter was designed to give approximately the same area function
as the Vickers indenter, the hardness values resulting from both indenters should be
almost identical. To confirm that the instrument results are reliable, the following

validation procedures were adopted:

e Conventional Vickers micro hardness testing was carried out on two reference
samples named REF-700 and REF-303, which are the reference hardness blocks
allocated to calibrate the conventional Vickers microhardness tester. The nominal
Vickers hardness values for the two blocks, as printed on the blocks, are 303 and 700
Vickers. Vickers micro hardness testing was carried at loads of 200, 300, 500, and

1000g. For each load, 3 to 5 indentations at different locations were performed.

e Using the instrumented microhardness tester, indentation testing using the Berkovich

indenter was performed at different locations on each reference sample. The
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impressions on the surface comprised a rectangular grid at a regular spacing. Each row
of the grid consists of a series of impressions, 13 indents, performed at loads ranging
from 3 to 15 N. Each row of indents was repeated three times to form the columns of the
grid. This was to ensure the reproducibility of the force-indentation data curves at each
load value at different locations. The spacing of impressions was about 4 times the
impression diameter. The resulting indentation data were then analysed by the

instrument built-in software to determine hardness.

e Indentation testing is load-controlled. The loading rate used was 40 mN/s. An
experiment was set up to reach a pre-specified load value, and then held for 180 s at the
maximum load before commencing unloading. This allows creep to take place.

Unloading was performed at the same rate as for loading.

e Residual impressions formed using both indenters, Vickers (by micro Vickers
testing) and Berkovich (by instrumented microhardness tester), were imaged and
captured using a microscope instrumented with a camera. The indent images were then
viewed and their dimensions were measured optically using image analysis software.

The contact area was then calculated for each indent and the hardness was determined.

3.6.1 Preliminary results of instrument performance

Having performed the hardness assessment on the reference samples REF-700 and REF-
303, the three hardness values obtained are compared in Fig. 3-15 and Fig. 3-16.
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Fig. 3-15 Berkovich hardness of REF-700 measured by the instrumented hardness tester
compared with the corresponding optically measured values and Vickers hardness

calculated from projected area.

4300
4100 -
3900 J
g
s 3700 -
B 8500 - - m - - m e -
0]
=
g 3300 1 ----- - - - - - - - R S SR e i Bk
I i __________ i ---------------------------- i
3100 4 ----- ! o SR
1 —e— Berkovich hardness measured optically b
2900 4 - _%"; ______________ —&— Machine measured Berkovich hardness
--=-- Vickers hardness using projected area
2700 T T T T T T T
0 2 4 6 8 10 12 14 16

Load (N)

Fig. 3-16 Berkovich hardness of REF-303 measured by the instrumented hardness tester
compared with the corresponding optically measured values and Vickers hardness

calculated from projected area.
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As can be noticed, Berkovich hardness values obtained by the instrumented tester agree
well with those obtained from optical measurement of the corresponding indents. This
suggests that the prediction of the contact area from the analysis of indentation data is
valid. On the other hand, the Berkovich hardness is noticed to be 20% larger than
Vickers hardness on both reference samples, which casts doubt on the measurement of
the load applied by the instrumented tester. Referring to Section 3.2.1, load calibration is
done automatically by the built-in software, which is set-up by the manufacturer and the
operator has no control over this software. Hence, the only way to assess the accuracy of

the instrument measurement of the applied load is by using independent means.

3.6.2 Assessing the measurement of the load applied by the instrumented

hardness tester

In order to obtain indents from a known applied load, the Berkovich indenter was
attached to the Vickers micro hardness tester by an adapter specially machined for this
purpose. To measure the actual load applied by the Vickers micro hardness tester an
electronic balance was positioned on its stage and the balance surface was levelled by
means of a spirit level. The reference sample was then placed on the balance and
indentation using the Berkovich indenter was performed at loads of 300, 500, and 1000g.
By measuring the projected area of the indents the hardness values were obtained, and
were found to be very close to the Vickers hardness values proving that the load
measured by the instrumented hardness tester was incorrect. After referring to the
manufacturer, they ascertained that the pendulum constant had been incorrectly entered
in the software. This was then corrected by them. This was unfortunately ascertained

after approximately 30 months of research.

Having corrected the manufacturer’s error of load measurement, it was necessary to
verify the load applied by the instrument using an independent method. For this purpose,
a strain gauge attached to a ceramic cantilever was used. The strain gauge is oriented on
the cantilever parallel to its longitudinal axis. In order to hold the cantilever, an
aluminium stub with a cap of a rectangular cross section was machined. Using the two

screws on the cap, the cantilever can be attached to the stub as illustrated in Fig. 3-17.

73



Chapter 3: Evaluating the reliability of the instrumented microhardness tester

Screws
Strain gauge
Aluminium cap
%
Ceramic cantilever
o 9 Point of load
Aluminium stub
~ application
\ -
Base of the stub

Fig. 3-17 Strain gauge fixed to ceramic cantilever clamped to an aluminium stub.

When load is applied to the cantilever, the cantilever will bend elastically and the
resistance of the strain gauge changes in proportion to this deformation. Based on this
principle, the strain gauge can be used to measure the load applied by the instrument
provided it is calibrated beforehand. This calibration was performed as follows:

The stub with the cantilever anchored to it was fixed at its base to a horizontal plate.
Three calibrating weights of masses 100.4, 125.3, and 150.6 g were hung from their
hooks, one at a time, at a pre-defined point on the cantilever as shown in Fig. 3-17.
Using a multi-metre, the gauge resistance was measured for each mass. Fig. 3-18 shows

the results of plotting the resistance measured for the three applied masses.

Following calibration the load applied by the instrumented hardness tester was
measured. The stub with its cantilever is fastened to the moving stage of the Microtest-
200 and indentation testing was performed using a Berkovich indenter. The indenter was
pressed against the same loading point at which the masses were hung. Because of the
compliance of the cantilever and the high hardness of the ceramic, the indenter did not

indent the ceramic, rather it caused that cantilever to bend elastically in the same way as
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when the cantilever was calibrated. At peak load the resistance of the strain gauge was
measured. A dwell time of 60 seconds at peak load was taken to give enough time for

taking measurements.

Three different load values were measured and plotted versus the corresponding
resistance. The trend is shown to be linear, as would be expected from beam theory. The
resulting line and that obtained from calibrating the strain gauge are compared in Fig.
3-18.
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Fig. 3-18 Relationship between load applied and gauge resistance.

The two lines in Fig. 3-18 agree very well with a difference of less than 1.60%. Hence,

the load measured by the instrument can be considered accurate.

3.6.3 Validity of the instrument derived hardness

Having validated the performance and measurement accuracy of the instrumented
hardness tester, indentation testing using the Berkovich indenter was carried out on
reference samples REF-700 and REF-303 using the same experiment setting and
procedure described in Section 3.4. The Berkovich hardness values obtained by the
instrument and by optical measurement of the indents are compared with the Vickers

hardness in Fig. 3-19 and Fig. 3-20.
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Fig. 3-19 Berkovich hardness of REF-700 measured by the instrumented hardness tester
compared with the corresponding optically measured values and Vickers hardness

calculated from projected area.
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Fig. 3-20 Berkovich hardness of REF-303 measured by the instrtumented hardness tester
compared with the corresponding optically measured values and Vickers hardness
calculated from projected area.

As can be observed the Berkovich hardness values derived by the instrumented tester at
different loads agree with the Berkovich hardness obtained from optical measurement.

Over the range of load from 4 to 12 N, the average difference is about 0.8% for REF-700
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and 3.5% for REF-303. Also over the same range of load, the Berkovich hardness values
derived by the instrument agree with the Vickers hardness based on projected area
within an average difference of 1.8% for REF-700 and 4% for REF-303. This can be
considered adequate validation of the performance and reliability of the instrumented

microhardness tester.

3.7 Effect of frame compliance and depth calibration factor on hardness and

reduced modulus measurements

It is obvious that the calibration factors of the instrumented indentation tester, described
in Section 3.3, have an important effect on the accuracy of the indentation data, hence on
the analytical results. A parametric study has been carried out to investigate the
sensitivity of the analysis results to the effect of depth calibration and frame compliance
especially when they vary within their range of fluctuation during the relevant

calibration procedure.

Indentation testing was performed on the reference specimen REF 700 at various load
levels to establish the sensitivity of the determined reduced modulus and Berkovich
hardness to the frame compliance and depth calibration parameters of the instrument. It
was found that the uncertainty in the value of the depth calibration factor can be up to
5%, which will incur a change of about 5% in hardness and 10-15% in reduced modulus;
this change is inversely proportional to the change in the depth calibration factor.
However, the frame compliance was found to be of greater significance as the frame

deformation, C 7P, can constitute a considerable fraction of the raw depth measurement,

h,, included in Eq. 3-1. It was noticed that the variation in the frame compliance could

be in the range of 7-10%, which will incur a change of 10-12% in hardness and 30% in
reduced modulus, these changes being directly proportional to the change in frame
compliance factor. Not only does the value of the frame compliance obtained from
calibration depend on the load but also on the indenter tip imperfection. For shallow
indents, the rounding of the tip, which is assumed perfectly sharp, has a worse
detrimental effect on the results than in the case of deep indents. This was also reported

by Oliver [43]. Values of frame compliance were obtained at different loads, and plotted
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in Fig. 3-21. For each of these values, hardness and modulus are obtained for all load

values, and plotted in Fig. 3-22 and Fig. 3-23, respectively.
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Fig. 3-21 Variation of frame compliance with load.

As can be observed, the frame compliance takes its smallest value at a small load and
then increases with load until it reaches a constant value at high loads. This might be a
direct consequence of the tip rounding effect, although this might not be the only reason.

In fact, the frame might not deform linearly with load, especially at low loads.
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Fig. 3-22 Hardness of REF-700 calculated at a range of loads considering different

frame compliance values, each obtained at different load.
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Fig. 3-23 Reduced modulus of REF-700 calculated at a range of loads considering

different frame compliance values, each obtained at different load.
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In Fig. 3-22 and Fig. 3-23 hardness and reduced modulus as a function of load are given
for various values of frame compliance. Also included in the figures are the values of
frame compliance at given loads. These figures show a pronounced sensitivity of
modulus to the frame compliance, whilst hardness seems to be less sensitive. This
suggests that great care should be taken in selecting a frame compliance value bearing in
mind it varies with load. Hence, a curve for the frame compliance, as in Fig. 3-21, was
obtained and used rather than a single value. For subsequent experiments performed at
certain peak loads, the corresponding frame compliance value (using interpolation)

should be used from Fig. 3-21.

3.8 Effect of fitting function to the unloading curve on hardness and reduced

modulus measurements

The approach of Pharr et al. [15] and Oliver and Pharr [37] for analysing the indentation
data obtained using the Berkovich indenter requires the determination of the contact
stiffness in order to estimate the contact area, hence hardness and reduced modulus.
Measurement of the contact stiffness is suggested to be taken as the first derivate of a
simple power law function, at peak load, that fits the unloading curve. It is essential to
assess the accuracy of determining this quantity, as this will affect the subsequent
calculations of hardness and reduced modulus. Factors determining the measurement of
the contact stiffness include the type of function that gives the best fit to the unloading
curve and the portion of the unloading curve considered for fitting. To investigate these
two factors, different functions were considered, namely 1st, 2nd , and 3rd order
polynomials and a simple power law function according to Eq. 2-28 which was adopted
in the built-in analysis software of the instrumented hardness tester. In addition, the
effect of the unloading portion considered for fitting was assessed. The portions of 2.5%,
5%, 10%, 20%, and 30% of the unloading curve measured from peak load were
considered for polynomial fitting. For power law fitting, the portions 30%, 40%, 50%,
60%, 70%, 75%, and 80% of the unloading curve were investigated. Indentation
experiments at different loads were performed using the Berkovich indenter on the
reference sample REF-700, and various portions of the unloading curve were fitted to
the functions above with the aid of a program developed in Matlab. For every fitting

function, the hardness was calculated and compared with the instrument derived values
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that were calculated from power law fitting. Fig. 3-24 to Fig. 3-26 show plots of the
hardness of REF-700 calculated from 1st, 2nd and 3rd order polynomial fitting to
various portions of the unloading curve measured from peak load. The instrument

derived hardness values are also included in these figures.
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Fig. 3-24 Hardness of REF-700 from 1* order polynomial fitting to various portions of
the unloading curve measured from peak load compared with the instrument derived

values.
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As can be seen, the results are very dependent on the order of the polynomial used as a
fitting function and the portion of the unloading curve considered for fitting. This results
from the noise of the acquired data within a small range of the unloading curve which
would have a big impact on the coefficients of the fitting function. The results for
modulus have the same trend and so they are not plotted. On the other hand, power law
fitting showed a much better performance. It was observed to be insensitive to the
portion of the unloading curve considered for fitting. Hence, a large portion can be used
for fitting which will be more representative of the material behaviour. Unlike the
polynomial fitting function, the power law function is beneficial in estimating the
residual depth from fitting since unloading is not complete in the loading cycles except

for the final one.
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CHAPTER 4

FINITE ELEMENT SIMULATION OF INDENTATION
EXPERIMENTS

4.1 Introduction

The response of linear elastic materials during indentation can be predicted by elastic
solutions as long as the indenter is described as a solid of revolution. However,
modelling the indentation process in the elastic-plastic region is a more complex
problem. Since the constitutive equations are non-linear and a number of plastic
properties must be included to describe material behaviour, an analytical solution is not
easily obtained. As a result, understanding of indentation behaviour in the elastic-plastic

region can only be achieved through finite element simulation.

In this chapter, a finite element model is described which was developed and validated
to simulate the indentation behaviour of elasto-plastic materials usually encountered in
steel welded joints. Indentation experiments were performed on stainless steel and
carbon steel samples, whose stress-strain curves were obtained from tensile testing.
These curves were used as FE input to simulate the indentation process of a spherical
indenter, R=150 pm, on these materials. The load-penetration depth curves predicted
from the finite element simulations and those obtained from spherical indentation tests

were compared.
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4.2 Material selection

Three weldable steels were used for this research. They are mild steel and stainless steel
supplied in plates of 8 mm thickness. Different grades of steel were considered in order
to cover a range of hardness. The mild steel grades were 43A and 50A. The grade for

stainless steel was 316L. Steel chemical composition is detailed in Table 4-1

Table 4-1 Details of chemical composition of the steel used

Plate No Grade C Si Mn P&S Nb \Y Cr Mo Ni
34 43A 025 050 1.60 0.05 - - - - i}
567  SOA 023 050 160 005 2003 0003 L
0.10 0.10
Stainless 165 20 11.0
3t6L 0.03 10 20 - - - 22 =Y Y
steel 185 2.5 140

Sections were taken from the plates supplied and metallographically prepared and
examined by optical microscopy. The rolling direction was determined by observing the
orientation of inclusions. The grain size was determined as 10 to 15 pm. This is suitable
as several grains would be included within an indent which typically might be 70-120
um in diameter. Thus, the indentation data will reflect the average behaviour of the bulk

metal determined in a tensile test, rather than the behaviour of a single grain.
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4.3 Tensile testing

Tensile tests provide reliable and realistic information on elasto-plastic characteristics,
which is essential input to the planned FE analysis. Tensile test samples were machined
from the as-received plates according to the ASTM specifications with a circular cross-
section. They were cut in the rolling direction of the plates with a gauge length of 25
mm. Tensile testing was carried out in the Engineering Materials Department laboratory
using an Instron tensile testing machine. Machine crosshead speed was set up at
Imm/minute. Elongation was measured using an extensometer that can cover up to 40%

strain. Elongation beyond this value is measured from the crosshead motion.

For a more accurate measurement of load and elongation and to reduce the experimental
error, a digital data logger was connected to the Instron tensile tester for calibration and
the test itself. The data logger acquires signals produced by the Instron, corresponding to
force and elongation values, which are converted into the engineering stress-strain
points. Up to 40% strain, elongation is measured directly from the extensometer rather

than from the motion of the chart recorder.

Having determined the engineering stress-strain curve, the true stress-logarithmic strain
(0o—¢) relation, which is the final information sought from tensile testing, can then be

calculated using the equations

g=In(e+1)

o=0,(e+1)

where o, and e are the engineering stress and strain values, respectively. The material

true stress-logarithmic strain curve obtained from the tensile testing is then used as the
material input data into the finite element simulation of indentation even though the
normal stress applied by an indenter is compressive. It is worth noting that higher strains
are exhibited in the compression test than the fracture strain in the tensile test. This
requires extrapolating the (o—¢) curve for higher strain values since the plastic strains

induced by indentation far exceed the fracture strain from tensile test. It 1s assumed that
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the (0—¢€) curve obtained from a compression test would be the same as the extrapolated

tensile (0—¢) curve.

The maximum calculated logarithmic strain is at the engineering strain corresponding to
maximum load where necking commences. The strain up to this point is considered
uniform but beyond that, the strain becomes localised around the neck region hence its
measured value depends on the considered gauge length, in which case Eq. 4-1 and Eq.
4-2 are not valid. To determine the (o—¢) curve at higher strain values and also to
determine the strain hardening exponent and strength coefficient, the (o—¢) curve is
fitted to a power law function in the form of Eq. 2-5. It was noticed that it was not
possible to fit the whole plastic region of the curve by a single function. Hence the
plastic part of the curve was broken into two parts, each of which was fitted separately to
a power law function. The fitting function obtained for the larger strain values was used

to extrapolate the curve.

The engineering and the true stress-logarithmic strain curves with the extrapolated part
are all plotted in Fig. 4-1 to Fig. 4-6 and the values of all material parameters are
summarised in Table 4-2. The strength coefficient, K, and the strain hardening exponent,
n, resulting from power law fitting to the two parts of the true stress-logarithmic strain
curve beyond yielding are also indicated on Fig. 4-1 to Fig. 4-6.
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Fig. 4-1 Stress- strain curves for the steel plate number 3 Grade 43A.
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Fig. 4-2 Stress- strain curves for the steel plate number 4 Grade 43A.
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Fig. 4-3 Stress- strain curves for the steel plate number 5. Grade 50A.
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Fig. 4-4 Stress- strain curves for the steel plate number 6. Grade 50A.
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Fig. 4-5 Stress- strain curves for the steel plate number 7. Grade 50A.
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Fig. 4-6 Stress- strain curves for the stainless steel plate. Grade 316L.

90



Chapter 4: Finite element simulation of indentation experiments

Table 4-2 Summary of the material parameters obtained by tensile testing.

Strength Strain hardening
Yield Strain at  Failure coefficient exponent
Plate Steel UTS
stress UTS strain (MPa)
number  grade (MPa)
(MPa) (%) (%)
K K, ny n;
S3 43A 317 460 21 40 756 740 0.19 0.17
S4 43A 300 460 20.7 40 837 707 0.22 0.14
S5 50A 391 500 20.8 43 789 794 0.17 0.17
S6 50A 375 487 18.5 30 791 791 0.18 0.18
S7 50A 395 503 15.3 35 794 794 0.16 0.16
Stainless

16L 286 655 51.8 63.2 1033 1377 0.28 0.40

steel

The moduli of elasticity are equal to 210 and 185.1 GPa for mild steel and stainless steel,

respectively.

Although the stress-strain curves for plates S6 and S7 are well fitted by a single power
law function and are close to each other, other plates showed different plastic properties
despite being of the same grade. Hence, obtaining the stress-strain curve for each plate is
beneficial for a more precise information on materials properties for finite element

simulation.
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4.4 Finite element simulation

An elastic-plastic finite element model was built using ANSYS 5.7 [100] to simulate the
indentation process. Isotropic hardening plasticity and the von Mises yield criterion were
assumed. Large strain and other non-linear features of ANSYS 5.7 were incorporated in
the model. The material data input for the sample was the true stress-logarithmic strain
curve. The diamond spherical indenter tip was modelled both as rigid and deformable
with only linear elastic material properties, that is, no yield allowed and its modulus of
elasticity and Poisson’s ratio were taken equal to 1140 GPa and 0.07, respectively. These
values were provided by the instrument manufacturer MicroMaterials [101], and were

found to agree with those reported by Field [102].

The simulation of indentation process is a 3D axisymmetric problem. It assumes a
spherical indenter tip pressed into a cylinder of material that should be representative of
a homogenous infinite half space. Loading the indenter is prescribed as applied
displacement on the top surface. Running a 3D problem is expensive and requires large
memory and disk space. Advantage can be taken of the axisymmetry of the problem, so
that it can be simplified to a 2D problem instead, and only half of the indenter and the
material cylinder section by a plane through the axis of symmetry are modelled. This
reduces the number of elements and the number of degrees of freedom per node, thus the

running time and disk space required.

4.4.1 Element characteristics

Element PLANEA42, which is a four-noded quadrilateral element, is used to mesh the
deformable indenter and the sample. Each node of this element has two degrees of

freedom. More details can be found in the online ANSYS 5.7 help [100].

The free mesh option in ANSYS was initially used to mesh both the indenter and the
sample. Over the region where the two bodies are expected to be in contact, a regular
mesh size was mapped on both bodies for generating elements of the same length in both
bodies. This mesh regularity over that region is intended to help achieve better numerical

performance and enhance the accuracy of stress and strain distribution over this region
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of interest, especially when results are averaged at nodes. However, the indentation
process involves high geometrical non-linearity. With increasing penetration depth, the
induced strains increase and element distortion increases excessively and reaches a stage
where the solution fails to converge even at shallow indentation due to violating element

geometry limits.

The automatic free and mapped mesh options in ANSYS create a large number of
elements with less control on their shape and interior angles that deviate from 90° as
shown in Fig. 4-7. The steeper the transition from a fine mesh, in the contact region, to a

coarse one, at the far edges, the more irregularity in element shape.

Fig. 4-7 The mesh generated using ANSYS showing the irregularity in the element

geometry, which contributes to high element distortion when loading.

Decreasing the element geometric irregularity by introducing a smooth variation of mesh
density will produce a mesh with larger number of elements, hence longer running time
and convergence problems. This necessitates the imposition of more control on all
elements of the mesh which can only be achieved by manually generating the mesh.

Whilst this job is very complicated and tedious to do using ANSYS, PATRAN offers a
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powerful facility of manual mesh generation with full control on all elements size and
shape. In addition, it has the capability of doubling element size in adjacent element
layers during the transition in element size from the fine zone to the coarse zone without
violating any element geometry limits. This is done by using trapezoidal elements as an
interlink between the two-size zones as illustrated in Fig. 4-8. As a result, fewer

elements will be created for the whole mesh compared with that of ANSYS.
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from fine mesh to ; R | | N
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y L \
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Fig. 4-8 Schematic drawing showing the transition in element size from fine mesh to a

coarse one of double-sized elements.

Although this mesh decreased the running time for every load step, convergence
difficulties persisted at deep penetration. This is owing to the high strains imposed on
the elements within the indentation zone of the material, especially those closer to the
contact centre, which undergo excessive deformation and almost get squashed as a
result. To counteract this excessive change in the aspect ratio, the initial element
geometry of the specimen was modelled as a rectangle instead of a square. The aspect

ratio was taken equal to 2.0 with the length in the direction of indentation. This helped
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the model reach the sought penetration depth without any convergence problems, and

thus was adopted for all subsequent FE simulations.

4.4.2 Contact modelling

Contact between the specimen and the indenter was modelled using contact elements
generated over the region of possible contact between the two surfaces. Initially the
contact element CONTA48 was used to present node-to-surface contact. The element
geometry is a triangle with the base being the target line between two nodes on one of
the surfaces (called the target surface) and the opposing vertex being the contact node on
the other surface (called the contact surface), as illustrated in Fig. 4-9. The indenter
surface, which should be convex, is considered ‘contact’ and the flat sample surface is

the ‘target’.

Contact surface and nodes

Target surface and nodes

Fig. 4-9 2-D Node-to-Surface contact element CONTA4S.

In reality during indentation, there is no penetration between the two bodies in contact,
whilst numerically this is impossible. In fact, contact between two bodies is detected
only when virtual penetration occurs within a certain limit. A compatibility control
method is used to ensure that one surface does not penetrate into another surface by

more than an acceptable tolerance. The method adopted in this model was the penalty
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method. This method is controlled by the normal contact stiffness, KN, which has units
of force/length. KN should be large enough so that it reasonably restrains the model
from over-penetration, yet it should not be so large that it causes ill conditioning and
leads to convergence failure. A parametric study was carried out to ascertain the
optimum value for KN. The analysis started with a low value for KN which was
gradually increased until convergence difficulties began. A value of 10° N/m was
selected as it showed a smooth convergence. When simulation reaches a few
micrometres of penetration, the solution struggles to converge and the number of
iterations per load step increases considerably. The conversion problem became even
worse when sliding friction was included between the two surfaces. The difficulties with
convergence prompted the transition to alternative contact modelling, which was
adopted in all subsequent simulations and produced all the results presented in this
study. Contact was modelled as a pair of contact elements, the contact CONTA171 and
the target TARGE169 [100]. CONTA171 was used to represent contact and sliding
between the target surface, the indenter, and a deformable surface, the specimen. The
geometric description of the two elements is illustrated in the diagram shown in Fig.
4-10.

Associated target surface

m

S~
L/

Fig. 4-10 CONTA171 2-D Surface-to-Surface Contact Element (2 nodes).
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The specimen top surface was overlaid with contact element CONTA171 and the
indenter surface was meshed with the target element TARGE169. The penalty method
with Lagrange multiplier was used to ensure that the penetration compatibility is
satisfied. The normal contact stiffness factor, FKN, was taken equal to the default value
which is 1.0, and the tolerance FTOLN, the maximum penetration allowed as a fraction

of the underlying element depth, was taken equal to the default value of 0.1.

4.4.3 Characteristics of the specimen mesh

Initially, the mesh of the indented specimen was generated with its refined zone in the
indentation zone made up of element size (1.0x2.0) um, as illustrated in Fig. 4-11. The
area of the indenter was meshed using the free mesh option in ANSYS. Mesh
dimensions that covers the modelled half of the cylinder are 672x448 pum. Details of the

mesh are summarised in Table 4-3

44— 672 um — >

Fig. 4-11 Mesh (A) of the specimen. The indenter is meshed using ANSYS whilst the
sample is meshed manually using PATRAN. Element size in the contact region is

(1.0x2.0) um.
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To investigate mesh sensitivity, two other meshes were generated by enlarging the
specimen dimensions and the refined zone covering the indentation region, as illustrated
in Fig. 4-12 and Fig. 4-13. The characteristics of these meshes are summarised in Table
4-3. In all three meshes, the indenter is meshed using the free mesh option in ANSYS.
Elements on the indenter perimeter from the tip up to the height that covers indentation
depth are taken to be 1.0 um wide, which is the same width as that of the corresponding

elements of the specimen over the contact region.

Table 4-3 Details of the meshes considered

Dimension of the finest

Specimen )
) _ zone covering the contact
dimensions Number of Number of )
Mesh region
(Um) Nodes Elements
(Lm)
Width  Height Width Height
A 672 448 1602 1510 92 8
B 960 1600 4200 4046 112 16
C 1472 1568 8665 8470 127 96
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Fig. 4-12 Mesh (B) of the specimen

generated manually using PATRAN

generated manually using PATRAN
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4.4.4 Validation against the elastic solution

The FE model developed was applied to simulate the indentation process of a perfect
sphere with a radius of 150pm on a linear elastic material. Mesh sensitivity of the model
is investigated by testing the three different meshes (A, B, and C) whose specifications

are summarised in Table 4-3.

The first stage was to validate the model against Sneddon’s elastic solution of a sphere
on an elastic flat surface, [13]. The contact was modelled as frictionless. Loading is
prescribed as displacement controlled and increased by 0.1 pm at every load step. Peak
load is attained when the maximum depth reaches 20 um. At every load step the indent
profile geometry, contact radius and depth, was directly measured and compared with
the prediction of Sneddon’s solution. Comparison of the predicted load-indentation
depth curve by FE and Sneddon’s solution is shown in Fig. 4-14. Likewise, Fig. 4-15
shows the ratio of contact depth, 4. , to indentation depth, 4, , which should be equal to

0.5 according to Sneddon’s solution.

Indentation depth (um)

Fig. 4-14 FE-generated load-indentation curves for three different meshes
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Fig. 4-15 Comparison of the ratio of contact depth to the indentation depth for the three

meshes, which should equal to 0.5 according to Sneddon’s solution.

The step-wise behaviour of the contact depth curve predicted by FE is a consequence of
discretisation as the contact edge is only detected at the surface nodes. As observed from
the plots above, Fig. 4-14 to Fig. 4-15 no significant difference can be noticed between
results produced by meshes B and C and the resulting measurement of the contact depth
and material response during indentation agree with the elastic solution of Sneddon for
the elastic solution. Since mesh B has less than half the number of elements in mesh C,
mesh B has been adopted for the FE simulation of the elastic contact carried out in this

study.

4.4.5 Extension of the FE model in the elasto-plastic region

The second stage of validating the FE model developed is in the region of elasto-plastic
deformation. The indentation simulation was initially carried out with idealised material
properties and a perfect spherical indenter with a radius of 150 um. A stress-strain curve
produced by tensile testing was modified to an ideal curve with a single value for the

strain hardening exponent and the strength coefficient. The modified stress-strain curve
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was based on the true curve for steel plate number 5, more details of which can be found
in Section 4.3. The modified stress-strain curve, plotted in Fig. 4-16 together with the
original true curve is characterised by three different regions:

Elastic properties are described by E=210 GPa, o,=340 MPa. The post-yield part is
modelled using o,,=375 MPa, n =0.132, and K = 782.91 MPa, satisfying the continuity

condition at yield point where

€0p = 0.002+ 702 Eq. 4-3
E

The part on the stress-strain curve joining the elastic limit to the yield stress is created

using a quadratic function.

1000

800 -

U

Strain

Fig. 4-16 Stress-strain curve of steel No 5 compared with its approximation.

Mesh sensitivity was investigated for the three meshes detailed in Table 4-3 in the
elasto-plastic region. It was noticed that the resulting load-indentation curves almost
overlap each other. Even though this suggests that mesh A is adequate, mesh B has been
used for elasto-plastic FE simulation. A parametric study has been carried out to test the
effect of contact tolerance and contact stiffness input to the model. The contact tolerance
was reduced by half and the contact stiffness was increased 100-fold. No noticeable
effect was observed on the indentation data. Finally, the effect of friction between

indenter and specimen was examined. Five different values of the friction coefficient of
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contact were tried, namely 0, 0.05, 0.1, 0.2, and 0.5. The resulting P-A curves can be

compared by reference to Fig. 4-17

0 5 10 15 20 25
Indentation depth (mm)
Fig. 4-17 FE-generated load-indentation curves for different assumed friction

coefficients.

As noticed in Fig. 4-17, the curves start to deviate at around two-thirds of the maximum
depth, and the difference at the peak load is less than 4%. However, when the pile-up is

assessed, the effect of friction is more pronounced as shown in Fig. 4-18

Pile-up (um)

0 5 10 15 20 25
Indentation depth (um)

Fig. 4-18 Pile-up of the contact edges resulting from different friction coefficients.

103



Chapter 4: Finite element simulation of indentation experiments

The profiles of the indent for the five friction coefficients are compared in Fig. 4-19
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Fig. 4-19 Indentation profiles at peak load using five different friction coefficients.

The effect of friction on the resulting P-4 curves appears to be insignificant. On the other
hand, its influence on the contact depth, thus contact area is more marked, which agrees
with the findings reported recently by Cao and Lu [96]. The height of the pile-up above
the original specimen surface was shown to drop by over 50% when the friction
coefficient rises from 0 to 0.5. It is, therefore, essential to consider frictional contact,

with a realistic friction coefficient, for a more accurate indentation modelling.

4.4.6 The effect of the elastic modulus of the indenter

The indenters used for indentation testing are made of diamond, whose modulus of
elasticity, E; , is considered equal to 1140 GPa. However, due to the anisotropy of
diamond the Young modulus varies with crystal orientation. The Young modulus can be
measured in diamond with indirect methods. One way measures the speed of sound or
compression waves in a diamond crystal. An approximate value of 1050 GPa is given by

Wilks and Wilks [103], who reported that this value could vary with the crystal
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orientation by approximately 10%. This given value is very close to the adopted value of
1140 GPa. To assess the effect of E; variation on the P-A curves resulting from FE
simulation, a range of values for the diamond modulus including extreme limits was
considered. These values were 800, 1000, 1500, and 2000 GPa in addition to the case of
an infinitely rigid indenter. The FE simulation of indentation by a perfect spherical
indenter, R=150 pum, on idealised S5 with the properties described in Section 4.4.5 was
carried out for the adopted range of values for the diamond modulus. The resulting load-

depth curve from each case is plotted in Fig. 4-20.
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Fig. 4-20 Effect of a range of diamond modulus of elasticity on P-A curve.

As can be noticed, there is no significant difference in the P-hA curves for the extreme
cases for the Young modulus, and the difference is even more negligible for the more
likely range between 800 and 1500 GPa. As a result, the adopted value 1140 GPa was

proved to be acceptable.
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4.4.7 Validation versus experimental results

FE simulation was performed on plates S5, S6, S7, and stainless steel considering 0.2
friction coefficient since the P-A curve is not affected by larger level of friction as shown
in Fig. 4-17. The true properties were entered as material input to the elasto-plastic
FEM. The indenter model was changed from perfect sphere to the real profile
determined in Section 3.5. Both experimental and numerical results for each plate are

shown in Fig. 4-21 to Fig. 4-24.
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Fig. 4-21 Load-indentation obtained at 4 locations on S5 and the corresponding FE

prediction.
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Fig. 4-22 Load-indentation obtained at 4 locations on S6 and the corresponding FE
prediction.
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Fig. 4-23 Load-indentation obtained at 4 locations on S7 and the corresponding FE

prediction.

107

16



Chapter 4: Finite element simulation of indentation experiments

25 .
— 4 indentation experiments |

20 +--- - FEM simulation .
g 15 - - = ommsss - - - - - - - - ST
ke
8
2 10 pemrEaae sl aiis =4 - - WE- - -

5___, s - e Tt —— e -

O T T

0 4 8

Indentation depth (um)

Fig. 4-24 Load-indentation obtained at 4 locations on stainless steel and the

corresponding FE prediction.

The experimental results appear to indicate a stiffer material than that indicated by the
predictions but it should be noted that the FE simulation does not consider the creep
effect. Taking the effect of creep, discussed in Section 4.5, into consideration, the points
at the end of creep on the loading curve, for each cycle, should be the points to compare
with FE simulation, which are shown to be close to the FE prediction. The variation of
the experimental curves observed seems to be acceptable and it can be understood as due
to the variation of the material microstructure, surface finishes, equipment error, or other
imperfections. Therefore, the agreement between experimental and modelling results 1s
good proving the validity of the FE model and the characterisation of the spherical

indenter.

4.5 Creep effect

The reliability of the indentation analysis results depends on ensuring the ideal
conditions of measurement, which help eliminate undesired effects. Thus, the recorded
indentation data will reflect the true material response during indentation. However, the

effect of creep is observed in experimental data as a plateau in the load-indentation curve
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at peak load. Whilst creep depends on the material, it is also influenced by the loading

rate and the hold/dwell time, which is the duration of the period at maximum load.

If creep is not considered, it can have a remarkable effect on the calculation of hardness
and the reduced modulus from analysing the unloading curve. It was found by Chudoba
and Richter [104] that creep not only affects the measured depth but also the slope of the
unloading curve at peak load, which is a key quantity to calculate the reduced modulus.
They reported that when creep was not allowed to take place, the resulting unloading
curve showed bowing towards higher depth.

Pharr et al. [15], Oliver and Pharr [37], and Chudoba and Richter [104] reported a
noticeable creep deformation in indentation on tungsten and aluminium using the
Berkovich indenter. Hence it was seen essential to study the effect of creep in this study
using a spherical indenter on mild steel so as to eliminate its influence on the analysis
results. For this purpose, indentations were performed at 3 locations using the spherical
indenter, R=150 pm, on steel plate S5. The peak load was chosen to be the maximum
capacity of the instrument, which is 20 N. The effect of the loading time, which is the
time required to reach the peak load, was studied by taking 3 values for the loading time,
namely 8, 40, and 200 s. Furthermore, to remove any plastic-related behaviour,
indentation was performed in 3 cycles reaching the same peak load. Having reached the
peak load, it is held constant for a dwell time of 180 s then partial unloading by 80%
follows at the same loading rate. The corresponding load-indentation curves for the three
loading times can be compared with FE prediction by referring to Fig. 4-25, whilst Fig.
4-26 shows these curves at the peak of the first cycle.
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Fig. 4-25 Load-displacement curves for 3 loading time compared with FE prediction.
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Fig. 4-26 Magnification of the-first-cycle indentation curves at peak load showing creep

deformation
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The capability of continuous recording the creep deformation with time facilitates
monitoring the development of such deformation during the dwell time. This is applied

to the first cycle for the various loading times adopted and shown in Fig. 4-27.
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Fig. 4-27 Change of indentation depth during a dwell time of 180 s.

As can be clearly seen from Fig. 4-25 to Fig. 4-27, the creep effect can be removed by
holding the peak load constant for a sufficiently long time. Creep deformation takes
place at a high rate during the first few seconds then it diminishes within less than a
minute. The creep rate reaches 150 nm/s in the first few second of the hold time and

reduces to less than 3 nm/s after 15-20 s.

It can also be observed that the loading time has a noticeable effect on the 3 main
segments of the load-displacement curve i.e. loading curve, hold time at peak load
(amount of creep), and unloading curve. In the case of a loading time of 8 s, the loading
curve appeared stiffer and the amount of creep deformation was large, that is, 1.387 um.
On the other hand, a more compliant loading curve and less creep were noticed when the
loading time is longer. In the case of loading rates equal to 40 and 200 s, the

corresponding creep measured was 0.6894 and 0.4983 um, respectively.
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Even though a long loading time results in less creep, allowing sufficient dwell time
makes the depth at peak load reach the same value and the unloading curves almost

overlap regardless of the loading time as long as it is not very short (40 s or more).

Applying the same dwell time in the case of the load time of 8 s, will bring the
maximum depth close to the corresponding value of the other two cases. Nevertheless,
the unloading curve shows bowing at peak load, which will incur an error in calculating
the contact stiffness, thus the modulus. This indicates that short-time loading causes
erroneous indentation data which seem to include undesired deformations. This
explanation of bowing can be supported by the findings of Chudoba and Richter [104]
who reported this bowing phenomenon when dwell time is zero and loading time is 92 s.
The material behaviour in the case of short-time loading can be understood as a dynamic
response to a high strain rate loading, in which the material seems stronger, compared
with its response under static loading. Short time loading should thus be avoided during

indentation to ensure more accurate results.

Referring to Fig. 4-21 through to Fig. 4-24, it can be observed that the creep value is not
only dependent on the loading rate but also on the depth reached, which is in agreement
with the results of Chudoba and Richter. Fig. 4-27 shows that a dwell time of 120 s is
enough to allow creep deformation to take place in full and it can compensate for a
smaller value for the loading time, as long as the latter has a value of 40 s or more. It
also shows, together with Fig. 4-26, that a loading time of 200 s is adequate to produce
reliable indentation data provided enough dwell time is allowed, and that increasing the
loading time will not result in a noticeable change in the amount of creep. Therefore, a
value of 120 s for the dwell time and a loading time of 200 s are adopted for the

subsequent experiments in this study.

This creep effect clearly implies that since creep was not considered in the FE model,
only those points corresponding to the end of the creep plateau of P-h curves should be
considered when comparison with FE prediction is made, as the other points on the
loading curve include creep, thus are expected to be stiffer. Furthermore, it can be seen

that relying on the loading curve to derive material plastic properties, as adopted by a
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few authors [95, 96] can be misleading especially in the case of soft metals that exhibit

creep deformation as the loading curve exaggerates the stiffness of the test material.
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CHAPTER 5

MATERIAL CHARACTERISATION BASED ON FE SIMULATION

In this chapter, the finite element model described in Chapter 4 is used to simulate
indentations by a perfect sphere, of 150 um radius, on the idealised materials described
in the same chapter. Loading, prescribed as controlled displacement, is applied in steps
of 0.5 pm in size, whilst full unloading is performed in 200 load steps. For validation
purposes, Tabor’s relations for deriving the stress-strain curve from the indentation
parameters., i.e. Meyer hardness and representative strain are initially applied to the FE
results using direct measurements of the predicted indentation profile at every load step

along the simulated loading curve.

Subsequently, P-h curves produced by FE simulation are analysed as experimental data,
that is, without any further reference to other FE output. The effectiveness of Field and
Swain’s approach [45, 46], described in Section 2.4.2, for determining material
properties from load-penetration data, is examined. Available correction formulae
accounting for the pile-up effect are introduced into the material characterisation scheme
and their effectiveness is investigated. A modification of this correction, improving

significantly the accuracy of the plastic stress-strain relation, is proposed.

5.1 Assessing FE capability of linking the stress-strain curve to the indentation

parameters

In order to verify that the FEM results are consistent with the fundamental principle
linking true stress to strain, the contact area and indentation depth were determined by
direct measurement from the simulated indentation profile at every load step during
loading rather than at cycle peaks. The purpose of this was to monitor the gradual

change in the predicted values of indentation parameters with load.
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Due to the discrete nature of the FE solution, the contact edge, defining the contact area
radius, can only be detected at the furthest specimen node in contact with the indenter;
hence the contact radius obtained from the indentation profile is always an
underestimate. With a small increase of the applied load, the observed contact radius
stays unchanged until the adjacent node is detected in contact. This results in non-
smooth variation of the estimated Meyer hardness manifested in the oscillatory plot of

hardness vs. indentation strain, shown in Fig. 5-1.
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Meyer hardness (MPa)
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Fig. 5-1 Meyer hardness obtained from direct measurement of the indentation profile.

The red line represents the lower bound points.

As a result, for a more reliable estimate of the contact radius a. only the values

corresponding to the lower bound points of the hardness-strain curve, forming the
smooth red curve shown in Fig. 5-1, are considered in further analysis. The plastic part
of the uni-axial stress-strain curve, described by Eq. 2-5, can be determined based on
Tabor’s findings in relating the stress-strain curve to the indentation parameters, which
is achieved in two stages: First, uni-axial stress is related to Meyer hardness or mean
pressure over the projected contact area through the constraint factor, C defined in Eq.

2-18. This factor was observed by Tabor to have the value of 3. Then the appropriate
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value of uni-axial strain, so called representative strain, is related to indentation

geometry by Eq. 2-71.

Since all the idealised materials showed the same trend of behaviour, the results

displayed in this section are for the idealised S5. For this test material, n and o,, are

0.132 and 375 MPa, respectively. It was pointed out in Section 4.4.5 that friction
significantly affects the extent of the pipe-up and hence the size of contact radius.
Having obtained FE-simulated P-A curves for a range of values for the friction
coefficient u (u = 0.0, 0.05, 0.1, 0.13, 0.2, and 0.5), the stress-strain curves obtained
by Tabor’s method assuming C=3, for each x# value, can be compared with the FE input
curve by referring to Fig. 5-2. Included in the plot are also the resulting values of n
calculated as the gradient of the line fitted to the respective hardness vs. strain plots on a
logarithmic scale. In addition, the resulting 0.2% yield stress for each of the stress-strain
curve together with the corresponding strain hardening exponent and strength coefficient

are presented in Table 5-1.
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Fig. 5-2 Predicted stress-strain curves from simulated indentations compared with the

corresponding input curve for the idealised S5 material.
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Table 5-1 n, K and gy, of the curves resulting from FE direct measurement for various

values of friction coefficients.

u=0.0 u=0.05 u=0.10 u=0.13 u=0.20 u=0.50

n 0.09 0.12 0.12 0.13 0.17 0.18
K (MPa) 651 720 745 785 894 903
0.2 (MPa) 398 379 391 373 335 329

It can be observed from Fig. 5-2 and Table 5-1 that the friction coefficient has a strong
influence on the results. A value of  around 0.13 appears to give the best agreement
between the predicted and input curves for both the strain hardening exponents and

the o, ,. This value also agrees with the experimental findings of Yurkov et al. [105]

who reported that sliding friction of diamond on steel gave a range of friction coefficient
values between 0.08 and 0.14, and it is close to the value of 0.1 which is considered the
generally accepted value for friction between metal and diamond as reported in [96, 106,
107]. Thus, this value of g is considered as best representing the real friction
developing between the two bodies during indentation and will be adopted in further FE

analysis in this study.

5.2 Application of Field and Swain’s method to simulated indentation data

As pointed out in the Introduction the basis for almost all current approaches to
obtaining the uni-axial stress-strain curve of a metal from indentation parameters is the
work of Tabor [14, 28], outlined in Section 2.3.2 and Section 2.6.1 . This is also true for
the method proposed by Field and Swain [45, 46] who adopted the value 3 for the

constraint factor C.
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5.2.1 Indentation data with spherical indenters

It is obvious that the application of the Tabor relations requires a reliable estimate of the

contact area radius a, so that both contact area, leading to Meyer hardness, and

representative strain £, can be determined. Field and Swain [45, 46] proposed a model,

discussed in Section 2.4.2, to extract the indentation geometry from analysing the
unloading curve produced using a spherical indenter. This is without the need for any
optical imaging or profilometry measurement. Their prediction of the residual depth
described by Eq. 2-46 utilises only two points on the unloading curve. Whilst this gives
consistent results in the case of FE-generated data, it loses stability when applied to
experimentally produced data due to the unavoidable noise included in these data. In the
latter case, a more rational way of describing the whole unloading curve passing through
the two points previously mentioned is by means of fitting the non-linear relation in Eq.
2-28 with a power of 1.5 to the relevant portion of the unloading curve. This process

automatically generates values for /4 . The non-linear fitting is here performed using

Matlab, with its statistics toolbox, which requires the form of the fitted equation and
initial values for the sought parameters as input. Fitting is then carried out iteratively
based on the least squares method. When the solution is reached, the sought parameter

values give the highest correlation factor of fitting.

5.2.2 Accounting for pile-up

As pointed out in Section 5.2.1, the approach adopted by Field and Swain assumes that
at full load the indentation edges deform downwards, hence pile-up is not taken into
account. However, soft metals, especially those with a low strain hardening exponent ,
tend to pile up as the contact edges rise above the original surface. As a result, analysing
the indentation data of such a material without accounting for the pile-up will result in
underestimating the contact area and the representative strain, hence overestimating
hardness. To account for the pile-up effect, the calculated contact radius can be corrected

using a factor, ¢, defined in Eq. 2-57.
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In an attempt to correlate the factor ¢ to material properties, various authors have tried to
derive an empirical formula for ¢ as a function of n based on best fitting to the
experimental work of Norbury and Samuel [56] who measured the true contact radius

for materials with different n. Matthews [ 18] obtained an expression of the form

/)

-

29
aU

1
2 _al 1[2+nj2[71] Eq. 5-1
Based on the work of Hill [17] on non-linear elastic theory, Hill et al.[58] suggested the
following expression

z_£_5(2—”j Eq. 5-2

cP=—%==
a; 2\4+n

which gives a better fit to Norbury and Samuel’s data than Matthews’ expression. Whilst
Norbury and Samuel’s data were based on measurement of residual indents, Taljat et al.
[19] carried out FE simulations on many materials with different n and proposed two

expressions for ¢ for fully loaded and unloaded indents:

. h 1
Loaded: ¢ =2c=—(5-3,"") Eq. 5-3
ho 4
Unloaded : ¢> =2 = L (138 5,°%) Eq. 5-4
B, 10

As can be noticed, all the expressions above except Eq. 5-4 yield the value of 0.5 when
n=1, which coincides with the case of perfectly elastic behaviour, whilst Eq. 5-4 gives
the value of 0.45. A comparison of the various expressions given above can be made by

referring to Fig. 5-3.

119



Chapter 5: Material characterisation based on FE simulation

1-4 T T T T
I | I 1
M~ | ! l
o | | ! -~-Eq. 5-1
18 Ko™t SheS b= - -
L L | 1 I ---~Eq. 52
Sv N N 1 I
o I A, by
1.2 Pty e oo ] bt Lo —Eq53 -1
“, -, “‘:\.\ 1 1
N - i — Eq. 54
NO 11 +-- '”-;‘\:-‘K'R_;'_N;‘__: _________ :___ q IR
" "
1 o — xﬁk\«-‘r —
| | e \:1'35"5 s
! ! “"k.%__:\\\
0.9 [ === boeeeeee Fremmces e
| i I
| | |
0.8 : ; :
0 01 0.2 0.3
n

Fig. 5-3 Variation of correction factor ¢ with . [18, 19, 58]

According to these expressions, if the strain hardening exponent n of the material is
known a priori, the true contact area that accounts for pile-up can be determined from
the measured h,. However, till now, there is no way of finding » or even the yield stress

solely from the indentation data by a spherical indenter.

5.3 Characterisation of an ideal material

The method described in the previous section was applied to the load-indentation output
obtained from the FE simulation of a rigid spherical indenter of radius 150 um, on the
idealised S5 material described in Section 4.4.5. As noticed in that section, friction has a
considerable effect on the contact radius and pile-up, hence friction contact is considered
for a more accurate modelling of the problem. Loading was applied in a cyclic pattern,
similar to that in an experiment, so that the peak loads are increased progressively.
Typical P-h curves, treated as experimental data, can be seen in Fig. 5-4, which was

obtained using a friction coefficient x =0.13.
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Fig. 5-4 FE simulated P-A curves for cyclic loading indentation by a rigid spherical
indenter (R=150 um).

The calculated values for n and o,, for various values of friction coefficients are

summarised in Table 5-2. The predicted Meyer hardness vs. indentation depth and
stress-strain curves for the same range of friction coefficient values compared with the
input curve are shown in Fig. 5-5 and Fig. 5-6, respectively. According to the
assumptions adopted, the flow stress, the strain hardening exponent and 0.2% yield
stress predicted are larger than those of the input data, which are in this case, 0.132 and

375 MPa, respectively.
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Table 5-2 n, K and o, of the curves resulting from analysing the P-A curves for various

values of friction coefficients.

u=0.0 u=0.05 u=0.10 u=0.13 u=0.20 u=0.50

n 0.15 0.18 0.20 0.21 0.22 0.22
K (MPa) 887 978 1028 1054 1089 1089
0,, (MPa) 395 359 342 331 317 318
2050
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Fig. 5-5 Hardness and strain hardening predicted from simulated P-4 curves. (Pile-up

not accounted for)
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Fig. 5-6 Stress-strain curves predicted from simulated P-4 curves compared to the

corresponding part of the idealised FE input curve. (Pile-up not accounted for)

As observed, the predicted n appears to increase with the value of the friction

coefficient, u whilst o,, shows an opposite trend. The calculated stress is

overestimated by 10%-17.5% compared with that of the input curve. Moreover, the
effect of friction on the derived stress-strain curve is more noticeable when the friction
coefficient is less than 0.13, beyond which any increase in its value will result in a

negligible difference.

5.4 Performance of the pile-up correction formulae.

The various expressions for the correction factor ¢* mentioned in Section 5.2.2 can be
applied to the indentation P-A data to account for the pile-up effect if » is known a priori.
However, their capability of predicting the pile-up effect needs to be explored. To assess
their accuracy, they were combined with the characterisation analysis based on the load
indentation curves from the FEM analysis of the idealised S5 material, which were
treated as experimental data. In addition, the contact area measured directly from the
simulated profile during loading is also compared with the prediction of these

expressions.
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5.4.1 Known strain hardening exponent

For the idealised S5 material, whose 7 i1s assumed known, expressions given by Eq. 5-1
to Eq. 5-4 can therefore be applied to estimate the true contact area and thus correct the
hardness predicted by the applied characterisation analysis. As such a material is
expected to pile up, ¢ >1, hence the area correction will result in lower flow stress and
higher representative strain at any maximum indentation load. The correction was
applied to the P-h curve obtained with a friction coefficient of 0.20. This value of
friction coefficient was chosen as it is the value above which no significant difference

will be noticed in indentation data [19], which is also confirmed in section 4.4.5.

Hardness values at cycle peaks resulting from the original characterisation analysis and
those resulting from introducing the pile-up corrections using the known value of n (n =
0.132), can be compared by referring to Fig. 5-7. Comparison of the input, idealised o-&
curve with that resulting from the original characterisation analysis, based on C=3, as
well as those incorporating the various pile-up corrections can be made by referring to

the plots of Fig. 5-8.

2100
~&-No pile-up

2000 ~ correction
&
s 1900 - - %+ Eq.5-4 |
[72]
B 1800
c —e— Eq.5-1
°
@ 1700 -
~
2 1600 - —* Eq5-2
D
=

1500 - —a Eq5-3

1400 T T T

0.04 0.06 0.08 0.1 0.12
Strain

Fig. 5-7 Predicted hardness of idealised S5 accounting for pile-up through various

correction formulae.
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Fig. 5-8 Idealised and predicted stress-strain curves accounting for pile-up through

various correction formulae.

The strain hardening exponent and 0.2% yield stress of the stress-strain curves resulting
from the original characterisation analysis and the modified ones using the pile-up

corrections are summarised in Table 5-3.

Table 5-3 Predictions of n, K and o,, accounting for pile-up corrections. x#=0.2

No pile-up
Eq. 5-1 Eq. 5-2 Eq. 5-3 Eq. 54 _

correction
n 0.26 0.26 0.26 0.26 0.22
K (MPa) 1170 1145 1231 1159 1089
0,, (MPa) 259 253 274 257 317

As can be observed from Fig. 5-7, Fig. 5-8, and Table 5-3, the characterisation analysis
with various pile-up corrections brings the predicted stress-strain curves closer to the

original input, but the resulting n 1s found equal to 0.2628, and o,, ranges from 256 to
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274 MPa, that is, still less accurate than those values obtained from the original

application of the characterisation analysis without any correction.

To examine the effect of friction coefficient on the performance of the various pile-up
correction formulae, they have been likewise applied to P-A curves predicted for
frictionless contact, that is, with g =0. Analysis results show the same trends as those
mentioned above. Plots of corresponding hardness and flow stress predictions are shown
in Fig. 5-9 and Fig. 5-10, respectively. The resulting values of n and o, from direct
application of the characterisation analysis and from the corrected stress strain curves are

presented in Table 5-4.
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Fig. 5-9 Hardness comparison of idealised S5 after using the expressions in section

5.2.2 to account for pile-up using » from tensile test. =0
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Fig. 5-10 Flow stress comparison of idealised S5 after using the expressions in section

5.2.2 to account for pile-up using n from tensile test. g =0, C=3.

Table 5-4 n, K and o, of the curves corresponding to the pile-up corrections and the

characterisation analysis. x =0.

No pile-up
Eq. 5-1 Eq. 5-2 Eq. 5-3 Eq. 54 _

correction
n 0.19 0.19 0.19 0.19 0.15
K (MPa) 875 878 940 883 887
O,, (MPa) 297 299 321 300 395

As observed from Fig. 5-9, Fig. 5-10, and Table 5-4, even though the final n and o,

are closer to the original input, compared to the case of 1 =0.2, they are is still different

from those of the input curve, and the predicted stress-strain curve does not agree with

the input curve. It was also found that all corrected stress-strain curves give the same 7.
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It can be mathematically proved that this is the consequence of Eq. 2-57. Assuming that

o, and ¢, are stress and strain corresponding to a,, taking the logarithm of both sides

in Eq. 2-5 and substituting Eq. 2-57 and Eq. 2-72, will yield

P cag " Eq. 5-5
log =log(K)+1log 0.2—> d-
g e 02

which can be re-arranged as

1og{a;—§ﬂ =log(c? )+ log(K) +loglc" )+ 1og[0.2%°]n Eq. 5-6

Simplifying Eq. 5-6 gives

o, =Kye;, where K, = K(c"”) Eq. 5-7

This shows that since the factor ¢ is constant, the resulting » from the corrected stress
strain curve by any of the aforementioned expressions will remain unchanged, as it
depends solely on P and 4. The only difference between these expressions is the value
of the coefficient K, which affects the position of the resulting flow stress vs.

representative strain.

5.4.2 An iterative approach to account for pile-up

Applying any of the various pile-up comrection formulae necessitates the prior
knowledge of n, which is, of course, not known when the characterisation analysis is
applied to a new material such as the HAZ in a weld. Based on the requirement that the
input value of n should be equal to that obtained from the predicted stress-strain curve,
an iterative process is suggested in this study. It starts with a valid arbitrary entry of #,
say 0, to apply a correction formula for calculating a ‘corrected’ contact area and hence
flow stress-strain relation. Then the new value of n obtained from this ‘corrected’ flow
stress-strain relation is re-entered to the pile-up correction formula to re-calculate a new,
‘corrected’ contact area, thus generating an iterative process which terminates when two
successive output values of n are equal within a pre-defined tolerance. The resulting
flow stress strain plots for the expressions after iterations are plotted in Fig. 5-11 and

Fig. 5-12 for a friction coefficient of 0.2 and 0, respectively.
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Fig. 5-11 Flow stress comparison of idealised S5 after an iterative use of the expressions

in section 5.2.2 to account for pile-up using s from tensile test. g =0.2, C=3.
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Fig. 5-12 Flow stress comparison of idealised S5 after an iterative use of the expressions

in section 5.2.2 to account for pile-up using » from tensile test. p =0, C=3.

It was noticed that only two iterations were needed to yield the same overestimated n

regardless of the first input value. Although this method reproduces the same n as when
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entering the true n from tensile test curve, the values of the coefficient K are different.
This accounts for the changed position of the flow stress curves compared with those
produced in 5.4.1, as can be noticed by comparing Fig. 5-10 with Fig. 5-12 and Fig. 5-8
with Fig. 5-11

5.4.3 Assessment of pile-up formulae based on FE predictions

The conclusion drawn from the results above 1s that these expressions fail to give a good
estimate of » although they bring the predicted stress-strain curves closer to the original
input. This questions the accuracy of their pile-up prediction and the validity of their

application in the case of spherical indentations.

FE-predicted data of the change of contact area during loading were employed to
monitor the development of pile-up by calculating its parameter, ¢*, directly from the
simulated profile throughout the load steps of the loading curve. The resulting values for
¢* for each indentation depth were compared with those calculated from the original

characterisation analysis without any pile-up correction in Fig. 5-13.

1.15
11T e g -
R e -s- FE prediction ’>

-~ No pile-up correction

0 5 10 15 20 25 30
Indentation depth (um)

Fig. 5-13 Pile up correction factor ¢* from the FE-predicted indentation profile

(12 =0.13).
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As observed, the ¢* value from the indentation profile is not independent of the
indentation depth as assumed by the expressions given by Eq. 5-1 to Eq. 5-4 . It starts
with values less than unity for indentation less than 4 um deep, as pile-up has not started
forming yet. When indentation exceeds 5 um in depth, pile-up starts building up but at a
decreasing rate, and then stabilises when indentation exceeds 20 um in depth. At this
stage, the value of ¢* gets closer to those predicted by the expressions. In fact, it is 2.7 %
lower than that given by Eq. 5-2 and Eq. 5-4, and almost equal to that obtained by Eq.
5-3. This agreement suggests that these expressions were obtained for indentations
performed at similar rather high strain values, which range from 0.1 to 0.12.
Furthermore, the original characterisation analysis by Field and Swain [45, 46] was
shown to predict that ¢ depends on the indentation depth. While this result is not, of
course, valid in this case because pile-up has been ignored and thus ¢ is always less than
unity, it would be acceptable for hard materials that sink-in. As a result, this clearly
proves that ¢* cannot always be considered constant and the expressions given by Eq.
5-1 to Eq. 5-4 are unable to accurately predict the effect of pile-up, for low and
moderate indentations by a spherical indenter and hence predict the correct hardness and

n from these indentations.

5.5 Modified modelling of the pile-up effect

FE simulations show that the ratio (a,/a,)’ is not constant as assumed by the
expressions given by Eq. 5-1 to Eq. 5-4. This suggests the need for modifying these
expressions so that they account for the dependence of (a,/a, )2 on indentation depth

and thus provide a more accurate prediction of the contact area.

Based on the same FE output as that generating Fig. 5-13, the ratio of the residual depth
(h,) to the total (k) indentation depth was calculated and plotted versus the total
indentation depth in Fig. 5-14. It can be noticed in that figure that the variation of A,/h,
follows the same trend as that of FE-predicted ¢*, which is shown in Fig. 5-13.
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0 5 10 15 20 25 30
indentation depth (um)

Fig. 5-14 Ratio of the residual to total indentation depth versus total indentation depth.

This observation suggests that the ratio h, /A, can be used in conjunction with one of

the expressions given by Eq. 5-1 to Eq. 5-4 to correct the prediction of the pile-up
effect. The physical reason for this suggestion is the dependence of pile-up on the extent
of plastic deformation, which can be considered directly linked to the magnitude of
residual indentation. By examining the FE indentation output for the three different

idealised materials (corresponding to S3, S5, and stainless steel), whose properties are
listed in Table 5-5, a statistical study was carried out to correlate (a,/a,)* with
(h, I, ) and ¢? obtained from Eq. 5-2, proposed by Hill et al. [58]. This expression for

the correction factor was chosen over those proposed by Taljat ef al. [19] since it was
based on measurement of real indentation profiles rather than FE modelling of

indentation of metals with E /o ,=500. However, for the idealised materials used in
this study the ratio £, /o, has the values, 840, 560, and 649, respectively. In addition,

Eq. 5-2 gives a better fit to Norbury and Samuel’s data than Eq. 5-1.

It was anticipated that the pile-up factor (a, /ao)2 should be a product of ¢* and an

expression which is a function of (h, /A, ). This expression should be equal to unity for
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purely elastic indentation, that is when h, =0, resulting in (a,/a,)=0.5, which
complies with the elastic contact solution. Hence, it should also include a term (4, /h,)
which will equate to unity when (k, /4, )=0. Attempting various forms to correlate the

pile-up with the indentation data, a relation of the form
2 2z z
| _alfh] [ Eq. 5-8
aO h! h!

showed to give better results in describing the FE prediction presented in Fig. 5-13, for

the idealised materials. These materials were chosen to cover the commonly encountered
properties of the weldable structural steel. The strain hardening exponent and 0.2% yield
stress for these materials range from 0.132 to 0.25 and from 250 to 375 MPa,
respectively. By fitting the non-linear Eq. 5-8 to the FE output for the three idealised
steel specimens, the constants of this equation are determined as z=3 and y=1.125. This
empirical formula is thus proposed herein to estimate the true contact area, allowing for

pile-up as a function of #, and (k, /h, ), where the residual depth A, is determined from

non-linear fitting to the unloading curve.

The pile-up correction parameter for the three idealised materials, obtained from Eq.

5-8, can be compared with those extracted from the FE-simulated indentation profiles by

2

referring to Fig. 5-15 and Fig. 5-16, which show, respectively, (a, /a,)° as a function

of (h, /h,) and A, .
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Fig. 5-15 Pile-up correction factor from Eq. 5-8 and simulated indentation profile versus

(h,/h,).
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Fig. 5-16 Pile-up correction factor from Eq. 5-8 and simulated indentation profile versus

h.

As seen in Fig. 5-15 and Fig. 5-16, the prediction of the proposed Eq. 5-8 is in good
agreement, within 1% error, with that obtained from FE simulations of the indentation
profile for the three idealised materials, which demonstrates the performance of the non-

linear fitting used to determine the constants in Eq. 5-8. This small error actually is in
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favour of the accuracy of the proposed formula since the contact radius obtained from
FE is always underestimated. Even though this correction is derived for three idealised
materials, its application for other steels within the same range of n and 0.2% 0, is
expected to be valid. Furthermore, Eq. 5-8 has the capability of predicting the true
contact area even when it lies beneath the original plane of the specimen surface, which
happens during shallow indentation before any formation of pile-up. This clearly shows
its extended applicability not only for soft metals but also for hard metals whose elastic
deformation predominates with no tendency for piling-up, and also for the case of purely

elastic materials when (a, /a,)=0.5.

The application of Eq. 5-8 to the indentation data, that is, the P-h curves, requires the
evaluation of ¢*, given by Eq. 5-2, which necessitates a prior knowledge of n. Since n
is unknown for a given material, the proposed empirical relation is applied using the
iterative process proposed in 5.4.2. This process consists of the following steps:

a) The unloading curve at every cycle is fitted with a non-linear function of the
form y=g(h, —h)"" so that it could be extrapolated to the zero load axis thus
yielding the residual indentation depth, hence the ratio (h, /A, ).

b) The projected area radius, a,, corresponding to A, is calculated for every cycle.

Thus initial values of Meyer hardness and representative strain are obtained

assuming a, is the contact area radius.

¢) The strain hardening exponent n is determined by regression analysis of the
hardness vs. representative strain plot on a logarithmic scale.
d) From the knowledge of the initial value of n, ¢* is calculated from Eq. 5-2 and

substituted together with the ratio (h, /A, ) into Eq. 5-8 to determine an initial
value for the true contact area radius a_, at every loading cycle. Thus Meyer
hardness and representative strain corresponding to a, are obtained.

e) Then n is determined in the same manner as in step (c), based on the new a_, and
is compared with the input value for n used to calculate g, in step (d). If the

difference between the two values is larger than a pre-defined tolerance, then
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steps (d) and (e) are repeated, otherwise the iteration process terminates.

Since the ratio (h, /h, )can only be obtained at every cycle, the data points at which

hardness can be calculated are restricted to the number of loading cycles. However,
when the number of cycles is relatively large, say five or more, then it is suggested in

this study that the ratio (hr / h,) can be interpolated to all loading points lying between

the first and the last cycle peaks on the loading curve. This will facilitate, within a
reasonable accuracy, the use of more points at which the Meyer hardness can be

determined, thus producing a smoother flow stress curve.

The proposed new empirical relation (Eq. 5-8) is applied to the P-A curves produced by
FE simulation of indenting the idealised materials corresponding to S3, S5, and SS. The
flow stress curve generated by this method, the one obtained using the contact radius
from the simulated indentation profile as well as that produced by the conventional
characterisation method that ignores the pile-up effect can be compared with the original
input stress-strain curve for the three idealised materials by referring to Fig. 5-17 to Fig.
5-19. Included in the plots is also the resulting n value for every curve. These values for

n together with the 0.2% yield stress are summarised in Table 5-5 for each curve.
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Fig. 5-17 Predicted and original flow stress curves for the idealised stainless steel.
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Fig. 5-18 Predicted and original stress-strain curves, for the idealised S3.
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Fig. 5-19 Predicted and original flow stress curves for the idealised S5.

As observed in the figures above, the proposed method, based on Eq. 5-8 and an

iterative procedure, has proved to be very effective in accounting for the pile-up effect

through the determination of the true contact area, and thus the stress-strain curve. The
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strain hardening exponent and 0.2% yield stress is within 3% of the corresponding value
of the input curve. Therefore, this method will be adopted, in the next chapter, to analyse
the experimental indentation data from the test materials obtained using the available

spherical indenter.

Table 5-5 Predicted and original values of strain hardening exponent and yield stress for

the three materials studied.

Characterisation predictions

Type of
i i & o Contact
idealised ~n 02 Input curve No pile-up . Pile-up
material . radius from .
correction correction
FE
n 0.19 0.25 0.21 0.20
S3
0-0.2
250 221 232 242
(MPa)
n 0.13 0.20 0.13 0.13
S5
0-0.2
375 334 377 369
(MPa)
n 0.25 0.32 0.28 0.25
Stainless
o
steel o2 285 221 257 280
(MPa)
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CHAPTER 6

APPLICATION OF THE PROPOSED CHARACTERISATION
ANALYSIS TO EXPERIMENTAL DATA

The development of the new characterisation technique, that is, the modified pile-up
correction combined with Tabor’s original analysis presented in Section 5.5, was based
on FE simulated indentations by a rigid perfect sphere. In this chapter, this new analysis
technique is applied to the experimental P-h data produced using the available spherical
indenter, whose geometrical characteristics are described in detail in Chapter 3. In the
first part of this chapter, the effectiveness and accuracy of the proposed technique is
assessed using experimental data from the test materials whose properties are described
in Chapter 3. In the second part of the chapter, the new analysis technique is utilised to
analyse the indentation data of a butt welded steel joint. Indentation testing was carried
out to span the three distinct regions of the weld, which are the parent metal, weld heat

affected zone, and weld fusion zone.

6.1 Effect of new analysis on frame compliance calibration

Applying the new analysis technique to estimate the true contact area necessitates the
correct load-indentation data, that is, the indented material response only, so that the

correct (h,/h,) ratio can be obtained. Whilst this condition can always be met in the

case of FE generated data, the experimental data acquired by the instrument intrinsically
include the effect of frame compliance, that is the amount of displacement that should be
removed prior to the implementation of the new analysis technique. Conventionally, this
is achieved through the frame compliance calibration described in Chapter 3, which is
based on the use of the Berkovich indenter. The analysis adopted in the frame
compliance software provided with the instrument can only be run with indentation data

produced from that indenter. However, the holders for the Berkovich and spherical
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indenter are different in material and length, leading to a different frame compliance
factor. This means that a different frame compliance factor must be obtained for the
spherical indenter. For this reason, the contact stiffness of the unloading curves of the
indentation data generated using a spherical indenter was determined and used according
to Eq. 2-52. However, this calibration is based on the characterisation analysis that
ignores the pile-up effect. Hence, for materials that pile-up, it underestimates the contact
area, and thus the true frame compliance, leading to erroneous load-indentation data for

the indented material.

In order to extract the true material deformation from the raw indentation data, the
contact area should be accurately estimated. It is, therefore, suggested in this study that
the new pile-up correction method should be incorporated into the frame compliance
calculation through an iterative process. This starts with the load-indentation data
produced by measuring the conventional frame compliance that is based on the
characterisation analysis with no pile-up correction. The pile-up correction, represented
by Eq. 5-8, is then applied, hence a new value of the contact area corresponding to each
unloading curve 1s obtained, and compared with the previously calculated values. If the
difference is within a predefined tolerance, the iteration process terminates and the
resulting P-h curves are considered as the true material response. Otherwise the resulting
P-h curves are re-entered into the conventional frame compliance routine with the new
values for contact area predefined a priori in order to obtain a new set of P-4 curves that
satisfy the condition of correct E, prediction based on the new values of contact area
provided. Both the frame compliance calibration that is implemented through the
original Matlab routine that ignores the pile-up effect, and the complementary routine
that considers the pile-up correction are illustrated in the flow charts presented in Fig.

6-1 and Fig. 6-2, respectively.
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are known.

The input is the load-
indentation raw  data
acquired from a material
whose elastic properties
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If the difference is
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(A)

Compare E,
the
target value

For each cycle, the quantities,
P, and h, are determined, in
addition to A, which is obtained
from non-linear fitting applied to
each unloading curve.

J

Each unloading curve
is analysed to calculate
the corresponding a.
and E,.

If the difference is
greater than a pre-
defined tolerance

The calculated a, for each
unloading curve is
adopted, thus hardness is
found

A wvalue for the frame
compliance factor is
calculated using Eq. 3-4 for

€

ach unloading curve.

-

The frame compliance
factor corresponding to
each curve is calculated
as a sum of the
previously calculated
values in (B) during
iterations.

_/

Fig. 6-1 A flow chart showing the steps used in performing the conventional frame

.

The calculated frame
compliance contribution
is removed from the
measured depth of the
load-indentation data
using Eq 3-4, which are
treated as a new input

J/

compliance calibration that ignores any pile-up effect.
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The input is the load-indentation data resulting from the
conventional frame compliance calibration routine. For each
unloading curve, the quantities, Pya, A , A, , a. and H are
determined, which correspond to each cycle peak.

From the determined points of
hardness vs. strain at cycle peaks,
a value of n is obtained.

-~
Using the resulting value of n and h,/h,,

the correction factor is calculated using
Eq. 5-8 yielding new values for a.
corresponding to the cycle peaks.

J

ninpre\'ious

For the new resulting curve of hardness
vs. strain n is obtained, which is then
compared  with  the  previously
calculated value.

(®)
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Follow
from

The conventional
frame compliance
calibration routine, (A)

Select a specific cycle, (say the last
one) and compare the resulting value
of a, with the previous value.

Difference < pre-defined Difference >pre-defined
tolerance. tolerance.

The calculated a, for The new value of a. for each unloading curve is used
each unloading curve in conjunction with the target value of E, to determine
is  adopted, thus the new target value for the material contact stiffness,
hardness is found. or the material compliance identified in Eq. 3-4 .

¥

/The value of the frame
compliance factor The new value for contact stiffness is then used as
corresponding to each the target value for another frame compliance
curve is calculated as a calibration, into which the resulting load-
sum of the previously indentation data from (A) are used as a new input.
calculated values.

For each cycle, the quantities, P, A, , and A, are
determined, and each unloading curve is analysed to 3
calculate E,. assuming a. is known.

Fig. 6-2 A flow chart showing the steps of incorporating the pile-up correction into the

frame compliance calibration.
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The frame compliance calculations illustrated in Fig. 6-1 and Fig. 6-2 provide the load-
indentation data for the indented material and the frame compliance factor
corresponding to the cycle peaks. The variation of the frame compliance factor with
peak loads can then be used in the analysis of the raw experimental data to eliminate
from them the frame compliance. Although the values for this factor are obtained at
certain load values, interpolation can be applied in the case of any subsequent

experiment that includes a load cycle with a different peak load.

6.1.1 Experimental details

In order to assess the consistency of the frame compliance factor, that is, whether it is
independent of the nature of the specimen, indentation testing was performed on the
three steel specimens S3, S5, S7, and a stainless steel specimen. Details on the properties
of these materials are given in Chapter 3. For every specimen, indentation experiments
were performed at 5 different locations. Every experiment consisted of 7 loading cycles
to a progressively higher peak load. All experiments had the same set-up. Peak loads
were defined at the values: 7.04, 9.21, 11.39, 13.55, 15.72, 17.88, and 20.05 N. The
loading and unloading rate was 100 mN/s. For every cycle, the peak load was held for
120 s to allow any time dependent deformation to take place. Unloading was terminated
at 20% of the peak load. Indents were placed 500 um apart, in order to avoid any

deformation or residual stress interference between adjacent indents.
The raw data resulting from every experiment was then analysed to calculate the frame

compliance factor for every load value. The average of the resulting values of this factor

is plotted as a function of peak load in Fig. 6-3.
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Fig. 6-3 Frame compliance factor variation with indentation load. The error bar is twice

the standard deviation.

As can be observed from Fig. 6-3, the frame compliance factor decreases with load. It
appears to be almost insensitive to the test material with a variation of less than 0.5%.
This decrease in frame compliance factor can be attributed to the assumptions on which
the formula given by Eq. 2-26 to calculate E, from the unloading indentation curve is
based. Eq. 2-26 describes the response of a flat surface of material indented elastically
by a rigid parabola. However, the contact during unloading in the case of elasto-plastic
indentation is not in accordance with that theory since the indent does not recover to a
flat surface. Furthermore, the plastic deformation induced during indentation causes the
surface of the residual impression to be different from a perfect parabola or even a
perfect sphere. As a result, the calculated E, from analysing the unloading indentation
curve increases with load due to the extent of plastic deformation, when it should be
constant since it is a material property. In order to maintain E, constant with load the
frame compliance factor thus must decrease with load as shown, while it should be a
machine constant. Thus the decrease in frame compliance with load can be thought of as

an artefact brought about by the method of analysing the unloading curve.
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Since the frame compliance factor should be a machine characteristic, the curve
connecting these data points in Fig. 6-3 can then be used as a machine compliance curve
for obtaining the frame compliance in any subsequent experiment involving testing of an

unknown material.

6.2 Characteristic strain for an imperfect spherical indenter

In linking the indentation parameters to the stress-strain curve, the characteristic strain,

g,, for a perfect sphere was considered by Tabor as 20% of the ratio (a,/R). The

mmpossibility of having a perfectly spherical indenter, especially when the indenter is
made from diamond on the micrometer scale, makes it necessary to determine an
equivalent expression for the characteristic strain in the case of an imperfect indenter so
that the stress-strain curve could be determined from the indentation data. Section 3.5
addressed the issue of characterisation of the geometry of the spherical indenter used in
this study. Two distinct methods of characterising the geometric variation of the average
indenter profile with vertical distance from the indenter tip were presented. In order to
assess which of these two methods best describes the characteristic strain, both were
implemented for the derivation of the stress-strain curve from the indentation data using

the new analysis technique, that is, the pile-up correction integrated within the original

6.2.1 Characteristic strain as a function of (a. /R)

In this version of characterisation, the radius of curvature at a certain vertical distance
from the indenter tip was identified as the radius of the fitted axi-symmetric arc to the
relevant part of the average indenter profile, as explained in Section 3.5.2. This means
that the value of the indenter radius at a certain location is influenced by the profile
geometry lying in between this location and the indenter tip. On the other hand, the
contact area radius is measured on the average profile as a function of the contact depth

he.
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The indentation data from three grades of steel specimens resulting from one of the
experiments described in Section 6.1.1 were analysed using the new analysis technique
to obtain the Meyer hardness at the cycle peak loads. The stress-strain curve was then
calculated considering the characteristic strain &, to be 20% of (a_/R), where a_ and R
are determined from Fig. 3-10 and Fig. 3-14, respectively as functions of the vertical
distance from the tip. By non-linear fitting a power law function to these data points, #
and K were obtained and employed to calculate the oy, representing the yield stress.
The resulting stress-strain curve through these points is compared with the

corresponding curve obtained from the tensile tests in Fig. 6-4 and Table 6-1.
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Fig. 6-4 Stress-strain points from indentation data compared with the corresponding

stress-strain curve from tensile tests.

As observed in Fig. 6-4 and Table 6-1, the stress-strain curve resulting from the
indentation data for each material appears to be close to that from the corresponding
tensile test. However, the predicted n is considerably underestimated whilst op» is
overestimated. More importantly the shape of the predicted stress-strain curves

manifests a noticeable plateau between strain values of 0.068 and 0.085, which may well
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be the reason for the underestimation of n. This suggests that the characteristic strain

adopted over this region does not seem to best correspond to the indenter geometry.

6.2.2 Characteristic strain as a function of sin(5)

In this version of the characterisation analysis, the local gradient of the average indenter
profile was taken as that of the line fitted to the relevant part of the profile. Unlike the
method presented in Section 6.2.1, the characteristic strain at a certain location of the
average indenter profile is independent of the rest of the profile. More details on this
method can be found in Section 3.5.2. For calculating hardness, the contact area radius

was again measured on the average profile as a function of the contact depth, A..

The indentation data from the three grades of steel specimens resulting from the
experiments described in Section 6.1.1 were analysed in the same manner as in Section
6.2.1, and the points of the stress-strain curve determined at the cycle peaks by

considering the characteristic strain &, to be 20% of sin(f). n and K were obtained from

fitting a power law function to these data points, and the yield stress is presented as oy ».
The resulting predicted stresses and strains at those points can be compared with the

corresponding curve obtained from the tensile tests in Fig. 6-5 and Table 6-1.
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Fig. 6-5 Stress-strain data points from indentation data compared with the corresponding

stress-strain curve obtained from tensile tests.

Table 6-1 Plastic properties from tensile tests compared with those calculated from

indentation data based on two different expressions for characteristic strains.

O — & curve from

Calculated o — &

Calculated 0 — & using

tensile test using &= 0.2a,./R £=0.2sin(f)
n oy n oy n o,
(MPa) (MPa) (MPa)
Stainless
0.27 286 0.19 301 0.25 268
steel
Ss 0.17 391 0.10 416 0.14 362
S3 0.19 317 0.11 345 0.14 316
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The resulting predicted stress-strain data points for each material shown in Fig. 6-5
exhibit a smoother variation with strain than that observed in Fig. 6-4. The predicted n
and oy, are closer to the values from the tensile tests than those from the method
presented in Section 6.2.1 although they are still smaller than the values from the tensile
tests. Referring to Section 4.4.5, it was noticed that approximating the o —&from the
tensile test to an ideal curve with a single n and K and no yield plateau resulted in a
reduced n. Hence, the ¢ — & curve derived from indentation data using the characteristic
strain in terms of sin(/f) can be considered as a representative approximation of that from

the tensile test.

6.3 Assessment of the proposed analysis

The experimental indentation data produced, as described in Section 6.1.1, were
obtained for all test materials, i.e. S3, S5, S6, S7, and stainless steel (SS), and analysed
using the proposed analysis technique, that is, the new pile-up correction integrated
within the characterisation method with 0.2sin(f) as a measure of the characteristic
strain. The analysis results include the true contact area, Meyer hardness and

characteristic strain at every cycle peak.

6.3.1 Prediction of the stress-strain curve from indentation data

The analysis results given in Section 6.1.1 from the 5 experiments for S3 are gathered in
one group and used to derive the stress-strain data points that are then fitted with the
power law curve, as shown in Fig. 6-6. This curve serves as an equivalent average to all
data points. Its function parameters, n and K, are then used to generate the flow stress
over a large range of strains. A comparison of this fitted curve with the original one
generated from the tensile test is made in Fig. 6-7. This procedure of assessment has
been followed and applied to the other test specimens, i.e. S5, S6, S7, and SS.

Corresponding plots for these materials are presented in Fig. 6-8 to Fig. 6-15.
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Fig. 6-6 Stress-strain data points rcsulting from 5 indentation experiments on specimen

S3.
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Fig. 6-7 Stress-strain curve predicted from indentations on specimen S3 compared with

that obtained from the tensile test.

151



Chapter 6: Application of the proposed characterisation analysis to experimental data

580
70 s Predicted ‘ a
— 5 Fitted curve | ’
o | 4 &
2 560 ol ﬁ ﬁ
~ o= Ks* 5 e
@ 550 , \ ‘- GRlEE
2 2 a e
& a B » AA
S L . * e
A
530 . i 2
520 - — . — : _
0.05 0.06 0.07 0.08 0.09 0.10
Strain

Fig. 6-8 Stress-strain data points resulting from 5 indentation experiments on specimen

Ss.
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Fig. 6-9 The fitted stress-strain curve from the 5 indentation experiments on specimen

S5 compared with that derived from the tensile test.
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Fig. 6-10 Stress-strain data points resulting from 5 indentation experiments on specimen
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Fig. 6-11 The fitted stress-strain curve from the 5 indentation experiments on specimen

S6 compared with that derived from the tensile test.
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Fig. 6-12 Stress-strain data points resulting from 5 indentation experiments on specimen
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Fig. 6-13 The fitted stress-strain curve from the 5 indentation experiments on specimen

S7 compared with that derived from the tensile test.
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Iig. 6-15 The fitted stress-strain curve from the 5 indentation experiments on specimen

SS compared with that derived from the tensile test.
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The values of # and oy, from the curves fitted to the stress-strain points generated from
the indentation data are compared with the corresponding values from the tensile test in
Table 6-2. Included in that table is the extent of the yield plateau strain of each curve

from the tensile test normalised with respect to yield strain.

Table 6-2 Comparison of the o€ curve parameters from the tensile test with those

generated from indentation data.

. Generated from
O — & curve from tensile test

indentation data

Extent of
yield plateau
Extent of strain/yield
o yield Gz strain)
y plateau n '
(MPa) . (MPa)
strain
(%)
S3 0.19 317 0.8 0.11 349 228
S5 0.17 391 1.35 0.07 415 350
S6 0.18 375 0.80 0.15 317 211
S7 0.16 395 0.88 0.12 374 227
Stainless
0.27 286 0 0.26 250 0

steel

As can be observed in Fig. 6-6 to Fig. 6-15 and Table 6-2, the predicted stress-strain
curves have lower n values compared with those from the tensile test whilst o, 1s within
10% of the respective values from the tensile test except for S6, where the error is about
15%. Even though the difference in the values of n seems large, the stress-strain curve

derived is similar to that from the tensile test. The first post-yield part of the predicted
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relation appears to slightly overestimate the stress whilst at greater strains the stresses
are slightly underestimated. However, the curve as a whole appears to represent material

behaviour equivalent to that corresponding to the curve from the tensile test.

The stress-strain curves of the idealised materials, discussed in chapter 4, also had a
value of n considerably less than the true one. This can be understood as a consequence
of the presence of the yield plateau, which is expected to cause a drop in # if it is to be
averaged over the post-yield part of the curve. Furthermore, the magnitude of this yield
plateau strain is expected to influence the underestimation of n. Referring to Table 6-2, it
can be appreciated that the underestimation in # is proportional to the magnitude of this
yield plateau strain except for S3 which does not seem to follow this trend. This can be
clearly thought of as an influence of yield strain based on the averaging argument,
leading to the influence of the yield plateau being more significant at small values of
yield strain. Normalising the extent of the yield plateau strain with respect to yield strain

seems to give a value that is consistent with the underestimation of #.

Even though the characteristic strain cannot exceed a value of 0.2 for a perfect sphere,
the maximum equivalent strain induced within the indentation zone beneath the indenter
could, according to the FE results, reach larger values depending on the depth of
indentation. Consequently, the resulting P-A curve is a reflection of the specimen
material undergoing high equivalent strains which are not limited by the characteristic
strain. It is also worth bearing in mind that the stress-strain field of the indented material
is different from that developing in the specimen of a tensile test. In the tensile test the
strain is uniform along the gauge length until the tensile strength is reached after which
the strain concentrates in the necked region. However, in the case of indentation, the
situation is different. At a very small load, the material reaches its yield stress in a very
localised region directly beneath the contact centre, which is enclosed by elastically
deformed material. As the indenter is pressed into the specimen, the elastic material
bounding the plastic zone will reach its yield stress causing the plastic zone to enlarge
while the material around this region is still elastic. Hence, at every increase in load, the
strain field across the region of indentation spans from the elastic to high plastic strain

values in the stress-strain curve. The P-A curves resulting from indentation thus reflect
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this as they are affected by values of strain considerably greater than that given by the

characteristic strain.

Hence, the resulting stress-strain curve obtained from the analysis of P-4 data is strongly
influenced by the complete stress-strain curve of the material especially at high strain

values, rather than by its behaviour up to the characteristic strain limit.

The hypothesis that the derived stress-strain curve, which has no yield plateau, is
equivalent to the original curve determined by the tensile test although its value of 7 1s

smaller due to the absence of yield plateau is verified in Section 6.3.2.

6.3.2 FE regeneration of the P-h curve from the predicted o-£ curve

At this stage of assessment, the stress-strain data points resulting from analysing the
experimental load-indentation curve of a material were fitted to a power law function. Its
parameters, n and K, are then used to generate the flow stress-strain curve, which is then
used as the material input into an FE model to simulate indentation in a cyclic loading
pattern reaching peak loads almost the same as, or close to those in the experimental
data. The load-indentation data produced by this FE simulation is compared with that
from the corresponding experiment used to derive the input stress-strain curve to this FE
model. This comparison is made for all test materials, and presented in Fig. 6-16 to Fig.
6-20. It should be noted that as FE is displacement controlled while the indentation
experiments are load controlled, the unloading data will not always coincide for both

results.
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Fig. 6-16 Comparison of the experimental data from S3 with the FE prediction based on

the stress-strain curve derived from the same experimental data.
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Fig. 6-17 Comparison of the experimental data of S5 with the FE prediction based on the

stress-strain curve derived from analysing the same experimental data.
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Fig. 6-18 Comparison of the experimental data of S6 with the FE prediction based on the

stress-strain curve derived from analysing the same experimental data.
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Fig. 6-19 Comparison of the experimental data of S7 with the FE prediction based on the

stress-strain curve derived from analysing the same experimental data.
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Fig. 6-20 Comparison of the experimental data of SS with the FE prediction based on the

stress-strain curve derived from analysing the same experimental data.

In Fig. 6-16 to Fig. 6-20 good agreement can be observed between the experimental P-h
curve, for each test material, and that predicted by FE simulation based on the stress-
strain curve derived from the same experimental indentation data. This clearly proves
that even though the derived stress-strain curve, which has no yield plateau, has a much
smaller value of n compared with that of the tensile test, it behaves in an equivalent
manner to that obtained from the tensile test as it can lead to an accurate prediction of
material response. In addition, it can be seen that the absence of the yield plateau in the
derived stress-strain curve compensates for the underestimation of the value of n making

this curve equivalent to that obtained from the tensile test.

6.4 Experimental variability

The test materials are modelled as homogeneous and perfectly isotropic. However, they
are not homogeneous on the micro scale since the microstructure consists of small
grains. Depending on the number of grains included in every indent and the density of
the grain boundaries, the resulting P-h curve will vary from one location to another. In

order to evaluate this variation and to investigate its effect on the results, the 5
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experiments on stainless steel were treated individually. The five P-h curves from these

experiments are presented in Fig. 6-21.

25

indentation depth (um)

Fig. 6-21 Load-indentation data resulting from the 5 experiments on the stainless steel.

The stress-strain curves resulting from analysing the indentation data from the 5
experiments are compared to the stress-strain curve from the tensile test in Fig. 6-22.
The values of n and K for these predicted curves in addition to the values of Meyer

hardness corresponding to the last cycle peak are summarised in Table 6-3.
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Fig. 6-22 Predicted stress-strain curves from the 5 experiments on the stainless steel

sample compared with the stress-strain curve from the tensile test.

Table 6-3 Characterisation results from the 5 indentations on stainless steel.

. oy H
Experiment n

(MPa) (MPa)
1 0.20 282 1643
2 0.23 268 1710
3 0.25 260 1759
4 0.31 218 1851
5 0.27 235 1751

It should be noted that even though the P-h curves seem very similar, the characteristics

of the predicted stress-strain curves vary. The average of these curves represents the
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overall material behaviour in a similar way as the results from a tensile test reflect the

average behaviour of many grains of the material.

6.5 Welded joint details

A steel plate of 8 mm thickness was cut and joined again using a single pass submerged
arc weld to form a butt-welded joint. The joint was then sectioned transverse to the weld
line, and this cross section was metallographically prepared and polished using 1 pm
diamond paste. Indentation testing was carried out on the cross section to span the three
distinct regions of the weld, which are the parent metal, weld heat affected zone, HAZ,
and weld fusion zone. Six rows of indents were made. The second and the fifth rows
were obtained using the conventional Vickers micro-indentation tester, whilst the rest

were made using the spherical indenter on the instrumented micro-indentation tester.

The indented surface was then etched in 2% nital to reveal the variation of the
microstructure across the various material boundaries as shown in Fig. 6-23. The

location of each indent relative to the three regions of weld is also shown in the same

figure.
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Parent metal Fusion zone Parent metal

< ! e w

Fig. 6-23 Etched surface of the cross section of the butt-welded steel joint showing the
indents traversing the parent metal, heat affected zone and fusion zone. S and V denote

spherical and Vickers indentations, respectively. The HAZ is adjacent to the fusion line

in the parent metal.

A micrograph showing a detail of the microstructural variation from the parent metal
towards the fusion zone of the weld is presented in Fig. 6-24. The micrograph shows the

top left corner of Figure 6-23 with some indents from the first three rows.
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Fig. 6-24 Etched surface showing the microstructural variation in the top left corner of

the weld specimen shown in Figure 6-23.

A detailed micrograph showing the variation of the crystal structure from the heat
affected zone to the fusion zone is presented in Fig. 6-25. Included in that micrograph is
the fourth and the fifth indents of the first row.
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Fig. 6-25 Microstructural variation across the boundary between the weld heat affected

zone and the fusion zone.

As can be observed from Fig. 6-24 and Fig. 6-25, welding has caused a noticeable
change in the microstructure of the metal in the vicinity of the weld fusion zone making
this area inhomogeneous. The change in microstructure between the HAZ and fusion
zone can be observed on either side of the fusion line separating the two zones, as shown
in Fig. 6-25. A more detailed comparison of the microstructure in the various weld
regions, i.e. parent metal, HAZ, and fusion zone can be made by referring to Fig. 6-26,

Fig. 6-27 and Fig. 6-28

167



Chapter 6: Application of the proposed characterisation analysis to experimental data

Fig. 6-27 Microstructure of the heat affected zone, showing a residual indent (the fifth

indent of the first row).
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Fig. 6-28 Microstructure of the fusion zone, showing a residual indent.

The micrographs shown in Fig. 6-26 to Fig. 6-28 illustrate the distinct features of the
microstructure across the weld regions. In the parent metal, the grains are small, rounded
and equiaxed whilst in the fusion zone the grains have a columnar nature and acicular
ferrite is present. A gradual change between the two structures is observed in the heat-

affected zone. The nature of the carbides also varies across the weldment.

This variation in the microstructure will affect the mechanical properties of the relevant
regions. Such properties can be measured locally from the load indentation data obtained
from an indent located at a given position. Hence, carrying out indentation testing across
the weld regions is utilised as the means of providing information on variation of
material mechanical properties. Whilst conventional hardness testing using the Vickers
indenter only provides a value of hardness, other properties that describe the strain-strain
curve, i.e. Gv2, 1, and K, in addition to Meyer hardness, can be obtained from analysing
the load-indentation data obtained by the instrumented microhardness tester using a
spherical indenter. These material properties are plotted, for the indents lying on the 1%,

3, 4™ and 6™ rows as a function of the distance from the left edge of the welded
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specimen in Fig. 6-31 to Fig. 6-46 to show their variation across the weld regions. In
addition, the variation of Vickers hardness across the weld regions for the indents lying
on the 2™ and 5" rows is presented in Fig. 6-29 and Fig. 6-30, respectively. The parent
metal and the fusion zones are labelled in the graphs as P and F, respectively. The HAZ

is a 1.0 mm region adjacent to the fusion line in the parent metal.
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Fig. 6-30 Vickers hardness from the 5" row of indentations.
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Fig. 6-33 The value of n from the 1% row of the spherical indentations.
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Fig. 6-35 The value of 0.2 % yield stress from the 2™ row of the spherical indentations.
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Fig. 6-42 The value of K from the 3™ row of the spherical indentations.
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Fig. 6-43 The value of 0.2 % yield stress from the 4" row of the spherical indentations
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indentations.
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Fig. 6-46 The value of K from the 4" row of the spherical indentations.

As can be observed from Fig. 6-29 and Fig. 6-30, Vickers hardness has an average value
of about 135 Hy1.0 in the parent metal and increases towards the weld fusion zone until
it reaches its maximum value of about 170Hy1.0 in the centre of the fusion zone. A

similar trend is exhibited for Meyer hardness obtained by the instrumented
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microhardness tester, which can be seen in Fig. 6-32, Fig. 6-36, Fig. 6-40, and Fig. 6-44.
As shown in these figures, Meyer hardness starts at an average value of about 1350 MPa
in the parent metal and then increases towards the weld fusion zone and reaches an
average value of 1700 MPa at its centre. This observation clearly indicates that the
hardness of the weld is greater than that of the parent metal. However, the other elasto-
plastic properties characterising the stress-strain curve seem to behave in a rather
random manner. The 0.2% yield stress is noticed to range between 250 and 350 MPa. Its
variation does not manifest the same pattern as that for hardness, nevertheless most of
the low values appear to fall within the parent metal region whilst the larger values are
reached within the weld fusion zone. For »n and K, the analysis results exhibit a larger
scatter than that of op» with no noticeable distinct trend, although ;0K seems to be
higher in the fusion zone than in the parent material. The values of n range between 0.1
and 0.25, and those of K range between 500 and 1000 MPa. On the other hand, the trend
of these two parameters appears to relate inversely to that of ¢p,, that is, the difference

in oy, for two adjacent indents is opposite in sign to that for the values of 7 and K.

Due to the scatter associated with the material properties obtained from indentation

analysis, the values of H, n, K, and o, are averaged across the weld regions in order to

show more clearly the trend of their variation. The results are summarised in Table 6-4
and the corresponding graphs are shown in Fig. 6-47 to Fig. 6-50. In addition the

corresponding stress-strain curves for each region are compared in Fig. 6-51.
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Table 6-4 Average values of H, n, K, 0, across the weld regions.

Parent metal 1406 0.14 659 292
HAZ 1482 0.16 721 295
Fusion zone 1619 017 818 315

Average of Meyer Hardness

Hardness [MPal]

Parent metal HAZ Fusion zone

Fig. 6-47 Average values of Meyer hardness over the three weld regions.
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Fig. 6-48 Average values of the strain hardening exponent over the three weld regions.

Average of K

K [MPa]

Parent metal HAZ Fusion zone

Fig. 6-49 Average values of the strength coefficient over the three weld regions.
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0.2% yield stress [MPa]

Average of 0.2% Yield Stress

Parent metal HAZ Fusion zone

Fig. 6-50 Average values of the 0.2% yield stress over the three weld regions.

Stress [Mpa]

Average of Stress Strain Curves

Strain

Fig. 6-51 Cormresponding stress-strain curve for each region.
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It can be observed from Table 6-4 and Fig. 6-47 to Fig. 6-50 that the trend in material
properties variation across the various weld regions becomes clearer when the average
values of the properties over each area (parent metal, HAZ and fusion zone) are
calculated. These figures show that all properties follow a similar trend, that is, they
increase from the parent metal towards the weld fusion zone. On average, hardness and
strength coefficient show a more pronounced variation across the weld regions, whilst
least variation was manifested for 0.2% yield stress and the strain hardening exponent.
Interestingly, the average value of the 0.2% yield stress calculated for the parent metal
was found to be 292 MPa with a standard deviation of 29.3 MPa, which tie up with the
yield stress of 43A-grade steel plate, presented in Table 4-2, which ranges between 300

and 317 MPa as calculated from tensile testing.

Since the scatter in the individual results of # and K at every indent appears to be large,
1t was felt important to investigate the cause of such scatter in order to assess the
sensitivity of these parameters. Two arbitrary pairs of adjacent points, which correspond
to an abrupt change in the values of n and K were chosen, labelled (A and B) and (C and
D) in Fig. 6-45. The percentage of the change in the values of H, ¢y, , K, and n between
the two adjacent points in each pair amounts to 12%, 20%, 30%, and 59% , respectively.

Amongst the four parameters, the results for n and K appear to exhibit the higher scatter.

As a means of investigating the cause of such an effect, the raw load indentation data for
the two points in a pair are compared, and so are the corresponding data after frame
compliance calibration. This comparison can be made by referring to the graphs in Fig.
6-52 to Fig. 6-55
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Fig. 6-52 Raw insttumented microhardness P-4 data corresponding to locations

identified by referring to Fig. 6-45 and Fig. 6-23.
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Fig. 6-53 Raw instrumented microhardness P-# data corresponding to locations

identified by referring to Fig. 6-45 and Fig. 6-23.
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Fig. 6-54 P-h curves of Fig. 6-52 after frame compliance calibration.
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Fig. 6-55 P-h curves of Fig. 6-53 after frame compliance calibration.

As can be noted in Fig. 6-52 and Fig. 6-54, the P-A curves for points A and B are almost
overlapping over the first two loading cycles, then they diverge with a difference in A, of
about 0.6 pum at the last cycle peak. The P-h curves in Fig. 6-53 and Fig. 6-55 look

closer to each other over all the loading cycles. However, the curve corresponding to
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point D starts below that of point C over the first three cycles then it rises above it for
the rest of the cycles. Comparing the hardness results from the two points of the pairs ,
the difference in the maximum total depth achieved at the last cycle of the two curves is
the cause of different hardness measurement for points A and B. However, for points C
and D, the difference in 4, for the last cycle is not of the same order as that for points A
and B but there is a similar difference in hardness measurement. This is due to the
indenter geometry deviating from the perfect sphere. Examining the resulting contact
area considering the indenter average profile demonstrates a difference of the same order
of magnitude as that for hardness. The corresponding true contact radii for the four

points are plotted in Fig. 6-56.

5 10 15 20 25
Load (N)

Fig. 6-56 Calculated contact radius vs. load corresponding to Points A, B, C and D.

Fig. 6-56 shows that there is a noticeable difference in the corresponding contact area
values at the cycle peaks for the indentations at the four points even though the

difference in A, appears to be small.

The difference in hardness measurement, which amounts to 12%, is associated with only

the last cycle peak. However, the estimate of n and K is dependent on the fitting of
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hardness vs. strain for all cycle peaks in an experiment, which are plotted for the four

points in Fig. 6-57.
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Fig. 6-57 Calculated Meyer hardness vs. strain corresponding to points A, B, C and D.

As can be seen in Fig. 6-57, hardness and strain values appear to be sensitive to the
indenter profile. In fact, the indenter profile has an effect on both hardness and the
characteristic strain when calculating »n and K, that is, an increase in the contact area
results in a decrease in the calculated hardness and an increase in the corresponding
strain. Both of these effects work together in decreasing the resulting slope of the curve.
This accounts for the large difference in the values of n and K for the two points in each

pair even though the corresponding P-A curves look close to each other.

To show the effect of the indenter profile on the calculated strain, the characteristic

strain is plotted vs. load for the four points in Fig. 6-58.
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Fig. 6-58 Calculated strain vs. load corresponding to Points A, B, C and D.

Fig. 6-58 shows that the relative changes in the calculated strain values at the cycle
peaks for the four points result in different slopes for the curves even though the

positioning of these points on the P-A curves appears to be close.

The graphs in Fig. 6-56 to Fig. 6-58 show the marked sensitivity of the calculated values
of n and K to the analysis results at the cycle peaks, which are in turn largely dependent
on the description of the indenter profile. Hence, this key parameter should be
determined as accurately as possible for a more realistic estimate of the material

properties.

To eliminate any effects that could be caused by the proposed pile-up correction of the
analysis technique for estimating » and K, the load indentation data were analysed using
the characterisation method with the pile-up eftect ignored. The resulting values for n
from analysing the 4™ row of spherical indents are plotted in Fig. 6-59. This row is the
same row for which » measurements are shown in Fig. 6-45. The indents corresponding

to the points A, B, C and D are also indicated in Fig. 6-59.
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Fig. 6-59 The value of n corresponding to each indent in the fourth row of spherical

indentations calculated using no pile-up correction.

As can be seen in Fig. 6-59, the calculated values for n even though they appear to
increase as a result of ignoring the pile-up effect on the contact area, still manifest the
same degree of scatter. Referring to the points A, B, C and D in Fig. 6-45 and Fig. 6-59,
it is evident that the adjacent points in a pair still maintain almost the same difference in
value. Thus, it is evident that such scatter is due to the characterisation of the indenter

profile and the assumption of it being axi-symmetric.
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CHAPTER 7

DISCUSSION AND FUTURE WORK

7.1  Summary

The idea of correlating the indentation pressure and geometry with the tensile stress-
strain curve for the tested material was first proposed by Tabor [14]. The salient
parameter in this correlation 1s the actual contact area. Several analytical approaches
have been proposed to deduce the contact area from analysing the indentation data,
which obviates the need for direct imaging of the residual indents and thus enables
performing cyclic loading indentation with progressively higher peak load at one
location, so as to obtain the stress-strain curve from these load cycles. Whilst the
performance of these approaches was found reliable for hard materials, a large error
arises for soft metals where pile-up dominates the behaviour of the material. This error is
due to the nature of the basic assumptions of the analytical approaches. Correction
expressions [18, 19, 58] have been proposed as a function of the strain hardening
exponent, n, to predict pile-up. Hence, a prior knowledge of # is a prerequisite for these
correction expressions to be incorporated in an analysis. In addition their applicability is
valid only for relatively deep indentation when pile-up becomes steady with depth.
Some approaches [95, 96] attempted, through empirical relations, to link the loading
curve to the material plastic properties. Their functionality was limited by a prior
knowledge of n. Furthermore, the loading curve could well include a strain rate effect
especially in the case of soft metals which exhibit creep when the peak load is held
constant for an adequate dwell time. Thus, the results obtained from this correlation

could possibly be misleading.

In Chapter 3, the reliability of the instrument performance and analysis technique were

assessed. In addition, a geometrical characterisation of the spherical indenter tip was
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introduced based on averaging the profiles of the indenter SEM micrographs. Since the
indenter tip appeared to deviate from its intended spherical geometry, the variation of the
effective radius on the average profile and gradient leading to the characteristic strain
were defined. Three methods were followed in this characterisation process, namely
local arc fitting, local linear fitting, and axi-symmetric circle fitting. The first method
exhibited a large scatter and sensitivity to the fitted portion of the profile, whilst the
latter two showed a rather smooth variation with negligible sensitivity to the fitted

portion of the profile.

The instrument depth measurement and analysis capability were verified by comparing
the Berkovich hardness values on a hard material derived by the instrument with those
obtained from optical measurement of the same indents, and with the hardness values
obtained using a conventional Vickers tester on the same sample. Good agreement was

observed.

The effect of depth calibration and frame compliance factor on the analysis results were
investigated. The reduced elasticity modulus was found to be noticeably more influenced
by both calibration factors than hardness. The frame compliance, however, manifested a
stronger effect on the analysis results than the depth calibration factor. In addition, the
frame compliance was found to vary with load. It started at small values for shallow
indentations, and then stabilised for deep indentations. This was believed to be a
consequence of the tip rounding of the Berkovich indenter, which was assumed to be
perfectly sharp in the analysis. This effect was also reported by Oliver and Pharr [37].
The function fitted to the unloading curve of indentation data by the Berkovich indenter
and the effect of the unloading portion considered for fitting were investigated.
Polynomial of 1%, 2*, and 3™ order and a simple power law function were fitted and
their performance was assessed. The power law function showed a much better and
robust performance, and was insensitive to the portion of the unloading curve considered
for fitting. It was also preferable over the polynomial in that it enables the estimate of
the residual depth.

In chapter 4 an axisymmetric 2-D finite element model was developed, using ANSYS,

and validated to simulate the elasto-plastic indentation behaviour of a spherical indenter,
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radius R=150 um, on the test materials whose stress-strain curves were obtained from
tensile testing. Due to high geometrical nonlinearity induced by deep indentation, the
sample mesh was generated manually using PATRAN as it proved to be optimal to those
produced by ANSYS, namely free mesh and mapped mesh. Mesh sensitivity was then
carried out to ensure the capability of the adopted mesh with regards to accuracy and

efficiency.

The FE model was first validated against the Sneddon’s elastic solution of a sphere onto
a flat surface. Then it was used to simulate the elasto-plastic response of indented
1dealised materials, that is, materials with similar stress-strain relations as those of the
test materials, but whose post-yield curve can be described by a single power law
function. The effects of various physical parameters and FE numerical controls were
investigated. These included: the contact tolerance and contact stiffness, friction
coefficient between indenter and specimen, and the elastic modulus of the diamond
indenter. It was found that none of these parameters, within their range of variability and
load range of application, had a noticeable effect on the simulated P-h curves. However,
friction revealed a small difference on the P-h curves for loads of 40 N, which is double
the limit of the instrument, whilst it showed a pronounced influence on the predicted

pile-up, thus the contact area.

Time-dependent deformation, so-called creep, was also investigated. The experiment
conditions influencing the creep were examined. It was found that loading rate and the
hold/dwell time at peak load govern not only the extent of creep but also the initial
contact stiffness, which agreed with the findings by Chudoba and Richter [104]. It was
also noticed that the higher the loading rate, the larger the creep, thus a longer dwell time
will be required to allow for this deformation to take place as long as the full load is not
applied abruptly, i.e. in less than 10 s, which can affect the initial contact stiffness.
Based on the experimental observations on the test materials, it was advised for practical
purposes that a loading time of not less than 40 s followed by a dwell time of not less
than 100 s should be adequate to account for the plastic-related deformation.

The FE model was finally validated versus the experimental data. The simulated P-A
curves were compared with those obtained from indentation experiments using the

spherical indenter, as characterised in Chapter 3, on the test materials. Indentation
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experiments were performed in progressively cyclic loading patterns and the peak load
was held for a specified time to account for the effect of plastic-related behaviour. The
points corresponding to the end of the creep plateau of the experimental P-4 curves were

compared with the FE prediction. Good agreement was observed.

In Chapter 5, the adopted FE model was used to simulate indentations by a perfect
sphere, of 150 pm radius, on the idealised materials, whose stress-strain behaviour
approximates that of the test materials. The FE capability was first assessed by verifying

Tabor’s relations between the stress-strain curve and the indentation parameters.

The friction coefficient proved to have a strong influence on the pile-up. A value of
around 0.13 was considered best representing the real friction between the diamond
indenter and the steel samples, and was adopted in subsequent FE analysis in this study.

This value for ¢ falls within the range of values reported by Yurkov et al [105].

The FE simulated P-h data were treated as experiment data and analysed using initially
Field and Swain’s approach [45, 46]. The predicted » was noticeably overestimated
whilst oy, was underestimated. The effectiveness of existing correction formulae
accounting for the pile-up effect was examined. The assumption of these expressions
that the pile-up parameter ¢ = a./a, 1s constant throughout loading, was proved invalid
by the FE simulation. These correction formulae failed to give a good estimate of n
although they brought the predicted stress-strain curves closer to the original input. In
addition, they require previous knowledge of n, which is clearly not known when the
analysis is applied to unknown material. The corrected o-£ curves by these expressions

have the same value for n, but they differ on the K value thus o, .

An iterative process was proposed in this study to enable the application of any of the
various pile-up correction formulae without the need for previous knowledge of »n. This
was based on the requirement that the input value of n should be equal to that obtained

from the predicted stress-strain curve.
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A modification to Hill’s expression [58] presented in Eq. 5-2, which accounts for the
development of the pile-up throughout loading, was proposed in this study. It has the
form of multiplying the pile-up parameter ¢ given by Hill’s expression, by a factor. This
factor was determined based on the observation of the dependence of the pile-up on the
extent of plastic deformation, which can be considered directly linked to the ratio of the
residual indentation to the total depth. The proposed empirical expression, based on the
FE simulations, allowed a significant improvement to the accuracy of the predicted

contact area, thus the true stress-strain curve.

In chapter 6, the proposed pile-up correction, derived from FE simulation, was
integrated with characterisation analysis and employed in a complex iteration process to
perform the frame compliance calibration on the raw load indentation data. It was then
assessed on the experimental data of the test materials considering the indenter geometry
characterisation in Chapter 3. The resulting o— curve, which has no yield plateau,
showed a good agreement with that from the tensile test. Although the predicted n was
underestimated, the predicted curve was shown to behave as equivalent to that from the
tensile test, and the accuracy of the prediction appeared to exceed that predicted by
Herbert et al. [84], which is presented in Fig. 7-1.
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Fig. 7-1 Stress-strain curve of 6061-T6 as determined by uniaxial tension and spherical

indentation analysis by Herbert et al. [84]

The characterisation of the indenter geometry and the characteristic strain were shown to

have a noticeable influence on the analysis results. The characteristic strain defined as

20% of sin(B) was found to give a representative approximation of the o —& curve.

The characterisation analysis modified with the correction technique proposed in this
study was applied to indentations performed on a butt-welded joint. The indents were
made on a micrometer scale to span various weld regions in order to obtain the variation
of the elasto-plastic material properties across these regions. It was revealed that a trend

of increasing value of H, 0,,, n, and K was noticed from the parent metal towards the

weld fusion zone.
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7.2 Contributions of this study

A geometrical characterisation model was proposed for an imperfect spherical indenter
so that the indenter geometry could be incorporated in the indentation analysis formulae.
It models the variation of curvature of the indenter at various vertical depths from the
indenter tip, through defining the effective radius at these depths. This definition allows
the analysis to represent the indenter response by an equivalent perfect spherical indenter
at a certain depth. It was proposed that the effective radius should be obtained from
axisymmetric arc fitting to the part of the indenter average profile bounded by the
relevant depth. This was integrated by using the area function calculated from the
indenter average profile and by defining the characteristic strain corresponding to the
contact depth. It was proposed that the characteristic strain at a certain depth should be
calculated as the sine of the slope angle obtained from local linear fitting to the relevant

part of the indenter average profile.

A modification to Hill’s expression [58] presented in Eq. 5-2, was proposed in this
study to account for the development of pile-up at various load levels. This leads to a
more accurate prediction of the actual contact area at various indentation depths and thus
a better estimate of the true stress-strain curve. The modification was in the form of
multiplying the pile-up parameter ¢ given by Hill’s expression by the correction
expression proposed. This factor is a function of the residual indentation to the total
depth ratio which is directly linked to the extent of plastic deformation imposed. The
proposed empirical expression was based on FE simulations of three materials whose
properties span a wide range of those encountered in structural steels. An important
aspect of operating the correction proposed was the iterative algorithm, also developed
in this study which obviates the need of prior knowledge of n, and thus it can be applied
to any material whose true stress-strain curve can be described by a simple power law
function. This algorithm was based on the requirement that the input value of n should

be equal to that obtained from the predicted stress-strain curve.

In this study it proved essential, through numerical analysis, to consider the friction

between the surfaces in contact in order to achieve more accurate modelling of the
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material response with regard to pile-up. A value of g around 0.13 was considered best

to represent the real friction coefficient between the diamond indenter and steel.

It was suggested that the frame compliance of the instrument does not have a constant
value, rather it varies with load level. This could be due to the instrument configuration,
experimental conditions, indenter imperfection and analysis approximations. Hence, its
variation over a wide range of loads should be determined and incorporated in the

analysis accordingly.

The resulting o —¢ curve from an experiment has no yield plateau, thus its # could be
underestimated depending on the extent of yield plateau exhibited in the curve from the
tensile test. However, the predicted ¢ — ¢ curve was shown to behave as equivalent to

that from the tensile test.

7.3 Discussion

The precision of the analysis results depends largely on the accuracy of the indentation
data produced by the instrument. This, in turn, is highly dependent on the reliability of
the calibrations performed which then allow the time response of the material to be
determined. Whilst load calibration is a straight forward and a reliable routine, material
depth measurement is subject to more uncertainty. The depth calibration factor is
calculated by indenting elastically a quartz sample by a relatively large hard ball, and is
thus subject to experimental errors. More importantly, the frame compliance routine,
which allows the true material deformation response to be extracted, is the most
important calibration that can noticeable affect the material measurements recorded, and
hence the analysis results. It is governed by the instrument configuration and the
experimental conditions. For example, different indenter holders might well result in
different values for the frame compliance. In addition, the resin, e.g. Bakelite, the
specimen is embedded within will contribute to the frame compliance value. Therefore,
the experiment conditions should be consistent with those present when the frame
compliance calibration was performed. Furthermore, it was found that due to the

instrument configuration, indenter imperfection and analysis approximations, the frame
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compliance does not have a constant value. Rather, it varies with load level. Hence, its
variation over a wide range of loads should be incorporated into data analysis when
testing unknown materials. The reference sample used for calibration should
demonstrate an acceptable level of purity, homogeneity and isotropy. It is recommended
that long experiments be avoided as the electronics calibration, i.e. the bridge box
balance was noticed to drift over a long time (in excess of 8-12 hrs), which in retumn
affects the accuracy of the acquired data. A bridge box test should be performed after

each experiment to ensure its proper performance.

The geometry of the indenter is a key parameter in interpreting the load indentation data,
and in the determination of frame compliance factor. An adequate level of accuracy in
the determination of the effective radius of curvature and the characteristic strain at
various vertical distances from the tip should be ensured in order to achieve a more
accurate analysis. Due to the interdependent nature of the relationship between the
indenter geometry and the analysis of the indentation data, it is necessary to characterise
the indenter geometry of an imperfect sphere using other means independent of the
indentation data. Relying solely on indentation testing to determine the geometric
characterisation of an imperfect spherical indenter is more likely to be misleading since
other factors relating to the analysis method, numerical fitting, and the specimen crystal
structure will interfere. As far as perfect spherical geometry is concerned, making a
spherical indenter from diamond leads to inevitable geometrical imperfection due to the
crystal structure of diamond, whilst other materials such as sapphire can be a better

option, and should be considered.

The most important objective of analysing the load-indentation data is the estimate of
the true contact area since it is the key quantity in hardness and modulus determination.
Whilst this quantity is intrinsically underestimated by the available analysis approaches
for piling-up metals, the proposed formula in this study accounts not only for the pile-up
effect but also for its development during loading unlike the other existing correction
expressions [18, 19, 58] discussed in Section 5.2.2, leading to a good estimate of the
stress-strain curve that serves as an equivalent to that from the tensile test. The reason

for the inaccurate prediction of » and o> by the existing correction expressions [18, 19,
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58] can be attributed to the fact that they were fitted to indentation data corresponding to
fairly large depth values (large characteristic strains) at which the simulated pile-up
parameter ¢ was shown, by FE simulation, to stabilise towards a constant value. On the
other hand, the correction proposed in this study accounts for the variability of ¢ for
various indentation depths. The basis, assumptions, and limitation of the proposed

formula are explained as follows:

The empirical relation Eq. 5-8 was derived based on only three idealised materials.
However, these materials were chosen to cover the commonly encountered properties of
the weldable structural steel. The strain hardening exponent was equal to 0.132, 0.19 and
0.25, whilst the corresponding values of 0.2% proof stress were 375, 250, 285 MPa. The
applicability of Eq. 5-8 is valid only during the full plastic stage when plastic strains
enclose the indentation perimeter, as it assumes a constant value for the constraint factor
C. This results in limiting the smallest value of the predicted strain, which is larger than
the yield strain. The derived stress-strain curve is defined by the determination of both n
and K which are obtained from logarithmic fitting to the Meyer hardness vs.
characteristic strain curve. The 0.2% proof stress, 0y , is determined from extrapolating
the predicted o-£ curve to the yield strain, Eq. 2-81. This proposed formula, together

with all other existing approaches, cannot predict the yield plateau in the o — £ curve.

On testing the various regions of a butt-welded joint, the Meyer hardness showed a
relatively smooth variation across the weld regions agreeing with that determined by the
conventional Vickers hardness test. Its values increased from the parent metal towards
the centre of the fusion zone. The other plastic parameters of the derived o-¢ curve,
which are &y, , K, and »n exhibited a larger scatter, the value of which increased in the
same order (the scatter in the values of n was larger than that of K). The scatter,
especially for the values of n was proved to be not a direct consequence of the
performance of the new analysis technique. Other factors thought to be the reason for
such scatter are:

e Weakness in the characterisation of the indenter profile and the definition of the

characteristic strain for an imperfect spherical indenter.
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e The assumption that the indenter is axisymmetric while it is clearly not, especially
when it is made from diamond.

e The variation in material properties which reflect the change in the material crystal
structure, in addition to the material inhomogeneity and anisotropy on the micro
scale.

e Material imperfections such as the density of the grain boundaries and dislocations
confined in the plastic indentation zone beneath the indenter. At different cycle peak
levels, different volumes of material are included in this zone, thus different
densities of grain boundaries, dislocations, and variation in the crystal structure will

influence the results.

Hardness testing involves local measurement of material properties, hence variation in
the structures on the material surface is expected to result in different properties. In
addition, this variation is more likely to exist with depth as well, especially in the HAZ
and fusion zone where more irregularity in the crystal structure may occur due to the
welding process, impurities, and imperfection of the weld. Thus, a larger scatter in this

region is thought to arise as a result.

When comparison is made between the derived stress-strain curve and that obtained
from the tensile test, the fundamental differences of these two testing methods should be
borne in mind. This can justify the differences in shape whilst both can be equivalent to
each other. Tensile testing is a displacement controlled static test through which the
material undergoes a uniform stress field that gradually increases with load in a smooth
transition from linear elastic to the elasto-plastic stage. The resulting curve represents
the average behaviour of the whole material in the specimen. On the other hand,
indentation testing, as previously stated elsewhere, is load controlled and implies the
application of a high strain rate. The strain field beneath the indenter changes in a steep
gradient in both directions, the plane of the surface and the indentation depth, hence the
response of the material under such conditions can differ from that in a tensile test.
Indentation testing also reflects an average response of the crystals enclosed within the
indentation zone, hence the more crystals enclosed beneath the indenter, the more

representative the indentation data of that localised region of the material.
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The stress-strain curve determined for every indent as a result of analysing the
corresponding P-h curves is considered to model the material at that location whose
representative area is taken proportional to the spacing between indents. These locally
measured data at the indent positions across the weld regions are considered to reflect
the variation in the crystal structure. Consequently, for a more realistic FE simulation of
the behaviour of a welded joint, these data can be input into the model as different
materials comprising the joint. Through meshing procedure, the area of the welded joint
is divided into as many sub-areas as the number of indents. Each of these areas is

assigned material properties obtained from indentation performed at that area.

Averaging the material properties across the various weld regions showed a clear trend,
that is the average values increase from the parent metal towards the fusion zone. The
variation was more pronounced for hardness and strength coefficient measurements than

for the 0.2%yield stress and strain hardening exponent.

7.4 Conclusions

The extent of meeting the objectives set in this study is summarised below:
e The performance of the instrumented micro indentation tester was confirmed as

reliable,

An FE model was developed and validated to accurately simulate the material
response during indentation, which was then employed to link the pile-up to the P-h

curves through an empirical relation.

An iterative procedure is suggested in this study to enable the application of a

correction expression as a function of # when # is not known.

Established analysis approaches and their limitation to hard materials that do not
pileup were highlighted. In addition, assessing the existing corrections for the pile-
up effect showed their inability to account for the development of pile-up in the case

of indentation with a spherical indenter.

The correction proposed in this study to account for pile-up, which was derived from

FE simulation, was assessed through application to experimental data from the
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provided test materials. Satisfactory agreement was observed between the predicted
o — ¢ curve and that from the tensile test.

¢ Indentation testing was carried out on the cross sectional area of a butt-welded joint.
Indentation data were analysed for every indent resulting in a stress-strain curve
corresponding to the location of the indent. Variation in the measured material
properties was noticed across the weld regions. These data can be used as material
input into an FE model of the whole welded joint to simulate its behaviour under
different loading conditions. By this provision of a more realistic description of the

material comprising the joint, a more accurate response of the joint can be predicted.

7.5 Future work

e Manufacturing stiffer indentation instruments with small frame compliance so as to
decrease the contribution of the frame deformation to indentation depth measured.
This can be attained by using more rigid holders for specimen and indenter with
stiffer material, and also by placing the depth measurement mechanism as close to
the indenter tip as possible to minimise the effect of the indenter holder deformation
on the depth measured.

¢ Devising other means for determining the frame compliance and depth calibrations
that do not rely on indentation experiments of reference specimens. The method
currently used for calibration makes the accuracy of the obtained calibration factors
sensitive to the correctness of the indentation analysis adopted and the perfectness of
the indenter geometry. Depth measurement calibration can be achieved by making
the indenter slide on a plane normal to the indentation direction with a step of a pre-
specified depth so as to perform depth calibration against the step depth. Although
this has recently been applied by MicroMaterials for calibrating the nanoindentation
instrument, it has not been extended yet to the microindentation instrument as the
indenter is unable to move sideways. Laser capabilities can be utilised to measure
the indenter tip movement into the test specimen relative to its surface, which should
provide a more accurate means of indentation depth measurement and would obviate
the need for the frame compliance calibration. Although employing such technology

will add to the instrument cost, on the other hand, indentation data obtained will be
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more accurate since their measurement is independent of both the analysis of the
indentation data and the indenter geometry.

e Machining the spherical indenters from materials other than diamond. The crystal
structure of diamond in addition to its great hardness makes it impossible to obtain a
perfect sphere for an indenter on a micro-scale. Other materials such as sapphire can
be a better option than diamond and should be considered.

e More research is required on cost-effective methods for a more representative
geometrical characterisation of imperfect spherical indenters, especially as it is
erroneous to describe the available indenter by an equivalent sphere as the indenter
deviates noticeably from its intended geometry. This can be achieved using high-
resolution optical scanning (non-contacting) measurement or by direct contacting
means that scan the indenter surface with a stylus. The geometrical characterisation
model should describe the indenter as a function of the vertical depth from its tip.

e Verifying the proposed formula in this study by applying it to indentation data from
other test materials of various properties and tendencies for piling up, and at
different depth levels within the full plastic regime.

e More research is required to describe the material behaviour during the transition
stage of indentation (from elastic to full plastic), and extend the proposed correction
formula to predict the material stress-strain curve over this region (small strains) so
as to capture the yield stress. This will necessitate elaborate study on the
determination of the constraint factor C which is no longer constant during this
stage, as it is a function of various material properties and indenter geometry.

e More research is required on relating the yield plateau of a material to the load
indentation data in a scheme to predict the extent of the yield plateau. This will
allow a more accurate stress-strain curve to be deduced which will be closer to that
derived from a tensile test. FE analysis can be a useful tool to model the indentation

of various isotropic materials whose properties cover a wide range.
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APPENDIX A

BACKGROUND ON WELDING PROCESS AND METALLURGY

The variation of microstructures in a weld results from the reaction of the alloy to the
various welding variables. During solidification most grains grow epitaxially from the
fusion line but some can form from nucleation events in the fusion zone. However not all
of the grains undergo extensive growth, some are pinched off during the growth process.
This produces fewer but larger grains in the weld metal. The weld metal often exhibits a
columnar structure where the grains are relatively long and parallel to the direction of heat
flow. Not all weld metal is coarse grained and columnar. The grain structure varies with
different alloys, and can be modified by process variables, which alter the pattern of
turbulence in the liquid metal. In general, nearly pure metals, and alloys which solidify
over a narrow range of temperatures develop the most columnar and coarse-grained weld

metal.

Fusion welding is the interest of this study. Fig. A-1 shows the composition of a fusion
weld and weld regions during the welding process. The heat input and the temperature
gradients around the heat source have a direct effect on the determination of the width and
depth of penetration, microstructure changes in the heat affected zone, and residual

stresses.
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Metal gas
Solidified slag

Flux coating

Weld pool

\ Heat affected zone

Solidified weld Base metal

Fig. A-1 Schematic drawing illustrating various contributions to the composition of a

fusion weld

The weld metal is the welding pool after solidification. It consists of a mixture of several
materials, obtained from the filler rod, the base metal and the flux material, and it is less
homogeneous than the base metal. The heat-affected zone, HAZ, is the part of the base
metal close to the weld and because of its proximity to the fused metal, its microstructure
is influenced by the heat generated in the welding process. As the melting is very local, a
full range of temperatures will take place across the heat-affected zone. The zone may be
small in size if the heat is intense. On the other hand, it may be quite large, as in the case

of a high heat input fusion weld.
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APPENDIX B

PROGRAM INTERFACE AND FILES CONNECTIVITY

The analysis program reads the raw indentation data produced by the instrument from an
experiment and performs the frame compliance calibration and the indentation analysis
simultaneously in an iterative manner as both are interdependent. The program analyses
each unloading curve individually and the user has the option of choosing between the
power law function and the Hertzian equation form for fitting to the unloading curve as
well as the portion of the unloading curve required for fitting. The user has also the
preference to choose whether the indentation data are to be analysed based solely on the
conventional analysis methods that is, with the pile-up effect not accounted for, or
implementing the correction expression proposed in this study. The analysis results for

each unloading curve are arranged in columns in the output files.

The analysis program is composed of four individual files written in Matlab
programming language in the M-files format. These are “fccal_cor_main.m,

feeal_cor_1.m, fccal_cor_2.m, fccal_cor_3.m”.

These files should be placed in a directory included in the specified path of Matlab or in
the working directory. Operating the analysis program starts with the main file
“fccal_cor_main”, simply by typing its name without any extension in the command
window, and each file calls the next one in the aforementioned order. The program also
calls a built-in function, “nlinfit.m* available in the statistics toolbox of Matlab, which
performs non-linear fitting iteratively to the unloading curve to a predefined function by
the user. It should be saved as an M-file in a directory included in the defined path or in
the working directory. Two forms are defined and saved in two files: “sph.m” and “ff.m”
. The first file contains the Hertzian equation whilst the latter contains the simple power

law function form. Below are the inputs, outputs and the connectivity of the four files:
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File 1: fccal_cor_main.m

This file reads the files produced by the instrument and extracts the raw indentation data.

The program passes these data to fecal_cor_I.m from which it receives the analysis and

frame compliance calibration results. It then prints out the output files.

Inputs:

All data included in the input files should be comma-separated without headings uniess

otherwise stated.

l.

filename.LDD and filename.SYS. The user is requested to enter the filename
which is common for these two files. These files are produced by the instrument
at the end of an experiment. The LDD file contains load depth indentation data of
all indents performed in an experiment. The SYS file contains calibration
parameters including the initial frame compliance entered in the instrument. In
each data set, the first column is the load applied whilst the second column is the
raw indentation depth. Preceding each data set for every indent is information
about the data set such as the index of the peak load applied and size of the
indentation data array.
Name of steel plate used in this study which is one of: s3, s4, s5, s6, s7, or ss.
Each file contains the stress-strain data points. If the stress-strain curve is
unknown, then the user should press the enter button.
Type of fitting function to the unloading curve whether it is the Hertz equation or
a power law function
Portion of the unloading curve considered for fitting. A value should be selected
among to 30%, 50%, 70%, or 80%.
Young’s modulus and Poisson ratio of the specimen.
Whether or not to analyse the indentation data using the correction proposed in
this study.
Type of spherical indenter geometry, whether the user wishes to assume a perfect
sphere, R=150 um, or use the real profile of the indenter. If the real profile option
is selected then the following files are requested:

A. Aver-Prof.txt: It contains the data points of half the axisymmetric indenter

profile arranged in two columns. The first column includes the radial
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distance of each data point whilst the second one is the vertical distance
from the indenter tip.

B. R-TIP.txt: 1t includes the variation of the effective radius of curvature, at
various vertical depths from the indenter tip, which results from
axisymmetric arc fitting to the indenter profile. Included in this file are also
the corresponding gradient and sin resulting from this fitting. Data are
arranged in six columns. The first two columns are the coordinate data as in
the profile file mentioned above. The third column includes the evaluation
of the vertical distance from the indenter tip resulting from the
axisymmetric arc fitting. The fourth column contains the effective radius of
curvature. In the last two columns are the resulting gradient and sin
resulting from the fitting procedures. The first row is a heading of the
variables of the corresponding columns.

C. Whether the user wishes to use the gradient and sin resulting from the
local linear fitting, in which case the user should provide the file
Linears.txt. This file starts with a heading row, and is composed of three
columns. The first column includes the vertical distance from the indenter
tip corresponding to the indenter profile data points, whilst the last two

columns are the gradient and sin at these data points.

Outputs:
The output files are grouped into two categories:

A. Results from implementing the conventional analysis approach with no pile-up
effect accounted for. These results are arranged in four files:

1. FC-DATA- filename .txt: It contains the analysis results for every load cycle,
and is given in an array whose number of rows are equal to the number of
load cycles in the experiment. In every row the following information is
provided: initial frame compliance pre-entered into the machine prior to the
experiment, total frame compliance, maximum indentation depth, peak load,
contact stiffness, contact depth, contact radius, residual depth, characteristic
strain, Meyer hardness, reduced modulus, corresponding stress from input
stress-strain curve, strain hardening exponent of the input stress-strain
curve, strain hardening exponent from indentation calculations, calculated

strength coefficient, calculated 0.2 yield stress.
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2. FC-filename.txt: It is a short form of the file above with two columns for the
peak loads and total frame compliance calculated for each load cycle.

3. L_Ph-filename.txt: This file contains all data points lying on the loading
curves from all cycles in an experiment. Indentation data are modified by
the frame compliance calculated.

4. Ph-filename.txt: This file includes all data points lying on the loading curves

from all cycles in an experiment

B. Results from incorporating the correction technique proposed in this study
accounting for the pile-up effect in calculating the contact area are outputted to
files similar to those mentioned above. Likewise the output files are:

1. FC-DATA-COR-filename.txt: Similarly, this file contains the analysis results
for every load cycle from implementing the correction proposed in this
study in addition to the original contents of the file FC-DATA- filename .txt.

2. FC-COR-filename.txt. Similar to FC-filename.txt

3. L_Ph-cor-filename.txt.

4. Ph-cor-filename.txt.

File 2: fccal_cor_I.m

This file serves as a function to fccal_cor_main.m from which it receives the recorded
raw load indentation data arranged in one array. It then performs some operations to
separate the set data for each load cycle. It passes these sets one at a time to

fecal_cor_2.m. Thus, it calls fccal_cor_2.m as many times as the number of load cycles.

File 3: fccal_cor_2.m

This file serves as a function to fccal_cor_2.m from which it receives the load
indentation of one load cycle arranged in sets. Each set is passed at a time, from which
the unloading indentation data are extracted and modified by the frame compliance. Its
value is calculated iteratively between fccal_cor_2.m and fccal_cor_3.m. Each set of
unloading indentation data is then passed to fccal_cor_3.

File 4: fccal_cor_3.m

This file serves as a function to fccal_cor_2.m from which it receives the unloading data

corresponding to one load cycle modified by a selected value for the frame compliance.
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The resulting reduced modulus is passed back to fccal_cor_2.m and compared with the
target value. Unless a pre-specified tolerance is satisfied, a new value for the frame
compliance is applied to the unloading data and passed again to fccal_cor_3.m. An
iterative procedure is followed until a the pre-specified tolerance is satisfied. Analysis
results, those comprising the content of FC-DATA- filename .txt are passed to

feeal_cor_2.m, fccal_cor_I.m, and finally to fccal_cor_main.m.
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APPENDIX C

APDL SCRIPT TO EXTRACT VARIOUS QUANTITIES OF THE FE

MODEL

ANSYS PROGRAMMING LANGUAGE (APDL) was utilised to build a script in order

to extract various output quantities of the FE model, such as

e The number of load steps in addition to the number of substeps and iterations in each
load step.

e The coordinates of the surface nodes and their radial and vertical displacements in
order to obtain the deformed shape of the surface at peak loads and at full unloading.
If indentation is performed in a single load cycle then the deformed shape of the

surface is determined over 20 steps of the loading curve including the peak load.

At every load step, the following information is also extracted:
¢ Applied force on the indenter.
¢ Indentation depth, which is determined as the vertical displacement of the specimen
node at the contact area centre, which is the node of first initial contact with the
indenter.
e The node number at the contact edge that is defined as the furthest node in contact.
The knowledge of its radial and vertical displacement in addition to its original

coordinates leads to the calculation of the contact radius and pile-up.




