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ABSTRACT

On the Fretting Wear of Nuclear Power Plant Heat Exchanger Tubes Using a Fracture

Mechanics Approach: Theory and Verification

Yemane B. Gessesse, Ph.D.

Concordia University, 1997

The analysis carried out in this research work, showed the inconsistencies observed in trying
to identify the tube wear in heat exchangers. It is seen that the associated error could be an
order of magnitude higher than the expected value, indicating the possibilities of failure at
less than the predicted design life. Hence, the use of the commonly accepted concept of

“work rate” as a scaling parameter is found to be questionable.

Wear models available in the open literature, have always been heavy on empirical
formulations, because of the complexity of the process. Therefore, it is essential to verify any
proposed model experimentally, using controlled parameters. The experimental study
conducted for this research work was implemented for the verification of the new theoretical
wear model developed. These experiments were carried out on two independent rigs to assert

the validity of the new model.

The basis for this model was the extension of the delamination theory of wear for impact
conditions (normal and oblique). It was essential to conduct a parametric study using a
fracture mechanics approach, to quantify some variables for this model. The finite element

method was implemented to study the crack nucleation zones and loading cycles required
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for the formation of a crack. It was also implemented to study the probable direction a

growing crack will follow, and to estimate the crack propagation rate.

Even though. all the quantities in the new wear model were determined theoretically, it was
observed that the prediction of the wear volume using the trend line was close to the
prediction of the wear using the experimental one. This discrepancy was adjusted using
randomly selected three data points to properly calibrate the crack tip sliding displacement
(CTSD). Calibrating the model using three data points or all the data points did not alter the

results significantly, for most of the experiments.

In order to reduce the scatter observed while verifying the wear model, it is essential to
introduce a characterization parameter. The new wear model is extended to incorporate this
characterization, by implementing a force and displacement category multiplier to the work
rate. The verification of the characterization process was conducted using the fretting
experiments which were carried out on Inconel 600 tubes and stainless steel supports. The
wear rate was properly characterized using the new macro/micro contact stress dependant

model, developed through a fundamental understanding of the process.
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CHAPTER 1

INTRODUCTION

1.1 Significance of Fretting Wear in Heat Exchanger Tubes

Shell and tube steam generators are widely used in nuclear power plants for the production
of steam, to run the turbine. The water introduced on the shell side of the generator is at a
high temperature and pressure. Tubes supported by baffles or scallop bars inside steam
generators are subjected to turbulent cross flow of this pressurized water. The flow induces
vibration on the tubes which causes impacting and sliding of these tubes against the baffles
and against one another in some instances. These impacting (normal as well as oblique) and
sliding occur within the small clearances machined on the support plate for assembly

purposes.

The motion of the tubes within the baffle support clearance (in the range of 0.2-0.4 mm
radial clearance) is very small. Therefore, the wear occurring is classified as fretting wear,
which could be a combination of abrasive, adhesive and fatigue wear mechanisms depending
upon the interacting materials and the operating conditions. Fretting wear is defined as the
wear of a material caused by elemental oscillatory or cyclical motion (<100-200 um) of the

contacting surfaces relative to one another, in the presence of a normal force [1].

Nuclear power plants have a very stringent safety requirement. Reliability of various



components is critical for the operation of the plant. Since high temperature, high pressure
and turbulent flow are characteristic features of various units (steam generators, heat
exchangers, condensers, etc.) within the station, it is crucial that operating conditions and
design life of these various components are determined accurately. This knowledge will help

to avoid accidents and prevent costly emergency shut downs [2].

The phenomenon of tube fretting wear is one of the most critical problems the Pressurized
Water Reactor (PWR) industry is presently facing. The problem of tube fretting wear is
caused by the reactions occurring between the tube/tube support, due to flow induced tubular
vibrations. In the PWR steam generators, the clearance between the tube/tube support is the
major cause of these problems. If flow induced vibratory forces are high enough, tube motion
within individual tube support structures can lead to disastrous tube and/or support wear. In
order to acquire a better understanding of the wear rate, a relationship between the input

motion and interaction force and the wear volume should be established.

In the Canadian Deuterium Uranium (CANDU) nuclear power plants, the heat exchanger
tubes separate the primary circuit which contains heavy water (subjected to the radio active
nuclear fuel), from the secondary circuit containing regular water (Fig. 1). The failure of one
of the tubes would result in a power station shut down and expensive repairs. Tube failures
in steam generators or heat exchangers may be caused by one or a combination of several
wear mechanisms, such as, corrosion, fatigue and sliding as well as impact fretting wear,

with a disastrous consequence.
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1.2 Mechanisms of Wear

The study of wear mechanisms is a complex phenomenon which requires the knowledge of
material science and contact mechanics. In this research work, wear caused by the relative
motion of two contacting objects, in the presence of a normal force, will be studied. Theories
proposed by different leading researchers which have identified some of the processes
involved in the formation of wear will be seen. The various major wear mechanisms
proposed and defined, will be discussed in detail in the following chapter, to identify the type
of wear mechanism critical in the study of the heat exchanger tubes. Some of the basic wear
mechanisms are [3]:

a: adhesive wear

b: abrasive wear

c: delamination wear

d: fatigue wear (shear fracture wear)

e: corrosion or oxidative wear

f: electrical contact wear

Adhesive wear occurs as a result of asperities of different materials cold welding while in
contact. Further separation of this two materials will result in the adhesion of material from
one onto the other, due to the availability of weak spots at some distance from the contact
surface. Repetitive welding of this kind will eventually lead to debris formation in the contact
zone subjected to this cyclic conditions. This phenomenon is material dependent as some

material combination is conducive to cold welding, more than others.



Abrasive wear is caused by hard constituents or asperities scratching material from the
surfaces in contact. It could be due to the hard asperities of the contacting material or a hard
particle at the interface. It is not uncommon for oxidized wear debris to get caught in
between two wearing materials and cause further damage to both materials, until these debris

find themselves outside of the wearing region.

Delamination wear is the process which involves the wear of particles layer by layer. It is
governed by fracture mechanics parameters including crack nucleation and crack
propagation. Through the action of repetitive loadings of asperities, cracks initiate at the
subsurface level and propagate parallel to the surface until they reach a critical length and
come to the surface forming wear debris. This type of wear is identified and proposed for

sliding relative motion of the contacting materials.

Fatigue wear is defined as the mechanism of wear which includes the cyclical loading of a
material above a certain critical stress value. It is associated with asperity contacts on the
microscopic level involving repeated deformations resulting in the formation of a wear
debris. This type of wear is usually associated with impact type of relative motion of the

interaciing materials

Corrosion wear is the combination of chemical reactions and rubbing causing the wear or
pitting of the surface. Oxidation is a common source of corrosion wear, in most interacting
metals creating hard wear particle which might even act as an abrasive, further enhancing the

wear process.



Electrical contact wear is the wear which occurs at the contact of electrical junctions,
creating high temperature due to high resistance across the contact. The temperature
associated with this type of wear might at times reach the boiling point of the metal

depending on the amount of gap responsible for the resistance.

Depending upon the materials in contact, magnitude of force, type and magnitude of relative
motion and geometry of contact one or all mechanisms of wear could play a role in the debris

formation process, compounding the complexity of the problem.

The author of this thesis would like to classify delamination wear and fatigue wear due to
impact in the same category, because the mechanism involved in delamination wear and the
process involved in the formation of wear during impact involve a similar process where
there is crack nucleation followed by crack propagation resulting in a wear debris [4]. Further
Justification of this proposal is given in the subsequent chapters. Delamination wear was
proposed for sliding conditions while fatigue wear is mostly associated with impacting type

of motion.

The wear occurring at the interface of the tube/baffle or scailop bar support is known as
fretting wear. Fretting wear is defined as the wear by which two surfaces undergo relative
oscillatory slip of very small magnitudes while in contact, causing rubbing and eventual
formation of a wear debris. Wear due to the impact of heat exchanger tubes is also
categorized as fretting because of the limited clearance and elastic compliance causing

relative slipping during contact. The fretting wear process consists of the following stages:



dispersion of surface film by oscillating movement; adhesion, plastic deformation, and metal
transfer between the contacting surfaces; for some materials, oxidation of the wear particles
and formation of an intermediate zone; productions of loose wear particles due to the fretting
action; and finally repetition of the cycle. The process could include all the sbove mentioned

mechanisms except electrical contact wear.

The analysis of wear for comparatively low loadings (no plastic deformation on the global
level) indicates that the detrimental mechanism of wear, is that which involves critical stress
values at the subsurface level, following the fracture mechanics laws for crack nucleation and
propagation. Depending upon the type of relative motion between the two wearing materials
(sliding, normal impacting and oblique impacting) the wear rate will be different, because
of its effects on the wear process. This research work will present a new model for wear,

involving low loading conditions for the various contact motions mentioned above.

1.3 Objective

Survey of the available literature indicates that to date a purely analytical model relating wear
rate to the various parameters affecting it, does not exist. With the current knowledge of
tribology and computation power available at our disposal, we are a few steps closer to
achieving this goal. However, some degree of empirical formulation is still required to arrive
at a mathematical model predicting the wear between two materials in relative motion. It is,
therefore, the aim of this thesis to amive at a new mathematical model for wear, better suited

to handle pure sliding, normal impact as well as the combination of these two.



In addition, the controversy surrounding the issue of accurate characterization of wear rate
in nuclear power plant heat exchangers will be investigated. Especially, given the fact that
the commonly used characterization parameter does not have a unique relationship with
wear-rate. Through the course of this work, a new and improved empirical relationship has
been proposed by Hofmann et al. [5]. This semi-empirical model will be utilized on results
obtained from experiments conducted in house. In addition, the accuracy of the new stress
dependent model derived in this thesis, using a fracture mechanics approach will be verified
as well. The second main objective of this research work is to derive a generalized
characterization parameter for wear rate which is not sensitive to the type of motion causing

the wear.

1.4 Research Outline

The review of some important generalized wear models available in open literature is
presented in Chapter 2. The state of the art survey of the different empirical and semi-
empirical wear models pertaining to heat exchanger tube wear is also looked at, along with
a study of flow induced vibrations of heat exchangers tubes. It is shown that because of the

nature of the problem, most of the empirical models proposed are different from each other.

Using some of these accepted empirical formulations and characterization parameters as a
basis, the relationship between wear rate and work rate (commonly used characterization
parameter in heat exchanger tube wear) are derived for different relative contact motions and

geometries in Chapter 3. Comparison of the relationship of wear rate/ work rate of different



geometries and orbital motion are carried out.

A description of the experimental setups is given in Chapter 4. The program developed for
data acquisition and analysis using G programming language (LabView) is also described
in detail along with some of the listing and analysis of the collected data, in this chapter.
Plots describing the average work rate, orbital motion, percentage of force and sliding
distance category, and average load rate for all the experiments conducted in this research

work, are given as well.

The contact stress conditions are investigated using finite element approach to determine
crack nucleation position and number of cyclic loading required to originate a crack from a
subsurface inclusion. The subsurface crack propagation is studied using the crack tip sliding
displacement to obtain the amount of cyclic loading required to obtain a wear debris. The
effect of residual stress and direction of crack propagation for continuously expanding crack

are studied as well. All these fracture mechanics analyses are performed in Chapter 5.

The derivation of wear model using the fracture mechanics approach for materials that
behave elasto-plastically is presented in Chapter 6. The model is derived for normal impact,
oblique impact and sliding conditions by extending the delamination theory of wear, which

was originally derived for sliding motion only.

A new wear rate/characterization parameter is introduced in Chapter 7, for various contact

conditions and tube orbital motions. As well, analysis of the experimental data is conducted



using the conventional approach, Hofmann’s approach and compared with the new
characterization parameter. Engel’s optimal wear path principle is extended to estimate the
depth of wear for the given type of motion, while the new model is used to accurately

characterize the wear rate for the various experimental data.

The main conclusions that can be drawn from this work are summarized in Chapter 8.

Recommendations for future theoretical and experimental work are also given.
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CHAPTER 2

GENERALIZED WEAR MODELS AND SPECIFIC WEAR MODELS
FOR NUCLEAR POWER PLANT HEAT EXCHANGER TUBES DUE
TO FLOW INDUCED VIBRATIONS

2.1 Introduction

In order to comprehend the wear mechanics evident in a two component body wear, it is
crucial that one conducts a survey of the state of the art of generalized wear models derived
by the various leading researchers over the pastfew decades. Several investi gators have come
up with empirical and semi-empirical wear models pertaining to sliding, impacting and
oblique impacting conditions for metals. Most of the above mentioned models owe their
empirical formulations to one of two categories. The first one is the basis of these models on
the original empirical wear model derived by Archard [6], which is the proportionality of
wear on the product of force and sliding distance. The second is for fatigue dominant wear
equation which traces its origin to Palmgren’s [7] relationship, the proportionality of wear

to the product of the cube of the contact force and number of application of this force.

Depending upon the materials, contact force and operating environment any one of the four
major wear mechanisms could be at play in the wear process of sliding or impacting objects.
However, there seems to be a consensus in the tribology community that for low magnitude
contact forces, fatigue of subsurface nature is the main cause of wear between these bodies.

The subsurface microstructural analysis conducted by Rice et al. [8,9] gives support to the

11



theory of fatigue at the subsurface level being detrimental for wear. It indicates that the
substructure of the wearing material for both sliding wear and impact wear is similar. The
study of fatigue wear was investigated using fracture mechanics for sliding components by
some researchers [10-12]. The models described by leading researchers in the field will be
discussed briefly and a new model applying to normal and oblique impact, and sliding
conditions, taking into account the fatigue relationship, will be proposed and verified using

experimental means.

2.2 Wear Models

The mechanics of wear is a complex one which requires the knowledge of mechanical
behaviour of materials under cyclical loading, among other properties, inducing the
formation of wear debris [13]. To date, the literature survey has indicated the non-existence
of a purely analytical wear model predicting accurately the wear volume with respect to
energy input parameters of the system. However, there are a few different wear models
empirically formulated for various contact conditions (contact geometry and force). The
derivations are based on experimental observations and heuristic reasoning. The two most
common type of models are sliding wear models and impacting wear models. The
classifications described in this chapter will consider sliding wear models as well as fretting
wear models in one category and impact (both normal and oblique) wear models in another.
The last category is the survey of the wear models developed for a particular application

(Heat exchanger tube wear).
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2.3 Sliding Wear Models

The magnitude of the contact force in sliding and normally or obliquely impacting objects

is critical in determining what type of wear mechanism is critical in the debris formation

process. The wear models usually consist of empirical formulations involving the wear

volume using the force, sliding distance or number of times the load is applied and material

properties. The various important sliding wear models will be listed and investigated in the

following section.

2.3.1 Archard’s Adhesive Wear Model

After experimenting with sliding bodies, Archard [6] derived an empirical equation for wear

relating the volume of worn material to the normal force, relative sliding distance and

hardness of the two materials in contact.

Some of the conclusions arrived at by Archard for adhesive type of wear were:

I.

2.

The wear rate is proportional to the load

The wear rate is independent of the apparent area of contact

Provided that K (proportionality constant) and p,, (flow pressure) remain constant,
the wear rate is independent of the sliding speed.

The theoretical value of the wear rate is independent of the model used to represent

the surfaces.
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Based on the above assumptions the wear rate equation is given by:

F
wy = K?; .1)

where,
w, = wear rate (volume/distance)
K = proportionality constant
F = applied load

a = the Hertzian contact radius given by:

1 T I .
a = 1LLI|=FR| —+— elastic contact
2 E, E
2.2)
F\»
a = (——] plastic contact
mp,.

Archard verified his empirical model using experimental results. The above wear model was
valid for heavily loaded members, where there is plastic deformation on a global or local
scale. This implies that the wear is predominantly of adhesive nature and that it can be
experienced even after a single pass between two members. The Archard’s wear model does
not apply for impact induced or fretting type of wear as the mechanism differs for this type
of contact conditions. Impact or fatigue dominated wear involves an initial incubation period
which is normally taken for subsurface crack initiation and propagation until the formation

of a debris. Hence, there is no wear during this period.

2.3.2. Fatigue Dominant Sliding Wear Model

Bayer et al. [14], a group of researchers working on the mechanisms of wear at the Endicott
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laboratory of IBM, conducted their own sets of experiments and derived wear equations
based on experimentally determined fatigue relationship. They first identified the various
mechanisms of wear to be load dependant and considered fatigue to be the dominant
mechanism for sliding wear between two objects with a relatively low normal load.
Rabinowicz [15] has shown that under rolling conditions fatigue wear is more predominant
compared to adhesive or abrasive wear. In contrast, the wear occurring at the interface of two
relatively sliding metallic objects kept in contact as a result of a comparatively high normal
force is predominantly due to adhesive and abrasive mechanisms. The above two wear
mechanisms produce debris at a faster rate than fatigue mechanism, because the incubation

process associated with fatigue type of wear is relatively high.

Bayer and Ku [16] also support the concept of fatigue wear being the dominant mechanism
in the sliding wear of two objects with relatively low levels of load. They identified the
various wcar mechanisms as:

1. Wear which occurs when the material in the vicinity of the contact region is
subjected to a stress which causes plastic flow and material movement away from the
contact region giving gross ploughing. Local ploughing is also a repetition of the
same phenomenon but on the asperity level.

2. Wear which is a result of transference of material between the two contacting
surfaces. Again this phenomenon can occur on a local scale or gross scale depending
upon the material and contact conditions.

3. Wear caused due to the abrasive action of worn particles or debris caught in between

the mating surfaces, and
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4. The wear due to fretting corrosion.

The basic equation for sliding wear is given by the following equation where the pass length

L, has a value equal to the contact length divided by the sliding distance.

o

w = KN(t,,L) 2.3)

where.

N = number of impacts
Bayer and Schumacher [17] indicated that fatigue wear results in wear debris with a
relatively high aspect ratio. It involves the delamination or flaking of material from the
surface due to accumulated cyclical subsurface loading. They have shown that at low
maximum shear stress (T, ) levels. between 0.2 and 0.5 of the yield shear stress (t,) of the
material, the contacts do not involve plastic contact conditions on the global, as well as local

asperity level.

Sighting the maximum shear stress theory, which states that plastic flow will occur in a body
if the maximum shear stress is greater than the yield stress, they indicated the condition for
the avoidance of gross ploughing should be to ensure that the maximum shear stress is
always less than the yield stress. Ensuing the above principle, they showed that in order to
avoid transfer and local ploughing for one pass, the maximum shear stress should be a
fraction of the yield stress, as per the following equation:

Toax < @T, » @< 24

Bayer et al. [18] found experimentally that for ., / T, = 0.5 there was zero wear for one pass
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of various combinations of materials and lubricants. They also established that based on a
value of 0.5 or 0.2 they were able to observe zero wear for 2000 passes. The wear model
proposed by Bayer and Ku starts from the Palmgren’s equation for fatigue of spherical roller
bearing. It gives the relationship prevalent between force and number of passes as:

F3N =K 2.5)
Their basic sliding wear model assumes proportionality of wear to Palmgren’s constant. The
model is given in equation 2.3 reproduced here to indicate the relationship it has with the

applied force F.

wio

w = KNF? = KN (tmapr) 2.6)

where,

K, = constant for impact wear
They derive their model by starting from the above equation and taking the differential
formulation of equation (2.6), to eventually arrive at an appropriate wear relationship for the

various geometries that could be analysed using this approach.

dw _ dN 9wl

w N 2 tmLp 2.7)

From this differential formulation the wear rate can be characterized for a given contact
condition. The initial conditions are determined from the zero wear relationship indicating
zero wear for 2000 passes. The derivation of their fatigue wear equation presumes that the
wear due to fatigue is proportional to F°N. It should be noted, that the seemingly linear
relationship between wear and number of loading could be deceiving as the stress which is

a function of the load and geometry of contact is also dependent on N.

17



2.3.3. Delamination Theory of Wear

The delamination theory of wear was developed by Suh and his team at M.LT. [19,20]
ensuing their investigations into the wear mechanics of two bodies in sliding contact. They
analysed the wear process for two bodies sliding relative to each other and forwarded this
theory on the basis of subsurface fatigue being the dominant wear causing phenomenon. The
process involved in this type of wear was analysed thoroughly by Jahanmir [11] and was

given in a step by step description, explaining the mechanism.

Suh [10,19] developed a mathematical model for sliding wear and indicated that fretting
sliding wear is achieved when the amplitude of sliding goes below a certain critical value.
In his derivation he utilized the following assumptions:
a. Metals wear layer by layer, each layer consisting of N, wear sheets.
b. The number of wear sheets per layer is proportional to the average number of
asperities in contact at any instance between the slider and the disk.
c. The rate of void and crack nucleation and the critical degree of shear deformation for
loose particle formation can be expressed in terms of a critical sliding distance S, for
a given sliding situation. S, is defined as the critical sliding distance required for
removal of a complete layer (i.e. N, wear sheets).
The starting point of this model is the assumption that wear volume is proportional to the
sliding distance of the wearing bodies, similar to that of Archard’s wear equation. Based on
the above assumptions Suh’s wear equation for sliding motion is derived and expanded to the

following equation by using the dislocation theory of materials and proportionality
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relationships between number of asperity contacts and load, and actual area of contact and
load. One of the major assumptions was that the number of average area A, is equal to

number of asperity contact.

bP..S| kG, K,G,
= +
4 [of,SOI( 1-v) opsoz(l -v,)

2.8)

w

where,

S, = critical sliding distance required to remove one layer of material i

S =total sliding distance

K, = experimentally determined constant for material /

G, = shear modulus for material i

o, = friction stress for material /

v, = poisson’s ratio for material i

b = Burger's vector

P, .= maximum contact load
It can be observed that, even though, the initial starting point is similar to Archard’s adhesive
wear equation in its assumption of the wear volume being proportional to the sliding
distance, material hardness does not come into play. The other major assumption taken in
arriving at the wear equation was that the number of asperity contacts is proportional to the
number of average worn area. The experimental work conducted by Suh et al. [19] has, in

fact, demonstrated validity of the final wear equation.

Suh and his team at MIT [20] have shown experimentally that this equation is valid by

conducting numerous experiments and detailed analytical approach for elasto-plastic
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conditions, which has helped to reduce the empirical nature of the problem. Jahanmir and
Suh [21,22] carried out an in depth analysis, studying the subsurface stress distribution of
two contacting objects, sliding relative to one another, and showed the location of void
formation, based on the steady state cumulative residual stresses and applied stresses. The
analysis carried out to investigate followed the Merwin and Johnson method [23] which
utilized an approximate solution for the point in a semi-infinite body, loaded in compression
and tension while being subjected to a rolling/sliding member. The method involved the use
of Hooks relationship for stress and strain until the yield criterion according to the von Mises
stress is reached and incorporates the Prandtl-Reuss equation to further handle the stress and
strain. Unloading of the force will result in the residual stress and strain, values of which can
be used for subsequent loading, until the steady state value of the stress and strain is reached.
However, the major assumption is that the elastic strain is the total strain used to solve the
Prandtl-Reuss equation. It is also seen that the analysis was carried out for plane strain
condition, which approximates the asperity contact with cylindrical one instead of a spherical
contact. Since a spherical contact which is an axi-symmetric case has a similar stress
distribution of a plane strain 2D cylindrical contact, this approach is valid and simplifies the

3D problem.

It was argued that due to large hydrostatic pressure at the contact, void nucleation can only
occur below a certain depth, from the surface. The depth of void nucleation from the surface
was found to be more for higher forces and friction coefficients. The crack nucleation criteria
was following the continuum mechanics approach, which was proposed by Argon et al. [24],

which states that the radial stress around an inclusion should reach the particle matrix bond
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strength which is equal to the summation of the von Mises (effective) stress and the
hydrostatic stress. They used the von Mises yield criterion to check plasticity of the material
while it is loaded by the asperity. It was conducted for the determination of void nucleation
at the subsurface level, near a cylindrical hard particle. The analysis conducted by these
researchers was a fundamental one and attempted to give an understanding to the process
involved in fatigue mechanisms. This analysis conducted was based on the assumptions that
material properties did not change through the course of application of this cyclic load and
that the properties of the inclusion do not affect the stress distribution, beneath the surface

of the contact.

Fleming and Suh [25] made use of a subsurface crack propagation equation employing the
Paris fatigue crack propagation law, in deriving their sliding wear model initially proposed
by Suh [10]. Based on this relationship they derived a wear model by assuming that crack
propagation was the wear controlling phenomenon. The analysis considered the fact that in
sliding contact the material ahead of the force is in compression (elastic or plastic using the
Tresca yield criterion) while the trailing part near the force is in tension (elastic). In this
paper they have demonstrated the validity of linear elastic fracture mechanics, even for
elasto-plastic conditions. The argument used was that crack propagation can occur only in
the tensile region of the loaded zone because the compressive zone will close the crack,
enabling the transmission of shear force from one face to the other, and the tensile region is
always in elastic contact. The wear model they derived starts from the crack propagation

equation given by:
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— = Bk)" 2.9)

where,
¢ = crack length
N = number of times load is applied
f3 = constant in the crack propagation equation
k, = stress intensity factor

n = exponential constant in the crack propagation equation

Using Gupta and Cook's relationship for load and number of asperity contact relationships
and simplifying by integrating and substituting, the above equation reduced to a volumetric
wear model.
w = [k, (EH.u.d.C)P__ S +Cld C, (2.10)

where.

w = volume womn

& = af.. where f§. is the constant in the crack propagation equation and « is the

proportionality constant between number of contacts and load per unit length

EH = average normal contact force

p = coefficient of friction

d, = critical depth

C. = critical effective crack length

P,... = maximum applied load

S = sliding distance
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As indicated in the equation, ," is a function of the average normal force, the coefficient of
friction, the depth of wear and critical effective crack length. Some of the constants have to
be determined experimentally. They recommend the use of 1 for £ in the absence of any
information. B, and n can be determined from standard fatigue data. The factor & has to be
estimated from the surface asperity distribution and fracture mechanics approach was utilized

to determine the values of d,, C, and k,.

The above equation indicates that higher value of hardness implies increased wear contrary
to previous reports. This is mainly because of the assumption that the normal contact stress
is proportional to the hardness of the material. This equation has shown that the load and
sliding distance proportionality assumed and arrived at in the delamination theory of wear
is valid. There were some assumptions in the derivation which need to be investigated further
to expand on this derivation. However, as they have stated time and again, the derivation of
a purely analytical equation for wear is not yet feasible due to the complexity of material

properties at the subatomic level.

Suh’s model, derived for pure sliding conditions is not applicable to the problem of impact
wear, without some modifications. It is essential to properly identify the wear mechanisms
controlling the process, before applying the principles of delamination theory, to other
contact motions. Therefore, further investigation is necessary to develop a generalized wear
model for impact as well as sliding conditions, by extending the delamination theory of wear

originally developed for sliding only.
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2.3.4. Uhlig’s Fretting Wear Model

Uhlig and Feng & Uhlig [26,27] developed a sliding fretting wear model (S) which takes into
account the chemical effect of the wear process. Depending upon the material combination,
they were able to establish that the chemical effect of fretting wear was between 6 to 78%

of the actual wear. Thus,

w, = (koF "l—le)? +kIFN 2.11)

where.

w, = weight of worn material

F = Normal load

N = total number of cycles (excitation)

f = frequency of the excitation

{ = amplitude of oscillation

k,. k, and k, = constants
The determination of the constants &, is carried out, based on the data obtained from
experiments conducted for a fixed cycle at various loads. An empirical equation is used to
approximate the wear vs pressure relationship between the interacting bodies. As per
equation (2.11) the first two terms are due to the chemical effect and the last term is
mechanical effect alone. This approach is unique in that it incorporates the effect of corrosion

in the wear model, which in some instances could be more than the mechanical effect.

The formulation of this model is highly empirical. involving the determination of several
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constants, because of the nature of fretting wear process that they were investigating. The
debris formation compounds the wear mechanisms involved, due to the entrapment of
particles in between the two contacting bodies initiating abrasive or third body wear in

addition to the initial wear causing mechanism.

2.4. Impact Wear Models

Similar to sliding wear, different models have been proposed for impact wear, as well
(28,29]. The term impact includes normal and oblique impact motions variation of which is
characterized by a sliding component in the case of the latter. The various important wear
models developed for impact conditions and published in open literature, will be discussed

in this subsection.

2.4.1. Normal and Oblique Impact Wear Model

Engel [30-32] developed an impact wear model, based on the assumption that the above
fatigue relationship given for sliding conditions, holds true for impact wear model as well.
He then applied the optimal wear path principle which states that the gradual change of the
geometric wear scar parameters corresponds to the steepest-descent path for a critical stress
related failure parameter. This wear model is capable of handling the wear problem
irrespective of the mechanism of wear, as its empirical formulation is based on a purely
geometrical approach, and heuristic reasoning relating the worn surface contact to the

maximum Hertzian contact length.
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Engel [33] and Engel et al. [34] have derived a mathematical model for the impact wear
occurring between two objects, based on the optimal wear path principle theory. His
assumption was that in the process of wearing a body will try to conform to the shape of the
harder surface. The derivation of this wear equation starts from a highly stress dependent
impact wear formula given by:
w = KNo__° 2.12)

where.

w = wear volume

K = constant

N = number of impacts

0, = Contact stress
The derivation assumes that the wear volume is equal to the volume described by the
deformation due to Hertzian contact. The impact wear per unit length as arrived at by Engel
for soft cylinder impacting against a hard flat surface in terms of the non-dimensional
curvature ratio (A) which is the ratio of the originai radius of the cylinder to that of the worn

cylinder radius (R, /R,). is given by [34]:

P,\3" -
w = 7.66[ —E—°J (;3,)2') R"? (2.13)

where,
R, = worn cylinder radius
P, = load per unit length
A = non-dimensional curvature ratio between 1 and 0.

The reduced modulus of elasticity (E" ) is given by:
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1-v.2 1-v.2} !
E'=( L 2] (2.149)

where,

E, = Young’s modulus for material 1

E, = Young’s modulus for material 2

v, = Poisson’s ratio for material 1

v, = Poisson’s ratio for material 2
The derivation of their fatigue wear equation also presumes that the wear due to fatigue is
proportional to F°N. The same argument that was used in the case of the sliding wear model
of Bayer et al. can be utilized here, for the non-linear relationship between wear and number
of impacts. Also the subsurface stress variation with crack nucleation and propagation
developed parallel to the surface should be conducted to verify the formation of wear surface
satisfying the optimal wear path principle (i.e. the wear will proceed in a parabolic curve for

a cylinder impacting against a flat surface).
2.4.2. Impact Wear Model Based on Force-Sliding Distance Proportionality

Rabinowicz and Hozaki [29] derived a wear model for impact conditions by starting from
force sliding distance proportionality (Archard’s wear model). This model was derived for
high energy impact where the magnitude of the force is sufficient to cause plastic

deformation of the contacting surface.

w = — (2.15)
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where,

w = wear volume

K = non-dimensional impact wear coefficient

I = energy of impact

N = number of impacts

p = the penetration hardness
The validity of this relationship was verified for the contact conditions (high energy impact)
using experimental results. Assuming that this equation is valid it does not address the
question of properties changing over the duration of energy application (strain hardening).
The authors have indicated that low energy impact has a different wear mechanism (fatigue
wear). Therefore, the main theme of this research work is to investigate the wear associated
with low energy impact both normal and oblique and arrive at a reasonable wear model that

will try to address all the questions raised here.

2.5. Survey of Wear Models Pertaining to Heat Exchanger Tubes

The phenomenon of fretting wear is a very complex one. Various researchers have done
some work in this field and have tried to come up with empirical or semi-empirical
mathematical model for describing the wear process [35-47]. A brief survey listing some of
the important wear relationships proposed by the different researchers will be seen in this

section.

Ko et al. [37] stated that frequency, total number of cycles, amplitude of motion, normal
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pressure, physical characteristics of mating solids and environmental conditions all affect the
wear of material. He later went on to investigate the influence of excitation frequency,
amplitude, tube baffle clearance and the ratio of tangential to normal component of excitation
force under both dry and wet conditions on the fretting wear of Monel 400 tube against plain

carbon steel rings.

Ko [38] carried out their experimental investigations using a setup which consisted of two
rotary out of balance masses connected to one end of the monel tube. The tube is attached
at the centre of a top supporting plate which is rigidly held by four rods sitting on a base
plate. The rotor masses are attached to the tube at the bottom, under the base plate. After
conducting various tests, he ended up with the result showing that the wear increases
exponentially with excitation frequency following his equation and that it also increases with
excitation amplitude and diametral clearance. He also found that the amount of wear was
dependent on the ratio of Y, to X, . of the excitation amplitude, a peak being reached when
the ratio is between 2 and 3.
w=Ke¥ (2.16)

where,

w = wear volume

f = the excitation frequency Hz

K and a are experimental constants
Ko [38] reported that, with the development of an analytical model for the estimation of
impact force for multi-span tubes, he could analyse the effect of impact force on wear in high

temperature environments. The necessity for this being that there was no force transducer
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capable of working in a high temperature environment at the time. He studied the effect of
temperature on wear by conducting his experiments in pressurized water at 265°C in an
autoclave and found that the wear increased with temperature. He also stated that there was
no direct relationship between mid-span displacement and the root mean square (rms) of the

support impact force.

After experimenting with different geometry support plates such as three lobbed broach and
triangular lattice bar, Ko [38] was able to conclude that wear decreased with increased
circumferential support length. However, the results he obtained as far as the hardness of the
material combination was concerned, was inconclusive. Materials with similar hardness wore
at different rates depending upon the other mating material. The wear-rate as well as the
impact force was found to increase for an increased clearance until a limit is reached where
the contact can no longer be maintained. He also reported that an increase in the clearance
at the support sometimes caused a change in the type of motion. Eventually, he was able to
conclude that it was feasible to predict long-term tube wear using the computer code that he
developed, from correlated results between force functions and short-term wear-rates.
However, the sensitivity and accuracy of his new proposal remained to be verified using

experimental results.

After studying the worn surface finish, Ko et al. [37] inferred that the primary cause of wear
in both sliding and impacting is the same. They suggested that the principal mechanism in
the wear process is shear and that wear caused by sliding motion between the two objects is

more dominant than wear due to relative impact. They came to this conclusion after studying
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the low probability of occurrence of impact type high force components as compared to
intermediate range rubbing type force component from their experiments. The relationship
that they showed for the force component and the wear-rate for two different ranges of
forces namely 0-4N and 10-20N for various ratios of the orthogonal excitation forces (Fy to
Fy) indicates that wear-rates were higher for the purely sliding type motion and were the least
for highly impacting type motion. It also showed that the force component in the 10-20N
range for pure sliding has a high percentage compared to combined sliding and impacting

motion.

Blevins [39] did various experimental studies on the mechanism of fretting wear in
nitrogen/air atmosphere at room temperature using 410 stainless steel material for the tube
and 2-1/4 Cr-1 Mo for the support. His experimental setup consisted of a shaker placed at
the middle of a horizontally placed tube which holds the tube specimen at one end. The
support plate specimen is attached to a collet at the frame and a pre-loading apparatus is
attached near the test zone. Even though excitation was given in a uniaxial direction he had

observed that the tube motion at the test zone was in oval orbits.

Based on his experiments, Blevins [39] was able to conclude that the impact fretting wear
produced was a result of surface delamination, which was confined to a very thin layer of the
wearing specimen. His results also indicated that the wear-rate of the tube and the support
plate are approximately equal if they are of the same material and that the wear-rate is not
only hardness dependent but also material dependent as materials with similar hardness wear

at different rate. His other conclusions were that, increasing the gap between tube and

31



support plate sharply increases the fretting wear and the rate of fretting wear increases both

with frequency and amplitude of tube vibration.

Following his experimental study, Blevins [40] was able to develop an empirical model

predicting the wear per cycle of vibration for the test material 2-1/4 Cr.-1 Mo, as follows:-

A5 AL} a W
wrza‘fa”{ _CJ (_GJ (_t_) eaﬁ(Rx Wo-Pp .17)
D D D

where,

w, = weight loss per cycle

f = frequency of vibration (Hz)

Ac = peak to peak transverse amplitude of the tube without the restraining gap

Ag = smaller of A, or diametral gap

D = diameter of tube

t = thickness of tube wall

Rs= amplitude of minimum shear load required to maintain the tube stationary (kg)

W,. = mean weight of the tube supported at the support plate (kg)

P, = pre-load applied to the tube at the support plate (kg)

&, 10 & are constants determined using least square curve fitting technique from

experimental data.
Equation (2.17) was a good approximation of the fairly scattered experimental data, however,
the drawback is that it is highly empirical requiring the determination of six constants.
Because of the many experimental constants to be determined, validity of this approach is

limited to the particular experiment conducted, and is bound to be material and setup
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dependent.

Blevins [43] studied the effect of impact on wear using his experimental setup mentioned

earlier [40] on alloy 800H and 2-1/4 Cr-1 Mo steel heat exchanger tubes in loosely held

supports in a helium environment at temperatures varying from 20 - 650°C. He developed

a model relationship describing the dynamic contact stress for a heat exchanger tube-tube

support impact reaction. The major assumption he used was that the contact region was a

point contact (sphere on a flat surface) and since Engel [28] has shown that the use of

maximum shear was an overly conservative prediction of wear. he used the maximum tensile

stress as a prediction of wear and compared the values he obtained analytically with fatigue

allowable stresses in ASME Boiler and Pressure Vessel Code for 10° cycles.

E‘fAim|”

D3

oterm'le - L

where,
c, = constant for type of contact {sphere on flat surface) and clearance
E = modulus of elasticity
f = frequency of vibration in Hz
A, = mid-span peak-to-peak displacement
m = participating mass of the tube

D = tube diameter

(2.18)

The microstructure analysis Blevins did, showed that the impact wear occurred by the

formation of subsurface cracks parallel to the material surface, indicative of high subsurface

stress induced by impact, causing subsequent delamination of the material. The other
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observation that he made was that at moderate temperatures (300 to 500°C) the delaminated
surface was self welding onto the parent material reducing the amount of wear as compared
to room temperature conditions. He also reinforced the theory that reducing vibration

amplitude or tube support clearance dramatically reduced the wear-rate at all temperatures.

Connors [41] studied this problem by focusing on the dynamics of the pipe in the fluid and
using Archard’s wear equation to predict the wear-rate. He analysed the various mechanisms
of flow induced vibrations and attributed it to fluid-elastic, turbulence and vortex shedding
excitations. Fluid-elastic excitation mechanism is characterized by a critical flow velocity
below which vibration amplitudes are small and above which amplitudes increase rapidly
causing vibrations near the natural frequencies of the tubes. Turbulence also excites the tubes
near their natural frequencies but are narrow band random vibrations with varying
amplitudes. Vortex shedding is produced by the wake formed as a result of fluid flow over

a tube and has a high amplitude of excitation near the tube’s natural frequency.

Connors wear formulae for large- and small-amplitude vibrations are given by equation
(2.19) and (2.20) respectively and it assumes that the wear is uniform over the duration of
the process and that the support does not wear.

2n co K
w, = ——Q (2.19)
101-

where.
w, = volume wear-rate, in."/s

¢ =radial clearance between the tube and the support, in.
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w, = natural frequency of the tube in the fluid, Hz
K, = wear coefficient for tube, in.%/1b

F = dynamic normal contact force between the tube and support plate, 1b

i

DK w,y (2F; + F,)

e L, x 102 (220
t

where,

Fs = steady contact force between the tube and support plate, Ib

D =tube outside diameter, in.

v, = amplitude of the sinusoidal vibration, in.

L, =tube length, in.
Connors concluded that critical wear was a result of fluid-elastic vibration which caused
large amplitude excitations. He recommended that it should be avoided in operations, if
possible. Vibrations caused due to turbulent flow is generally of smaller amplitude and
according to actual observations where fluid-elastic excitations are avoided the wear was
relatively smaller. The above equations (2.19 & 2.20) describing the wear-rate were fairly
accurate in predicting the life of the steam generator. He mentioned that vortex shedding.
however, was not a problem in heat exchangers as it was not occurring due to the close

proximity of adjacent tubes.

Levy and Morri [42] developed an oblique impact wear model (16) which is a factor of load,
sliding distance, proportionality of wear and mechanical response of the impacting bodies
starting from the following relationship taking into account the load-sliding distance

proportionality to wear.:
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w=KN des (2.21)
0

where,
w = wear volume
K = specific wear rate

N = total number of impacts

w = KN%MVl(l +e)[sin(2d) - p(1 +e)sin’()] (2.22)

where.
K = wear coefficient
M = reduced mass of the colliding bodies
V = relative approach velocity
e = coefficient of restitution
p = coefficient of friction

¢ = angle of impact

This analysis has a similar approach to Archard's pure sliding wear in that it considers the
load sliding distance proportionality. It does not take into consideration effects of impacting

and sliding motions.

They verified their model by conducting experimental work on a twin vibrator rig which is
capable of delivering repetitive impact of a moving specimen against a stationary target.

They analysed the impact wear characteristics of three materials against 310 steel for a range
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of temperatures and concluded by saying that their model was valid for a stable wear regime
at around 100°C. However, there were errors occurring at elevated temperatures which made
the equation not valid. Even though they did not analyse their data in relation to work-rate
one can estimate this value from the presently accepted relationship of wear-rate, work-rate
and specific work-rate. Therefore their data which was given in their publication gave a brief

insight into the wear phenomenon occurring at the contact interface due to oblique impact.

Frick et al. [44] developed a three-dimensional non-linear relationship describing the
dynamics of a steam generator tube with clearance at its support and analysed the response
of the system using a general purpose finite element program. They defined a quantity known
as the work-rate given by equation (2.23) for the tube/support interaction under sliding
conditions, however the applicability of this equation to purely impacting conditions was not
indicated. Based on their analysis and experimental studies they arrived at a wear model
(2.24) relating the wear-rate to the work-rate using Archard’s wear equation as a starting
point. The empirical derivation of "K" required the performance of some experiments using
various materials for impact plus sliding and fretting conditions only, as was carried out by
the investigators. The figure given in the report showed that assuming the relationship
between wear-rate and work-rate to be linear especially when dealing with combined tube
orbital motion, is questionable. The error obtained for this condition was comparatively high
except for one particular case (Inconel/carbon steel high temperature and pressure with

impact plus sliding excitation).
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t=t,

S AW()
t=t, (2.23)
W, = ——nu
t,-t)
where,
W, = work-rate (work per unit time given by tube-plate relative motion during
contact and dynamic contact force)
AW(1) = average work done over time
1, = starting time of averaging
1, = ending time of averaging
w = K(Wp)t 2.24)
where.

w = wear volume

K = empirically derived wear coefficient

1 = total wear process time
Pettigrew et al. [45] gave a state of the art on flow induced vibrations in nuclear power plant
heat exchangers and studied impact fretting wear mechanisms. They stressed the importance
of fluid-elastic excitation on cross-flow heat exchanger tube bundles and advised that it be
avoided at design stages. They provided an experimental result showing the effect of
temperature on wear-rate, conducted in an autoclave, however the plots of this experiment
were of different trend to that of Blevins’ where he had demonstrated a decrease in the wear-
rate with increasing temperature the only difference being his experiments were run in
helium medium (support and tube were the same material, alloy 800H) while their's was run

in a water medium (tube was incoloy 800 while support was 304 stainless steel and carbon
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steel). Possible explanation for this could be that the debris was washed out before it had the

chance to self weld hence the growth in wear-rate with increasing temperature.

They give a relationship (2.25) arrived at by Ko et al. [37] for the material combination of
Incoloy 800 tubing against Inconel 600 supports, relating the wear-rate directly to forcing

function.

aF- 2.25)

3
"

where,

w, = wear-rate (wear for 10° cycles)

F = applied force

a, and b, = constants determined from the experimental results
For the work-rate calculations they use the continuous form of equation (13) given by Frick
et al. [44] which is a product of the normal component of the impact or sliding force and
sliding distance, as opposed to Hofmann et al. [5] who consider the measured force which

includes both normal and sliding (friction) components.

Fisher et al. [46] tried to relate wear-rate to work-rate (equation 2.26), they made use of the
Archard’s wear equation as a starting point and indicated that even though the equation
showed a linear relationship between wear-rate and work-rate a non-linear relationship might
be realized as a result of the dependence of K on work-rate.

w, = KW, (2.26)

where w, is the volumetric wear rate and is given by:
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2.27)

where,

K = constant wear coefficient (=k/3p)

k, = constant for wear

p = material bulk hardness

F, = normal applied force

s = sliding distance

W, = work rate
They observed that the wear behaviour of the experimental tube and support specimen was
not time dependent once steady wear was achieved. There will be an increase in work-rate
for an increase in wear-rate as a result of an increment in diametral clearance due to wear.
They concluded by saying that the work-rate was an appropriate scaling parameter and that

its relationship to wear-rate is non-linear growing exponentially for progressive wear.

Hofmann et al. [47] carried out their experimental studies in a hot temperature (200°C)
autoclave with the tube supported at two ends and the experimental support at mid-span. The
excitation mechanism was similar to that of Ko's with a slight modification to simulate actual
operating conditions as close as possible. Their experiments were carried out for short (10’
cycles) and long (10® cycles) term duration, with measurements taken periodically. Results
of their testing showed that wear-rate was higher for sliding alone as compared to impacting
only or impacting plus sliding which had comparable value. However, for the testing

reported at an rms force of 4.6N operating at 40Hz for a material combination of J 600 tube
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against 405 SS hole, there was a difference in the wear-rate of the purely impacting and
impact plus sliding contact mechanism. Pure impact had the lowest wear-rate over the entire
duration. impact plus sliding had a slightly higher wear-rate while pure oscillating sliding had

the highest wear-rate.

In their attempt to relate work-rate to wear-rate they first defined work-rate as the product
of the measured force and the sliding distance for both oscillating sliding and impact contact
conditions. However, they were at an impasse as far as “work-rate” for purely impacting
conditions was concerned. in that there is actually wear due to fatigue while there was no

measurable “work-rate”.

T

[FoL,wdr

0
We = —r (2.28)

f dr
0
where.
F (1) = measured force as a function of time
L (1) = velocity of sliding during contact as a function of time
T = total time of experiment
They suggest that the wear mechanism of a predominantly impact condition consists of two
components. namely, the sliding wear caused by small tube displacements during impacting
and fatigue wear caused by spalling. They recommend the development of a non-linear
relationship between volume wear-rate and these two independent parameters. They

attemnpted to show that the wear mechanism requires the introduction of a third independent
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variable (average time of contact) to emphasize the necessity of other parameters and to
quantitatively show the effect of various wear phenomena that can occur to a steam generator

tube.

The study done by Hofmann et al. [5] stressed that work-rate by itself was not an appropriate
characterizing parameter, for wear-rate. They argued that Archard’s wear equation derived
for sliding wear, can lead to an inaccuracy while considering pure or compound impact. They
derived an improved wear-rate equation relating specific wear-rate with average work-rate
and an overall intensity factor, which is a combined factor of the wei ghted work hardening
effect of impact force and weighted sliding effect of a predominantly sliding type motion
force, on wear. A precondition for the validity of this equation is that, the weighted

percentage of work hardening should be less than the weighted percentage of sliding wear.

Hofmann et al. [5] tried to characterize wear rate with respect to predefined energy (work-
rate) parameter by taking into account the work hardening effect of impact in oblique impact
contact conditions. They identified predominantly impact type and sliding type motions by
first creating a class of categories of the impact angle and measuring displacement velocity
during this motion. The result of this is a 5 by 5 force displacement scaling parameter. The
work-rate equation they used was the same as their equation given by (2.28) except in this
case they were using the normal component of the contact force instead of the measured one.

w, = kW, W, 2.29)
where,

ks = specific wear rate (estimated by means of a reference test under oscillating
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sliding condition)
W, . = overall wear intensity factor

Wy

{ave

= average work-rate
The value of the wear intensity factor is given by a ratio of the two weighted percentage
factors for sliding wear (wear enhancing) and work hardening (wear reducing) effects for

impact motions.

_ [ZF, (D) (),
Zky, (Flkp)) (), + EF,(DY (),

w

nt

(2.30)

where,

(p),, = percentage of F, D, class occurrence

F, = normal force

D, = total sliding distance

k,, = material constant

k,, = material constant
Verification of this wear rate equation was shown by the authors for all the experiments
conducted and a good agreement was found in all of the cases except for one where the
maximum factor the value of predicted to measured wear rate differed was 2.1. However,
even though the authors have listed a number of constants to be determined experimentally

for the materials used, explanation as to how this constants can be obtained were not

specified.

The wear model that they developed takes into account the relationship of the work rate to

the wear rate by considering the type of contact motion (impact and sliding). However there
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is a fundamental discrepancy in that for normal impact conditions, even though there is
almost zero measurable work rate, the value of the wear rate is not. Also, one of the
assumptions taken into consideration is Engel’s approach, which assumes that wear is
proportional to F°N which as shown earlier is questionable. The other reasoning is that work
hardening can be associated with both impacting and sliding contact conditions, and as
Fleming and Suh [25] have shown hardening might have a wear enhancing effect on the

overall wear process.

The reason why this approach helps in reducing the scatter is that, it recognizes the fact that
wear rate for a predominantly impact motion, is relatively smaller than for a predominantly
sliding type of motion. The model accounts for this effect by using the weighted percentage

values, which scales the work rate down for impact motions.

The recent analysis carried out by Hofmann et al. [48], focused on the characterization of
wear in heat exchanger tubes, due to impact alone. Indicating the inapplicability of the model
developed by Hofmann et al. [5], they went on to investigate the possible effects of
accelerated corrosion because of electrochemical activation of the metallic surface. They
conducted their own set of experiments and showed that the conventional work rate
characterization fails in reducing the scatter. They showed that this error can be reduced by
categorizing the amount of sliding per contact, into different classes and using the impact
force as a characterization parameter. They used this approach after, showing that the amount

of corrosion current is in direct proportion to the measured impact force.



2.6. Flow Induced Vibrations

Axisa et al. [49] performed a dynamic analysis on a multi-span heat exchanger tube to study
its vibro-impact response. The tube was given an impact excitation at its mid-span and the
response of the system was analysed at the support with clearance. Their investigations
showed that at moderate vibration levels, mid-span displacement of the tube was
proportional to the excitation amplitude and its support clearance. However, it also revealed
that impact forces averaged over a cycle of vibration were almost proportional to excitation

and less dependent on support clearance.

Rao et al. [50] did an analytical investigation into the prediction of vibratory response of a
non-linear multi-span heat exchanger tube with clearance at the supports using finite-element
approach. They used their model to predict the various wear related parameters such as
maximum and rms reaction force, maximum and rms z displacement, sliding distance,
percentage contact time, average contact time and work-rate. They utilized readily available
data, on heat exchanger tube wear, from previously conducted experiments and found close

agreement with their predicted values.

Even though the dynamics of the tubes is important from the wear determination aspect, the
main objective of this research work is to analyse the intensive work done on the mechanical
aspect of wear of tubes in heat exchangers. Hence, in order to study the surface interaction
of the tube and its support, for different orbital motions, for correct characterization of the

wear, survey of the limited available literature dealing with the concept of wear rate/work
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rate was stressed upon.

2.7 Conclusion

The state of the art survey given on the various wear models, generalized as well as those
particular for heat exchanger tubes indicates the different schools of thought. Since all the
reports are supported by experimental results and most of the models are different from each
other, the only reasonable explanation for the validity of this equations is that they are
dependent on the dynamics of the particular system used by the individual researcher. Hence,
this is a further indication that accurate generalized wear models are not available to be

implemented for the analysis and design of a heat exchanger tube.
The next chapter will examine the validity of the wear characterization parameter, work-rate,

using the stress dependent empirical formulations forwarded by Schumacher and his research

associates and Engel and his research associates.
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CHAPTER 3

ASSESSMENT OF THE WORK RATE PARAMETER TO
CHARACTERIZE IMPACT AND/OR SLIDING FRETTING WEAR

3.1 Introduction

The characterization of wear is, without doubt, one of the most controversial issues facing
researchers in the tribology community, working in the field of heat exchanger tube wear.
Conditions such as normal impacting, oblique impacting and pure sliding contacts add to the
complexity of the problem by changing the method of energy characterization and wear
mechanisms. The different empirical formulations, covered in the previous section indicate
that, depending upon the researcher and circumstances under which the experiment was

conducted, the models derived vary from each other considerably. [102, 104] (Author’s Ref.)

There are various mathematical models derived for analysing sliding wear or impacting wear
separately. To date, there is no model capable of handling both sliding and impacting wear
at the same time, implying the mechanism of wear for the two contact conditions are
different. However, most of the different researchers working in wear mechanics have shown
that fatigue is the detrimental wear mechanism causing the bulk of the debris formation
under the various contact conditions, if the force associated with the wear does not cause
plastic deformation on both the global and local scale [14]. Bearing in mind the above
observation, this chapter will attempt to characterize wear based on conventional input
parameters.
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The conventional method used for characterizing wear rate is work rate. It is currently the
common energy input parameter accepted and used by most researchers in the field. Seeing
that the work rate is a product of the normal force and sliding distance per unit time, this
definition will be assumed valid for the analysis of wear both in sliding and impacting
contact conditions. Even though there is no measurable work rate in pure impact, the relative
elastic compliance of the contacting bodies will be considered as the overall sliding distance

for calculating the work rate.

The generalized fatigue wear model developed by Bayer et al. [14,18] for sliding wear and
by Engel and Engel et al. [30-34] for normal and oblique impact have similar conceptual
approach for both cases. The differential formulation of both wear models is based on the
assumption that fatigue is the dominant mechanism causing the wear. These wear models
will be utilized to investigate wear rate / work rate relationship, occurring between a cylinder
and a flat surface and a cylinder in a conforming surface, for the three relative motions
namely sliding, normal impacting and oblique impacting. The analysis will consider a low
energy contact condition (contact force does not cause plastic deformation both on the global

and local scale) for the three contact case studies.

The wear models derived for sliding and impact motions is based on the assumption that
fatigue wear is the dominant mechanism. Based on this assumption the wear model
formulation starts from the Palmgren’s relationship [7] for spherical roller bearing life, giving
the life of the bearing to be proportional to the product of the cube of the contact force and

the number of cycles.
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the life of the bearing to be proportional to the product of the cube of the contact force and
the number of cycles.
L, <F>N @3.1)

where,

L, = life of the bearing

F = maximum normal contact force

N = number of F cycles
The approach used by Bayer and Engel presumes the wear volume to be proportional to F°N,
as they have taken fatigue to be the dominant wear mechanism. Their results have been
verified experimentally, as listed in their published reports. Therefore, based on their
assumptions and relationships, it will be shown that the wear rate / work rate relationship
does not follow a particular trend which makes work rate an ineffective identifying
parameter. This means that the non-uniqueness of this parameter will be established,
ensuring the need for a better model and characterizing parameter. The first model derived

will be a cylinder impacting a flat hard (flat surface does not wear) surface at an angle of 90°.

3.2 Pure Impact Wear Model (Cylinder on a Flat Surface)

The first analysis investigates the wear occurring between a cylinder and a flat surface
undergoing repetitive normal impacting (Figure 3.1 a-b). In order to calculate the wear rate,
one needs to start from the general wear model as given by Engel [28]. The differential
formulation of the fatigue wear model which is obtained by taking the partial derivative of
the wear with respect to number of impacts and contact stress (0) is given:
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3.2)
dw = -—WJN 9w£
N o

where,

k, = experimental constant
Rearranging the differential of the stress dependent wear equation by expressing w and o in
terms of R,,,. and R, and simplifying by substituting, one obtains the equation relating the
/R,) is given by

number of impacts and non-dimensional radius parameter A(R,,.

equation (3.3) [28]:

N

(1 = A)/(1 - A) Y
=N ° = k‘V[ (3.3)

AS/Ag

where,

N = number of impacts for A curvature ratio

N, = zero wear limit

Ao = zero wear curvature ratio
It is essential that A be expressed as a function of N, in order to simplify the analysis. Hence,
this task can be performed by inserting some values for A between zero and one, in the
above equation and by estimating an equation using the least square approximation method.
It can be seen that the approximation is dominated by the sixth power relationship of the
denominator A to N, within the range of A, especially for higher values of wear, eventually

giving:

51



1 0.17
SONE
N N

The constant & is obtained from the zero wear conditions using:

N.A S
k. = 0770
N 1“).0 (3-5)

where the number of impact for zero wear ( N, ) is determined from the following equation:

o, |

where.

Y = Engle’s [18] experimentally determined wear factor equal to 0.2 or 0.54

o, = material yield stress in compression

O.... = Maximum contact stress including stress concentration factor
The values of N, and A, can be determined using Engel's [34] graphical method known as
master curve shifting approach, or can be determined more accurately by using the following
geometrical relationship which relates the wear depth to the continuously varying radius of
curvature of the worn surface, derivation of which is given in Appendix A:

R, h-05h>
Rl = Rlorg -h+ (3.7)

Rlarg -h- VRlzorg_az

where the Hertzian contact length a is:

a = ,/4P,R/(RE ") (3.8)

and,

=> R = R, 3.9)
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where,
P, = Maximum load per unit length
R,,,. = original radius of cylinder
R, = original radius of flat surface ()
R, = worn radius

The reduced Young’s modulus is given by:

1-v:  1-v3) "
E’ = + = 3.10)
E, E

Using the above relationships, 4 (the wear depth) can be expressed in terms of R, as follows:

, 4P , 4P
h =R ,—Rl+\JR,’— “R—\JR' —°Rl @3.11)

. lorg -
nE

nE
The wear rate (m*/m/s) averaged over the entire duration of the experiment (7) can be
obtained by dividing the wear equation for soft cylinder wearing against hard flat surface.

given as [28]:

. _w _ 096( P, 3/2(1-)(.) 172
o g - o ) SR o

The above equation gives the wear rate as a function of the force, the reduced Young’s
modulus, the non-dimensional curvature ratio and the original radius of the cylinder. The
next step, at this stage. is to calculate the work rate to use it in the above equation for
characterizing the wear. In order to calculate the work rate, the relative deformation (elastic
compliance) of the cylinder and flat surface during the application of the force is considered
as the overall sliding distance. Even though the contact surface consists of sticking and

slipping segments, it will be assumed that the overall relative sliding distance can be
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expressed as the difference in length of the two surfaces. Using the Hertz elastic theory of

contact, the half length of the cylinder and flat surface in contact is given by:

(4P(:)R,]“2
a(t) = | ——— (3.13)
nE”

The variation of the impact force can be assumed to be sinusoidal:

P() = P, sin( n-’—J (3.14)
4

The contact time ¢” for a cylinder impacting against a flat surface can be derived by starting
from Poritsky’s [51] elastic deformation equation. He describes the elastic deformation of the
flat surface using two equations, one valid for x/a between 1 and 10 and the other valid for

the surface vanation between the centre and Hertzian contact length (a) which is given by:

(i) " KJ (3.15)

a

-4 P@)
nE”’

yxn) =

The constant K is determined from the assumption that at x/a = 10 (Fig. 8 of ref. [S1]) the
displacement is zero (K = -3.5). Since maximum deflection occurs at the centre of contact,
taking the variable x to be zero at the time when P is a maximum gives:-

14P,
nE"

y(0,t°/2) =

3.16)

During impact, the force varies with respect to time and so does the deflection. Bearing in
mind that the maximum deflection occurs at x = 0, it is evident that the above equation (3.16)
gives the overall displacement of the flat surface in the y-direction. The total approach
between the two bodies can be calculated by adding the compliance of the cylinder to this

value. The compliance of the cylinder can be calculated from the geometrical properties of
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the cylinder and from the value of y at x = a. It can be seen that the total elastic compliance
of the cylinder is the radius of the cylinder minus the y value at x = a minus the difference
of the y value at x= 0 and x=a. Taking the summation of the approach of the cylinder as well

the approach of the flat surface the total approach of the two objects is given by:

5 P(t

y(t) - larg learg 4P(I)Rlorg nE’ (3-17)

The above equation can be reduced to the following by least square approximation using
appropriate values for the constants.

y( = k,P(1) (3.18)
where,

k,=1.96 *10"'ms*/kg

In order to derive the duration of impact one can follow a similar procedure given by Weber
et al. [52] derived for two cylinders impacting with each other. Assuming the cylinder has
a mass m per unit length and is impacting the surface with a velocity V one obtains,

dv(t
,C___dg) = - PD) (3.19)

After impact has commenced, the velocity and acceleration are given by:

O - vy ang 3O - dVO _ _ PO
dr dt? dt m,

3.20)

From the above relationship one obtains a second order homogenous linear differential
equation:

dy(t) | y@)
=0
dt? v m_k, (3.21)
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Solution for the above homogeneous differential equation can be obtained by assuming that
the maximurm displacement will occur at half the contact time, i.e. at 1 =17/2, »(r"/2) = y, and

that contact starts just after time r =0, i.e. at 1 =0, y(0) = 0.

Yy =% sin( 'J 3.22)

v mckr

The total impact duration is, therefore, given by:
17 = mfmk, = 139=10" /m, (3.23)
where,
m_= the mass of cylinder per unit length (kg/m)
It is interesting to note that the time of contact is not a factor of the force, but rather the mass

and elastic properties of the two contacting bodies. The angle which subtends half the

Hertzian contact length is given by:

8(r) = sin"( %J (3.24)

1

Taking into consideration the elastic deformation at the contact surface the quantity S,
derived in appendix B (to demonstrate that the difference between original distance and
deformed distance, is extremely small making measurement impossible), is added on to the
length of the flat surface and subtracted from the cylindrical surface in contact. This implies
that the total length reduction or addition for the cylinder is given by:
St = 6(OR, -S (1) 3.25)
and the flat surface is given by:
S A0 = S (1) -a() 3.26)

Therefore, the overall relative length variation is given by the following equation which gives
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the relative instantaneous sliding distance between this two surfaces in contact.

S = 5,0 + S () = 6(OR, -a(r) 3.27)
Since the impact force is of a sinusoidal nature for each loading, it is apparent that the elastic
compliance is also a function of time. Hence, the work-rate which is defined as a product of
normal force and tangential sliding distance per unit time has to be integrated over the

contact time 7’ to calculate the work rate during impacting:

" 2NP, _
Wew = 2% [Sty PO = 22203, (3.28)
Tt 4 T
where,
: aPgsin| n—| | 4PR sin| -
) i t L 0 e 1 t” Rk ! (3.29)
S, = —f R sin - in| t—| dr
t RTE" \ ntE " t”

Since the above equation does not have a closed form solution, a numerical integration
scheme is utilized to calculate the values. Inserting this equation into the wear-rate equation

of (3.12) the final equation relating wear-rate and work-rate is given by:

(PO Rlorg) 12 19/2

w_ = 048 W, (3.30)
r 32 - Rni o
(E") S,k
which can be written without A as:
048 (P,R,, )"?
S W, (3.31)

r = - -5 .
S, NY k' (E?
The wear-rate equation can be expressed in terms of the number of impacts as:

L 096 R,m( _fg] 3'2( ﬁ) w2 0.96f,,,/R,D,R[ ﬁ) 3

" T E° ky, NI | E

3.32)
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Figure 3.2 Wear characteristics of a cylinder normally impacting on a flat surface
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The wear depth is an important quantifying parameter when dealing with the wear of a tube.
Therefore, it is essential to obtain h in terms of the non-dimensional ratio A. This is achieved

by substituting values of R, in the eq.. relating / to R, to obtain the following:

2
B o= Rl _ Rlorg . Rlorg _ 4PRlorg _ RIZ _ 4PRlorg (3,33)
vE A A ARE" “  AmE"

But 4 itself is approximated as a function of N as per equation (3.4). Therefore, h can be

expressed as a function of N as follows:

2
= R _ R lorg R lorg - 4PR lorg - IR |2 _ 4PR lorg (3.34)
(R IV (ky /NS | (k,/NYRE " “F (k /NYVSTE

3
|

The variation of the wear rate / work rate, wear rate / number of impacts and wear depth /
number of impact relationships is derived and plotted in Figures. (3.2a-c) as follows. The
maximum loading was varied from 2000 - 20000 N/m, while keeping the number of impacts
and time of application constant at 1.0*10° and 3.6 =10*sec., respectively. The stress
concentration factor is considered as unity for the purposes of analysis and is maintained the
same for all the cases. The characterization of wear rate and wear depth using work rate and
number of impacts is very important in determining the wear of the tube in general. Similar
analysis is performed for oblique impact conditions for a cylinder against a flat surface. The

results of all the plots are discussed comparatively in section 3.8.

3.3 Compound Impact Wear Model (Cylinder on a Flat Surface)

The compound or oblique impact model is derived for a flat surface and a cylindrical object
moving at equal velocities perpendicular to each other. This implies that the angle of impact
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is 45° (Figure 3.3), chosen as a typical case, for the purpose of analysis. The motion between
the bodies can be analysed by assuming quasi-static Hertzian contact conditions for the
duration of the impact. It is evident that due to the motion of the two objects there is relative
sliding due to rigid body movement as well as elastic compliance, which is of Hertzian
nature. The normal impact component can be superposed to the sliding component
formulation of which starts from the work rate relationships. The work-rate can be derived
by summing the component due to elastic compliance (normal impact) and component due
to sliding (tangential component of velocity).

We = We, + Wpy (3.35)
The work-rate due to normal impact has already been derived in the previous section. The
work-rate due to compound impact is derived by integrating the time dependant contact force
over the slipping time 1. As in the previous case, the load variation is assumed to be

sinusoidal over the duration of contact, having a maximum value of P,,.

N ! NPr* I
We. = T Pysin| — v dr = 7 1-cos| m— 3.36)
0 ! T t
where. the slipping time ¢, is given by [28]:
* Tmy *
t, = ocosf 1-—— 5| = £l cos1(1-p) (3.37)
s pP,t- T

Engel [31] has shown that the values of f describe the slipping motion. Lower values mean
little or no slipping while higher values imply higher slipping. He categorized the value as
follows indicating the amount of slipping:

f=0 implies no slipping

O0<f<2 implies moderate slipping following the above relationship
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Figure 3.3 Wear pattern of a cylinder obliquely impacting on a flat surface
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f22 implies 7, = ¢°
The total work rate for compound impact is a sum of the normal and sliding components as

indicated earlier and is given by:

2NP. | . vt c
W, = 2] §, + = (3.38)
R T [ ! 2n )
where,
c, = l-cos (’t’s/") (3.39)

Inserting the value of the compound impact work rate equation into the wear-rate equation.

the relationship between work rate and wear rate is given by:

P,R)'?
- 0.48 ,( o &) Wy (3.40)
(S, +v.ct '/21r)N”6k,3“' (E")?

w
r

The wear-rate equation is given as a function of number of impacts by:

_ 096f,\R,,, ( P, ] 3”2

W' 3/12
N9/12kN 12 E"

3.41)

The wear depth as a function of number of impacts is determined from the same equation
utilized in the previous section. The only difference in this case is that the value of k,, will
not be the same.

h = Rl(,, _ Rlorg . Rlarg . - 4’PRlarg _ Rl20rg - 4I)Rlarg (3.42)
8 (kN/N)IIG (kN/N)|/6 (kN/N)UGTtE . (kN/N)”6TtE .

Where ky is determined after finding the number of impacts for zero wear using the following

relationship given by Engel [28]:

0 1+ o,

9
- 2000[ YO_‘.] (3.43)
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Wear-rate vs work-rate (OICF)
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Figure 3.4 Wear characteristics of a cylinder obliquely impacting on a flat surface
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where,

B = the surface damage contribution factor given by:

cos™!(1 -N

cos"i(1-)
f sin’Edg f sin%EdE
H 0 0
) = s O<f<2 .
g ( 0.31 = ( 031 08127 (0<f<2) (3.44)
fsingﬁdﬁ
0
Then,
9
= H 18_8 6 16 4 64 2 128) 128
= TS, TS5~ - s - +
71540‘5[ ﬂ( 9°° 63 ° 105 315° 315) 315 (3.45)
or.
f[ v )? .
" 2{ 031/ 2 46
b 2(0.31) f>2) (3.46)
where,

s, = sin[cos™!(1 -]
and the value of 4, is found using the relationship between the wear depth and radius of
curvature as given in the previous section. After determining the value of R, ( h, ) it can be
used to find the value of A, which will help to calculate the constant as follows:

_ No)‘o(’

1-2,

ky

3.47)

Using the above relationships of work rate / wear rate, wear rate / number of impacts and
depth of wear / number of impacts the general trend of wear is shown as per the plots given

in figures 3.4a-c. It should be noted that the wear characterization follows a similar trend as
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in the normal impact case because the equation formulating the above relationships is the
same and the constants are also the same. The oblique angle is assumed to be 45° and is
maintained for the various magnitudes of load by using Engel’s velocity / impact load
relationship for cylinders given in [28]. The only difference is in the introduction of the

surface damage contribution factor f which controls the number of impact for zero wear.

3.4 Pure Sliding Wear Model (Cylinder on a Flat Surface)

The various relationships derived in the previous sections for normal and oblique impact
were based on the wear model arrived at by Engel et al. [30]. In this section, the relationships
for pure sliding motion (Figure 3.5) is derived based on the wear model proposed by Bayer
et al. [16-18]. As in the previous case, the major assumption is based on the proportionality
of wear volume to Palmgren’s famous fatigue relationship. Solving for the solution of the
differential, by expressing the wear as a product of the shear stress. pass length and number
of pass lengths traversed (n), in terms of the variable depth h, will give the wear for the

particular geometry.

w=KN( L)
9 (3.48)
dw = 2 dN+ 2 ¥ gz )
N 2(tp,L)  ™F

where,
K = constant of wear
N = number of cycles

Tmax = Maximum shear stress
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Figure 3.5 Wear pattern of a cylinder sliding on a flat surface
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L, = pass length
The derivation of t,,, depends on the maximum contact pressure and is given by equation

(3.49) for sliding of a cylinder on a flat surface, perpendicular to its axis [16].

t ko 1+ 4p” (3.49)

where,

k, = stress concentration factor

p = coefficient of friction

O,..x = Maximum contact stress
The stress is based on the assumption that the zero wear limit has been reached. Hence, the
maximum pressure is simply the load divided by the total contact surface area:

Py P, P,
Onax = = = 3.50)

A l'Lp /3 Rlorgh

Assuming the wear area is triangular (approximation) the volume worn per unit length is:

w = 2R, h’ 3.51)

Taking the differential with respect to h:

dw = -;- 3R, h dh (3.52)

The next step is finding the differential formulation of the product of the maximum shear

stress and the pass length. The differential is taken with respect to the wear depth, 4 giving:

(1+4p?
d(t,lL,) a{kfo\ 2 J o (3.53)
dh dh
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Since N is given by the product of the sliding distance (§) and number of times the cylinder
traverses this contact (1) over the instantaneous contact length (L), the differential dN can be

expressed as:

Sn
N=—— (3.54)

8R,,

Taking the partial differential with respect to n and h:

_ oN oN Sn S
dN = —dh + —dn dh + dn (3.55)

oh on 2./8 leg n3 /8 leg h

Substituting this quantities into the wear differential equation one obtains:

_ Sn
NE lmgh 2h 8R10,gh

Simplifying and integrating the above equation one obtains:

]
dh (3.56)

%21& ah = V2R “"g ,/—

larg lorg

2_[1.4-‘,_11]dl = f—-—dn => h° =Cn (3.57)

where
C, = constant of integration
The determination of C, is done for the zero wear (maximum depth h,, which is half the

original roughness) of the surface and the zero wear limit is calculated using the following

9
T.
N, - zooo( Yr ’] (3.58)
tm

The average work-rate equation is given by:

equation:
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_ P,NBR,_kh  P.Sn
R T T

3.59)

where,
S = sliding distance
N = total number of times the pass length is traversed
n = total number of times S is traversed
T =total time duration for the wear
P, = maximum normal load
R,,. = original radius of cylinder
h = wear depth

The average wear-rate equation is given by:

2

l—-——r.‘

1
L RRT RRG(CA

r T T

3.60)

The wear-rate can be expressed as a function of time as:

34
2R (
- f = Morg 1

r
3
nl/

(3.61)

W

where,
f = frequency of excitation
The wear-rate is related to the work-rate by the following equation:

1
= ERlarg(V C,’l)3F T W, = —-——2Rl‘"g CIBMW (3.62)
‘ T PoSn ® T psnie

w
The depth wear rate, which is important in terms of identifying the safe operation of tubes,

is given by:
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Figure 3.6 Wear characteristics of a cylinder purely sliding on a flat surface
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h = [Cn (3.63)

By varying the value of P, one can observe the variation of wear-rate to work-rate bearing
in mind that C, the constant of integration is dependent on P,. The variation of the wear rate
over time and the depth rate over time are shown in figures. 3.6a-c. The variation of these
two quantities is plotted by changing the number of times the pass length S which is

7.62E-04 m is traversed by keeping the maximum contact load at 2000 N/m.

3.5 Normal Impact Wear Model (Cylinder in a Cylinder)

The wear model of a cylinder within a cylinder (Figure 3.7) is analysed by making use of
approximate wear volume equation and using this equation in the differential wear model as
in the previous cases. According to the optimal wear path principle the wear curvature
surface is equal to the geometric Hertzian contact of the two objects and proceeds in a
manner which will conform this curvature of the wearing object to the hard object’s curvature
[28]. Therefore a geometrical approach is adopted to find the variation of a (half the Hertzian
contact length) with respect to the wear depth h as the radius of curvature of the wearing
body proceeds automatically conforming with the slightly larger diameter hole. The

following relationship gives this variation as (Appendix B):

R, h~0.5h>
Rl = Rlurg —h+ = " (3.64)
Rlorg ~h- Rl.org-a -
where,
4P R, R
a = OR.nrg 1 (3'65)
nE"’ (Rang -Rl)
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Figure 3.7 Wear pattern of a cylinder impacting in a conforming surface
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The value h can be expressed in terms of the variable R, and some other constants as follows:

2 4PR,, R, +\JR12_ 4PR R (3.66)

h = R, R, '\JRl:Jrg" . -
TE (R, - R)) nE (R, -R))
From the above equations there is a unique relationship between & and R, and there is one
between a and R,. The value of R, varies from R, to R, meaning the validity of this wear
model is limited until there is absolute conformance of the two bodies. Therefore, usin g the
above relationships, an exponential equation is obtained by approximating a in terms of h,
minimizing the error as follows:
a = 022404 (3.67)
where /1 is in meters. Substituting this value into the volume of wear using the parabolic

geometry of wear relationship:

4 2 dw 9
w = —ah = 029h'* => 2= = 0414%%
v 3 a ah (3.68)

Assuming conformance of the surface as a result of the two radii being almost identical the
maximum contact stress including the stress concentration factor (k) is taken as the pressure

over the projected area times stress concentration factor.

5 - kP, _ kP, ) do_ ) _0.19kP, (3.69)
max 2a'1 0.44 h (042 dh JRRE
substituting this above relationship in the following differential:
d dN 9do
NN e @70
max

Substituting and simplifying the above relationship gives, the solution is obtained by

integrating the above as:
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dh dN
f 1.497 =I5 = h'* = C,\N 3.71)

The value of C, is determined from the zero wear impact model N, for a zero wear depth (hy)

of 0.0005 mm:
Yo ?
N, = 2000( —’] 3.72)
omax
where.

Y = constant for wear
o, = yield stress of the material
O, = Maximum contact stress

Using the value of 0.0005mm for h, one can obtain the constant C, from:

h 0l 49
C, - 3.73)

No

The work rate can be approximately determined by assurning the relative sliding distance to
be the difference of the elastic compliance of the two bodies. It is taken as a product of. the
difference between the average radius and wearing radius of cylinder plus the difference
between the original radius of conforming hole and wearing radius of cylinder, and the
contact angle. Thus,

6(1,h)( % -RIJ + e(:,h)( R, -&;;%] = 8(tLh(R,,, -R) (3.74)

giving the work rate as:

NP, ' (t.h) 2NP, _
W, (h) = @ fsin] =[sin| 222 V(R R (W))dt = o5 .
Rm( 1) Tr* -(( ( I.) [Rl(h) [ 20rg |( )] T 2 (3 75)
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where,

4P()R(h)
nE "

a(t,h) = 3.76)

and.

R, R
Reh) = 2= 377
I

2org

In the above equation, a is a function of both time (¢) and wear depth (A) as the one of the
radius is wearing. The need for classifying h and ¢ separately arose due to the wear depth
being negligibly small within the contact time ¢*. Hence, the above integration can be
performed by assuming / to be constant in the interval of this contact time. The contact time
for a cylinder impacting against a conforming cylinder can be derived by starting from
Dubowsky's [53] elastic deformation equation:

vrhy = 2@ ln( Sa“”'f: eJ (3.78)
2a,,E" | RWPQ)

where.

a,, = half of the axial contact width

P(r)= the applied load (N)
Assuming / to be constant in the time interval 0 to r” and taking the force variation to be
sinusoidal, one obtains:

P sin(nt/t ')l 8a..E"e
n

2a,,E° RPsin(nt/t )

¥ = 3.79)

In order to derive the duration of impact one can follow a similar procedure employed in

section 3.2. Assuming the cylinder has a mass m_ (kg) and is impacting the surface with a
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velocity V one obtains:

- dv(@) =
= -p
m— () (3.80)

After impact between the cylinder and the flat surface has commenced. the relative velocity

is as shown earlier given by:

dy(r)
—_— = V I 4
Tt (4] 3.81)
taking second derivative of v:
d>@) _ dv@) _  P@)
e ar " (3.82)
which gives at 1 =17/2:
_ 3 . _
dX’ P m~ [ 8a. ,E’e P
i L [ ik =-= (3.83)
dt- 2a,,E"t '“[ RP, m,
This implies that:
" 8al.E"
1T =T “—In a“': (3.84)
2a ,E° RP,

The value of the half axial contact width a,, is 0.0005m which corresponds to half the width

of the scallop bar support. The wear rate / work rate relationship is given by the following

equation:
. /2.1y ' 0.95
W = 0670(1-/2 ) ka(h) = _O_IET_WR’",(};) (3.85)
NP,S,(h) N°%5p, S, (h)

The wear-rate as a function of time is given as:
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Figure 3.8 Wear characteristics of a cylinder normally impacting on a conforming support
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w, = —No.os (3.86)
The wear depth 4 is given by:
L
h o= (C, N) 1.49 3.87)

The last three relationships are used to plot the variations of wear rate vs work rate, wear rate
vs frequency of excitation and depth of wear vs number of impact. Even though R is a
function of wear depth (4), the numerical integration is performed by assuming & to be
constant in the time interval 0 to ¢". This is a justified assumption as the wear depth / does
not vary in the contact time ¢° while impacting. The quantity varied in order to plot (figures
3.8a-c) the wear rate / work rate relationship is the load which is from 2000 - 20000 N/m.

and for the wear rate and wear depth is number of impact.

3.6 Oblique Impact Wear Model (Cylinder in a Cylinder)

The derivation for the oblique impact (Figure 3.9) wear model! is the same as the normal

impact however the only difference is that the initial condition will be different and the work

rate equation will involve a sliding component.

FS

w = —5ah = 0.29h !4 (3.88)

The relationship between & and N is given same as in the previous case by:

h'¥ = C,N (3.89)

The constant of integration is obtained from the zero wear characteristics i, and N,. Value
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of the zero surface wear can be taken as 0.0005mm which is taken as the same from all the

previous cases, and value of N, can be obtained from the following equation:

9
2000 | YO,
N. = L A 3.90
° (1+B)[ ] 350

omax

where the surface damage contribution factor is given by:

cos”I(1-n
- 9'
) { sin°Gdg oeres (3.91)
b= (0.31] osizz - (O0U<D)
or
B = 1(-"—)9 f >2) (3.92)
2{ 031)° )

The values of 7, is the same as given in section 3.3 by equation (3.37). The work-rate can be
similarly derived by:

We = We, + We 3.93)
The work-rate due to normal impact has already been derived in the previous section where

as the work-rate due to compound impact is derived as follows assuming the load variation

is sinusoidal over the duration of contact, having a maximum value of P,

t
N : N Tt NPOV.st.
W,. = — |P.sinf —|jvdt = —>_[1] -¢ .94
. rf[,) ol U (3.94)
where,
c, = 1-cos (m/t )
Therefore.
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Figure 3.10 Wear characteristics of a cylinder obliquely impacting in a conforming support

81



2NP, (S v.t'c, (3.95)
= + X
k T 2 2n

Inserting this into the wear-rate equation above the relationship between work-rate and wear-

rate is given by:

0.67a(t */2,h)h 0.15C;
w, = LMLy P Wei  (3.96)
NP, [S,(h) +v,c t"127] NOOPp [S,(h)+v,c .t 27]
The wear-rate can be obtained as a function of time and is given by:
0.22f,C/
w, = NG 3.97)

Similarly, the wear depth vs number of impact can be plotted from the following

relationship:

1
h = (C,N)' (3.98)

The wear characterization is performed using the above three equations which relates the
wear rate to work rate. the wear rate to number of impacts and the wear depth to number of
impacts (Figure 3.10). The constants are similar as in the previous cases and the variables are
also similar. As in the oblique impact of cylinder on flat, the oblique angle is maintained at

45° for the various magnitude of loads while impacting.
3.7 Pure Sliding Wear Model (Cylinder in a Cylinder)

The model for pure sliding wear (Figure 3.11) is derived by assuming that radius of cylinder

will reduce by a length equal to the wear depth evenly. All the equations being valid for the
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cylinder on flat the basic difference is in the equivalent radius of the Hertzian contact model

is therefore, given as:

— RZorg(Rlorg - h) (3 99)
RZorg -~ leg +h '

This implies that the above value of R is used in the equation of half the Hertzian contact
width a. The maximum shear stress for sliding objects which are conforming is given in the

Handbook of Analytical Design [16] by the formula :

2P
Toax = kn—a"( l;“ J (3.100)

Taking the differential with respect to the depth h in order to substitute into the sliding wear
differential equation one obtains:
d

3Pof 1em
doml) MR\ T2)| (3.101)

dh dh
The wear volume is assumed to be the rectangular area defined by the hertz contact width 2a

(L) and the wear depth h. Therefore it is given by the following equation:

4P.|R.(R -h
w = 2ha = 2h °[ (R, =1
RE"|R,~R +h

Substituting the differential of the wear volume and the maximum shear stress and

(3.102)

integrating the final differential wear equation one obtains a simplified equation relating the

wear depth (#) and number of passes (V).

h IR cN

(3.103
R,-R,-hi )

where .,
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C, = constant of integration
which can be approximated by:

084
N = %— = h= (I.OSC,N)"l9 (3.104)
!

The zero wear model is utilized to find the wear for a value of 0.0005mm for A, and it is
expressed by N, = 2000 (y Rrv/rm)“’as shown in the previous sections. Using this

relationship the constant of integration C, can be determined for 0.0005mm of h, implying:

ko /IR Ry
C = (3.105)
N, /IR, =R, ~h|

The work rate equation can be given by:

NP, f sin( B—) dx
A 2a 4aNP, (3.106)

“’ = =
R T T

The wear rate / work rate relationship is given by:

2ha =T W Th

_ 2ha_ =T W
" "T 4P,Na ® 2PN * (3.107)

but A and N are dependent on each other giving:

7(1.05C,N)"19 1.67C, P NO19
w, = ( T [’VN) W, = ;) W, (3.108)
0 0

The wear-rate as a function of time is given by:

2£,(1.05C,N)""° | 4P [R,[R, -(1.05C,N)"*]
W =
. N mE"|R,-R, +(1.05C,N)"*®

3.109)

which is simplified to:
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Figure 3.12 Wear characteristics of a cylinder purely sliding in a conforming support
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Py[R,,, IR, ~(1.05C,N)"1°]

w, = 2.4f C/ PN — (3.110)
E*|R,,. -R,, +(105CN"
The wear depth / number of pass length traversed relationship is given by:
h = 1.06(C,M)""? (3.111)

The wear model for this case is derived based on a region defined by the Hertzian contact
length (2a) on the circumference of the tube, i.e. even though the wear in sliding is over the
entire circumference, the characterization will be done on the region mentioned because in
one cycle the region will be loaded only once. The stress concentration factor was assumed
to be unity for the purpose of comparison with all the other case. In order to calculate the
wear rate / work rate relationship the load P, was varied from 2000-20000 N/m. This implies
that constant of integration C, which is dependant on the force was also varying
correspondingly. However, to calculate the wear rate and wear depth variation (Fi gure 3.12)
the only variable was number of passes N, which corresponds to the total number of cycles

while the load was kept constant at 2000 N/m.

3.8 Discussion

Taking the interaction between a cylinder and a flat surface the wear rate / work rate
relationship indicates that even though there is a comparatively higher work rate value for
pure sliding conditions, the wear rate values are relatively higher for normal and oblique
impact conditions. Provided the contact force is not varied over the duration of the
application one can observe that the wear rate and wear depth of the cylinder over the span

of the simulation are seen to be highest for oblique impact, followed by normal impact and
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pure sliding conditions. The comparisons were performed for the same force magnitudes,

hence indicating the relative effect of impact and sliding contact conditions.

The analysis of a cylinder in a conforming surface for the three contact conditions, indicates
similar characteristics like the above. In this case also, the wear rate associated with sliding
is slightly less than normal impact. It should be noted that even though wear rate / work rate
relationships are derived theoretically, experimental investigations of the wear associated
with impact can not be characterized using work rate, as this quantity can not be accurately
measured. The effect of normal impact is seen to be quite dominant according to the
relationship. This phenomenon can especially be observed in cases where number of impacts

or passes are related to wear depth.

The derivation of the wear model by Bayer et al. [14] has introduced the use of stress
concentration factor for the end contacts. Accordingly, the author of this thesis has chosen
to introduce a similar factor to the wear model given by Engel et al. [30] and have taken this
value as unity for comparison purposes. This factor is detrimental to the quantity of wear
occurring. therefore since the geometry of the contacting bodies was similar for the various

contact conditions it is not unreasonable to assume the same value for all the cases.

The plot of Figures 3.13-15 indicate that the concept of uniqueness for the wear rate work
rate relationship is not justified. It shows that based on the type of contact and geometry of
interacting materials there could be different wear rates for the same amount of work rate.

It can also be seen that the wear associated with impact can not be ignored as it might have
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comparable amount of material wear depending on the amount of load and number of
application. The main reason for this is that according to Bayer’s sliding wear model the ratio
of the maximum shear stress to the yield stress in shear is comparatively lower than the ratio
of maximum contact stress to the yield stress in compression. The zero wear value which has
a greater control on the magnitude of wear is highly sensitive to the stress ratio mentioned

and stress concentration factor, as it is the 9% power of the quantity which controls the wear.
po q

3.9 Conclusion

The analysis performed using proven wear models shows that the characterization of wear
can not be done using work rate as a scaling parameter. The derivation carried out for
characterizing wear of various geometries and contact conditions with respect to work rate
indicates that the relationship between these two quantities is not unique and that it is not
linear as well. There were cases where extremely small (nearly zero) work rate quantities
were resulting in significant wear rates equivalent to those of relatively higher work rate
values. The above relationships derived for various contact conditions seem to point out the
discrepancy with regards to wear characterization, discussed earlier. It is therefore important
to realize the fact that subsurface phenomenon is highly critical to the wear occurring in
between two contacting objects under relatively low load and derive a new model which
addresses this factor and recognizes the need for a generalized wear model capable of
handling all the vanious contact motions. After the derivation of this model the appropriate

characterizing parameter can be clearly defined.



CHAPTER 4
EXPERIMENTAL SETUP AND ANALYSIS OF RESULTS

4.1 Fretting Wear Rig

The wear mechanics of two contacting objects in relative motion is dependent on various
factors as described in the previous chapters. Therefore, the conducting of experimental
investigations is crucial for the assertion of the validity of the mathematical models. Based
on this reasoning, the fundamentals of a regulated experimental analysis are identified by
properly classifying the controlled input parameters and resulting effects, essential to this

research work. [104] (Author’s Ref.)

The requirements of the experimental setup are simplified such that the motions imparted to
the tube, the amount of contact force generated and the frequency at which this force is
applied are controlled. Hence, inherent specifications of the setup are:

1) It should be a fairly rigid setup, because of the excitation loads associated

2) Precise control of forcing input for repeatability

3) The use of non corrosive materials to reduce the effect of chemical wear

4) Accurate data collection of the applied force and measured displacement

5) The environment in which there is an interaction between the tube

specimen and support ring specimen should be as close as possible to the

actual operating conditions of a heat exchanger.
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Taking these five points as a guideline, the attainable objectives are identified and the design
of the setup carried out, without compromising the fundamentals of the research work. The
design of the setup had to be built around available transducers in order to avoid unnecessary
cost. Factors influencing this design were classified into two predominant categories,
environmental conditions and forcing input. It was also essential to have easy access to the
interaction zone, as the tube and support specimen had to be changed for every experiment.
Because of the nature of the experiment, which is of a relatively long duration, (168 hrs at
14 Hz) it was also important to prevent the fretting of vital components of the setup. This

may alter the structural integrity and dynamic response of the system in the long run.

The conceptual design of the rig was initiated by categorizing the components required for
the predetermined functions. Then the problem was reduced to bringing these components
together in their appropriate position, using a rigid setup which satisfies most of the imposed
requirements and restrictions. Hence, the various important components are classified into
five major parts which are listed as:

1) Accurate positioning of the contact zone should be in place

2) The proper force and displacement measurement apparatus should be utilised

3) Appropriate motion and force controller should be designed

4) The material interaction zone should be in water, to simulate realistic conditions

5) Data acquisition and processing should be implemented
Even though, there was a test rig borrowed from the fretting laboratory of Ontario Hydro
Technologies (OHT-rig), which satisfied the above requirements, it was deemed essential to

design another test apparatus (ConU-rig) for the purpose of the exclusion of the dynamic
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Figure 4.1 Fretting wear rig designed and built at Concordia University
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effects. The design of the new rig (Figures 4.1 and 4.2) is similar to the single span room
temperature fretting wear rig designed by Dr. Attia (Figures 4.3 and 4.4). This setup was used
for conducting some of the experiments, while the remaining ones were conducted on the
ConU-rig. Details of the experiments conducted is given in Table 4.2. Results of the
experiments on both the OHT-rig and the ConU-rig are used to verify the mathematical

model. derived to predict the wear rate.

4.1.1 Positioning Device

The correct positioning of the experimental zone is crucial before starting the experiments.
Bearing in mind that the radial clearance between the tube and support is only 0.15 mm, it
is not uncommon to position the specimen holder off its central position due to the inherent
assembly error, every time a new experiment is begun. Therefore, to reduce the unknowns
of the experiment and to ensure repeatability it is recommended that the position of the
specimen should be at the centre of the holder, before the start of each experiment. This setup
works in tandem with the proximity sensing device to ensure the relative position of the tube
specimen with respect to the support ring specimen, and to periodically monitor the position,
while force measurements are taken. Therefore, in order to make use of this setup, there

should be an accurate positioning attachment incorporated.

This positioning device is implemented in the form of an X-Y table, located at the top of the
setup, to vary the placement of the specimen near the contact zone. The motion of this table

is controlled using two lead screws, fitted with a knurled knob at the end, to generate the
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necessary displacement for accurate placement of the tube. A sub-assembly drawing of this

setup, given in Figure 4.5, indicates the operation of this table.

4.1.2 Force and Displacement Transducers

The force sensor is a Kistler 3-axes piezoelectric transducer, used for measuring forces in the
three orthogonal direction. It is a very rigid sensor with a correspondingly high resonant
frequency. in order to measure very rapidly varying force changes. A proportional electrical
charge is setup in the platform for each of the three force components. These charge signals
are converted and amplified using a charge amplifier, and the output data is fed into the
computer in the form of voltage. The computer is equipped with a data acquisition card

which converts the analog signal to digital signal and stores it in a file for further processing.

The Kistler load plate is capable of measuring up to S kN in all the three axes, which is far
more than the maximum anticipated load of 200 N. Only two directions, x and y are used to
measure the force signal. The calibration was already done using a pulley and known
weights, to ensure accurate results of the measured force. An impact hammer was used in this
case, to check the calibration, and was in good agreement with the results provided from the
first method. The magnitude of the excitation was varied to cover a wider range in the

calibration process. Following this procedure an almost linear relationship was obtained.

The sub-assembly drawing of Figure 4.6 shows how the force transducer is attached in the

experimental setup. The calibration was done on the assembled setup to acquire better
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accuracy of the results.

The other essential component of the setup is the displacement measuring apparatus. The
function of a non-contact displacement measuring sensor (Figure 4.7) used in this experiment
is to monitor the position of a target relative to some reference plane. The magnitude of the
analog output is dependent upon the relative position of the target, within the sensor’s
electromagnetic field. The displacement transducer is a Kaman non-contact sensor, which
has a maximum span of 1.016 mm (0.04") and a required minimum offset of 0.127 mm
(0.005"). The calibration was conducted using a micrometer setup on the target surface,
which was made from the same material as that used for the experiments. Signals from the
non-contact sensors were conditioned in the oscillator demodulator, and then fed to two of

the four channels, on the data acquisition card.

The calibration procedure is as follows:

1) The target is positioned in place using a micrometer setup and a spacer with a
combined thickness of the maximum displacement plus the offset.

2) The gain control is then adjusted until the desired full scale voltage is obtained.

3) The next step is to position the target at zero displacement plus offset, and to adjust
the zero control such that the output voltage reading goes down to 0 V dc.

4) Following this, the target is positioned mid way between the full scale displacement
plus offset and the zero displacement plus offset. Then, the gain control is adjusted
until the output voltage reading is half of the full scale.

5) The target is repositioned at full scale displacement plus offset and the reading of the
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output voltage is noted down. The difference is taken as the output reading minus the
desired reading already set in the second step. Then the linearity control is adjusted
coarse and then fine, until the adjusted output reading is equal to the desired reading
minus the difference. For example, if the output voltage reading is 1.300 volts and
the desired value is 1.000 volts then the linearity control is adjusted until the voltage
reads 1.000-(1.300-1.000), or 0.700 V. Similarly, if the output reads 0.800 then the
required value is 1.000-(0.800-1.000), or 1.200 V.

6) Steps 3 to 5 are repeated as many times as required, until the desired output voltage
is obtained at each position. Accurate calibration will remove the necessity of further
variations to the zero, gain and linearity controls.

Following this procedure, the calibration for the particular specimen was set at 1 V/mm and
a munimum offset of 0.127 mm (0.005") implemented, for the proximity sensor measurement

device.

4.1.3 Motion Controller

The motion is controlled through inertial force input. This input to the system is carried out
using two stepper motors and their controller, to attain different combination of Fx and Fy
ratio, as listed in Table 4.1. Variation of the ratio was implemented by attaching different
weights at the end of the arm and rotating the two motors in opposite directions (Figure 4.8).

Motors rotating in the same direction with the same speed will give pure sliding motion.

The equation describing the force generated by the rotating unbalance is a function of the
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unbalance mass, its position and its angular velocity. For the type of arrangement used in

this setup the total instantaneous radial force is given by:

F, = |IM,R wlc, + M,R,wic ) +[M,R,&’s,, +M,R,3s_ T @1D)

where,
c,, =cos(wt) i=12
Sy = sin(wt) i=1.2

Table 4.1 Details of the force excitation mechanism

No. Mass 1* Mass 2* Force x Force Force ratio
1 100 gm 100 gm 0 63.19 0
2 100 gm 90 gm 2.77 60.42 0.05
3 100 gm 41 gm 16.35 46.84 0.35
4 100 gm 10 gm 23.84 34.36 0.60
5 100 gm 0 gm 27.72 35.48 0.78
6** 100 gm 100 gm 63.19 63.19 1

* Mass number designation refers to the amount of mass mounted on each motor

** This indicates that the rotation of the motor is in the same direction
The restrictions to the above equation are that W, = W, 0r W, = - w,. For the first case i.e.
both motors rotating in the same direction with the same speed the total generated force is
of sliding type (case No. 6) and given by:

2
F, = (MR +M,R)w; 4.2)

The above equation describes the magnitude of the radial force at any angular orientation of
the system. For the second case, i.e. the motor running in opposite direction but at the same

speed the total generated force (case No. 1-5) is given as a function of time as:
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F, = ;|/[(M,R, + M,R,)cos(w O]+ (M, R, - MyRy)sin(@, 1) @4.3)
The first term under the square root refers to the force along one axis and the second one
refers to the force along an orthogonal axis. The angle at which the force is applied is given
by the inverse tangent of the first term divided by the second term. The values of MR, is not
only the effect due to the concentrated mass, but also that of the holder which has to be
integrated over the entire length. Therefore, equation (4.4) gives the total value of MR, in
terms of the thickness (t), width (b), density (p) and effective length (Fpar-T mn)Of holder.

rM

MR, = [ribpdremr, = (ry,-r} 08 o, @.4)

i (rmax min) 2 [

rrmn

4.1.4 Interaction zone

The tube and support specimen interaction location has to be near the base of the setup, to
accommodate the force transducer available. It is crucial for the design of this sub-assembly
to be less than 25 mm in height, from the face plate of the load sensor, because of transducer
restrictions (Figure 4.6). In addition, to simulate the actual operating conditions as close as
possible, it is essential to have the contact occurring in water. For the purpose of reducing

the chemical effects on the wear, only distilled water is used.

4.1.5 Data acquisition and processing

The data acquisition is done through a computer equipped with a National Instrument data

acquisition card and a windows based interface programming software known as LabView.
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The data acquisition card is capable of collecting data, for four channels (two forces and two
displacements) simultaneously sampled, at a rate of 20 kHz. A total of 6 sec worth of
information is collected at an interval of four hours. Each file is saved in the form of binary
file taking up a total of 1.92 Mbyte of hard disk space. The program developed for this
purpose is capable of carrying out this function once every 4 hours (or any desired time)

using the clock of the CPU, until the experiment is finished (Figure 4.9).

Each experiment is run at a frequency of 14 Hz for seven days resulting in a total of nearly
8.5*10° excitation cycles. Therefore, the total number of space taken up by the raw data was
about 81 Mbyte on the hard disk for each experiment. Because of the size of the experimental
data, an optical disk is used to store the information after the completion of each experiment,
and the hard disk space reclaimed by deleting the raw data. This data had to be further

analysed off-line to give the interpretation of the results.

The data processing software is developed using the G code of LabView and a number of
information is obtained for each run. The analysis of each set of data took about six hours
of total computer time. The first procedure is to read the four signals, two displacement and
two forces. These signals are scaled appropriately using the sensitivity values and the signal
is filtered using a digital Butterworth filter. The difference of the displacement signals
between two consecutive measurements is taken and stored in two, one dimensional arrays.
The filtered force signal however, is converted into magnitude force by taking the square root
of the sum of the two squared forces (Fx and Fy) and also stored in two, one dimensional

arrays. The subsequent step of the analysis is the multiplication of the average force by the
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Figure 4.9 a-b Front panel and wiring diagram of data acquisition program
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corresponding displacement. A segment in the program is also developed to categorize the
different percentage occurrences of force and displacement. It takes the maximum force and
displacement and divides it into six, giving a six by six matrix, resulting in a total aggregate
of thirty six percentage values (to be used in the characteriztion equation of Chapter 7). The
program is also developed such that the work rate can be calculated using the approach of
Hofmann et al.[5]. However, since there were some experimental constants to be determined
depending upon the material used, the modified work rate value was obtained using the

percentage matrix distribution and the calculated work rate in a spreadsheet program.

4.2 Error Analysis

The calibration conducted for the transducers and measurement equipments produced some
errors. though not significant. Results obtained from the impact hammer were compared to
the values obtained from the force transducer. The comparisons were carried out for the
forces in the x and y directions separately and the error for the total force was obtained from
the vectorial summation of the individual force (F, and F,) errors (Appendix C). The total
error with a confidence level of 95% (20) was found to be 12.03 N. This was obtained for

the range of force measurement considered from 17 N to a maximum of 261 N.

The displacement measurement apparatus was also calibrated using standard spacers. The
two orthogonally placed proximity sensors were calibrated separately, and the maximum
percentage error near the zone of interest, obtained. The maximum radial clearance of the

tube and the specimen was given to be 0.02 mm and the original setting of the tube within
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the specimen was around 0.627 mm (mid-span of the proximity sensors) from the tip of the
non-contact sensor. This implies that the motion of the tube is from 0.607 to 0.647 mm. It

was determined that the total error was 0.7 um, with a confidence level of 95%.

The weight measurement was carried out using a digital scale, which is sensitive to four
significant digits and capable of measuring from 0.0000 to 100.0000 g- The total weight loss
measurement was relatively small, ranging from 0.0002 to 0.0227 g. Therefore it was
essential to conduct a repeatability measurement of the specimen, both before and after the
experiment. The results obtained for this test were extremely good, deviating by a maximum
value of only 0.0001 g. Based on this maximum value, the error for a 95% confidence level

was obtained to be 0.0002 g.

4.3 Experimental Results

In this chapter, some of the relevant results implemented in the validation of the wear model
developed in Chapter 6, are observed (Figures 4.10 - 4.23). The orbital motion of the tube
at the start, middle and end of the experiments are plotted to observe the variations, if any.
The time history of the work rate ( f P(1)s()dt/T) is also plotted, so is the mean force (load)
rate (F,)) which is defined as f P(1)dy/T . In addition, the percentage distribution of the force

and displacement combinations are plotted in a 3D graph.

A number of deductions can be inferred from the graphical representations displayed for the

different experiments. It can be observed from the plots that there is not an appreciable
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difference in the average work rate and mean force rate over the duration of the experiment
except in the case of experiment number 5. It was also observed that the motion did not
change over the seven days duration appreciably, especially in the case of sliding and oblique
impact. It can also be observed that the force or energy level associated with impact is
relatively lower on the overall compared to sliding. This is apparent from the 3D percentage

graph (to be used in Chapter 7) representing the load and sliding distance combinations.

Table 4.2 Experimental results

Expt. FJF, Experimental | Duration | Weight loss Figure

No. setup (hours) (g) No.
1 0.0 OHT-rig 168 0.0031 4.10
2 0.35 OHT-rig 168 0.0090 4.11
3 1.0 OHT-rig 168 0.0227 4.12
4 1.0 OHT-rig 168 0.0211 4.13
3 0.0 OHT-rig 168 0.0059 4.14
6 0.35 OHT-rig 168 0.0124 4.15
7 0.78 OHT-rig 168 0.0085 4.16
8 Os.+1.5kg* OHT-rig 168 0.0002 4.17
9 Os.+3.0kg* OHT-rig 240 0.0010 4.18
10 0.35 ConU-rig 168 0.0012 4.19
11 0.6 ConU-rig 168 0.0026 4.20
12 0.0 ConU-rig 168 0.0005 4.21
13 0.05 ConU-rig 168 0.0016 4.22
14 0.05 OHT-rig 168 0.0013 4.23

* Os. indicates oscillatory sliding with the constant applied normal force
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Table 4.2 indicates some of conditions implemented in the experiments conducted for this
thesis. The type of orbital motion, the setup used, the total duration of the experiment, the
total weight loss and the figure number corresponding to each experiment are given in this
table. There were a total of fourteen experiments conducted for this research work, excluding
the ones conducted for the commissioning process of both experimental setups. Even though,
the total duration of each experiment is seven to ten days per experiment, there were a
number of obstacles that were encountered during the course of this research work. It should
be noted that the total duration of the experimental work took nearly a full year to design,

setup and conduct all the experiments, carried out on the rig built at Concordia University.

All the necessary precautions were taken to ensure repeatability of the experiments. This
was crucial because of the calibration and verification process for the proposed wear model
in Chapter 6. This model is derived following the fracture mechanics analysis conducted in
Chapter 5. This model is further implemented to accurately characterise the wear rate
incorporating the 3D force-displacement percentage distribution. This verification of the
characterization parameter is implemented in Chapter 7 of this thesis. In addition, the

uniqueness of the solution is also investigated in this chapter.
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Figure 4.10 a-f) Experimental data analysis for a normally impacting motion
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Figure 4.12a-f) Experimental data analysis for sliding contact Fx/Fy = 1
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Figure 4.13a-f) Experimental data analysis for a purely sliding contact Fx/Fy = 1
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Figure 4.14a-f) Experimental data analysis for a normally impacting motion
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Figure 4.16a-f) Experimental data analysis for an Fx/Fy = 0.78 (Oblique ratio)

119



Work rate (Nmm/sec)

1.0ad rate (N/sec)

o1 '

40 +

ol N

un‘h ™

o)

ﬂJI .

O 5

0t

ol ;

0 50 100 150

Tare (Hrs)
d

07 .

o] o R SRRy,

o ¢ .

°7

“]

0+

»

o- .

0 50 100 150

Tore (Hrs)
e

18+
161
144
27
10
84
61
4
2
O

—_

Figure 4.17a-f) Experimental data analysis for oscillatory sliding motion
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Figure 4.19a-f) Experimental data analysis for Fx/Fy = 0.35 (Oblique ratio)
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CHAPTERSS

FRACTURE MECHANICS APPROACH FOR THE STUDY OF
CRACK NUCLEATION AND PROPAGATION IN FATIGUE
DOMINATED WEAR

5.1 Introduction

The wear model developed by Suh [10], based on delamination theory of wear requires the
study of fracture mechanics, to analyse and justify experimental findings as well as quantify
the wear volume due to the applied load. It has been established that crack nucleation and
propagation are major factors in determining the wear rate [54]. In accordance with these
arguments the state of the art survey conducted on crack nucleation and crack propagation
will be, briefly examined. In this chapter, an extension to the delamination theory is
introduced, by studying the crack nucleation and propagation phenomenon, using finite

element modelling. [103, 109] (Author’s Ref.)

5.1.1 Crack Nucleation

The nucleation of cracks at the subsurface level has been investigated by various prominent
researchers, working in the area. It is approached from two different fronts. The dislocation
mechanics approach is one and the continuum mechanics approach is the other. Based on the
type of analysis performed, they could be in qualitative agreement‘pertajning to the various
conditions affecting crack nucleation. If the material to be studied is considered to have

impurities, then it will be advantageous to use the continuum mechanics approach, However,
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if the material to be studied is assumed to be relatively pure with no impurity or inclusions,

the dislocation mechanics is the right approach.

Researchers using dislocation mechanics for the study of cracks attribute its initiation to
cumulative dislocation, for cyclic loading. Mura and Tanaka [S5] identified the persistent slip
band as the possible site for crack initiation due to the cumulative nature of dislocation on
this plane. They proposed dislocation dipole models to explain significant physical
phenomena apparent in cyclic loading and justified that damage accumulation of cyclic
loading was due to dislocation. They attributed fatigue crack initiation to a critical value of
cumulative self energy of dislocation. Following this research Tanaka and Mura [56] derived
a relationship for the monotonic buildup of dislocation using the theory of continuously
distributed dislocation. They associated crack nucleation with extrusion or intrusion, and
stated that the critical value of the stored strain energy is reached when the crack size grows

to the grain size of the metal.

Lin [57] developed a quantitative fatigue crack initiation theory. His analysis indicated that
during cyclic loading of members, one thin slice of metal slips during forward loading and
another closely located slice slides during the reverse loading. He also investigated the
effects of local plastic strain, mean stress, grain size and strain hardening on the number of

cycles required for fatigue crack initiation.

Mura and Nakasone [58] extended their research on crack initiation and arrived at a new

model taking the form of a new nucleation theory similar to Griffith’s theory. It was based
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on the concept of Gibbs free energy change from the state of dislocation dipole accumulation
on the persistent slip band to a state of crack initiation on this layer. A plot of the Gibbs free
energy against cyclic numbers of loading indicates that it takes a maximum value at some
critical number and progressively goes down after passing this number, implying that crack

nucleation will occur at this critical value.

Cheng et al. [59] carried out an experimental study on surface crack initiation for contact
fatigue by machining furrows using electric discharge machining (EDM) methods. The
reason for using EDM is for avoiding built-up edge and associated residual stress for the
purpose of stress analysis. They were able to conclude from their test results that the size of
the furrow did not influence the crack initiation life. Following this investigation, Cheng et
al. [60] extended the new crack initiation model derived by Mura and Nakasone [58] for
sliding boundary conditions. This model was derived both for a surface and a substrate crack
and the quantitative analysis they carried out showed that the life of a surface crack initiation
is much lower than that of a substrate crack. They studied the influence of the various factors
affecting the life of a crack initiation such as, residual stress, hardness, temperature, etc. They
showed experimental verification of their analytical equations both for the surface as well

as the substrate models.

The continuum mechanics approach for crack nucleation is based on the assumption that we
are dealing with a non-pure metal containing inclusions at the substrate. The energy criteria
was first proposed by Gurland and Plateau [61] while considering void nucleation from

elastic spherical inclusions. The stress criteria was proposed by Ashby [62] and it states that

129



a void can be formed at a particle matrix interface if the tensile radial stress at that point

exceeds the cohesive strength of the interface.

Argon et al. [24] proposed the conditions of cavity formation for equiaxed inclusions in
ductile fracture. They found that the critical local elastic energy is necessary but not sufficient
condition for crack nucleation. Therefore, the interfacial strength must also be reached for
the other condition to be satisfied before particle matrix separation is to occur. Argon and Im
[63] demonstrated experimentally that due to the high hydrostatic pressure at the contact
interface the possibility of void nucleation is reduced. But further away from this region the

effective stress is dominant enough to initiate crack.

Jahanmir and Suh [64] carried out an in depth analysis, studying the subsurface stress
distribution of two contacting objects, sliding relative to one another, and showed the
location of void formation, based on the summation of the steady state cumulative residual
stresses and applied stresses. The analysis carried out in their investigation followed the
Merwin and Johnson 23] method which utilized an approximate solution for the point in a
semi-infinite body, loaded in compression and tension while being subjected to a

rolling/sliding member.

Jahanmir and Suh [64] demonstrated that void nucleation can only occur below a certain
depth, from the surface because of the large hydrostatic pressure at the contact. The depth of
void nucleation from the surface was found to be more for higher normal contact pressure

and friction coefficients. The crack nucleation criteria was based on the continuum
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mechanics approach proposed by Argon et. al. [24], which states that the radial stress, which
is equal to the summation of the von Mises (effective) stress and the hydrostatic stress,

around an inclusion, should reach the particle matrix bond strength.

Salahizadeh and Saka [65] conducted an elasto-plastic analysis in order to study the
mechanics of crack initiation in rolling contact. Using the continuum mechanics approach
they had to insert hard particle inclusions in their model to study the crack nucleation criteria.
They stated that for a particle matrix interface to debond, the stored elastic energy in and
around the particle should be larger than the work of adhesion and the maximum residual
radial stress should be greater than the cohesive strength of the particle matrix interface. An
experimental analysis was conducted by Foltyn and Ravi-Chandar [66] for the crack
nucleation of an interface crack in composite materials. Their analysis focused on the
initiation process under mixed mode loading and they were able to conclude that under this

type of loading, the interface fracture energy is a function of the extent of the mix.

5.1.2 Crack Propagation

The phenomenon of crack extension is identified as being dependent on the type of loading
in its immediate vicinity. There are three modes of crack extension accepted in the fracture
mechanics community. They are mode I, mode II and mode I, which are, opening mode
encountered in symmetrical extension, sliding mode which occur in skew-symmetric plane
loading and tearing mode which occur in skew symmetric bending of cracked plates

respectively.
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The state of the art survey conducted on crack propagation laws by Paris and Erdogan [67]
covers the various models proposed for crack propagation. They studied the laws proposed
by Head, Frost and Dugdale, McEvily and Ilig, Liu, and Paris. They questioned the fact that
only a few single specimen test results were used for verification purposes and showed that
even though the laws are mutually contradictory they can be in agreement with the same
sample of data. The authors concluded by saying that one should take extra precaution by
ensuring that laws which correlate a wide range of test data for many specimens are properly

examined before being accepted as laws.

Erdogan and Sih [68] conducted crack propagation analysis in plates under plane loading and
transverse shear conditions. They found that under skew symmetric plane loading of brittle
material the crack extension takes place at approximately 70° from the plane of the crack
which is approximately equal to the value of the normal direction (70.5% of the maximum

tangential stress at the crack tip.

Fleming and Suh [25,69] developed a subsurface crack propagation model in sliding contact.
They showed the validity of linear elastic fracture mechanics approach for elasto-plastic
materials because of the type of loading under sliding conditions. They argued that cracks
on the subsurface level will close under sliding Hertzian type of loading, hence, leaving the
trailing edge to be under purely elastic stress. Consequently they derived the distribution of

the stress intensity factors for use in the Paris fatigue crack propagation law.

Application of the approach proposed by Paris, for contact conditions that involve severe
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plastic deformation is questionable. Therefore, for contacts that involve high degree of
plastic deformation at the crack interface, the Crack Tip Sliding Displacement (CTSD)
approach is used [70]. Because the crack tip is subjected to high levels of stress, the CTSD
is obtained from the residual relative displacement observed at the crack tip. The advantages
of using this approach is that the crack propagation rate can be directly obtained from the

analysis. Hence, there is no need for computation of the stress intensity factor.

Salahizadeh and Saka [71] used a finite element approach to calculate the stress intensity
factors for straight and branched subsurface cracks subjected to Hertzian loading conditions.
Their analysis considered interactions that could possibly occur between the two faces of the
cracks and went on to investigate the type of stress intensity factor affecting the straight as
well as the branched cracks. They were able to show that while straight cracks were
subjected to mode II loading the branched cracks were subjected to both mode I as well as
mode II type of loading. Their analysis also used the commonly accepted crack propagation

law of Paris [72,73].

Crack nucleation and crack propagation have been identified as the two most important wear
controlling factors in delamination wear. The different studies, analytical as well as
experimental, conducted by Suh et al. [19,20] on crack nucleation and crack propagation give
credence to this theory. Ensuing the proposal of the delamination theory of wear by N.P. Suh,
an in depth analysis of this phenomenon was carried out by Jahanmir [11]. His analytical
approach which was conducted for determining the crack nucleation employed the use of the

Merwin and Johnson [23] approach for elastic-perfectly plastic material in rolling contact,
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which later on was modified for sliding conditions. The two dimensional stress equation
derived by Smith and Liu [74] was utilized for calculating the elastic plastic stress for plane

strain condition.

The Smith and Liu’s equation was developed for line contact of a semi-infinite body with
Hertzian type elliptical contact distribution. However, since asperity contacts are better
approximated by spherical or point contact, an axi-symmetric model will describe the
problem more accurately than a line contact. Given the fact that a plane strain line contact
model is similar in characteristics with regards to the subsurface stress distribution as shown
by Hamilton and Goodman [75]. utilizing line contact in plane strain is a reasonable
assumption and would not give qualitative errors. Also, the analysis time required to obtain
the stress distribution and its effects at the subsurface level is reduced tremendously. A
comparison of the non-dimensional second stress invariant given by Hamilton and Goodman
[75] indicates that the distribution is similar for both cases. The maximum value of the ratio
of the second stress invariant to the maximum applied Hertzian contact pressure is seen to
occur at a depth of 0.5a (value of 0.357) and 0.7a (value of 0.322) for spherical and
cylindrical contacts respectively. Therefore, given the closeness of the numbers, the
interchangeability of the two (subsurface stress due to spherical contact and plane strain

cylindrical contact) is justifiable.

5.2 Validity of Hertzian Contact Mechanics for a Tube in a Conforming Support

The problem of analysing the wear of a heat exchanger tube should be studied by considering
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the global or macro contact initially, to estimate the amount of asperity contact for a given
load. The heat exchanger tube is resting in a scallop bar or a drilled hole support that has a
radial clearance of 0.2-0.4 mm. Applying the Hertzian contact equation for this problem
might introduce some errors in determining the overall contact length as given in Johnson
[76,77). Hence, a finite element model was developed to verify equation S.1. This equation
gives the half length (@) of a Hertzian contact width, for a line contact (contact of two
conforming cylinders with radii of R, and R,, Young’s modulus of E, and E,. and Poisson’s

ratio of v, and v, respectively) with an elliptical pressure distribution.
4P, R
a = 0 (5.1)
nE”

E" = EEJI(1-v\YE,+(1-v,)’E|]

where

R = R\R/(R,+R,)
The finite element model was developed for a two dimensional cylindrical contact using a
quadrilateral four node (PLANE42) element with elasto-plastic hardening capabilities, in
ANSYS [92] finite element program. Because of symmetry, only half of the tube and its
support were modelled, assuming the support is fixed while a load is applied at the top of the
half tube. The contact interface was modelled using a 2-D point to line contact element
(CONTAC48) which has a stiffness of 10'2N/m. The modelling was carried out such that the
dimensions of the contacting bodies are about 4 times higher than the estimated and finely

meshed contact zone.

PLANEA42 element was selected due to the fact that the generated 2D contact elements
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(CONTACA48), are not compatible with elements that contain mid-side nodes. To carry out
the analysis, the contact elements are generated on the line where it is predicted that contact
will occur, and the load was applied for determining the total length of contact. The software
has automatic load-step features which bisects the difference between the current time step
and the total time step and accelerates the time of computation if numerous steps are
selected. This bisection algorithm is activated only if the convergence is not satisfied in the
first few iterations. Comparison of the results obtained from the finite element program was
about 7% off than that of the Hertzian contact mechanics approach. The finite element
analysis conducted supports the validity of the above equation (eq. 5.1) in determining the
total contact length. This result is in agreement with that of Johnson’s [76] which indicates
the validity of the relationship even for closely conforming objects as long as the materials

have high Young's modulus values.

5.3 Estimation of Micro-Contact Asperity Size

After establishing the validity of eq. 5.1, the next step is to estimate the number of asperity
contact based on a fixed average area of contact per asperity. The contact pressure of each
asperity is taken to be equal to the hardness or flow pressure of the softer material. Aramaki
et al. [78] and Hisakado [80] have shown that the net effect of increasing the contact load is
to increase the number of asperity contacts. The other assumption is that to maintain the
Hertzian macro contact pressure distribution the asperity contact density is spaced

accordingly.
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The micro contact areas occurring between the two metals has been studied by different
researchers. A number of studies have been carried out by Hisakado [81, 82] to properly
determine the approximate asperity number and size, based on the surface finish. The
findings from his research work are implemented in this thesis, to properly carry out the
analysis for determining the number of asperity contacts based on the surface finish and
applied load for the experiments conducted through the course of this research work. This
approach is also utilized for a set of experimental data found in open literature giving an

average asperity size.

The characteristic curve given by Hisakado [81] plots the relationships between the number
of asperities in contact and applied apparent pressure, varying as a function of different
maximum asperity height of the rough surface. He has given the results of experimental
investigations to validate the theoretical approach proposed, and the chart provides both these
results. The approximate average roughness of H = 10 um (H is defined as the distance
between the line parallel to the center line and passing through the lowest point on the
surface and the line containing at least three of the highest peaks) is estimated for the
experiments conducted. Based on this result and an average pressure of about 160 kg/cm’
(this apparent pressure was an average value for the four sets of experiments, with an applied
load of the order of 10 - 50 N) the number of asperities per unit area obtained is about 80
mm. Using this value as the approximate figure for these experiments and taking Sk (k is
the yield strength in shear) as the maximum Hertzian pressure value causing the flow
pressure contact, an average asperity contact radius (a) of nearly 10 um is obtained. After

determining the average micro contact asperity size, the number of asperities per contact can
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be obtained using the following relationship:

A, = (5.2)

where

A, = number of asperities in contact per unit length

P, = total force per unit length

A, = area of asperity contact

h = hardness of the soft material
From the above equation. one can estimate the distribution of asperity contacts based on an
initial assumption of equal distance between the asperities which, at a later stage, will be
modified to reflect the Hertzian elliptical pressure distribution cross-sectionally. This
approach is assumed to be valid based on the fact that maintaining elliptical pressure
distribution at the macro level is controlled by the number and distribution of asperity contact

at the micro level.

5.4 Crack Nucleation Analysis

Study of the crack nucleation analysis requires contact mechanics to properly characterize
the stress distribution in the members. Hence, it is essential to utilize a combination of
numerical analysis (FEM) and analytical closed form approaches where possible to handle
the problem. The validity of the Hertzian contact mechanics approach, which was derived
for an elliptical contact, was verified for determining the contact conditions. Ensuing this

analysis the crack nucleation criteria and zones shall be investigated.
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5.4.1 Crack Nucleation Criteria

The crack nucleation criteria survey given at the beginning of this chapter indicates that of
the two avenues, the one which attributes nucleation to impurities or inclusions in the metal
matrix is amenable to fracture mechanics equations and can be analysed using continuum
mechanics in general. Therefore, the crack nucleation criteria from inclusions which
proposes the theory that since hydrostatic stress has an effect on the crack nucleation from
inclusions. one should include their influence on the effective stress such that the summation
of this two in addition to the residual stress, should reach a critical value before a crack is
formed. However, since stress alone is not enough to produce crack nucleation one should
also have a local strain criteria in combination with the stress criteria, implying the zone of
crack nucleation should be in a plastically deformed zone, with the radial stress value equal

to or above the material cohesive strength.

In this chapter, the same assumption taken by Jahanmir and Suh for calculating the stress
values is followed. Namely, that the rigid inclusions in the material have the same properties
like the parent material, while calculating the elasto-plastic stress distributions at the
subsurface level. It is a reasonable assumption in that it will give a good understanding about
the state of stress and its effects at the subsurface level. The residual stress distribution is
taken as a function of the plastic stress and it is assumed that the principal shear strain and

the principal shear stress are on the same piane, as indicated in Fig. 5.1.

The crack nucleation criteria indicates that for large diameter inclusions of 0.025 pum or
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bigger the strain criteria is always satisfied, hence the local stress criteria is sufficient to
determine the crack nucleation positions. The study conducted by Jahanmir and Suh assumed
the value of 2k to be the limiting case of the interfacial stress for the formation of crack. This
estimate is rather conservative and the possibility of nucleation occurring at values lesser
than 2k can not be discounted. Also, the study done by Argon and Im [63] indicates that
without considering the effect of other inclusions in the neighbourhood, this critical stress
is approximately 1.5k. In addition Salahizadeh and Saka [65] have indicated that the stress
which is obtained around an inclusion can be amplified if the inclusion is not smooth and
round. It should be noted that this study does not consider hard inclusions that mi ght initiate

crack by particle fracture.

The analysis conducted by Jahanmir and Suh [64] carried out the stress calculation in a
homogeneous medium and implemented the effect of the residual stress due to plastic
deformation around the inclusion in the form of a stress, proportional to the shear strain and
shear stress modulus. Hence, the need for the consideration of the stress from the calculated
plastic strain. Verification of this approach was conducted in this thesis by implementing an
inclusion in the finite element program and carrying out the complete analysis to determine

the maximum stress around an inclusion.

In order to properly determine the relationship between the proposed critical value for crack
nucleation using Jahanmir and Suh’s {64] approach and the actual value calculated from the
analysis carried out for a model with an inclusion in the material, it is essential to carry out

a comparative study. This study is carried out by developing a FEM model of the problem
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with the hard inclusion and the result arranged in the post processor to reflect the critical
interfacial stress value. This critical interfacial stress is calculated from the applied stresses
as follows:
o, =3t _+o0, 5.3

where

o, = maximum interfacial normal stress

Tmax = Maximum shear stress

o, = hydrostatic stress
The finite element model was developed for a simple case of a symmetric problem with a |
um radius inclusion located at 10 um (la. probable position where crack is supposed to
originate as will be seen) from the surface and subjected to a maximum Hertzian contact
pressure of 4k. The inclusion (Figure S5.1) is assumed to have four times the amount of the
Young’'s modulus of the parent material. The material chosen had a first and a second
hardening modulus of 0. 1E and 0.01E respectively (similar characteristics to what is shown
in Figure 5.2). The element chosen was PLANE42 and the size of the symmetric model was
200 pm by 400 um (Figure 5.3a) The finite element mesh shown in Figure 5.3b is zoomed
in to show the critical zone which has a dimension of about 20 pum by 20 pm. The maximum
interfacial stress value can be compared to the analysis conducted without the inclusion and

a parallel can be drawn to validate the approach of the above procedure.

It should be noted that inserting an inclusion in the finite element model at various points to
obtain the contour plots similar to those obtained using Jahanmir’s approach is impractical.

It is only utilized to observe if the method implemented by Jahanmir. over or under estimates
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the actual value of the interfacial stress. Results of the finite element analysis for the model
with the cylindrical inclusion. post processed to display the interfacial stress values can be
observed in Figure 5.4. This figure shows that the value of the maximum interfacial stress
obtained around the inclusion was almost 1, as opposed to 0.5k using Jahanmir’s approach.
This suggests that instead of taking the 2k as the critical value for the interfacial stress, it is
safe to take 14 to be the critical value for crack nucleation, on the contours obtained using

the Jahanmir and Suh’s approach.

After establishing this fact, the next stage of the investigation is the quantitative study based
on the plane strain cylindrical contact geometry, to assess the values at which crack will
nucleate. The Argon criteria for crack nucleation is utilized here and a finite element program

is developed to verify this.

Jahanmir has shown that for cylindrical inclusions the interfacial normal stress is a
summation of the cumulative residual stress, applied stress and hydrostatic stress, given by
the following equation [11]:
0, = V3ksin(20,) +\/31__ sin2(0,-) +o, (5.9

where

6, = angle at which o, will be a maximum

¢ = angle for t,,, from the two dimensional component stresses
The above equation was proposed for an elastic perfectly plastic solid, and the factor v3
comes into picture because of the yield criterion used (von Mises). The derivation was based
on the fact that the maximum cumulative residual stress will have a maximum value of v3k
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because of the nature of the stress / strain relationship [94]. In addition, it is assumed that
cumulative residual stress will occur until steady state value is reached, beyond which further

loading will have no effect in increasing the magnitude of the residual stress.[97, 98]

5.4.2 Finite Element Model for Crack Nucleation Analysis

The above relationship (eq. 5.4) was derived for a cyclically loaded object where each point
in the loaded member was continuously subjected to tension as well as compression type of
loading. Because of the nature of the cyclic loading it is apparent that there will be a
continuous plastic deformation until a steady state value is reached. This model is further
extended in this thesis to investigate the conditions that arise due to impact loading. The
major difference between this approach and the one done by Jahanmir and Subh is that in this
case the material is assumed to follow a more realistic stress strain curve which has a similar
trend to that of Figure 5.2 (i.e. a multi-linear elasto-plastic material with isotropic work
hardening properties). The value of the Young’s modulus for the hardening section is
assumed to vary between 0.1 and 0.2 for the first hardening modulus and between 0.01 and
0.02 for the second hardening modulus and that the direction of the maximum plastic shear
strain is the same as that of the maximum shear stress. In the analysis conducted by lyer and
Ko [79], they had used a bi-linear hardening property which varied from 0.2E for 6061
aluminium to 0.001E for 410 steel. Salahizadeh and Saka [65], on the other hand have used
0.1E for their hardening modulus for steel. Therefore, given the fact that there is no absolute
value for Inconel 600 in open literature, the above mentioned parametric study covers a

reasonable range. It should be noted that for the case of a normally and obliquely impacting
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objects, it is assumed that the load is going to be applied at the same point forcing steady

state value right after the first loading.

Because of the loading condition, the residual stress is a function of the principal plastic
shear strain, which is assumed to have its value according to the relationship of equation
(5.5). which is also shown in Figure 5.2. The reason for selecting the value of 1.29 for c; as
the limiting case for the first hardening modulus stems from the fact that shakedown will
only occur beyond the onset of plastic deformation (3.1k) and until a maximum Hertzian
contact pressure of 4k [23]. This indicates that the first hardening modulus (higher slope) is
within this region. Beyond this point it is assumed that the hardening of the material drops
dramatically. following the multi-linear elasto-plastic curve. This implies that a more gentler
slope of the second hardening modulus will take effect after the shakedown value. The
residual stress is given by one of the following relationships depending upon the value of the

maximum plastic shear strain.

Tarp = ymG for Ymap S Yy
Ty = K Vo =¥, )G for ¥, <Y s Y, (5.5)
Tma.rp = C3k*(qu,‘Y)2)ch for Yma_xp > YyZ

where
Tmay = residual principal shear stress
Y- = residual principal shear strain
Y.. = yield stress value in shear
Y.: = hardened shear stress value

G = elastic shear stress
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¢, = plastic shear stress coefficient for first hardening modulus

¢, = plastic shear stress coefficient for second hardening modulus

¢; = constant corresponding to shakedown limit (1.29)
With this in mind an asperity contact with a Hertzian elliptical pressure distribution model
was developed using the ANSYS finite element program (Figure 5.5a).Figure 5.5b shows the
magnification of the freely meshed area near the contact area zone, of about 40 um by 20
pm. The element chosen for this model was a four node 8 degrees of freedom (PLANE42)
element. The half Hertzian contact length (a) was determined as 10 pm and in order to satisfy
the semi infinite boundary condition withdut compromising computing time, it was decided
that the contact zone will have at least a minimum rectangular size of 800 pum by 400 pm.
The model utilized is a two dimensional plane strain problem to represent the axi-symmetric

problems (spherical contact).

The area in the immediate vicinity of the contact zone was divided into 793 elements
generated using the automatic meshing routine of the program. Total number of elements was
almost 4000 and the Hertzian contact pressure was approximated by a series of linear
pressure gradients that satisfy the elliptical pressure values at the element nodes and was
applied using a two dimensional pressure element (SURF19). The remaining part of the
model was meshed coarsely and post processing was confined to the elements selected in the

immediate contact zone, a rectangular area of 40 um by 20 pm.

Sequential verification of the finite element model was carried out to ensure the accuracy of

the results obtained. The first step was to conduct a comparative study of the results obtained
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from the finite element model to the analytical results given by Hamilton and Goodman([75],
which was carried out for cylindrical contact conditions subjected to sliding with a
coefficient of friction of 0.25. Comparisons of the ratio of maximum effective stress over
Herzian pressure (v], /P,) value gave the location on the xy plane to be the same for both
analytical as well as numerical (finite element) approach and the percentage error for the
magnitude was 0.85% (0.352 for the analytical result and 0.356 for the numerical result).
Further the extent of plastically deformed zone was verified for this type of loading, by
comparing the normalized contour plot (square root of the second stress invariant over the
maximum Hertzian pressure) values and the limiting value for plastic deformation as given
by Merwin and Johnson and a good agreement (< 10% discrepancy) was obtained between
the finite element analysis and the estimated value. It should be noted that the extent of
plastic deformation is estimated in the case of the published paper, by assuming that the
contour of the second stress invariant (calculated for purely elastic stress) is valid after the

fact that plastic loading has commenced in the material.

The other verification of the finite element program developed was carried out by using the
results published by Jahanmir [11]. The analysis of the interfacial stress value was conducted
for a problem having a maximum Henzian value of 4k and a friction coefficient of 0.25
loaded repetitively until shakedown is reached. The finite element program was run such that
the loading was moved from left to right for 20 um in steps of 1 pm. This was repeated 9
times, simulating the motion of a sliding object loaded cyclically. This repetitive loading is
done to compare the values given by Jahanmir, with the assumption that the plots given are

for the maximum depth value (obtained for 4k and 0.25 friction coefficient) given in their
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report. The contour obtained was comparable to the one published by Jahanmir and Suh [64]
having a maximum interfacial stress value of 2.13k as opposed to nearly 2.2 in their report.
There was a slight variation in the contour, which may be attributed to the difference in

boundary conditions at the surface.

The equation followed in obtaining the critical normal interfacial stress is given by the
following relationship:

o, = ﬁtm +y3t__+0, (5.6)
The finite element model analysis results were post processed for the above equation after
the solution was obtained using five sub-steps for the given load. The contour plot
determined gives a good qualitative analysis with regards to probable positions of crack
nucleation zone. from inclusions. It shouid be noted that a similar approach can be expanded.

for the study of crack nucleation in a homogenous medium, as well.

5.4.3 Results and Discussion of the Finite Element Analysis

The plastic strain is the cause of the residual stress which in turn affects the formation of
cracks. In order to observe the extent of the plastically deformed zone at the contact zone
Figures 5.6-5.8 are plotted giving the variation of the principal shear strain in this zone for
a maximum Hertzian pressure contact P, of 4k, 5k and 6k respectively. It can be seen from
Figure 5.6 that the entire plastic deformation is under the surface for a Hertzian contact
pressure of 4k. This zone grows in area and comes up to the surface for the Hertzian contact

pressures of 5k and 6k. This result implies that the residual stress associated with the plastic
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deformation is higher in the case of 5k and 6k, and is the cause of the critical interfacial stress
approaching the surface. The comparison of the plastically deformed zone was carried out
using a similar approach as indicated in the previous section and it was done using the
reference given by Merwin and Johnson [23]. It should be noted that the extent of plastic

deformation is in good agreement with that estimated from Merwin and Johnson.

Comparison of this work with Jahanmir and Suh’s [64] results gave a slight difference in the
extent. It is assumed that this might have happened because of the boundary condition
considered in their case. They had included constraints on the surface beside the loading zone

which might have increased the rigidity of the material subjected to the loading condition.

The analysis was carried out for normal as well as oblique impact, using a quasi-static
approach. where the possibility of cumulative plastic deformation after the first loading does
not exist. The simulation carried out on the finite element model indicated that there was no
appreciable difference in the plastic deformation observed, for a cyclical loaded member,
after the first loading. This is mainly because of the elastic bulk material surrounding the
deformed zone. Therefore, if there is a chance of the interfacial normal stress value reaching
the critical limit (crack initiation from cylindrical inclusions), it will happen during the

second cycle of the loading history.

The contour graphs displayed in Figures 5.9 to 5.22, for the various loading conditions, show
the immediate contact zone, which has a dimension of 4a by 2a. The data tabulated in Table

5.1 is represented by a colour coded contour of the interfacial stress value. These plots are
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given in this chapter to indicate the fact that under the type of loading involved, the

subsurface crack nucleation is a major factor causing the wear associated with the contact

conditions.

Table 5.1 Parametric study of crack nucleation from inclusions

Test . Muin}um First Second Maximum Range of .
case Coef.ﬁc'nem Hertzian hardening | hardening o./k . crack Figure
No. of friction pressure modulus modulus value initiation No.
(P) zone
1 0.0 4.0k 0.0E 0.0E 1.04 2a 59
2 0.0 4.0k 0.1E 0.0E 0.90 - 5.10
3 0.0 4.0k 0.1E 0.01E 0.90 - 5.10
4 0.0 4.0k 0.1E 0.02E 0.90 - 5.10
S 0.0 4.0k 0.2E 0.01E 0.83 - 5.11
6 0.0 4.0k 0.2E 0.02E 0.83 - 5.11
7 0.1 4.0k 0.1E 0.01E 092 - 5.12
8 0.2 4.0k 0.1E 0.01E 1.31 (;'_3'_(;"]9‘; 5.13
9 0.3 4.0k 0.1E 0.01E 2.34 00-1.6a 5.14
10 0.0 5.0k 0.1E 0.0E 1.37 05-28a 5.15
11 0.0 5.0k 0.1E 0.01E 1.37 05-28a 5.15
12* 0.0 5.0k 0.1E 0.01E 1.37 0.5-28a 5.15
13 0.0 5.0k 0.2E 0.02E 1.16 09-24a 5.16
14 0.1 5.0k 0.1E 0.01E 1.80 00-27a 5.17
15 0.2 5.0k 0.1E 0.01E 297 0.0-29a 5.18
16 0.0 6.0k 0.1E 0.0E 2.66 0.0 -4.0a 5.19
17 0.0 6.0k 0.1E 0.01E 2.65 0.0-40a 5.20
18 0.0 6.0k 0.2E 0.02E 2.52 0.0 - 3.6a 5.21
19 0.1 6.0k 0.1E 0.01E 3.21 0.0-4.0a 5.22

* The half Hertzian contact width is 5 um only for this case and 10 um for all the rest

The parametric study included varying the friction coefficient (u) (0.1,0.2 and 0.3),
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maximum Hertzian pressure (P,) ( 4k, Sk and 6k) and the first (c,) (0.1 and 0.2) and the
second (¢,) (0.01 and 0.02) hardening moduli. The common denominator in all these cases

is that an elliptical (Hertzian) pressure distribution was applied in plane strain condition.

It can be observed from Table 5.1 that the value of the hardening moduli c, and ¢, do not
affect the outcome of the result significantly. The value of the critical interfacial stress, for
the applied maximum Hertzian pressure of 4, varied from 0.8 to 1.0 depending upon the
different values of the first hardening modulus (Figures 5.9 to 5.11). The position where the
maximum value occurred is nearly 2a from the surface for all the cases, implying that at this
values the formation of crack is marginal and that it is at a higher depth into the surface. It
should be noted that for values of the maximum Hertzian contact below 4k crack nucleation
from inclusions does not occur and that the mechanism of wear will be other than

delamination wear.

One of the parametric study conducted was to observe the effect of friction coefficient on
the distribution and value of the subsurface interfacial stress for crack nucleation. Unlike the
study of Jahanmir and Suh [22], the analysis was limited to low friction coefficient values
because of the gross plastic deformation occurring due to the lack of the surrounding elastic
bulk material at the surface. This implies that for higher values of friction coefficient at the
asperity level. abrasive or adhesive wear mechanism will be prevalent instead of
delamination wear. This is due to the high level of stress occurring at the interaction zone,
which will force the formation of the debris. The delamination process is not effective any

longer, because the subsurface crack nucleation and propagation are not the wear controlling
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mechanisms.

The critical value of the interfacial stress (0,/k) was observed for a coefficient of friction
varying form 0.1 to 0.3, for P, = 4k, and the ratio of the normal interfacial stress (o) to yield
strength in shear (k) was plotted in Figures. 5.12-5.14. As is evident, the friction coefficient
has a significant effect on the formation of cracks even at lower values of maximum Hertzian
contact pressure. It was observed that the maximurn value of o, /k exceeded the critical value
of 1, for a coefficient of friction of 0.3. It was also observed that the maximum critical value
shifted to the surface, for coefficient of friction of 0.2 and stayed at the surface beyond this
value. Even though, the maximum value has gone to the surface, it does not mean that there
are no critical zones underneath. Implication of this result is that wear associated with
oblique impact has relatively high stress values which aid in the tearing of the surface for the

formation of wear.

The finite element analysis conducted for different asperity contact radius of 10 pm and
5 um (Fig. 5.15) indicates that provided all conditions (load and material properties) are kept
constant the maximum interfacial stress value remained the same for both cases except for
the position where it occurred. It was proportionately scaled down with respect to a (half

Henzian contact width), indicating that it can be non-dimensionalised with respect to it.

It can be seen from the Figures 5.15 to 5.22 that crack nucleation for a maximum Hertzian
contact pressure (P,) of 5k and 6k, crack nucleation readily occurs. This is mainly because

the effect of the residual stress which overcomes the negating effect of the hydrostatic
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pressure. The high o, values observed at the surface for the case of 6k (Figure 5.19 to 5.22)
are a result of the high plastic strain generated and the lack of hydrostatic loading in these
areas. However, in real contacts the chances of this type of a situation occurring are slim as
the contacting body itself will deform to apply hydrostatic pressure, increasing the contact
area and reducing the effect of the plastic strain and applied stress near the surface.
Implications of these are again the continued sustenance of the critical zone, at the subsurface

level.

The final study in the crack nucleation analysis took into account different maximum
Hertzian pressure value and the distribution of the crack nucleation zone varied accordingly.
It was at a distance of 2a from the surface for 4k loading, all the way up to the surface for 6k.
The contour of the maximum interfacial stress followed a similar pattern where the
maximum value is below the surface gradually approaching to it near the end of the loading
zone in the case of higher values of the maximum Hertzian pressure (6k). The plot of this
critical interfacial stress zone which covers a range below the surface is shown in Fig. 5.23
for different maximum Hertzian pressure values (4k, 5k and 6k). This zone is different than
the one provided by Jahanmir and Suh [22], possible explanation could be, as mentioned

earlier, the difference in boundary conditions.

The contact flow pressure of the asperity, which in this case is characterized by an
approximate value of 5k for the maximum Hertzian contact pressure, should at least be equal
to 4k of the flat surface material in order to initiate a crack, according to the above criteria

for interface stress value. Therefore, for delamination to be the effective mechanism of wear,
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4 S 6

Maximum Hertzian pressure value (k)

Figure 5.23) Crack nucleation zone for different maximum Hertzian
contact pressure
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the two metals in contact must have similar flow pressure or the wearing material must have

lower flow pressure in contact.

5.5 Crack propagation Analysis

The crack nucleation analysis was done in the previous section to determine the possible
locations of a crack and number of cyclic loading essential to initiate it. Similarly, it is
essential to conduct a crack propagation analysis to determine the number of cyclic loading
required to generate a wear debris and also to investigate the direction a crack, subjected to
an elliptical pressure distribution at the contact interface, will follow. Therefore, a finite
element model is generated to study the crack propagation direction and rate, in the next

section.

5.5.1 Crack Propagation Direction Analysis cf a Plastically Loaded Member

It is essential to study the contour of the effective stress around a crack front to establish the
direction a propagating crack will follow. Also, the condition of this crack propagating
towards the surface, instead of continuously propagating parallel to it, needs to be
established. This goal is attained by carrying out a parametric study of a subsurface crack
at the positions, where crack is estimated to occur and observing the trend of the effective

stress distribution, for a progressively growing crack.

The finite element model developed for the analysis of crack propagation involved the use
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of the quadrilateral eight node element (PLANES?2), two node surface element (SURF19) and
the 2-D contact element (CONTAC12). In the model, the use of a coarse and a fine mesh was
implemented to ensure semi-infinite boundary conditions. This was attained by using
extremely fine mesh near the crack zone and progressively increasing the mesh size further
from this critical zone. The automatic mesh generating routine was used after identifying the
line subdivisions (Fig. 5.24a-b). The analysis of stress distribution was carried out for a small

crack existing in an elasto-plastic material which has a multi linear isotropic hardening

property.

The contour plots given in Figures 5.25 to 5.34 show the effective stress around the crack
front. which indicates the propagation trend for the above loading condition. The crack
length for Figure 5.25 is 0.4a and grows progressively in steps of 0.2a for each figure, up to
2a for Figure 5.33. The last figure (5.34) shows the analysis carried out for a crack length of
3a. Observation of the effective stress near the crack tip, can give a clear indication about the

direction the crack propagation will follow.

Anderson [72] has shown that the effective stress is a maximum at either side of a growing
crack subjected to mode I loading conditions. As per this argument the analysis carried out
for the progressively growing crack indicates that the effective stress which was originally
at either side of the crack gradually turns towards the crack front for a crack propagating
straight, along the x-axis. The implication of this analysis is that the path a growing crack
would follow, would have been towards the surface, after the crack has reached a width of

1.0-1.4a (Figure 5.28-5.30). There is a clear transition of the effective stress, which was
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CRACK PROPAQATION ANALYSH USING CTSD FOR ELLIPTICAL PAESSURE

a)

~OMACK PROPAQA T ANALYSES UISING CTSO

b)

Figure 5.24) Finite element mesh for crack propagation a) with boundary

conditions b) magnified near the crack zone

177



(il = yi3uay yor1o) Yoero v punore ssans 9a19333 Jo 10jd Inojuo:) ¢z'c a8y

[£3]
e

000¢
ZLet
vvel
L161
6881
1981
£e81
9081
8LLT
0GLT
zeLt
b691
L991
6€91
1191
£861
9661
8251
0061
981¢= XWS
1°G= NWS
£0-3bv8 = XWQ
(DAVY) AD3S
T=3WIl

91= €nS
1=ddLS
NOILNTOS TYAON
GGIVbi9T

1661 G YUYW e ———
€' SASNY | Wy 7 _

iln

L E

178




(w9 = P3ud] YorId) YIeI0 ¥ punose ssaxs 9A1199)J9 Jo 10]d unoYuo) 97 G ANs1,|

0002
zte1
v TH
L161 mﬁ
6881 ._é._
SS__ |
o
gL ; N
og,y N
2z N
veor W
(997 W
A
S
I
T
A
oog
€9YZ= XWS
GOLTO06 = NWS
€0-T8LL = XWd
(9AVY) ADIS
I1=8WIL
Pi= °0NS
1=ddLs
NOTLOTOS TYAON
0Z:8€:21
L661 LZ UV

£°G SASNY

179



(wrig = 3ua) ¥oe1d) YorIo ¥ punoIe ssans 9A1129}J9 Jo 10[d 100D £ 7°C 2InSiy

ANSSHUd TYOTLT'TTE HOd (SLD ONISO SISATYNY NOILYOVAONd MOWHD _

0502
610,
6061 W
8661 E
szer
Lo8T ||
1981 |
oggr FE
90gy WM
A
vy
A
cgor TN
cgor IR
czor
261 N
T —
X
oog;
G81Z= XWS
792668° = NWS
€0-399L = XWA
(9AY) ADAS
=W
1= °nS
1=ddLS
NOTLIIOS 'TVdON
L0166 €1

L6611 LZ YUKW !
£°'G SASNY |

180



(wirlg] = yi3uay Yor1d) yoro v punose ssens 9A1193JJ9 Jo 10[d Inojuo)) g7'g aIngiy

mz%mmmmm TYITLAITTE Y03 GSLO ONISN SISATYNY NOILYOVAOUd MOWHD

0502

610z I
6861 W
8561 o
8261 _@i_
test ||
coar Wl
90gr W
sy
pyor T
I
cgor W
cgor I
zzo1
L
e A —
O
o5y
0ZL2= XWS
S8 b= NWS
£0-ACEY = XWa
(9AV) ADES
=AW T4,
91= 4ns

1=d3LS _ ?

NOLLO'IOS ‘IVAON |

22012801 “ |

L66T LT HVN | |

_

£°6 SASNY

181




(wniz| = p3uay Yoem) yoreid e punose ssois 9A1193J2 Jo 10[d IN00D) g7'G NSy

JYNSSIUd TYOILdITTI ¥OJd ASLD ONISN SISATUNY NOILYOWAOHd MOWUD _

0502
610, TN
6061 W
gcG N
8261 _w,».i
1681 | “
sepy Py
9og; W
g1 N
pp 1
A —
¢gor 1N
I —
zzo; N
T —
I
regy N
opg;
B0EZ= XWS
599 ' p= NS

€0-AL58 = XWa

(9AY) AQdS

1=3WId
b= €0S
[=dLS

NOILI'IOS TVAON
91601 Y1
L6GT L2 MW

£°G SASNY

_ U

182



(wrly| = Y3ud] ¥orID) OrID ¥ PUNOIE SSANS 9A11934J9 J0 10[d In0WO)) ¢S 21031

001
L90
£e0
000
196
£EeLo
006
L98
£es
008
Lot
£eL
00L
L99
€e9
009
L9S
£es
006
b2o
1314
£0e100
(9AVY)

9

NOILNTOS
¢l

1661
€6

JANSSAYd TYDILAI'TTIE ¥Od GSLD DNISN SISATYNY NOILYOVAOHd MOWHD

4
[4
l
¢ pow
[
1
{
1
[
1
1
{
T
I
T
T
1
I
b= XWS
T= NRWS
‘= XNWd
AD3S
T=3WId
2= 40§
1=4dds
"TVYUON
EEPT ﬁ
LC YVNW
SASNV l

]

183



(wrg| = {3us| ¥orIo) YOrId B PUnoIE SSALIS 9A1199JJ9 Jo 10]d INOWO)) [ ¢S N1y

JUOSSTHEd TYOILATTTE ¥0d (SLD ONISN SISATYNY NOILYOYIOHd MOWHD

0012
190z
zz0; N
gge1 Denm
pror el
9061 ﬂ “
Fig
6gLy N
og,1 N
A —
A
ccor WH
I
95y
R E—
T —
I
ooy B
ZL0b= XWS
1G8°9= NKS

PYET00 = XWd
(9AY) ADIS
1=HWTL

LZ= €ns

1=dadS

NOLL'IOS TYCION

LT:0V:VT
L6610 L7 WVW

£°G SASNV

184



(wrg] = 113uay orsd) yorId ¥ punoe ssans 9an3Yo Jo 10id INoWo)) 7' Andig

JANSSIAd TYOILAI'TTE ¥O4d dSLD ONISN SISATUNY NOILYOVAOMd MOWYHD

001¢
[ ]

1907
20> R

2202
cgor AR
PRy
vver P
9061 | |
LOBL e
gzor E
. [ ]

68L1
[ ]

0SLT
[ ]

1TLT
[ ]

ZL91
]

€691
o

V6ST
[ ]

9661
[ ]

L1ST
[ ]

8LV1
- [ ]
-

00V 1
PILE= XWS
L9€ 9T~ NWS
681100 = XWa
(9AV) ADAS
T=3WTd,
£2= 4ns
1=ddLs
NOTLOIOS TVAON
GEIGYIVT
L661 LZ UYW

£'G SASNV | _

185




(wrlpz = Y3uay you1d) YorId v punose ssons 9A193J9 Jo 101d 1oWOY ¢¢° NGy

FUOSSHAUA TYOIIAITTE ¥OJ USLD ONISH SISATYNY NOILVOVAOMd MOVYD

0012
190, I
zzo; 1E
€861 Ml.%_
TN
9061 | |
98T ..
gzgr
A
05,1
1Tl "
10—
ceor o
A
T
L1GT
Y —
ecpr T
ooy R
PSGZ= XHS

8UG €= NWS
€0-48L6 "= XWa

(9AV) ADS

1=AWI L,

91= Gns

[=d3dIS
NOT.LOTOS "TYJON
8v:10:61T

L66T L7 MVW

£°G SASNV 1

186



(wrigg = Y3ual yoe10) YorId v punose ssais 9A12a}J3 Jo 10id nojuoy) €S amdiy

AUPSSAYd TYO1LAITTI ¥Od GS5LO ONISN SISATYNY NOILYVOYdOHd MOWHD

0012
950z 1N
10z N
1961 ﬁ
2261 7*_
8L81 ” _
€8T
6gLT T
Ll )
oor7 N
T —
11o; N
Y —
zzgy R
N
A
6gcy T
S
00€T l
VETE= XWS
89°21= NWS
14,1100 = XWd
(9AY) ADES
1=AWIL
61= 4ns
1=d31s
NOTLO'IOS TVAON
I1G1E1:61
L661 LT HVN _
£'6 SASNY ~

187




evenly distributed in front of the crack (maximum values above and below the crack, Figure
5.25) to that of uneven distribution (maximum values above and in front of the crack, Figure
5.30). One should observe that due to the asperity contact, high stress values are limited to
within the vicinity of this zone. Hence, the wear debris size can not be much more than the

asperity size.

5.5.2 Crack Propagation Rate of a Plastically Loaded Member

The final stage in the analysis of the wear debris formation is the propagation rate of the
subsurface crack. The finite element model is similar to the one described in the previous
section. As part of the parametric study, the hardening moduli were varied to study their
effect on the CTSD. The slope of the first hardening or plastic modulus is taken as 0.1 and
0.2 of the Young’s modulus (E), and 0.01E and 0.02E for the second modulus slope. Because
of the time duration (up to 4 hrs depending upon the type of analysis) required to run the
finite element program, other than the hardening moduli, the parametric study was limited
to four variables, friction coefficient (u), maximum Hertzian pressure (P,), crack length (2/)

and depth (h).

The mesh of the finite element model developed to study the crack propagation using CTSD
is given in Figure 5.24a. The zoomed view covering a square area of 40 pm by 25 um is
given in Figure 5.24b. The crack length selected for the parametric study was from 4 um
(0.4a) to 20 um (3.0a). The position of the crack was from 0.7a to 2a. It was essential to

conduct this parametric study, in order to comprehend the effect of different variables
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affecting the CTSD. This is an ideal condition where the load causing the crack nucleation
which is applied at a particular point will continue to be applied at that same point until the
formation of the wear debris. The following relationship describes the total CTSD per
loading cycle.
Coot = Cersp = Crua 5.7

where

C... = total crack propagated

Csp = crack generated while being loaded

C ..y = crack rewelded after the removal of the load
If one is to assume that the rewelding is zero then the total crack propagated per cycle will
be equal to the CTSD. Based on this assumption an experimental validation for the wear rate

will be conducted in Chapter 6, which will help in deducing the crack propagation rate.

The nature of the crack loading is such that the plastically deformed zone around the crack
edge is relatively large and hence, the validity of the linear elastic fracture mechanics
approach is questionable. Therefore. in accordance with this reasoning the next step is to
consider the J integral or the Crack Tip Opening Displacement (CTOD) approach used by
Sin and Suh [70] and Salahizadeh and Saka [60] in analysing a highly stressed contact zone.
However, since the CTSD approach is an efficient approach provided a finite element model

is available, it will be the appropriate path to follow.

The finite element analysis conducted by Salahizadeh and Saka [60] indicated that the crack

tip sliding displacement (CTSD), because of the type of loading, is equivalent to the amount
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of crack tip relative sliding distance minus the rewelding amount. Neglecting this rewelding
amount, they got a good approximation of the crack tip propagation rate, in comparison to

the experiment they used for verification purposes.

The results of the analysis are comparable with the values given by Salahizadeh and Saka
[71]. The verification of the program was carried out by conducting the analysis for the
conditions given in the above reference, a model which consists of a 400 pm half Hertzian
contact width and a crack of 30 pm at 320 um from the surface. An average difference of
nearly 10% was calculated for the CTSD between the values given in the report and those
obtained from the finite element program written, for both with and without interface
friction. Considering the fact that it is a numerical method and the order of magnitude is

107m it can be taken as a good approximation for the crack propagation values.

5.5.3 Results of Crack Propagation Analysis and Discussion

The study of the crack propagation analysis, which was conducted using the CTSD approach,
was also studied parametrically, to see the effect of the different variables on the crack
propagation rate of the metal. Similar to that of the crack nucleation analysis the first
parameter that was varied was the hardening moduli to see the effect on the rate. For the
given condition of depth of 0.7a and crack width of 0.6a the variation of the CTSD was from
0.009 pm to 0.013 um. The values are of the same order of magnitude and the difference
between them is not too high. This conclusion is similar to that reached in the crack

nucleation case as well.
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The other parametric study carried out, is to locate the maximum CTSD values, by varying
the maximum Hertzian pressure applied. The study was conducted for the worst case
scenario of a crack occurring at a depth of 2a and having a width of 2a, with a maximum
Hertzian pressure of 5.5k (A convergence problem was encountered for 6k). The values of
the CTSD for these cases, were found to be relatively high, ranging from 0.0098 pm to nearly
0.070 pm depending upon the load. These analysis were conducted for loadings that did not

include friction at the crack interface.

The numerical analysis conducted on the CTSD, indicates that it is also dependent on the
length of the existing crack. Following this, a parametric study was conducted by varying
the crack length, while maintaining all the other variables the same. The result obtained
shows that there is an almost linear relationship between the CTSD and the crack length
(Figure 5.35). This property will be implemented in the next chapter while deriving the new

wear model.

Part of the parametric study conducted, is to see the effect of introducing a friction
coefficient at the crack interface and at the contact surface. It is considered that the shear
stress is equal to the product of the normal stress and the friction coefficient at the interface.
The results are dramatic drops in the value of the CTSD even for the those obtained for high
surface loads (Figure 5.36). Therefore, since accurate determination of this quantity is highly
dependent on the friction coefficient at the interface, it is crucial that one should ascertain

the crack propagation rate obtained from this approach, describes the phenomenon properly.
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Table 5.2 Parametric study of the CTSD values

Coefﬁciem of hg:::::: Crack Width First' Secon_d C;f;:;p
" | surtacetmertuce | PrEswe | G | Glcmek | hardening | ardeniog | pispiacemenn
Py) (CTSD pm)

1 0.0/0.0 4.0k 0.7a 0.6a 0.1E 0.01E 0.01328
2 0.0/0.0 4.0k 0.7a 0.6a 0.1E 0.02E 0.00983
3 0.0/0.0 4.0k 0.7a 0.6a 0.2E 0.01E 0.01256
4 0.0/0.0 4.0k 0.7a 0.6a 0.2E 0.02E 0.00881
5 0.37/0.0 4.0k 0.7a 0.6a 0.1E 0.01E 0.01286
6 0.0/00 4.0k 2.0a 2.0a 0.1E 0.01E 0.00980
7 0.0/0.0 4.0k 2.0a* 2.0a* 0.1E 0.01E 0.00501
8 0.2/03 4.0k 1.0a 2.0a O.1E 0.01E 0.00995
9 0.0/0.1 4.0k 2.0a 2.0a 0.1E 0.01E 0.00565
10 0.0/03 4.0k 2.0a 2.0a O.1E 0.01E 0.00190
11 0.0/0.3 5.0k 1.0a 2.0a 0.1E 0.01E 0.02490
12 00/10 5.0k 1.0a 2.0a 0.1E 0.01E 0.00409
13 0.2/10 5.0k 1.0a 2.0a 0.1E 0.01E 0.00364
14 0.0/0.0 5.0k 1.0a 0.4a 0.1E 0.02E 0.00569
15 0.0/0.0 5.0k 1.0a 1.0a 0.1E 0.02E 0.02273
16 0.0/0.0 5.0k 1.0a 2.0a 0.1E 0.02E 0.05072
17 0.0/0.0 5.0k 2.0a 2.0a 0.1E 0.01E 0.04596
18 0.3/03 5.0k 2.0a 2.0a 0.1E 0.01E 0.00656
19 0.0/0.0 5.5k 2.0a 2.0a 0.1E 0.01E 0.07004
20 0.0/0.0 6.0k 2.0a 0.6a 0.1E 0.01E 0.02484

* the value of “a” is 5 um in this case only and it is 10 pm for all the rest

Due to the complexity of the problem, the results of the theoretical model will be plotted

with respect to the experimental results and the value for the CTSD will be adjusted

accordingly, for a sub-set (3 per each set) of experiments, as will be seen in Chapter 6.
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The CTSD approach was used in obtaining the total crack propagation rate by assuming that
the rewelding after the removal of the load is zero. The parametric analysis conducted
indicated that a number of factors such as coefficient of fiction, maximum Hertzian pressure,
depth of crack, width of crack and the hardening properties of the material as well, affect the
magnitude of the CTSD. It was apparently observed that higher values of the hardening
moduli reduced the magnitude of the CTSD while increasing the value of the maximum
Hertzian contact pressure increased it. It was also seen that for longer cracks the value of the
CTSD was higher and for cracks located deeper from the surface the CTSD is smaller in

magnitude.

Even though the above general trend was observed for the various loadings and properties,
the magnitude of the CTSD had a variation of one order (0.0019 - 0.070 um). However,
determination of the right value is rather difficult at this Juncture. Hence, an average value
(for 5k maximum Hertzian pressure) can be employed to study the wear process, for this type

of debris formation process and properly calibrated experimentally.

5.6 Conclusion

This anaiysis shows that crack nucleation from cylindrical inclusions does not readily form
for pure impact contact conditions, loaded elliptically by a maximum pressure value of 4k.
From the analysis carried out it can be observed that the effect of increasing the pressure
value results in an increase in the extent and amount of plastic deformation which effectively

translates into a combined high value of residual as well as applied stress in comparison to
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the hydrostatic stress. Therefore, this is the main reason why values of 0_/k pass the critical
limit of 1, for higher values of P, This critical value is also bypassed at the surface near the
end of the asperity contact mainly due to the lack of high hydrostatic pressure. This gives a
clue about the size of fatigue wear debris, magnitude of which could be approximated to be
similar to the contact asperity length. Application of friction force will move this maximum
interfacial stress value progressively to the surface as well. This also strengthens the theory
that was proposed earlier about the size of the wear debris. The effect of hardening has been
observed for the maximum Hertzian pressure value of 4k and it was found that the maximum
value of the interfacial stress was obtained for the non-hardening material. This is again a
result of the amount of residual stress due to the high plastic strain. However. this effect
might not be the same for the various maximum contact pressure values given here. Even
though. Jahanmir and Suh [64] have reported that crack nucleation in the case of rolling
contact can occur only after nearly 70 passes, it seems that the analysis taken here indicates
that crack nucleation can occur only after the second loading. This may be due to the
hardening of the material, which in turn will increase the value of the residual stress as well
as the applied stress values, and also the fact that their boundary condition is different may

play a role as well.

The parametric study conducted for the crack propagation rate, implemented the variation
of the different quantities affecting it. Because of the nature of the problem, accurate
determination of the CTSD for the actual conditions is difficult. It is especially hard to obtain
the real value of the interface friction coefficient, which may involve interlocking of the top

and bottom surfaces. Even though, the value of the CTSD was in the range of 0.002 pum to
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0.070 pm, it could introduce significant errors while calculating the wear volume. In
accordance with this argument, a reasonable value for the CTSD corresponding to the applied
flow pressure (maximum Hertzian pressure of 5k) and maximum interfacial friction

coefficient (1), is taken as a valid initial starting value to calculate the wear volume.

Following the analysis given in this chapter, a step by step justification and derivation of a
new wear model for impact motion (oblique and normal), is carried out in the next chapter.
This model will be extended to sliding wear as well, and the CTSD value calibrated for

impact and sliding, based on the total wear loss.
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CHAPTER 6

DEVELOPMENT OF NORMAL & OBLIQUE IMPACT WEAR
MODELS BASED ON PRINCIPLES OF DELAMINATION THEORY

6.1 Introduction

Various empirical and semi-empirical wear models have been proposed by different
researchers in the area of tribology, as discussed in Chapter 2. Among the diverse theories
put forth so far, the delamination theory of wear has helped to forward one of the most
important mathematical models, which has effectively employed a fracture mechanics
approach to determine the wear rate occurring near the interface of two interacting objects.
This theory essentially addresses the phenomenon which occurs in sliding of two objects by
considering the critical values of the stress distribution at the contact interface. However,
further investigation reveals that similar arguments used for sliding wear can be justifiably

employed to extend this theory to impacting conditions as well. [106, 110] (Author’s Ref.)

6.2 Extension of Delamination Theory to Obliquely and Normally Impacting Objects

Among the various impact wear models surveyed, none has utilized a fracture mechanics
approach extensively, to arrive at a mathematical representation of the wear volume. Even
though the investigation conducted by Engel [28] involved rigorous contact mechanics
approach, it still did not address the microscopic interaction, which describes the wear. The
inherent difference between the Engle’s approach and the delamination theory of wear is that
the first deals with the macro contact, while the latter deals with the micro contact of the
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interacting materials.

Most of the derivations of the wear models existing thus far are highly empirical, relying
heavily on experimental investigations, to predict the wear. Even though the mathematical
wear models vary from each other, there is a consensus among the various researchers that
fatigue is the dominant wear mechanism for low contact force conditions. Hence, the
derivation of this impact wear model needs to address the various steps involved in wear
debris formation. It is based on a similar principle as the delamination theory of wear[21].
The applicability of delamination wear to impact motion, is supported by leading tribologists
such as Rice[4], Ko[84] and Jahanmir[85]. Jahanmir investigated the problem of erosion
during impact and indicated the applicability of a similar analysis, like the one done for
delamination wear under sliding. However, there were some differences between his work
and this one, in quantifying the fracture mechanics dependant quantities (crack nucleation
and propagation), as mentioned earlier in the previous chapter. Therefore, the following
reasoning can be justifiably argued to establish the wear model proposed in this research
work:

1. The transmission of normal and tangential loads are carried out through the asperity
points of two impacting surfaces. Due to the repetitive application of loading,
asperities of the softer material are easily deformed and flattened out, or form minor
wear particles in some instances. Further impacting action between these two objects
will result in a smooth surface for the softer material and rougher asperity for the
harder material. Therefore, the contact between the two objects will no longer be

asperity to asperity, but rather asperity to surface (Figure 6.1). However, due to the
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Figure 6.1 Idealisation of the contact of two surfaces, asperity on flat
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distribution of asperity it can safely be stated that the global contact conditions
(geometry and force) are also responsible for the final shape that the wearing body
will have.

The quasi-static subsurface stress distribution carried out assuming smooth surface
contact, indicates that the maximum of the summation of the principal shear stress
(residual as well as applied) and hydrostatic stress values, for an applied maximum
elliptical pressure of 5k, will occur at some distance away from the surface, at a
location where the effect of the subsurface effective stress is greater than the triaxial
compressive stress. There are two negating stress effects in the formation of wear, the
triaxial compressive stress or hydrostatic stress and shear stress. The triaxial
compressive stress reduces the crack initiation process while the shear stress aids in
the initiation and propagation of crack. Favorable conditions with reduced triaxial
compressive stress and increased shear stress arise, as the distance from the contact
surface increases further into the material. The result, as was seen, is to initiate crack
from inclusions at this depth rather than at the surface. The crack initiation will be
followed by crack propagation.

Cyclic loading of the softer material will cause the subsurface stresses to propagate
the crack, initiated around an inclusion, parallel to the surface following the weakest
shear resistance direction. The crack propagation process continues parallel to the
contacting surface until the formation of a debris or the effect of contact pressure is
not considerable enough to influence its growth. The direction of propagation is
parallel to the surface until it reaches a certain length and then proceeds at an angle

to reach the surface. Observing the plot of the effective stress around the crack tip
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indicates that there is a tendency for the axes of the maximum value to be inclined
to the surface, which implies that crack propagation will tend to go towards the
surface as it goes on growing in size. This phenomenon is indicated in the previous
chapter which deals with the finite element modeling. The crack propagation rate is
governed by the material properties and amount of cyclic force applied on the object
near the crack.

Finally, the material will wear in the form of thin circular sheets, thickness of which
will be dependent on the location of the maximum sum of the shear and hydrostatic
stress within the vicinity of an inclusion. This depth is estimated in Chapter 5, where
extensive finite element analysis is conducted to determine this position. This
argument effectively extends the delamination theory of wear to impacting
conditions. It is complimentary to the theory that fatigue is the main cause of wear

for impacting objects.

The difference between delamination theory for sliding wear and the above justifications for

impact wear within the context of delamination are:

1.

Because of the relative motion associated with impact, the crack nucleation process
is assumed to initiate immediately upon contact, within the first two to three cycles
of loading. The incubation period as described by Engel is the time required for crack
to propagate parallel to and eventually towards the surface resulting in the formation
of a wear debris. There is no incubation period in sliding wear due to the fact that
abrasive and adhesive wear mechanisms dominate at the beginning of the wear

process.
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2. The shake down principle implemented for an elastic perfectly plastic material in the
case of sliding for delamination wear, was based on the material’s continuous plastic
deformation for cyclical loading, until a steady state value is reached. This is not
applicable here because of the hardening of the elastoplasic material chosen and the
assumption that the point of application and magnitude of the impact load remain the
same over the duration of the debris formation process.

3. The crack nucleation analysis is conducted following Jahanmir and Suh’s[22]
approach where as the crack propagation rate is estimated from the crack tip sliding
displacement (CTSD) as described by Shih and Suh[70] and Salahizadeh and
Saka[71]. It should be noted that the result for both sliding and impact is qualitatively
the same implying that crack nucleation does not control the wear process but rather
the crack propagation does.

4. The major difference between this research work and that of delamination for sliding
is the deduction that the critical crack length is equivalent to or is of the same order
of magnitude as the asperity length. This is inherently different than the delamination
theory of wear where this value was not identified explicitly. However, as will be

explained later this value is not very critical in the wear volume calculation.

Following the above approach for impact wear, which is analogous to the sliding wear
reasoning, sequential assumptions relating the macroscopic nature of the contact mechanics
to the microscopic character of the physical phenomenon, will be listed to arrive at a
reasonable wear model for impact. It is apparent that two relatively smooth objects that are

in contact transmit the load through the asperity as explained earlier. Hisakado[82] and
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Tsukada et al.[86-90] have shown that the contact of two surfaces through their asperity can

be the analyzed by assuming the contact to be between a perfectly smooth surface and a

rough one.

Even though the derivation of a purely analytical model describing the wear process is rather

difficult at this juncture, an attempt is made to arrive at a theoretical oblique impact wear

model that heavily relies on fracture mechanics, starting with the following reasonable

assumptions:

a.

The force between the interacting bodies is transmitted through spherical asperities
distributed at the contact interface such that the macro-contact pressure distribution
is elliptical.

The contact pressure of each asperity in turn is considered to be elliptical and average
pressure is equivalent to the hardness of the softer material.

The effect of one asperity on an adjacent one is considered to be negligible.

Since the wear debris is of the same order of the asperity contact length, it is
estimated that the subsurface crack comes to the surface resulting in a wear debris,
after axisymmetrically propagating for a distance of L, which is the same as the
asperity contact radius ‘a,,’.

The material elastoplastic properties are considered by including a multi-linear
isotropic hardening and neglecting strain-rate effects over the wear process.

The point of application of the cyclical impact force is repeated at the same point
(Figure 6.2) until the wear debris is formed which will result in another set of

asperity contact until the whole layer on the giobal level is worn.
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g.  The total number of asperity contacts remain constant for the entire wear process

provided the maximum impact force is maintained constant.

From the above oblique impact wear process description and assumptions, it can be inferred
that wear is a result of the crack nucleation and propagation, due to the asperity contacts of
two interacting materials. The delamination theory of wear derived for sliding conditions has
resulted in an equation which has a wear volume proportional to the applied load and sliding
distance. The derivation of the impact wear equation is analogous to the sliding model except
instead of the sliding distance, the number of impacts are taken. The justification of this
equation has already been given and the fracture mechanics approach employed in the
previous chapter has shown its validity. The wear volume derivation is schematically
represented in Figure 6.3. Therefore, from the above reasoning the rate of change of wear
volume for an asperity repetitively impacting a particular area, can be formulated as follows

[hT(21Al +AF)], by neglecting small terms (AF):

dw
= = 2RA(P e EVL0) P B0, mAIp,, . EV.1.0,,1) 6.1)

dn

where.
h = crack nucleation depth
Pousp, = maximum Hertzian contact pressure of the asperity
w, = wear volume corresponding to one asperity loading
o, = yield stress of the material
n = number of cyclic loading

Al = crack propagation rate for a crack length of ( /)
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The crack propagation rate (Al) is a crucial quantity in the determination of the wear volume.
This quantity can be expressed in terms of the cyclic loading as:

d
dn

Al = 6.2)

Substituting for Al in equation (6.1) and integrating it all the way up to the critical axi-
symmetric crack length L (= a,,,), the total wear volume due to one asperity contact can be

derived as follows:
L
W, = 2h(p 0. EV,0.0) f UP popE V-1.0 )l (6.3)
0

The total wear volume w, after the total number of cyclic loading required to produce this
critical crack length is applied, is the summation of all the wear particles due to all the

asperities in contact. This is given by:

(na

w= X w._
ai

= nw, (6.4)

-

=

where,

n, = number of asperities
The latter part of equation (6.4) is valid, provided that the asperities in contact have the same
area and cause equal volume of wear particles, in addition to producing wear debris equal
to the asperities in contact, n,. This quantity n, is given by the following relationship in terms

of the maximum applied contact force and the load on each asperity:

3P,
ng = ——— (6.5)

2 2
T Pousp Gasp

where,
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P, = the applied load (N)

a,,, = radius of the asperity in contact
The volume of wear due to an asperity was obtained by integrating equation (6.3). This
geometrical quantity does not indicate the variation of the wear, with respect to the cyclically
applied load (time). In order to introduce the wear volume variation wit respect to time, one
needs to express the critical crack length as a function of time, and substitute for the wear
volume in equation (6.4). The total number of cyclic loading required for the formation of
one 2L diameter asperity (N,,) can be obtained from the crack propagation relationship
(equation 6.2). This can only be done provided, that the crack propagation rate is expressed

as a function of the crack length /.

The parametric study conducted in the previous chapter helps to express the crack
propagation rate as a function of the crack length. This was plotted in Figure 5.35 of the
previous chapter, and it can be observed that there is an almost linear relationship between
the two values.

Al = k. (6.6)
Therefore, taking into account the fact that the crack initiation position is at some distance
from the zero value (initial condition of ), the differential relationship given by equation
(6.2) can be integrated, to give the cyclic loading for the final crack propagation value (N,,)

as a function of the critical crack length (L), initial value l, and slope value k . This

integration is given as:
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(6.7)

where,

N,

oot » Ny and N, = 0 compared to N,

Since the crack nucleation criteria assumes the inclusion diameter to be more than 0.025um,
the initial condition, i.e., position where crack nucleation will occur, is taken as half of the
inclusion diameter (0.0125 um). This is because the center of the inclusion is assumed to be
on the v axis. The total critical axi-symmetric crack length is equal to 10 um as indicated,
and the slope of equation (6.6) is dependent on the maximum crack propagation rate (A/) at
this crack length. The maximum crack propagation rate which is taken to be the CTSD at
L=10 um. is therefore, obtained for an applied maximum Hertzian pressure of 5k, and an

estimated critical depth of 10 um.

The crack nucleation number of cyclic loading (N,,) is already determined from the
relationship giving crack nucleation criteria, for an elasto-plastic material, which obeys the
multi-linear isotropic hardening law. It is seen that crack nucleation is not the wear
controlling factor. This is an already established fact by various researchers, such as Suh and
Jahanmir. The total number of load application is therefore, a sum of the number of load
application for crack initiation and number of load application for crack propagation, which

is almost equal to the N, as shown by:

N

tc(m) = Ncnf +Ncpf = Ncpf (6'8)
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where,
N,cim) = total crack nucleation and propagation number for ‘m’ type motion
m =i =>impact. m = o => oblique impact and m = 5 => sliding motion
This value of N, and the linear crack growth assumed for the crack propagation rate will

be used to calculate the wear volume. The critical crack length can be written as:

N,

L = [g"Nem (6.9)

The total wear volume can be written as a function of time, in terms of the total number of

times the load is applied, and can be expressed by the following equation:

nN,
wo=nw, (6.10)
tc(m)
where,
N,=number of loading during each excitation cycle
The volume of each debris w, is given by:
w, = ALY = mh(le N’ ©6.11)

Because the total wear is a function of the number of times the cyclic loading is applied, for
conditions involving oblique type of impact, N, depends upon the number of times the
asperities pass over the crack nucleation zone for each excitation. Hence, the number of

cyclic loading per excitation is given by:

vt .
N, =[1+i]nd =] je2s n, =(I+L°s(el-Jnd (6.12)
s, s, s,

where,
s = total sliding distance per impact

s, = average distance between two asperities
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n. = number of columns of asperity
v = velocity of impact
0 = angle of impact
t" = duration of contact
The duration of contact for a cylinder impacting in a conforming support was derived in

Chapter 3 and is written as (equation3.84):

7 8a),E"
= m | 22w (6.13)
2a,,E" RP,

where.

m = mass of the cylinder (kg)

a,, = half the axial contact length

P, = the impact force (N) = P/(2a,,) = P/a,

E" = equivalent Young’'s modulus

R = equivalent radius
It should be noted that the impact force is expressed as the actual applied force and not
normalised with respect to the axial distance. This is following the elastic compliance
equation used to derive the impact time, given by Dubowsky and Freudenstein [S3].
Following a similar approach for obtaining the wear volume, the actual applied force will be
used. further in this chapter. In equation (6.12), the sliding velocity v, is given as the cosine
function of the impact angle 0 (the angle made between the impacting surface and the force).
The value of N, has a limiting case between ! (for normal impact) and nnd /2a (for pure

sliding motion). n,, is defined as the number of columns in contact and d_ is the diametral

clearance. The above derivations are carried out for a cylinder supported in a conforming
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support, with a diametral clearance of d,. The number of columns of asperities (Figure 6.4)
is determined from the ratio of the Hertzian contact width and the average spacing between

asperities. It is given by:

12

2a 2an, 6P, ( PR (6.14)

n D e—— = -
cf 2 L .
s a. 2
a wt @, TP, asp nE’a,,

Equation (6.12) is written with the assumption that the total contact time is also the total slip

time. which indicates that sticking is neglected. The average distance between the asperities
(s,). is given by equation (6.15). It is a function of the number of asperities in contact. the

half Hertzian contact width a and the axial contact length a,,. as follows:

2aa_.
s, = ’ hd (6.15)
na

Taking the values of s,. 1", w, and n, and substituting them into equation (6.9), the final wear

equation is obtained. All the variables in this equation can be theoretically obtained. either
from the fracture mechanics analysis conducted in Chapter 5, or as shown in this chapter

from contact mechanics analysis. Therefore the final oblique impact wear equation is given

by:
_ _ _ 1”2
L 3P,L%h 6F, [ PR
2 Pousp Gasp amnpwpa,;pt nE’a,,
(6.16)
n } , vcos(0) J n?m In(8a,E /RP)/2a E"
+
Nictor \/4"“%,1704,,,“3:/3 P,

Therefore given the fact that all the above quantities can be determined from the finite

element model developed for this problem, the wear volume can be calculated analytically
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assuming all the conditions stated are valid for describing the wear phenomenon. It should
be noted, however, that there are a number of assumptions that are taken to simplify this
complex phenomenon. Hence, discrepancies occurring should not come as a complete
surprise to the reader. Therefore, based on the deviation of the theoretical wear values from
the actual ones, the CTSD can be modified for normal impact, oblique impact and sliding
wear separately. Finally, results obtained from these validations are used in Chapter 7, to

characterize the wear, using the appropriate parameter.

The flow chart of Figure 6.5, indicates the approach taken to derive the wear model. The
input parameters are the material properties and type of contact condition while the final
output is the result. The contact mechanics approach implemented in the analysis is used to
first get an initial estimate of the asperity size which is in turn used to conduct the analysis
for crack nucleation. After the crack nucleation position is estimated the next procedure is
to determine the crack propagation direction and also the crack propagation rate from the
CTSD. The other input given to the system is the total wear volume which is in turn used to
validate the value of the CTSD to appropriately find a reasonable value to the wear. In other

words the wear process is calibrated based on a physical understanding of the mechanism

The wear of cylinder impacting normally against a conforming cylinder support can be
derived in a similar fashion assuming the wear will follow the pattern described in the
optimal wear path principle. The arguments utilized for the pure impact wear model will still
hold in this case as well. The only exception will be in the position of the crack nucleation

point from the surface and the crack propagation quantities will differ depending upon the
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value of the force and total duration of contact as well as the ratio of normal to tangential

force.

The wear of cylinder impacting normally against a conforming cylinder support can be
derived in a similar fashion, assuming the wear pattern will follow the rationales described
in the optimal wear path principle. The arguments utilized for the oblique impact wear model
still holds in this case as well. Due to the loading condition the position of the crack
nucleation point from the surface and the crack propagation quantities may vary slightly. This
will be taken into consideration, during the calibration of the model. From the general
oblique impact wear model. a normal impact wear equation can be formulated. This equation
which heavily relies on fracture mechanics. is derived, with the subsequent reasonable

assumptions listed (similar to that of the oblique impact):

a.  All the conditions stated for oblique impact except condition (g) are valid here as
well.
b.  The total number of asperity contacts remain constant for the entire wear process

provided the maximum impact force is maintained constant.

3P,L*h | ,
w = TN (6.17)
2Poasp Aasp L Vet
where,
N...,, = total number of impacts to obtain a wear debris of volume w;,

This equation implies that the debris formation is not a continuous process, but rather one

that involves an incubation period after the complete removal of a layer. This observation is
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analogous to the one given in the delamination theory of wear, where debris formation is
layer by layer, controlled by the crack propagation rate. Therefore, the total wear depth is
calculated from the equation relating the total wear volume to the summation of the
individual volume of wear and the wear geometry is assumed to follow Engle’s optimal wear

path principle [28].

Given the fact that asperity contact distribution is more, where the macro-pressure
distribution is high, the wear of the surface will not be even. This is in agreement with
Engle’s experimental observations for impacting bodies, where the wearing body curvature
will continuously vary until conformance of the two bodies are reached. This process will
be enforced even though wear is said to form layer by layer. The implication of this
occurrence is that more layers will be worn at the position where the asperity distribution is

denser than at the edge of the contact.

The different terms in the wear equation are calculated from contact mechanics taking into
account the microscopic contact of asperities of the of rough surfaces and fracture mechanics.
The number of asperity contacts is calculated based on the assumption that the average
contact interface pressure is taken as the hardness of the softer material (plastic flow
pressure) [79-81], even though each asperity contact has elliptical pressure distribution. The
macro contact of the cylinder in a conforming support is calculated using the Hertzian
contact equation which was verified using a finite element model developed using ANSYS

in the previous chapter.
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The position where crack nucleation is most likely to occur is calculated using a finite
element method employing Argon’s criteria. The crack propagation rate is estimated using
the Crack Tip Sliding Displacement (CTSD), where the overall relative crack tip sliding
displacement is calculated from the model for the applied load. The analysis is carried out
for the complex loading condition using the finite element model developed for a subsurface
crack. All the above stress calculations for crack nucleation and propagation for all the three

cases of normal and oblique impact are shown in the previous chapter.

The determination of the wear profile for the given geometry can be calculated by using
Engel’s approach of wear model of a cylinder within a cylinder. According to the optimal
wear path principle the wear curvature surface is equal to the geometric Hertzian contact of
the two objects and proceeds in a manner which will conform the shape of the wearing object

to the curvature of the hard object.

The equations for determining the progressive wear is given in Chapter 3. However, it is
observed in this chapter that since the amount of wear depth is far more than that which can
be described using this equation the wear will be assumed to follow the radius of the support,
in accordance with the rationales of the optimal wear path principle. Hence. following this
Justification, a purely geometrical approach is used to obtain a relationship between the wear
depth and the total wear volume as (Figure 6.6):

w = (h+R,-R))R,sin(0,) +0, R’ -0,R} (6.18)

The value of 6, is given from the geometry as:
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Figure 6.6 Geometry of a worn volume for oblique and normal impact
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R} -R}-[R,-R, +h J?
0, = cos | 21 R, R, +A ] (6.19)
2(R,-R,+h)R,
and that of 6, is given by:
R} -R2+[R,-R,+h ]
8, = cos’l| ——1 [R,~R, +h] (6.20)
2 2(R,-R,+h)R,

Using the above equation (6.17), the wear depth can be expressed as an approximate function
of the wear volume. Substituting this value of R, into the previous equation relating the wear
depth and volume following Engle’s optimal wear path principle, one obtains the overall
wear depth which is critical in determining the life of a tube in a heat exchanger.

h, = f"(w) (6.21)
A typical plot of this relationship is shown in Figure 6.7, giving the approximate relationship
that exists between the wear volume and the depth, for a cylinder of 9.15 mm radius support
and 8.73 mm radius tube. Using this relationship good results were obtained for the
experimental wear depth, obtained from a tube impacting and sliding in a cylindrical support
as reported by Hofmann et al. [83]. A typical result for a case of impact gave 40 pm as

opposed to 38 um for the estimate.

The next step is to derive the wear model of a tube sliding purely in a cylindrical support
with a diametral clearance of 4. This model can be derived using a similar approach like the
oblique and normal impact models derived earlier, in this sections. The contact mechanics
approach supported by the geometric approach, can be utilized to arrive at a sliding wear
model that heavily relies on fracture mechanics, with the following reasonable assumptions

similar to the ones given in oblique and normal impact:

219



1.0E-3 _ .
9.0E-4 _ o

8.0E-4 _
7.0E-4 _

6.0E-4 _
y = 2.3224x09 7057
Rz =0.999

5.0E-4
4.0E-4

Wear depth (m)

3.0E-4
2.0E-4
1.0E-4

0.0E+0
0.0E+0 20E-6 4.0E-6 6.0E-6 80E-6 1.0E-5 1.2E-5 1.4E-5 1.6E-5

Wear volume (m”3)

Figure 6.7 Relationship of wear depth vs wear volume for impact wear

3.0E-4 _
2.5E-4 .

2.0E-4 .

1.5E-4
y = 18.456x

1=

Wear depth (m)

1.0E-4
5.0E-5

0.0E+0 ¢
0.0E+0 2.0E-6 4.0E-6 6.0E-6 8.0E-6 1.0E-5 12E-5 1.4E-5 1.6E-S

Wear volume (m"3)

Figure 6.8 Relationship of wear depth vs wear volume for sliding wear

220



a. All the assumptions stated for the case of oblique impact are taken to be valid here
as well, except for condition (g).
b. The total number of asperity contact remains constant for the entire wear process
provided the maximum contact force is maintained constant.
c. The number of wear particles is proportional to the number of leading asperities in
contact assuming these asperities are evenly spaced over the surface
Since the total sliding distance of a tube inside a cylindrical support with a diametral

clearance of d, is md_, the wear equation can be written as:

L3} C) n 6.22
w = “hn n .
a9 2a )N ( )

()

In the above equation, the value of cyclic loading depends on the number of times a cracked

zone is passed by an asperity. Therefore the final wear equation is given by:

.- I - _ 12 . ll‘.’.i
3L'11PO\| 6P, ( PR ’t(Rz"Rl)( nE’a,, [ n } (6.23)

Ww =

awlftpo“paipt nE’a,, 2 t f’oR | Nis

2 Pousp@ asp
The only difference between the equation for normal and oblique impact and the one for

sliding above. is that the radius of the wearing cylinder does not try to conform to the radius
of the support but rather decreases continuously resulting in the following equation for the
volume worn:

-RY = nl2hR,, -4} 6.24)
where

R, =R, -h (6.25)

lorg H

The above two equations can be used to express the wear depth in terms of the wear volume.

Therefore the wear depth equation can be expressed as:
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R: -¥ (6.26)

lorg —
£ x

h, = R

! lorg -

This equation is plotted in the form of a chart (Figure 6.8) for a typical case and it can be
seen that there is an almost linear relationship between wear depth and the total wear volume.
The remaining aspect of the wear equation is to quantify the fracture mechanics quantities
required to initiate a crack and propagate it until a critical length is reached and a debris is
formed. This analysis was already performed in the previous chapter which dealt with the
stress analysis for complex type of loading and non linear material properties. A comparative

analysis of the three wear models will be provided in the next section.

6.3 Theoretical Model for Wear

The three wear equations used in calculating the wear volume are derived in the previous
section of this chapter. They are rewritten here to show the structure of the models and their
relative differences and similarities. The models are also arranged by lumping up some of
the parameters, to demonstrate the relationship of the wear volume to the applied load.
Therefore the wear models corresponding to the three contact conditions are given by the

following equations respectively:

w = KP, N" = K Pyn (6.27)
()

for normal impact,



S| ep, [ BR

aw,ttpwpa:,pl nE’a,,

{ n J L. vcos(B)J nm In(8a,,E ‘IRP)2a, E " (6.28)

Nicr ‘/4 Ttaa,p mpai’ﬂ P,
= KB, [1+k,, P"In(k,,,/P)"In
for oblique impact and
- — 12 12
_ 6P, { P,R (R, -Rl)( nE’a,, n
w = KP, - 2 _
awr Ttp Oa.rpaa:'pL nE .awl 2 L OR N!c(s) (6.29)

=K }305/4’1

ps

for sliding wear.

K is taken to be the same for the same material combination, surface finish and magnitude
of loading. The type of loading and interaction between the contacting materials, dictates the
equation to be used. The difference in the above three equations is the fact that the crack
propagation rate is not the same for all three, because of the effect of friction at the surface,
and also the fact that far field stress will cause some amount of propagation as the asperity
slides over the subsurface crack. The three sets of equations given above for normal impact,
oblique impact and sliding motions are expressed in terms of the load and cycle. From the
experimental validation it can be seen that the crack propagation rate for oblique impact and

sliding is more or less similar and that of impact is slightly lower than these two.
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The final equations are, among other factors, a linear function of the critical debris length L.
This is mainly due to the fact that the wear volume of a debris is assumed to grow
axisymmetrically beginning at the crack nucleation center. This argument is valid as long as
the applied load is large enough to ensure that the crack propagation is in a uniform
axisymmetric fashion. As the crack grows in size the critical stress zone is limited to within
the vicinity of the contacting asperity. Therefore, in the case of sliding where the critical
crack length could subsequently grow parallel to the sliding motion (not axi-symmetrically),
the wear model is insensitive to the critical length, because the volume will no longer be
proportional to L*. This is also the case where the asperity impact point is not the same for
subsequent cyclic loading, implying a debris cross section that is not circular (axi-symmetric)
but rather rectangular. The values of the CTSD given in Table 5.2 are listed for different
parameters. The one corresponding to 5k with an interface friction coefficient of 1 is taken
as the CTSD for this analysis. The value of the friction coefficient is taken this high to

account for the possibility of asperities getting interlocked at the interface.

All the input parameters in the wear model are estimated theoretically from the finite element
analysis or are measured from the transducers (force and displacement). The results ensuing
the identification of the crack nucleation region and number of cyclic load required to
generate a crack, and the crack propagation values to estimate the total number of cyclic
loading to produce one debris, are all required in the equation. The number of asperities in
contact are estimated from the applied force and the average maximum Hertzian contact

pressure value of 5k.
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6.4 Experimental Validation of the Theoretical Wear Model

Since the ultimate goal of this research work is to properly characterize wear, the new
mathematical model is used to verify experimental results in this section. The verification
of the proposed wear model is crucial in substantiating the validity of this approach. Hence,
in accordance with the derived wear equations and various analytical as well as numerical
results describing the wear process, an attempt was made, to compare the predicted wear
volume using purely theoretical approach. All the éuantities were estimated from the finite
element analysis or the input given to the setup. The impact or sliding force value for
estimating the wear is taken from the measured force value (rms) and the number of
excitation and average sliding distances are estimated from the input and display

respectively. The quantities L, A, n,.d_, n, aand N were estimated theoretically or taken

cm)?

from the geometry of the tube and support. to arrive at the wear volume.

Taking into account the difference between the theoretical and experimental values, a best
fit line is chosen for the theoretical vs actual wear volume and adjusted accordingly. The
study was conducted by introducing a linear regression analysis to plot this relationship. The
equation utilized for this analysis was using the least square approximation method, where
the value of the slope m and intercept b is given by:

n,Zxy-Zxly
n,Z(x?) - (Zx)?

m =
(6.30)
b = ZyZ(x?) -ZxIxy
n,Z(x? - (Tx)?
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where.
x = independent variable
¥ = dependent variable of x
n, = number of pairs of data (x, y)

The error indicator which is known as the R? value is given by the following equation:

ZOY,0)

R*=1- .
z(yz) '(ZY)’/"d

(6.31)

where,

Vnew = value of the dependent variable obtained from the best fit equation
It should be noted that if the equation contains all the discrete data, then R? will be unity.
This implies that the more R* approaches unity. the better the equation approximates the
actual curve. However, since the linear approximation for some of the data forced the origin
to be the intercept point. the quantity b is taken to be zero. This implies that the new equation

for the slope of the regression result, is given by:

Zxy
TxdH

m =

(6.32)

The above equations were used to obtain a best fit curve and the error estimation quantity in
a spread sheet program (Microsoft Excel). Therefore, the CTSD can be adjusted until the
independent and dependent variables are the same (slope of unity). The CTSD is assumed
to be the same for initial contact conditions. and the value properly calibrated for oblique and

normal impact, and sliding motions.

There are three sets of experimental results investigated in this research work, each
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categorised for impact and sliding motions. This analysis for the verification of the model,
was conducted in three stages. The first one was to obtain the theoretical wear volume by
assuming a CTSD value of 4.0<107? um for normal impact and 8.0=103 pum (assumed
because of the effect of loading from far field as it slides over the crack) for sliding and
oblique impact. This results in a trend line which shows the relationship between the
theoretical wear volume and actual wear volume. The next stage was to randomly select three
data points spaced at the maximum, minimum and in between.These values were used to fit
a linear trend line, which was used to caliberate the CTSD value, such that the theoretical
wear volume is equal to the actual one. The final stage was to select all the experimental

data. and adjust the CTSD using the trend line that best approximates all the data point.

The plots of the three lines given in each graph represents the result of the theoretical model,
the calibrated model using three data points and the final result obtained from the calibration
of all the data. The first three sets depicted in Figures 6.9, 6.10 and 6.11 are results found in
open literature [48.83,84] where as the last one shown in Figure 6.12 is from experiments
conducted at Concordia University by the author for this research work. In Figure 6.10 a and
b the three point calibration is not conducted as the total number of experiments were only
three. Hence, the data was plotted only for the theoretical model and calibrated one. It should

be noted that the margin of error for the results is not given in the above literature.

The results indicate that the maximum value of the trend line, among all the theoretical cases
was nearly 3.7. This is a rather good estimate of the wear volume from first principles.

Similar analysis reported in open literature [100] required a factor of about 5000 used to
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scale the wear appropriately. It can be observed that the model calibrated using three random
data points and all the data points are aimost the same for most of the experimental results.
This implies that the model can actually be calibrated using some data and use the CTSD
obtained from this results. The maximum error occurred at experiments where the wear
volume was relatively small, introducing the possibility of errors being magnified. Even
though every possible precaution was taken to avoid errors, small wear volumes will have

a higher percentage error compared to higher wear volumes.

Results of the theoretical wear model was shown to improve by adjusting the CTSD value
for normal impact, oblique impact and sliding motions based on the trend line which relates
the theoretical predicted wear volume, to the actual wear volume separately. Figures 6.9-6.12
show the validity of CTSD calibration. Calibration of the result ended up in giving a CTSD
value of a minimum of 0.0011 pm in the case of pure impact and a maximum of 0.0071 pHm
for pure sliding contact conditions. It should be noted that there were no experimental
constants. The actual wear volume is used to properly calibrate a quantity that would have
been difficult to determine otherwise. Even though most of the wear models on fretting wear
data. normally require experimental investigations to determine some experimental constants
for the proper characterization of the wear volume, this model does not. This is mainly

because it is based on a physical understanding of the process.

6.4 Conclusion

This chapter presented a wear model which is applicable to low level force contact condition
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(force does not cause global plastic deformation at the contact) involving normal impact,
oblique impact and sliding type of relative motions. It is evident that the appropriate
characterization parameter should include a combination of the applied load and number of
cyclic loading. However, it should be noted that depending upon the type of motion,

geometry could play a crucial role as well.

If the motion of contact is normal or oblique impact, then the wear will proceed in 2 manner
such that the two radii will try to conform, implying an increase in the number of asperities
in contact which in tumn will reduce the subsurface shear stress which is responsible for the
formation of wear. If on the other hand the wear is of pure sliding type the radius of the
wearing tube will continuously reduce implying a reduction in the average area of contact
which will further result in an increased shear stress at the subsurface level responsibie for

the formation of wear debris.

It is apparent that accurate determination of the wear volume requires validation of the
theoretical model. Following this study, the next step is to analyse the experimental results
using known characterization parameters, and a new characterization parameter which will
implement the above new wear model. The theoretical model will be expanded to handle the
problem for better results as will be seen in the next chapter. The characterization parameter
of the wear rate in nuclear power plant heat exchangers will be investigated using existing

parameters and proposed ones against the conducted long term experiments.
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CHAPTER 7

WEAR CHARACTERIZATION PARAMETER

7.1 Characterization of Wear

Work rate is the commonly accepted characterization parameter for wear rate. This parameter
was introduced by Frick [44] and is defined as the product of the normal force and sliding
distance per unit time. However, there were some discrepancies with regards to the validity
of this quantity as an appropriate scaling parameter. This has been indicated in the literature
survey of Chapter 2 as well as in the theoretical analysis conducted using existing
generalized wear model in Chapter 3, for the various orbital motion and geometry
combination. This chapter will present a new characterization parameter based on the wear
model derived in Chapter 6, and also give a comparison with the conventional work rate and
the modified work rate derived by Hofmann et al. [5]). A flow chart for this procedure is

given in Figure 7.1. [107, 111] (Author’s Ref.)

7.2 Conventional Characterization Parameter

The conventional quantity used to characterize the wear rate involved in a nuclear power
plant heat exchanger, as mentioned earlier, is the work rate. The work rate is defined as the
product of the normal force and sliding distance divided by the time. While using discrete

approach it is crucial to ensure sufficient sampling rate of the required data, in order to
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increase the accuracy of the experiment. If there are n, measured displacement and force

signals scanned at a rate of n, Hz then the work rate is:

n i=n,-1 F ) "‘F g
W, = = Z el (D,.,-D) 7.1
nf i=1 2

where,
F’,, = normal force at time / corresponding to displacement D, at time i

This characterization parameter can be utilized to investigate the wear occurring on heat
exchanger tubes. However, as mentioned earlier direct use of this quantity could introduce
significant errors that could lead to faulty results. The measurement of the normal force is
determined from the phase difference between the resultant force vector and the resultant
displacement vector. Since this may introduce some experimental error. it is appropriate to
consider the measured (resultant) force multiplied by the distance for the work rate. The plot
of the conventional work rate (based on the resultant force) vs wear rate. obtained from both
experimental setups (The single span heat exchanger tube fretting rig borrowed from Ontario
Hydro as well as the one built at Concordia University) is given by Figure 7.2. As can be
seen from this plot, the scatter is considerable. The R’ quantity which is a measure of the
overall scatter indicates that there is room for improvement. Because of this type of scatter
evident in the experimental data, Hofmann et al. [S] expanded their work to better

characterize wear using the work rate quantity, by introducing empirical scaling factors.

7.3 Hofmann’s Characterization Parameter

The empirical derivation of the new characterization parameter by Hofmann et al.[5]

236



S=3.4 (F/F,=1)

Osc S =8, 9 (Oscillatory sliding motion)
[=1,5,12 (F/F,=0)
0=2,6,7.10,11, 13,14 (0<F/F,<1)

0.0035
e3
0.003 o4
> 0.0025
3 R? =.6578
S 0.002 P
; [ 6 /
= 0.0015
5 . 7 -2
= 0.001 ~
// 1
0.0005 // 0 —
0 120 Lpe - TP

0 100 200 300 400 500 600 700 800
Work Rate (Nm/'s)

Figure 7.2 Wear rate vs work rate analysis for the experimental data collected from the
single span heat exchanger fretting wear rigs, borrowed from Ontario Hydro and also

built at Concordia University.

237



revolves around the introduction of a wear intensity factor into the conventional wear rate
/ work rate equation to scale its value for the type of orbital motion involved in the wear
process. They carried out a well controlled experimental study to investigate the wear rate
of Inconel 600 as a function of work rate, in simulated steam generator environments and
excitation conditions. The tests were carried out in pressurized water at 200°C, with
excitation frequency in the range of 33-46 Hz. During the course of their tests, contact forces
and tube displacement were directly measured, with high sampling rate for accurate

estimation of the work rate.

Hofmann et al. [5] suggested that for a pure impacting motion, where the contact time is less
than 0.5 ms. some type of non-linear correlation must exist, and that wear rate prediction
requires the introduction of a third independent variable, in addition to work rate. In their
attempt to understand the non uniqueness of the wear rate / work rate relationship, they
carefully examined the impact forces and sliding distances of those tests which have
approximately the same work rate but have an order of magnitude difference in their wear
rates. To characterize the stresses and interactions introduced into these two cases, they used

the following approach.

Their approach utilizes the data on frequency of contacts with certain sliding velocity and
contact force classes. Examples of the three dimensional graphs, low and high wear rate tests
(under the same work rate input) were given in reference[5]. They concluded that the high
wear rates were obtained when high sliding velocities were measured. They also made an

interesting observation regarding the wear reducing effect of interspersed perpendicular
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contacts with high contact forces and extremely small sliding velocities. They argued that in
the case of impact/sliding the contribution of these two types of motion operate in opposite
directions. While sliding motion is a wear enhancing factor as it induces tensile stresses in
the contact zone, impact with small contact forces can act as a wear reducing factor. The
beneficial effect can be attributed to work hardening, and the elastic and plastic compressive
stresses induced in the surface asperities without wear. This argument explains in part that
when these two types of motion are combined, the resultant tensile stresses will be reduced,
and may lead to smaller wear rates. With this understanding, Hofmann et al. developed a
wear model which is based on the following assumptions:

I. Insliding wear, the wear rate is proportional to the square of the sliding velocity and

is directly proportional to the normal contact force

[89]

In impact induced fatigue wear, the wear rate is proportional to the cube of the impact
force and to the number of impact cycle N, after reaching the incubation period. This
assumption is based on Engle’s analysis and experimental observations.
Consequently Hofmann et al. suggested to modify the conventional wear rate/work rate
relationship by introducing an additional “overall wear intensity factor” to accommodate the
wear enhancing and wear reducing effects. These factors were lumped up into the
multiplication factor known as the wear intensity factor. This approach is shown in Table 7.1,
which indicates how the categorization is performed.

w, = kW, We (7.2)
where,

k; = specific wear rate (estimated by means of a reference test under oscillating

sliding condition)
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sliding condition)
/. = overall wear intensity factor
W, = average work-rate

Table 7.1 Weighted multiplication factor for the characterization of work rate

MFg,\ MF,,
MF, MFy,, MFg,; MF, MFg,
MF, MF,, MFg;, MF, MF;
MFy, MF,, MF,,, MF,,, MF,,
MF,

The multiplication factors are defined for sliding and impact separately and the weighted

percentage of impact and sliding wear are given respectively as follows:

1=§ =5
MF, = M, = E km(F/kH.’)JPu 7.3)
=1 1=1
and
1=5 ;=§ 1=§ 7=§
MF¢ = Mg, *Mg,, = F:(D,)zp,, +F(D)°py, 7.49)
1=1 y=2 1=1 y=2
where,

ky, and k;;, are material dependant constants
p, = percentage of F, D, category (class of F,=0-0.2F,,.., class of D,=0-0.2D,_.. etc.)
F, = average normal force category (F, = 0.1F,_,, etc.)
D, = average displacement for sliding category (D, =0.1D,,, etc.)
The overall wear intensity factor is formulated in terms of the frequency in percent of sliding
and impacting. For impacting conditions (small sliding velocity class), a non-dimensional
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wear reducing factor. In contrast, for sliding conditions (high sliding velocity classes), a non-
dimensional sliding wear weighing factor which is proportional to the square of the sliding
velocity, is used as the wear enhancing factor. Hofmann et al. presented in [S] an empirical
method for obtaining the weighted percentage of work hardening and the weighted
percentage of sliding wear in terms of the respective weighing factors. Some of the constants
in this formulation are material dependent and should be obtained experimentally. The
overall wear intensity factor which can be considered as a correction factor of the average
work rate is the given by the following relationship:

. _MFS” (7.5)
“ " MF, + MF, .

In their analysis. Hofmann et al.[5] used 100N for F,. and 10um for D, . to calculate the
wear intensity factor. In the analysis of the experimental results obtained from the fretting
wear tests conducted at Concordia University, the errors obtained for the characterization
parameter (modified work rate) by following the procedure were too high. Hence. the force
-displacement weighted percentage matrix was obtained by taking the maximum value of the
applied force and measured displacement and dividing these values into five to obtain the
5x5 matrix for each experiment. The calculation of the wear intensity factor was done using
a spread sheet program after obtaining the percentage distribution using the program which

was developed on the G code compiler (LabView).

The value of W,,, was optimized for the linear curve, until the highest R? value was obtained.
The work rate / wear rate relationship piot along with its R? value can be seen in Figure 7.3a.

Since the error was found to be very high, a variation of the wear intensity factor (equation
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7.5) was implemented by changing the power of the numerator to unity. A considerable
improvement was obtained (Figure 7.3b). This implies that the sliding weighted percentage
ratio should be taken with respect to the sum of sliding and impact weighted percentages. It
should be noted that, this process is in violation of the proposed methodology as given in the
reference(5). Because of the failure of the proposed methodology, a new analysis will be
derived based on the wear models derived in chapter 6 and result will be examined in relation

to the above models.

7.4 The Proposed Asperity Contact Dependent Characterization Parameter

A new wear model which is applicable to low level force contact condition involving oblique
impact, normal impact and sliding type of relative motions was derived in Chapter 6. The
proper characterization parameter can be derived from this model ensuing some
mathematical simplifications. It is apparent that the appropriate characterization parameter
is evidently a combination of the load applied and the frequency this load is applied at.
However. it should be noted that depending upon the type of motion, geometry could play

a crucial role as well.

Because of the nature of the experiment it is not uncommon to have a complex motion of the
tube within the support involving impact as well as sliding conditions. The wear models
derived using the appropriate assumptions in Chapter 6 will be used as a basis for arriving
at a generalized characterization parameter better suited to describe the wear occurring due

to the complex motions evident in this situation. The experiment conducted showed that even
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to the complex motions evident in this situation. The experiment conducted showed that even
for normal impact type of excitation there was some amount of sliding witnessed in the
displacement measurement taken. Hence the generalised sliding wear equation, which as a
limiting case, describes the wear due to impact alone will be used in this section to describe

the wear process (equation 6.22):

td n

w ="nL*hn n d L (7.6)

a el 2 N
a re(s)

where,
n, = total excitation cycle

The equation which is given by equation (7.6) can be modified to account for the different
percentage of contact force and displacement occurrences. Even though the above equation
was derived for pure contact conditions (pure sliding), it is not uncommon to come across
real occurrences and experimental investigations involving different motion types with
certain percentage combinations. Therefore, the equation can be rewritten to include the
effect of impact as well as sliding in a generalized model by considering the percentage of

occurrence of impact dominated and sliding dominated wear.

n

o[ md,
—n_p; (7.7

w = anhna
2a

tc(m)
where,
n., = number of column of asperities parallel to the sliding distance
ps = percentage of sliding
N,.., = Critical cyclic loading applied for impact (m=i) or sliding (m=s)
Since a discrete approach is utilized, the quantity describing the orbital motion nd, needs to

244



problem, it is essential to describe the total displacement per cycle associated with the sliding
part in terms of the average sliding distance per measurement and total number of data
collected per cycle. It should be noted that depending on the type of dominant motion, the
critical number of load application has to be set to that corresponding to either impact or

sliding from the onset.

w = tLhn [ i %! S'n 7.8
G[Nu.(m) zaf CIPS - )

The above equation can be further simplified by substituting for n, (it is a ratio of the applied

force to the product of the asperity area A; and hardness H, of the softer material) to give:

ThL*Pyn, [ vr°s, ) 70
W = n .
AHN,_ \ "2ar "4Ps 7.9)

where.
s, = sampling rate
f = frequency of motor excitation
Given the fact that the area of asperity contact is assumed to be equal to the area worn debris

which is in the form of a layer, the above equation can be further simplified to the following:

W = hPonf (vst's,n p) (7.10)
HN,_ \ 2af “°F

The above equation can be written in the rate form as follows:

) h v.t's, Pyn,
w = n —_ 7.
HN_ ( 2af dPSJ T (7.11)

The symbol T in the above equation is the total duration of the wear process. Since the actual

experiment involves a total force which is not constant one should substitute the maximum
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experiment involves a total force which is not constant one should substitute the maximum
measured force by the average or mean force over the duration of the experiment. Therefore
the above equation can be rewritten in terms of the average or mean load rate (P,,) defined
in Chapter 4 as f P(0)di/T. From the above equation it is apparent that the appropriate
characterization quantity is the mean force rate, scaled properly by the percentages of impact
occurrence and sliding motion occurrence. However, from Figure 7.4 and 7.5 it can be seen
that the mean force rate and the total work rate are proportional to each other. Hence one can
use the conventional work rate quantity in lieu of the mean force rate. This approach can be
substantiated using the work rate calculations for an idealised condition of a purely sliding
contact of a tube in a hole and partial sliding contact as seen in the figure, for the case of an
oblique impact. The work rate and load rate are given by equation (7.12) for the case of pure

sliding condition and equation (7.13) for the case of oblique impact conditions.

27r P
WR = < and Pm = M = ﬁ (7. 12)
T Qn/n)T T

where.
r. = the radial clearance
and also.

_ 20,r.P _20pm O,
wW_ = and P = = P (7.13)
R T "  @®rmT =T

It can be seen that a ratio of the work rate to the mean load rate gives a relatively constant
value equal to 2. This is due to the variation of r_being considerably small, over the
duration of the experiment. Therefore substituting the work rate instead of the mean load rate
one would obtain the following relationship:
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" h (V,f'sr

" HN, o\ 2af

"ctps) k, W (7.14)
The constant k,, is introduced to account for the conversion factor from load rate to work rate,
as well as to account for the experimental error that could be introduced as a result of the

improper measurement of vt'/2a.

The characterization quantity which is defined as the modified work rate is mulitiplied by a
factor normalized with respect to the maximum value so as not to deviate from the accepted

characterization parameter by much, and is given as:

( v.it's, )
nc pS
2a !
Wem = f - We (7.15)
v.t's, -
max| ——n

Therefore the final wear equation which will be used for the characterization of the wear is

given by the following relationship:

W = Kw WR," (7.16)
where.
K h V! . > k 7.17
= max n.,.p . .
W Hle cm) 2af ctBS|w ( )

It is assumed that the depth at which the wear will originate, the hardness of the material and
the total number of cycles required to originate and propagate crack until wear debris forms

are constant but not the same for sliding wear and impact wear.
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The analysis considered here takes into account the percentage categories of force and sliding
distance. Therefore the percentage of sliding and force are divided into a six by six matrix
describing the force variation in one direction and the displacement variation on the other

(Table 7.2). The overall multiplication factor is given by:

Mf =3 | ~—"n_p, (7.18)

It is the summation of the product of weighted percentage of applied force and equivalent
number of asperity columns through out the duration of the experiment. The above
formulation can be easily visualized in a tabular form consisting of the percentage force and
displacement distribution and the multiplication factors as well. The product in Table 7.4 is
obtained by multiplying the contents of the same cells in the two tables, Table 7.2 and

Table7.3.

Table 7.2 Percentage distribution of force and sliding combination.

0-0.166F . 0.16-.33F,

0-.16D,,, Pu Piz P Pis Pis Pio
.16-.33D,,, Py Par Pas P24 P2s P2
.33-5D,, Pu Pz Pis Pss Pis Pis
.5-0.66D,,,, P Pa Pas Pus Pas Pas
.66-.83D, . Ps: Ps: Pss Pse Pss P
.83-1.0D,.., Ps: Psz Pa: P+ DPss Pes
where.

D, = constant at 10um and F,_, take the maximum value for each experiment.

250



Table 7.3 Percentage distribution matrix multiplier.

R \ C| 0.083n 0.250n 0.416n 0.583n 0.750n 0.916n.
0.0834s,,, l R,*C, R,*C, R,*C, R,*C, R,*C, R,*C,
0.2504s,.., , R,*C, R,*C. R.*C, R,*C, R,*C, R,*C,
0.416A4s,., r R,*C, R,*C, R,*C, R,*C, R,*C, R,*C,
0.583As,., R.*C, R,*C, R,*C, R C, R.*C, R,.*C,
0.750As,., R.*C, R,*C, R,*C, R.*C, R,*C, R,*C,
0.9164s,., JL R,*C, R,*C, R,*C, R.*C, R,*C, R,*C,

where,

Ncima™ Maximum number of asperity contact perpendicular to the sliding direction

As,,, = maximum equivalent number of contact length for one cycle [vr's /(2af)]

Table 7.4 Multiplication factor for conventional work rate

P,,*0.083n,,..

*0.083As,,

P,:*0.250n,,.,

*0.083As,,,

P,,*0.416n,,,

*0.083As,,,

P,*0.583n,,..

*0.083As,,,

P,*0.750n,_,

*0.083As,,

P,,*0.916n,_,

*0.083As,_,

P,,<0.083n,,...

=0.250As,.,

P.,*0.250n,,,,

*0.250As,.,,

P.,*0.416n,,

*0.250As,,,

P.,*0.583n .,

*0.250As,,,

P.,*0.750n,,.,

*0.250As,,

P.,*0.916n,,,

*0.250As,_,

P,,*0.083n,,.,

*0.416As,,

P,,*0.250n,,,,

*0.416As,,,

Py;*0.416n,,,

*0.416As,,,

P,*0.583n,,.,

*0.416As_,,

P,*0.750n,,,,
*0.416As,,

P,*0.916n,,,,

*0.416As,,,

P,,~0.083n,,..

=0.583As,..

P..*0.250n,,,

*0.583As,,

P,*0.416n,,

*0.583As,_,

P,*0.583n

*0.583As,.

P,s*0.750n,,,
*0.583As,,

P,*0.916n,,
*0.583As,,

P,,0.083n_.,

*0.750As,,,,,

P,*0.250n,,,

*0.750As .,

*0.750As,.,

P,,*0.583n_,,,

*0.750As,,.

P,,*0.750n .
*0.750As,,

P,*0.916n,,,,

*0.750As

P.,*0.083n,,,,

*0.916As,,,

P,.*0.250n,_,,

*0.916As,,,

P,,*0.416n

*0.916As,,,

P,.*0.583n,..,

*0.916As_,

P*0.750n,,

*0.916As,,

P,*0.916n

*0.916As_,,
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The quantities described in the above table are used to multiply the percentage distribution
table which categorizes the applied force and sliding distance. Because the percentage
category is the same for the sliding category, the average value of the number of columns,
for all the experiments, is utilized to process each matrix, however since the force category
is different for all of them the average or mean force of each experiment is utilized for the
individual matrix of each experiment. The total multiplication factor is added and used to

scale the work rate value to obtain a better result.

The final quantity £C,, , is the multiplying factor which is normalized by the maximum
value. maintaining the scaling parameter values between 0 and 1. A combination of a spread
sheet program and the G code were used to properly obtain the percentage distribution of the
various force and displacement category. Following this work, the result of the wear
rate/modified work rate relationship was plotted with satisfactory results as shown in

Figure 7.6.

7.5 Discussion of Results

The modified Hofmann approach did not describe the work rate / wear rate relationship as
expected, for the various contact conditions which included pure sliding and normal impact
conditions. But it should be noted that the modification incorporated to their equation did
reduce the scatter. It should also be noted that there was the introduction of an experimental
constant physical interpretation of which was not provided adequately. The scaling or

multiplication factor addresses the difference between sliding and impact dominated wear.
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work rate. derived using the new asperity contact dependent wear model.
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As the formulation was highly empirical, and impact was seen as wear reducing instead of

a factor that causes wear at a slower rate, the error may have occurred as a result.

The new method which was developed based on the fatigue related approach to wear
mechanics, was better suited to describe the relationship between wear rate and work rate.
The reduction in the scatter was significant compared to the two approaches (conventional
and Hofmann’s). This is mainly because, the relationship was derived based on a
fundamental approach, which describes the phenomenon accurately. It should also be noted
that the new approach does not involve the use of many experimental constants and relies

only on the measured force and displacement data and the fracture mechanics results.

The difference between the conventional work rate and new characterization parameter is
considerable. It can be seen that the wear rate is better described with the new approach.
Implementation of this data can be incorporated using theoretical analysis (commercially
available softwares), developed to describe the force and motion interaction of a heat
exchanger tube. The errors, as discussed earlier, tend to be more at the lower levels of wear.
This is mainly due to the fact that measurement errors will be relatively higher at lower rather
than at higher wear volumes. However, the scatter was reduced tremendously, even at these
low wear volume experiments. Therefore, this approach can be effectively utilized to
characterize the wear rate/work rate relationship using the multiplication factor introduced

in this section.
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7.6 Conclusion

The results of the experimental analysis indicate that the work rate characterization parameter
by itself is not sufficient to identify wear accurately. Hence a new and improved
characterization parameter is proposed based on the fact that fatigue dominated wear is
responsible for the bulk of wear debris formed. Comparative studies carried out have
indicated that the best fit with minimum error was obtained using the new approach. The

theoretical basis for this approach was the delamination theory of wear and its extension to

impact type of conditions.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

8.1 Conclusions

The state of the art survey conducted on generalized as well as specific (heat exchanger tube
related) wear models, indicated that the available relationships for describing the wear were
highly empirical and hardware dependent. The overall consensus was that, even though there
were a few mechanisms at work in wearing objects, subsurface stress effect was found to be
highly critical in the debris formation process, under fretting conditions of heat exchanger
tubes. This phenomenon was especially true for impacting objects, where lateral relative
motion between the two is rather limited. Therefore, the applicability of an extended

delamination theory of wear for impacting objects. was unquestionable.

Using existing generalized wear models, an attempt was made to co-relate the wear-rate to
the commonly used characterization parameter, work-rate. However, the draw back of this
parameter was that, for purely impacting bodies the theoretical value is extremely small,
(elastic compliance of the two contacting objects). The use of this characterization parameter
indiscriminately led to erroneous results, leaving the problem of characterization unresolved
with regards to the wear-rate / work-rate relationships. In addition, the proposed linear

relationship of the above quantities. by some researchers, was invalidated following the
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detailed derivations for different contact conditions (force and motion) as shown in the third

chapter.

Fretting wear is a complex phenomenon which requires experimental verification of any
model, developed to predict the wear volume. An experimental setup was borrowed from
Ontario Hydro Technologies, while another one was designed and built at Concordia
University, to ensure the applicability of the new wear model developed in this research
work. This procedure was adopted to show that the wear model was a generalized one,
capable of estimating the wear rate, irrespective of the setup. After proper calibration and
commissioning of the rigs. a set of experiments were conducted in house to obtain some
relevant data. These data were collected and stored on optical disks for off-line analysis. An
important link was established experimentally, between the average work rate and “load rate™

showing the possibility of substituting one with other.

The stress analysis utilized in this research work relied heavily on the finite element
modelling approach, due to the unavailability of closed form solutions for elasto-plastic,
multi-linear isotropic hardening materials. This finite element method was also used to verify
a closed form solution for an elliptical pressure load, validity of which was questionable for
the given geometry of the interacting bodies (Hertzian contact for closely conforming
objects). Following this, an extensive parametric study was conducted to determine crack
nucleation positions for an elliptically loaded surface, with a cylindrical inclusion. The
possible direction of the crack propagation rate was also investigated by observing the stress

conditions around a growing crack. The final set of parametric studies was conducted to
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determine the crack propagation rate using the CTSD approach. This fracture mechanics

study was highly crucial in the derivation of the new theoretical wear model.

The elaborate work conducted in extending the delamination theory, was successfully
implemented towards the derivation of a new mathematical model for wear, under impact
conditions (normal and oblique). The model essentially takes advantage of the quantities
obtained from the fracture mechanics studies. The derivation of this model was albeit to the
conditions enlisted for the extension of the delamination theory of wear for impacting
objects, as listed in Chapter 6. The step by step procedure, described in the formation of a
wear debris, is supported by the micro structural analysis conducted by researchers, as
indicated. Validity of the wear equations was verified using experimental investigations on
the two separate setups, with different dynamic characteristics. This theoretical model was
also verified using experimental data from different sources, found in some unclassified
publications. It was deemed essential to calibrate the CTSD in the wear model, using only

three data points, for a more accurate wear volume prediction.

The calibrated wear model was accurate in giving an approximate value for the trend line of
the total wear. However, because of the nature of the experiment, the force and displacement
values can not be fully controlled through out the duration. This results in a considerable
scatter of the actual data from the linear trend line. Therefore, it was essential to introduce
a characterization parameter, which categorizes the percentages of occurrence of forces and
displacements. Result of this characterization parameter was a substantial improvement over

the conventional work rate parameter, used for characterization of the wear rate. The validity
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of this new characterization parameter affirms the accuracy of the new motion dependent

theoretical wear model, which was derived from a fundamental understanding of the process.

8.2 Recommendations for future work

Wear is a complex phenomenon which involves a deep knowledge of contact mechanics,
material science, thermodynamics and fluid mechanics. Most of the wear models proposed
so far, have not attempted to study the effects of the fluid squeeze film behaviour on the heat
exchanger tubes. Also the effects of the friction induced thermal stresses, are neglected. It
is the author’s recommendation that further work in this area incorporate the study of thermal

stresses and fluid squeeze film effect in the formation of wear debris.

From the study conducted in this thesis, it is apparent that asperity contact is critical in the
debris formation process. As a means of reducing the wear, investigations can concentrate
on the development of new materials capable of withstanding the adverse operating
conditions, at the asperity level. Material study can concentrate on means of increasing the
ratio of actual to apparent area of contact. This may include surface treatment using laser

technology or surface coating.

The finite element study carried out for the crack propagation analysis needs to be expanded
for actual sliding conditions. It is essential to traverse the load across the subsurface crack
in order to obtain a good estimate of the crack propagation rate per loading cycle for a sliding

object. The crack propagation rate should be investigated to reflect a more realistic value of
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the CTSD for sliding conditions.

To strengthen the validity of this research work, it is crucial to increase the experimental data
base using multiple tube and multi-span support, simulating actual operating conditions
before the implementation of this theory in the actual design process. The effect of residual

stresses should be studied on the overall wear process.

It has been observed that the support of the tube is crucial in the wear process. Therefore, it
is essential to conduct an in-depth analysis on the type of support and the relative merit. The

use of different geometry support such as broached hole and lattice geometry should be

carefully investigated.
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APPENDIX A

A.1 Wear Pattern Radius Variation of Closely Conforming Objects

The equation of a circle gives
R} =x? + (y+k)? (A.1)
From the geometry of a wearing cylinder following conformance of the two contacting radii

the following table can be obtained:

form the above equation

Rlz = (Rlorg ~h +k)2
(A.2)
R} = a?+(fR], ~a+ky?
solving for the value of k which satisfies both equations in (A2)
. kR, -0.5h?
= (A.3)
2
leg -h -‘/Rlo,g-a 2
Therefore, R, is given as
hR, _-0.5h?
R, = R ~-h+ LS (A.9)
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APPENDIX B

B.1 Relative Sliding Length Under Impact Conditions

The final length of two objects (cylinder and flat) in elastic contact can be derived by

beginning from the equation describing the line of contact. The equation describing the

profile of the contact surface is given by:

S B

which gives the result:

) 2Ky‘/4Ky+az+azln(ZK_V*\/“K;*GZ) - a’ln(a)

S =
Y 4K
y
where
4P
K, = 0
TE"®

The total elongation of the surface is:

&x

n
(7]
|
Q

which is in the order of 10 m.,
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APPENDIX C

C.1 Error Analysis of the Measurement System

The error analysis for the experimental data is conducted by taking into account the standard
deviation error of each component individually and ! estimating their combined effect using

the following equation to obtain the standard deviation of the total quantity:

2 2
[ - (2]
L)

g =
WR

where
W, = work rate [= Fs/T ] averaged over total time 7
F = resultant force [=V(F,? + F,?) ] with standard deviation of o,
s = resultant displacement [= V(s, + s5,%) ] with standard deviation of o,
The standard deviation of the individual quantities can be obtained from the calibration curve

of the force and displacement transducers. It is given by:

6 = —Z(x*-73) (C.2)

1
' N
where
o, = standard deviation of i=F => force and i=s => displacement
x = measured value of true quantity x for N data points

After obtaining the standard deviation of each quantity individually, the standard deviation

'"Thrasher, L.W. and Binder, R.C., “A Practical Application of Uncertainties Calculations to Measured
Data™. Transactions of the ASME, Feb. 1957.
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for the total work rate can be obtained from the ratio of:

2 2/
O, _ || %x O | | s o, (C.3)
W, OF W, ds W,

For the work rate given above, this will reduce to:

EEEI

After determining the relative standard deviationthe confidence level of the error margin of

95% is obtained for using 20. From the caliberation measurements a standard deviation of
12.03 N and 0.7 um, were obtained for the force and displacement transducers, respectively .
Provided a typical force value of 200 N and 10.0 um are used in the above equation, it will
result in a relative error of 9.23%. This value is used for indicating the upper and lower

bounds of the work rate.

Similarly the 20 error was calculated (equation C.5) for the weight loss measurements using

the measured value and the maximum error’. giving a value of 0.0002gm.

Ipd

1
0 = |——Z(w,-mw,-b)? (C.5)
N-2

where
w, = wear volume

m and b are least square approximation constants of the best fit linear line for w .

*Bevington, P.R. “Data Reduction and Error Analysis for the Physical Sciences ", McGraw-Hill, 1969.
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