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Abstract

The Holloman High Speed Test Track is a rocket sled track for testing at
hypersonic velocities. However, there are customers that desire to test at even greater
velocities. In order to achieve higher velocities there are several phenomena that must
be overcome. One important phenomenon is wear of the shoe that holds the sled on the
rail. This research is a look at the feasibility of using finite element analysis to predict
the wear of the shoe during a test run down the track. Two methods are investigated,
one is a macro-scale, incremental method utilizing traditional wear equations from
Archard, the other is a micro-scale, material property method that using a failure
criteria to determine the amount of wear. These methods are implemented at low
velocities to allow for comparison to results from the literature. While the incremental
method was found to provide accurate results, there are many numerical problems
associated with it. The material property method was found to be feasible, but more

research is needed to validate and calibrate the process.
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FINITE ELEMENT SIMULATION METHODS
FOR DRY SLIDING WEAR

I. Introduction

1.1 Holloman High Speed Test Track

The Holloman High Speed Test Track (HHSTT) at Holloman Air Force Base,
New Mexico, is a premier facility for high speed testing. Testing at the HHSTT
has several advantages; for example, it provides cost and safety benefits over flight
testing, and a more realistic environment than laboratory testing (26). Currently,
the record speed achieved at the HHSTT is 2,945 m/s (6587 mph). However, there
is a desire from their customers for testing at even higher speeds. In the quest for
higher velocities, there are several phenomena that must be understood. One such

phenomenon is wear.

Testing at the HHSTT consists of sending the test specimen down heavy duty
crane rails on a rocket powered sled. Figure 1.1 shows a rocket sled train on the track.
There are four stages: three pusher stages and final stage. The payload is on the top
of the final stage. The sleds are held onto the track with a steel slipper that wraps
around the upper portion of the rails, as shown in Figure 1.2. The rails are made of

1080 steel, and are welded together to be in constant tension when the temperature



Figure 1.1: A test sled train on the HHSTT.

Figure 1.2: A slipper on the rail at the HHSTT



is below 120 degrees Fahrenheit. The slippers are machined out of either 4140 steel

or Vascomax 300.

As the sled travels down the track, the slipper will wear. As a result of this
wear, the slipper will be weakened, and the sled roll may increase (1). If there is too
much wear, the slipper may not be able to hold the sled on the track, or the sled may
roll excessively, resulting in a failed test. These effects of slipper wear must be taken
into account when designing the slippers for a test. Currently, the methods used by
the track to predict wear are simple rough estimates (1). A better wear prediction

method would allow the designers to design better slippers.

1.2 Wear

Wear is a complex phenomenon that is not well understood. Humans have been
aware of wear for many millennia. It has been avoided by choosing harder materials
for things that are more likely to wear (23:1). However, wear is not always something
to be avoided, many times it is desired; for example a pencil writes because the lead
wears, and metal is polished by wearing the surface smooth. Despite the fact that the
occurrence of wear has been well documented throughout history, the scientific study
of wear is relatively new (14:1). Because wear is such a new field of study, there is not
always agreement on theories or meanings of terms, the classifications and definitions

presented in this paper are by no means the only ones that have been proposed.

The lack of understanding of wear is not merely due to it not being studied;

it is an inherently difficult phenomenon to study. Because wear occurs when objects



are in contact, it is difficult to directly observe the process of wear as it happens.
Therefore, experimenters generally rely on observations made after the test, and then
infer what caused the wear. This is not the only difficulty; many of the causes and
effects of wear only occur on a microscopic level (3;14;17). A third reason that wear
is not well understood is that it involves many different variables that make it difficult
to generalize results (14;22).

Wear, according to Bayer, is defined as “damage to a surface as a result of

)

relative motion with respect to another substance (3:1).” For the purposes of this
work, wear shall be defined as the loss of material from a surface due to sliding along
another surface. This definition is still quite broad, and encompasses many different

classifications of wear. Two methods of classifying wear are: (1) the conditions in

which the wear occurs; and (2) the mechanism by which the wear occurs (3:3).

Conditions used to classify wear include whether or not there is a lubricant
present, and whether or not there are hard, abrasive particles present. If there is a
lubricant present, it is referred to as lubricated wear, otherwise it is dry wear (14:77).
If there are abrasive particles causing wear, then it is referred to as abrasive wear,
otherwise it is called sliding wear (14:77). The current study focuses on dry sliding

wear.

Lim and Ashby classified wear according to four mechanisms: seizure, melt,
oxidation, and plasticity (17:3-4). Seizure occurs at high pressures when local asperity

contacts deform until large areas of the surfaces are in contact and seize (17:11).



Melt occurs when the local temperature at the surface exceeds the melt temperature
of the material and forms a thin layer of liquid (17:1). Oxidational wear occurs
when a thin layer of material on the surface oxidizes and then wears away (17:13).
Lim and Ashby’s plastic wear encompasses several mechanisms, including adhesion
of asperities, delamination and fatigue crack growth (17:17). While plasticity is
an important factor in each of these, it is not the direct mechanism causing wear.
Therefore, this category will be referred to as mechanical wear, following the example
of Cameron (5:22). The current research focuses on mechanical wear, though the

methods developed will hopefully be extensible to other wear mechanisms.

Besides classifying wear, Lim and Ashby also sorted much of the available wear
data and developed equations for each mechanism. This data was mostly from pin-on-

disk type wear experiments. For mechanical wear, they used Archard’s wear law (17:

17):

ISH
I
2

(1.1)

Where

w = non-dimensional wear rate

p = non-dimensional pressure

K Archard’s wear coefficient
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Figure 1.3: Lim and Ashby’s wear map for steels

The parts of this equation will be discussed in more detail in Chapter 2. Archard’s

wear law has also been used by many other researchers to model mechanical wear

(11;18;25).

Lim and Ashby created contour plots of wear rate as a function of normalized
pressure and normalized velocity using the equations they developed. They then
combined the plots for each mechanism onto a single graph showing where each
mechanism dominates. This type of graph they called a wear map. A wear map
for steel is shown in Figure 1.3. Oxidational wear was divided into two parts, mild

and severe. Mechanical wear is in the region labeled “delamination wear”.

As finite element analysis (FEA) has become more accessible, many researchers

have looked for ways to use it to calculate wear. Each has their own unique details,



but the general formula is to alternate between a finite element analysis to determine
pressures and a calculation of wear which adjusts the model (4;11;20). Podra and
Andersson say that this method is best suited to the comparison of different design
options due to the modeling simplifications and the uncertainty in the input data (20:
81). Molinari et al. show that a finite element based wear prediction method can be
calibrated to provide accurate results (18:606). Benabdallah and Olender use a similar
method to determine the profile generated on a pin in a pin-on-disk wear experiment,
and produced good agreement with experiment (4:1223). They also found that the
wear profile eventually reaches a steady state condition, where any subsequent wear

is distributed evenly across the surface (4:1223).

The interaction between the rail and the slipper at the HHSTT was studied
extensively in the context of gouging. The hydrocode CTH was used to model the
material interaction between the slipper and rail that causes gouging (6;16;24). Greg
Cameron modified the model and methodology used to study gouging and applied it
to the study of wear. He used the hydrocode to determine stress and temperature of a
slipper in situations that may result in wear and applied a criterion to each property
to calculate a wear depth (5:63). He found that it was necessary for the slipper to
run into an asperity for wear to be predicted (5:84). Additionally, Cameron used
Lim and Ashby’s equations for melt wear and mechanical wear to predict wear at the
HHSTT. Using these equations he got reasonable answers, but did not compare them

with actual experimental results.



1.3 Problem Statement and Chapter Overview

The goal of this research is to find a method to predict the wear that a slipper on
the HHSTT will experience during a test run. The particular difficulty of this problem
comes from the extremely high speeds attained at the track. Velocities in previous
laboratory wear experiments have rarely exceeded more than a few hundred meters
per second, but the sleds at the track greatly exceed this speed (4;17;19;20). These low
speed equations cannot be used at higher velocities without verification that they are
applicable. If the equations do apply to high velocities, they still require experimental
data to calibrate each test. Therefore, a goal of this research is to develop a method
that can be used to predict wear through a finite element analysis at any velocity

without relying as heavily on equations developed by laboratory experiments.

Two methods are investigated. The first is an incremental, macro-scale approach
that follows previous work to predict wear with finite elements, especially that done
by Benabdallah and Olender. This is done by means of a script that calculates wear
according to Archard’s wear law and finite element analysis outputs. This method is
set aside, because it has significant numerical problems and is dependent on equations
for wear developed at low velocities. The second, a micro-scale approach, is then taken
which is similar to the material property method used to study gouging with CTH,
but using finite element analysis. This method is developed to the point that a proof
of concept can be carried out. The calibration and validation of the method require

further study, and are beyond the scope of this work. It is possible that the results



from the micro-scale approach could be incorporated in a macro-scale approach similar

to the first.

Some background information and theory is presented in Chapter 2. The
development of the incremental wear method is in Chapter 3, and some results are
discussed in Chapter 4. The development and methodology of the material property
wear method are described in Chapter 5. Results from a proof of concept for this
method are presented and discussed in Chapter 6. Finally, Chapter 7 concludes the
document and contains some points for further study. Appendices contain the source
code for the wear script described in Chapter 3 and step by step results for the

incremental method.



II. Theory and Tools Used

2.1 Abaqus

For this research, the commercial FEA suite Abaqus was used. Abaqus was
chosen for its excellent non-linear capabilities, and because it had been used by
the researchers before and so did not require further investment in procurement or
training. The Abaqus suite has several parts, but only three were used in the current
study: Abaqus/CAE, Abaqus/Standard, and Abaqus/Explicit. Abaqus/CAE is a
graphical user interface (gui) for pre-processing and post-processing a finite element
analysis, Abaqus/Standard and Abaqus/Explicit are two different analysis solvers.

These three parts are briefly described below.

Abaqus/CAE is a graphical tool which allows an analyst to create and prepare
a model for analysis and then view the analysis results. Abaqus/CAE provides an
analyst with tools to create a geometric model of the structure to be analyzed, give
the model material properties and a mesh, and to setup an analysis in a way which
allows the analyst to make small changes quickly without much hassle. Once an
analysis has been setup, a file is written which is input to either Abaqus/Standard or
Abaqus/Explicit. The solvers can write results to either a binary output database, or
a plain text file. The output database can be viewed in Abaqus/CAE, where pictures

and graphs can be created.

10



Abaqus/Standard and Abaqus/Explicit are the two solvers in the Abaqus suite.
The actual algorithms used are proprietary, so they cannot be detailed here, but the
main features and intended uses of each will be discussed. Both solvers can handle
nonlinearities in the materials, loads, and geometry. This is one of the primary
strengths of Abaqus. However, each has its own uses, and particular features, so it
is up to the analyst to decide which is best suited to his particular problem. This
dichotomy of solvers can however, be a source of frustration when the analyst desires

to use two features that are not in the same solver.

Abaqus/Standard is the general purpose solver for Abaqus. It is used for many
different types of analyses, including static, dynamic and eigenvalue problems. The
solution methods for dynamic problems are unconditionally stable, that is, the time
step (At) is dictated by the accuracy of the results not mathematics. Abaqus/Standard
also has many user subroutines available, which allow the user to customize the
functionality of the solver to better meet his needs. Abaqus/Explicit is a more
specialized solver that focuses on time-dependent wave propagation problems. It
uses a conditionally stable, explicit, direct time integration scheme to solve the time-
dependent equation of motion. The maximum time step for stability is determined

by the Courant-Freidricks-Lewy condition, which is

ol
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where L is the smallest element dimension and c is the speed of sound in the material
(7). Abaqus/Explicit has more material property models, but fewer user subroutines
than Abaqus/Standard. For a more detailed discussion of the workings of Abaqus,
and the differences between the two solvers, the reader is referred to the Abaqus users

manual (9).

2.2 DADS

The test designers at the Holloman High Speed Test Track use a commercial,
off-the-shelf program called the Dynamic Analysis and Design System, or DADS, to
predict the loading of a sled during a test. Among the data reported by DADS are
the sled velocity, and forces on the slippers as functions of time. The forces on the
slippers are recorded at several locations around the cross-section, these locations are
shown in Figure 2.1. For this study DADS predictions for test mission 80X-1* were
used for various values. The vertical force at one location is shown in Figure 2.2 as a
sample of the what the output from DADS looks like. This test reached a maximum
velocity of 2,885 m/s. For this sled, the slippers were 20.32 cm long, 2.54 cm thick
and 10.16 cm wide with a 0.3175 cm gap (nominal) between the shoe and the rail (13).

The slippers were made of Vascomax 300.

2.3 Pin-On-Disk

There are many different ways to set up a wear experiment depending of the

purpose for the experiment. A popular set up is the pin-on-disk. In pin on disk

12



Figure 2.1: Cross-section of the rail showing the locations where DADS reports forces
on the slippers (2)
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Figure 2.2: A plot of the vertical force data predicted by DADS for one slipper location
through the entire run
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> Pin

Figure 2.3: A typical pin-on-disk experimental set up

experiments, a small pin is pressed against a flat disk. While there are standards
for pin-on-disk experiments, there is also a large amount of variety in many of the
parameters from one experiment to the next (3). The velocity, loading and geometry
can all be varied in order to more closely simulate the problem of interest. Figure 2.3

shows a cartoon of a typical pin-on-disk experimental set up.

2.4 Wear Parameters

There are several parameters that are used to quantify wear. The most important
are: wear volume (V), wear height (h), wear rate (w) and wear coefficient (K). Wear
volume is simply the volume of material that is lost due to wear. It is often measured
by comparing before and after volumes of wear specimens. Wear height can be either
the maximum, average, or minimum depth of the material removed; depending on
what is most important to the experimenter. These two measurements are often
what is of most interest to engineers and designers, who are concerned with the life
and durability of a part. They are not, however, very useful for characterizing the
process of wear in general terms, because they are heavily dependent on variables that

may change significantly from problem to problem. Some of these variables are: the
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distance traveled (s), the time over which the wear occurred (t), the normal force at
the interface (Fy), and the hardness material that is wearing (H). Oftentimes, the
distance and time are combined as velocity (v), and force is combined with area as

pressure (P).

Wear rate is a more general parameter for specifying wear. It is not a time rate,
but a distance rate. Wear rate is defined as the volume removed per sliding distance,
that is:

(2.1)

w =

v
S

The distance traveled can be determined by multiplying the time that the object
was in motion by the velocity at which it was traveling. The wear rate can be non-
dimensionalized for comparison with different size specimens. The non-dimensional

wear rate (W) is obtained by dividing by the apparent contact area (A)
W= — (2.2)

Wear rate, either with or without dimensions, is generally considered to be constant
for a material pair. This parameter is a function of only pressure and velocity, which

makes it good for calculation with a single set of materials.

The problem can be further non-dimensionalized by using the wear coefficient

and normalized force (P) and velocity (7). The force is normalized by:

(2.3)

N
=
Se{lav



Because the force is normalized by the area, it can also be referred to as normalized

pressure. Velocity is normalized by the hardness and apparent contact area:

5= (2.4)

where 7, is the radius of the pin, and «a is the thermal diffusivity of the material in

m? /s (5:20). The wear coefficient comes from Archard’s wear law (20:72):

Y
I
o
o]l
o
=

where k4 is Archard’s wear coefficient:

_VH

Kjy= ——
A SFN

(2.6)

The wear coefficient is intended to allow for the results from known experiments to
be applied to predict wear for new geometries or materials. However, in practice
it needs to be determined experimentally for each contact configuration (20). This
is because wear is not simply a material property, but a response of a system (3:v)
The unreliability of the wear coefficient is currently one of the major problems with
wear predictions based on Archard’s wear law. Because it may change with each
configuration, the accuracy of any equations that use it is reduced. This research

intends to address this shortcoming.
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2.5 Damage Initiation Criteria (9;12)

Abaqus/Explicit includes several models to predict the initiation of damage, or
failure, in a material. The model chosen for this study was developed by Hooputra,
Gese, Dell, and Werner for crashworthiness simulation with finite elements. Their
model contains failure criteria for both ductile and shear fracture. Ductile fracture is
caused by the nucleation and coalescence of of microstructural voids. Shear fracture
is caused by the localization of shear bands. Both criteria define the equivalent plastic

strain at fracture (¢75,6%") as a function of stress triaxiality () which is:

30, o1+ 09+ 03

77:

Oeq \/0%4'03—‘—032)—0'102—0'20'3—0'30'1
where

01+ 09 + 03

3

Om —

Oeq = \/af + 024 02 — 0109 — 0203 — 030

and o1, 09, 03, are the principal components of the stress tensor.

The equivalent plastic strain at ductile failure is:

o  epsinhle(n™ —n)] + epsinh[e(n —n™)]
- sble(n — 1) 2

where n* and 1~ are the stress triaxiality for equibiaxial tension and compression,

e1 and € are the equivalent fracture strains in equibiaxial tension and compression,

17



respectively, at ductile failure, and ¢ is an orientation dependent parameter. To
use this criterion in Abaqus/Explicit requires curves of fracture strain versus stress
triaxiality for relevant strain rates in tabular form (8). The ductile failure risk

parameter (wp) is used to determine when damage is initiated. Ductile damage is

dg**
wWp :/ o =1
€D

For the shear criterion, the equivalent plastic strain at failure is:

initiated when:

= S0 =00+ inbl (77~ 0) 29)
S Sb[f (0% — 07)] |
where
1— ks
0 —
¢
¢ — T;L(IZ'

6T and 6~ are the values of 6 for equibiaxial tension and compression, £& and & are
the equivalent fracture strains in equibiaxial tension and compression, respectively, at
shear failure, k, is a material parameter and f is an orientation dependent parameter.
0 is called the shear stress ratio. To use this criterion in Abaqus/Explicit requires
curves of fracture strain versus shear stress ratio for relevant strain rates in tabular

form and a value for k; (8). The shear failure risk parameter (wg) is used to determine
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when damage is initiated. Shear damage is initiated when:

dE**
wg :/ ol 1
€s

Hooputra et al. describe a process for finding the required parameters. They

also validate their model for three-point bending and axial compression of a double
chamber aluminum extrusion. For more information on the failure model, the reader

is referred to (12) and (9).
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III. Incremental Method Development

The incremental method of predicting wear is a macro-scale approach based on
experimentally determined wear equations, and has been investigated by several other
researchers (4;20;25). This method has been studied for wear at low speeds for pin-on-
disk type experiments, but it has not been applied to high speed situations. Briefly,
it consists of iterating between using a finite element analysis to find pressures and
using Archard’s wear equation to modify the model to reflect the amount it has worn.
This chapter outlines the development of a script that applies this method in Abaqus

and a model to test it on.

3.1 Model

The model used during development of the incremental method is a plane
strain model. It was based on the pin-on-disk experiments done by Benabdallah
and Olender; there are some differences, but they will not be detailed. The script is
intended to be independent of the model used so long as certain restrictions on the

mesh arrangement are met. These restrictions will be discussed in a later section.

The pin is 3.0 mm across at the bottom for 2.54 mm, and then widens to 4.76
mm for another 5.52 mm at the top part of the pin. Figure 3.1 shows the dimensions
of the pin. Along the bottom of the pin the elements are 6 x 10~2 mm square. This is
section called the wear region because it is the region of the mesh that will be adjusted

when the pin wears. Above the wear region is a transition region consisting of two
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Table 3.1: Material properties of Vascomax 300 used in the pin model (6:5-11)

Young’s Modulus | Poisson’s Ratio Density
180.7 GPa 0.283 8000 kg/m?

rows of triangular elements that transition the mesh from the wear region to the rest
of the pin where the elements are four times larger (nominally). Figure 3.1 shows
the mesh used on the pin. The pin has 1236 elements, with a total of 7526 degrees
of freedom. The pin has the material properties of Vascomax 300 as determined by

Cinnamon, which are shown in Table 3.1 (6:5-11).

The disk is modeled with an analytical rigid surface. This reduces the degrees
of freedom in the model. Benabdallah and Olender also modeled the disk with a rigid

surface.

Figure 3.2 shows the loads and boundary conditions for the model. The pin is
pressed against the rail by a uniform pressure load on the top surface. The top half of
the sides of the pin are constrained in the x direction so that the pin can only move
vertically. The disk is restrained in the y direction and is moved to the right with a

constant velocity boundary condition.

3.2 Mesh Validation

The validity of the mesh was checked by comparing results from analyses using
different element types or mesh refinements to known analytical solutions. The
bottom portion of the pin was modeled as a 2.54 cm tall by 3.0 cm wide rectangle. The

same mesh as on the pin was used, but by eliminating the top portion, the number of
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Figure 3.1: The pin and associated model, showing the dimensions and the mesh
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Figure 3.2: The boundary conditions applied to the pin used for the incremental
method
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Friction force
Uniform displacement
Figure 3.3: Boundary conditions for the mesh validation model

degrees of freedom was reduced to 4200. The rectangle was fixed at the top and the
sides were free boundaries. The analytical rigid surface was slid against the bottom
of the rectangle. The rectangle was compressed by displacing the rigid surface into
the block. This simplified geometry was used so that the results could be compared
to the analytical solution developed by Prasad et al. The boundary conditions for the

mesh validation model are shown in Figure 3.3.

Curves of normal stress along the bottom were compared to each other and to
the shape predicted by Prasad, Chiu, and Dasgupta, which is shown in Figure 3.4.
This figure depicts the normal stress at the leading edge having an extremely high

magnitude, which drops quickly and levels out in the middle before dropping again
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Figure 3.4: Variation of contact pressure predicted by Prasad et al. (21:629). The
curves are for 3 different aspect ratio rectangles

to zero near the trailing edge. The shear stress along the free edge ought to be zero.
Curves of shear stress along the free edge were plotted to see how close the shear

stress was to zero.

Elements with either linear or quadratic shape functions and either full or
reduced integration schemes were considered. This resulted in four element types

to be compared:

Linear elements with full integration (Linear-Full)

Linear elements with reduced integration (Linear-Reduced)

Quadratic elements with full integration (Quadratic-Full)

Quadratic elements with reduced integration (Quadratic-Reduced)

The normal stress distribution for all element types matched the shape predicted
by Prasad et al., as can be seen by comparing Figure 3.5 to Figure 3.4. Note that

the values on the axes are not the same in the figures because Prasad et al. plotted
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Figure 3.5: Normal stress along the bottom surface of the validation model for
different element types
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normalized stress and normalized distance in Figure 3.4, but the values in Figure 3.5
are actual values. The difference from one element type to another was not large,
as can be seen by comparing the various curves in Figure 3.5. Figure 3.6 shows the
shear stress along the trailing free edge. The quadratic elements provided shear values
much closer to zero than the linear elements. The difference between full integration
and reduced integration was less significant. Quadratic elements with full integration
were chosen because they were the best at providing zero shear stress at the free edge.
Reduced integration quadratic elements could be used to reduce computational cost

if necessary.

The refinement of the wear region was also studied to see if smaller elements
would produce a better prediction of the contact pressure distribution along the suface.
Benabdallah and Olender used elements 6 x 107> m square in the wear region of their
model. Elements this size were compared with elements half this size. The refined
mesh is shown in Figure 3.7. Larger elements were not considered because they would
reduce the resolution of the wear profile in the final test. Figure 3.8 shows that both
meshes produce the same pressure distribution. Thus, halving the element size does
not produce significant gains in the accuracy of the solution. Therefore, the larger,

6 x 1075 m, square elements were used in the wear region of the final model.

3.3 Analysis Type Determination

In their study, Benebdallah and Olender used a dynamic analysis, but Podra

and Andersson used a static analysis. A comparison of quasi-static analysis versus
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Figure 3.6: Shear stress along the trailing edge of the validation model for various
element types

28



Figure 3.7: The refined mesh used for the mesh convergence study

dynamic analysis was performed on the full model to determine which was best
for the current problem. Other than the analysis type, nothing in the model was
changed, the same loads and boundary conditions were used for both analyses. Both
of these analyses were performed with Abaqus/Standard. The comparison was based
on two criteria: the time required for the analysis, and the accuracy of the pressure
distribution along the bottom of the pin. Figure 3.9 shows the distribution of pressure
for both analyses. The curves are nearly indistinguishable, thus the analysis type has
no effect on the pressure distribution. This is partially due to the massless disk being
moved while the pin is stationary. If the pin was moved and the disk stationary there

would be inertial effects due to the mass of the pin. The quasi-static analysis took
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Figure 3.8: Normal stress along the bottom surface of the validation model for two
different element sizes
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Figure 3.9: Comparison of contact pressure for dynamic and quasi-static analysis

significantly less time to complete than the dynamic analysis. Therefore, quasi-static

analyses were used in the incremental method.

3.4 PFriction

A test was also performed to determine the effect that a change in the velocity
of the disk would have on the pressure distribution. The pressure distribution along
the bottom of the pin was compared for four disk velocities: 0 m/s, 1 m/s, 10 m/s
and 100 m/s. All other parameters were the same for each analysis. A plot of the

pressure distribution along the bottom of the pin for all four analyses is shown in
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Figure 3.10: Pressure distribution along the bottom surface of the pin for different
velocities

Figure 3.10. For the test with no velocity, the pressure was nearly uniform, with only
a slight turn upward at the corners of the pin. The other three cases all show the
same distribution as predicted by Prasad, with no deviation between the three. This
indicates that a change in velocity will not change the pressure distribution. This
was expected because there was no velocity dependence in the model. In reality the
coefficient of friction changes with velocity. A velocity dependent coefficient of friction

was added into the analysis to remedy this discrepancy.
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In Abaqus, the coefficient of friction is used to introduce the shear due to friction
of sliding to the problem. The shear stress is obtained by muliplying the normal stress
at the sliding surface by the coefficient of friction. Cameron developed the following
equation for the coefficient of friction as a function of the product of normalized
pressure (P, equation 2.3) and normalized velocity (4, equation 2.4) based on data

from pin-on-disk wear experiments by Montgomery (5):

1= 1.5704(P) %% — g (3.1)

where

S = min{1.5704(P3)~%?2%} — 0.02

Values for this equation were tabulated for pressures from 1 MPa to 20 MPa in 1 MPa
steps, and velocities from 0.01 m/s to 10 m/s in 0.01 m/s steps. The following values

were used to normalize the pressure and velocity:

A=28273 m*?
H = 1000 MPa
7o = 0.003 m
a=45m?/s
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Figure 3.11: Coefficient of friction equation plotted against P

The values for A and r, are from the geometry, and the value for H and a were taken
from Cameron’s values for Vascomax 300 (5:37). The tabulated data was then added

to the model. Figure 3.11 shows a plot of the coefficient of friction versus Po.

3.5 Corner Singularities

The upward turn at the ends of the contact pressure curve for zero velocity in
Figure 3.10 is due to the square corners on the pin. Sharp corners, like those on
the pin, tend to be concentration points for stress, and analytically, a singularity is
predicted at these points. Due to the approximate nature of FEA, a high, yet finite,

pressure is predicted. In reality, there are no sharp corners; they are all rounded off
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Figure 3.12: A close view of the rounded corner of the pin

with some radius, even if extremely small. To address both of these issues, an attempt

was made to add a radius to the lower corners of the pin.

A radius of 6 x 1075 m was applied to both the leading and trailing corners of
the pin. The radius on the trailing edge had little effect on the stresses because the
frictional shear on the bottom surface caused some separation on the trailing edge.
At the leading edge, the radius of the corner was successively refined in order to
reduce the angle that the element formed with the rail. It was found that decreasing
the element size around the corner did not eliminate, nor did it even reduce the
appearance of a spike in the stress at the transition from contact to non-contact
at the leading corner. A plot of the stress in the pin in the region of the leading
edge is shown in Figure 3.12. The red visible only in the elements at the transition

from flat to rounded indicates that the stress at that point is much higher than the
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surrounding region. Additionally, refining the mesh around the corner increased the
time required to complete the analysis. Therefore, it was concluded that a squared

pin was a reasonable modeling assumption.

3.6 Wear Calculation

The wear height (h) at each node is calculated according to the equation

. ]{?APS

h
H

(3.2)

Which is derived by solving equation 2.6 for the wear volume and dividing by the
contact area to get the height. The wear heights for each node are added to those
from the previous step to create a total wear height, which is written to an output
file at the end of the script. The total wear heights for the nodes can be averaged to
produce an average wear height, or a line can be fit through them to find an average

angle of the wear profile.

3.7 Pressure Distribution Sensitivity

This method is very sensitive to high pressure points in the pressure distribution.
If there are nodes where the pressure is much higher than at the surrounding nodes,
there will be an extremely large amount of wear at that node compared to the
surrounding nodes. High pressure points can occur when the friction on the contacting

surface causes the trailing edge of the pin to lift off of the disk. The portion of the
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Figure 3.13: An example of an unrealistic wear profile that can cause an aborted
analysis

disk not in contact does not wear, and a corner may form at the point where the
surface changes from contact to no contact. This corner may become a point of high
pressure in the next step. Once this sort of high pressure point is created, it often
leads to more such points in the subsequent steps. This can result in elements with
extreme amounts of distortion in the undeformed mesh. Figure 3.13 shows the type
of element geometry that this can lead to. Some of the elements along the bottom of
the pin have gone from being square to being chevron shaped. Not only is this sort of
wear profile unrealistic, it may cause the analysis to abort. Therefore, it is important
that either the creation of these high pressure points or their effects be eliminated or,

at least reduced.
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One way that their effects can be reduced is by using smaller distances for each
step. This reduces the amount of wear for each step, so that even if there are high
pressure points, they do not wear much, allowing the geometry to flatten. However,
it also increases the number of steps needed for the pin to travel a given distance,
resulting in a longer run time. Lowering the coefficient of friction or Young’s modulus
can also help eliminate high pressure points, but changing either of these results in
a less realistic simulation. It is good, however, to remember that if switching to a
harder material or one with a higher coefficient of friction there will be more of a
problem with high pressure points. A third possibility is to spread the pressure to
a few of the surrounding nodes. This method does not eliminate the high pressure
points, but merely reduces the possibility that they will create excessively distorted
elements. What happens in this case is that rather than having a single node with
an unreasonable amount of wear, there is a small region with much greater wear
than the rest of the surface. This may not completely eliminate high pressure points,
but if the pressure is spread over enough nodes it will prevent an aborted analysis
due to excessively distorted elements. It has been found that a five-node running
average is sufficient to prevent most cases of excessive distortion due to high pressure
points. A fourth option is to soften the contact algorithm. This is similar to the
pressure averaging scheme, in that it allows the contact to be spread over a larger
area, but it also allows the pin to penetrate into the disk. Benabdallah and Olender

used a combination of changing the distance for each step and adjusting the contact
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stiffness to create an acceptable solution. Here, a combination of pressure averaging

and shortening the step distance is used.

3.8 Incremental Method Script

The script is written in Python because that is the language Abaqus uses for
scripting. Using a script in Abaqus allows the kernel of Abaqus/CAE to be accessed
without using the Abaqus/CAE gui. This allows tasks that are repeated many times
to be automated. A script can be run either with or without the Abaqus/CAE gui.
There are a few capabilities of the gui that are not available to scripts that are run

without it.

While it was attempted to create the script to be as independent of the model
as possible, there are still several things that are required of the model for the script
to function. The most stringent requirement is that the model must be completely
ready to analyze before the script is run. The second major requirement is that the
mesh in the wear region be composed of rectangular elements in straight columns.
This requirement is due to the nature of the mesh modification scheme. Also, the
sliding direction must be parallel to the x-axis. Finally the script has names for many
parts of the model hard-coded into it, either the model must conform to the names
used in the script, or the names in the script must be changed to match the model.
Other cases where either the script or the model is dependent on the other will be

noted when covered in the walkthrough.
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3.8.1 Versions

There are several versions of the script, each subsequent version included some
additional feature or capability. The first version of the script included all the
basic steps of running a job through Abaqus/CAE gui, extracting the pressure and
calculating the wear, and modifying the model. Version 2 cleaned up the code and
added the pressure averaging. Version 2.1 adds the capability to submit jobs to the
command line. Version 2.2 adds the ability to increase the velocity in each step.
Version 3 adds the ability to map the final state of stress from one step onto the
beginning of the analysis for the next step. This version was not fully developed, and

therefore not described in detail.

3.8.2  Script Version 2.1 Walkthrough

The heart of the script is a loop. Each iteration through the loop is referred
to as a step. For each step an analysis is run, the needed data is extracted from the
output, the wear for the step is calculated, and the model is modified. The pin moves
a predefined distance each step. The loop is controlled by the distance traveled; when
the total distance traveled reaches the maximum distance, the loop is exited. After
the loop has been exited, the total wear at each node along the wearing surface is
written to the output file, and the script is ended. Figure 3.14 is a simplified flow

chart of the script. Each part of the script is explained in greater detail below.

The script begins with initializing constants and variables to be used throughout

the rest of the script. Important constants include: the name of the model database
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Figure 3.14: A flow chart outlining the basic steps of the script used in the incremental
method of calculating wear
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and the directory where it is located, the names of important parts of the model,
the total distance to be traveled, the wear coefficient, and the hardness of the softer
material of the two in contact. Variables that may be changed within the script
include: the distance to be traveled in each step, velocity of the pin, the amount the

velocity increases each step, and counters to control the loop.

Each step begins with running a structural analysis of the model. There are two
methods to submit an analysis, called a job, to the solver. This is due to differences
in the way that Abaqus/CAE kernel handles job submission depending on whether
or not the gui is used. The preferred method runs the job through the Abaqus/CAE
kernel, since this method is simpler and allows for better error handling. The other
method submits the job to the system by spawning off another process, and has
worse error detecting capabilities. If an error is detected, the loop will terminate.
The second method should only be used if the first doesn’t work, which was found to

be the case when running the script without the Abaqus/CAE gui.

If a job is run through the kernel, the process is quite simple. A job is created
in the model and submitted for analysis. When the job is completed, the status is
checked to make sure that it completed successfully. If the job did not complete

successfully, an error is returned.

If the job is run through the command line, the process is more complex. A
job is created in the model and the input file is written. The job is run by spawning

another process that runs the Abaqus solver with a system command. The job is
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monitored for completion by checking for the existence of particular files created by
the solver. If the appropriate combination of files is not found within a specified
number of checks, an error is returned. This error checking process does not check
for errors encountered during the analysis, only errors in the preprocessing stage, and
errors causing the analysis to run for an excessive time. Because of this deficiency, an
error in an analysis may not be caught until the next step, when it will likely cause

more serious errors that will be caught.

After the analysis has been completed, the output database is opened and the
contact pressure is read for each of the nodes on the contact surface of the pin. The
pressure at each node is then averaged with the pressures at the two nodes to the left,
and the two node to the right. This running average smooths the pressure profile to
reduce the possibility of extreme distortion of elements due to high pressure points.
Using the averaged pressure, the wear at each node is calculated according to equation

(3.2).

Once the wear has been calculated, the model is modified to reflect the amount
that the surface has worn. Like in Benabdallah and Olender’s process, the interior of
the mesh is adjusted as well as the surface. The wear region must have rectangular
elements for this to function properly, because it depends on the nodes being in
ordered rows and columns. For each node on the surface, the interior nodes along a
line in the positive y direction and within a small deviation of x value, not greater
than half the distance between the nodes on the surface in the original mesh, are

adjusted by a fraction of the wear at the surface. The fraction of the wear that each
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node is adjusted is determined by its distance above the surface node, and decreases
logarithmically in finite increments as the distance from the surface increases. These
increments are sized so that there is one node of the initial mesh in each interval. The

interval size should be changed if the refinement of the mesh changes.

Additionally, a boundary condition is set to bring the pin in to contact with
the disk at the beginning of the next analysis. The distance that the pin is moved
is determined by finding the node with the lowest total wear height and multiplying
that height by 1.001. The extra 0.1 percent is to account for any possible roundoff

that could prevent the pin from actually coming into contact with the disk.

At the end of each step the counters are incremented, and if the final distance
has been reached the loop terminates. After the loop ends, the total wear at each
surface node is written to the output file, which is then closed. The model database

is also saved and closed, and the script is ended.
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IV. Incremental Method Results and Discussion

4.1 Results

To test the incremental wear script a test was run in which the pin was slid
for a total of 200 meters in 10 meter steps with a velocity of 0.1 m/s, an applied
pressure of 5 MPa and a wear coefficient (k4) of 3.53 x 1072. The surface profile at
the end of the 200 m is shown in Figure 4.1, and figures of the wear profile at each
step are shown in Appendix B. The waviness of the surface is due to a high pressure
point that developed at the rear (right) of the pin and progressed forward with each
step. This sort of profile is not realistic. The waviness predicted by the script can be
minimized or eliminated either by changing some aspects of the model, or by reducing

the distance traveled in each step.

Rather than develop a new model, a second test was run with 0.01 meter
steps. The smaller step size made the time required to travel the entire 200 meters
prohibitively large, so it was only run for a total distance of 1 meter. Despite the
shorter total distance, the smaller incremental size required 5 times as many steps
as the previous test. The final profile is shown in Figure 4.2. This profile is much
smoother than the previous one. Figures showing the evolution of this profile at
0.1 meter increments are in Appendix C. The average wear height across the pin is
2.85x 107° meters. This compares very well with predictions using Archard’s equation

over the same distance, which predict a wear height of 1.76 x 10~° meters.
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Figure 4.1: The profile of the pin predicted by the script after traveling 200 meters
in 10 meter increments.

Figure 4.2: The profile of the pin predicted by the script after traveling 1 meter in
0.01 meter increments.
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4.2 Discussion

The script used for the incremental method does a good job of matching wear
height predictions to predictions from equations in the literature. However, it has
not been verified against experimental results. If an accurate value of k, is used,
experimental results should be close to the predictions. The difficulty comes in finding
an accurate value for k4, as Podra and Andersson tell us: “the actual value of k4 for
a particular contact should normally be experimentally determined” (20:73). Ideally

values for k4 would be tabulated, but because wear is a system response, this is

difficult.

The general form of this method has been well documented in the literature, and
has been shown to be capable of producing accurate predictions. The implementation
presented here has a few flaws that should be fixed before it is used in practice. These

are mainly numerical issues that could take an extensive effort to iron out.

4.2.1 Need for Small Steps

The main issue is the small step size required to get a realistic profile. This
severely limits the ability to use the script for events with larger distances, such as
the wear of a slipper during a test at the HHSTT. The sensitivity of the script to high

pressure points is the primary reason that small steps must be taken.
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4.2.2  Pressure Averaging

The pressure averaging scheme implemented to combat these problems has its
own problems. There is currently no method to ensure that the total reaction force
on the pin from the disk remains unchanged when the pressure is averaged. This may

result in a higher or lower pressure being input to the wear equation at each step.

4.2.8 Material History Effects

A lack of the ability to bring material history data from one step to the next
is another problem with the script. There are two approaches to remedy this: (1)
incorporate the wear steps within an analysis, or (2) map the results from the analysis

in one step onto the model at the beginning of the next step.

To incorporate the wear calculations within an analysis is not possible to do
in the context of the script presented here; The scripting capabilities in Abaqus
only work with Abaqus/CAE, not the solvers. A user subroutine is required to
integrate a process into a solver. Abaqus/Standard contains a user subroutine called
UMESHMOTION that could be used to model the wearing of a surface, but it is not
available in Abaqus/Explicit. While it was only tested with Abaqus/Standard, the

script presented should work with both Abaqus/Standard and Abaqus/Explicit.

A method of mapping the solution from one analysis to the next was attempted,
but was not fully developed. The method relies on a feature of Abaqus/Standard

called *MAP SOLUTION. This functionality is intended for use with models that

undergo large deformation that causes the mesh to be distorted such that it may no
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longer provide accurate solutions. A new mesh is designed taking the deformed shape
of the previous one, and the results are mapped to the new mesh. The inclusion of this
feature required several changes to the model and the way that the script interacts
with it. While the solution mapping ability is believed to be feasible to implement,
it would restrict the use of the script to Abaqus/Standard. The user subroutine
UMESHMOTION is recommended, over solution mapping because it provides a more
refined solution. If future versions of Abaqus include one of these two features in
Abaqus/Explicit, that method would be more attractive because it could be applied

to a wider range of problems.

4.2.4  Mesh Modification

Another area for improvement is the mesh modification procedure. The current
method does not take into account the geometry of the elements. Also, it has been
conjectured that problems may arise when the distance between nodes becomes less
than the discretization of the intervals in the algorithm. This could cause some
elements to be resized while others are not. It is not known how this would affect the
process. Additionally, The current method requires a rectangular mesh, which may
not be suitable to some non-rectangular geometries. It is unknown what form this
improved mesh adjustment algorithm might take, but it may be possible to use one

of the adaptive remeshing techniques available in Abaqus.
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V. Development of A Material Property Method for

Calculating Wear

This chapter changes the focus from studying a method on a pin-on-disk model,
to a slipper on rail model based on the HHSTT set up. In the material property
method, wear is determined by the damage caused by the slipper running over an
asperity. Unlike in the work of Cameron, who used a similar method, this method
uses a microscopic asperity. To capture the activity on this scale requires elements on
the microscopic scale. However, meshing the entire slipper with such small elements
would create an intractable problem. Therefore, submodeling is used to limit the
size of the model with such fine meshing. One submodel, called a local model, really
only predicts the wear where the submodel is located. To determine the wear of
the entire slipper, several local models can be taken from various locations along the
bottom of the slipper. The wear calculated from each local model can then be used
to approximate the distribution of wear rate along the entire slipper for a particular
velocity and pressure. This can be done for several points throughout a test run
down the HHSTT to determine the wear for the entire test. The goal of the current
research is to determine the factors that are important in such a global-local analysis
of a HHSTT slipper, and how to go about calculating wear from it. This chapter
describes the development of the model and analysis. The next chapter will present

an analysis at a single location on the slipper as a proof of concept.
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While Cameron’s numerical method for calculating wear is similar in the manner
by which wear is found, the process presented here is really quite different. The
primary difference is that the current method uses a finite element code, Abaqus,
where Cameron used a hydrocode, CTH. Abaqus was chosen for several advantages it
has over CTH. Abaqus can handle numbers down to 1x 1076 and further, which allows
for modeling at the microscopic level. Also, in CTH the analysis time was limited to
10 ps, but with Abaqus analyses lasting several seconds or more are possible. Finally,
Abaqus is more accessible and user friendly than CTH. Nearly all other differences

stem from this.

5.1 Dynamic Analysis

This method uses a dynamic analysis in Abaqus/Explicit. Abaqus/Explicit was
used because it tracks stress waves as they travel through an object, providing greater
insight to the behavior of the material. There are also more material models available
in Abaqus/Explicit. The damage models developed in section 2.5 are only available in
Abaqus/Explicit, as is the Johnson-Cook plasticity model. Because Abaqus/Explicit
models the stress waves, it is important that the transient effects caused by the loading
of the slipper are damped out before it collides with the asperity. If the slipper hasn’t
reached a steady state of stress, it may be difficult to separate the effects of running

over the asperity from the effects of the loading.

Only a short time is needed for the slipper to travel over an asperity, so initially

a short time was used for the simulation and the loads and boundary conditions were
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applied instantaneously. However this loaded the slipper faster than the stress waves
could propagate through the slipper, causing elements to deform excessively. Figure
5.1 shows the effect of instantaneously applying a 1 m/s velocity, 2.2 x 1075 seconds
after the initial loading. The light blue part is the original, undeformed shape, and
the dark blue part is the deformed model. Only the first three columns of elements
have been compressed, while the rest of the model has not deformed at all. Despite
only needing a short time for the slipper to traverse an asperity, it was necessary to
ramp the velocity and pressure, then let the stress reach a steady state. A 1 second
smooth ramp from 0 was found to bring both the velocity and the pressure up in an
even manner. Steady state was reached after another 2 seconds at constant levels,

bringing the total simulation time to 3 seconds.

5.1.1 Scale

For this method it is important to look at the problem at the microscopic scale,
because the causes of wear occur at this scale. At scales on the order of 107 to 107¢ m,
the granularity of metals begins to become apparent (15). Because of the granularity
the material is not isotropic. This research will continue to assume isotropic material,
but if later research refines the mesh further, the anisotropic behavior should be
investigated. There are also some numerical difficulties involved with working at
these scales: the maximum time step is reduced in explicit analysis methods due
to reduced element lengths, and Abaqus/CAE has difficulty with numbers less than

121079, To reduce these effects, the model uses millimeters as the base unit of length.
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Figure 5.1: The right edge of the slipper crushed when a velocity condition was applied
instantaneously.

This changes the magnitude of the numbers reported in Abaqus, but because all the

inputs were scaled in does not change the results or the required time step.

5.1.2  Submodeling

Submodeling is another technique that is used to deal with the scale of the
problem. Submodeling allows a small portion of a larger system to be modeled
in detail while the rest of the system can be modeled coarsely. It achieves this
by separating it into two analyses: a global analysis in which the whole system is
analyzed, and a local analysis where the portion of interest is analyzed. The key

to the technique is that the displacements from the global model are applied to the
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203.2 mm

25.4mm

Figure 5.2: The global model of the slipper and its mesh

boundaries of the local model. The Abaqus Analysis Users Manual has a more detailed

discussion of submodeling (9).

For this problem a plane strain model of a slipper from HHSTT running along
a rigid rail is used as the global model. For the local model the rail is modeled as a

deformable body, and a small, 1 mm, square is taken from the slipper as the submodel.

5.2 The Global Model

The global model is a plane strain representation of a slipper from the HHSTT.
The slipper is 25.4 mm tall, 205.4 mm long and 101.6 mm deep. The model is meshed
with rectangular elements, approximately 1 mm square, resulting in 5278 elements
with 11,016 degrees of freedom. The dimensions of the slipper model, along with the

mesh, are shown in figure 5.2.

A test was performed to determine the difference that a deformable rail would
have on the stresses in the slipper compared to a rigid rail. Including a deformable rail
in the global model caused the analysis to take a longer time to solve because of the
added degrees of freedom in the rail. Also, the time required for the stresses to reach

steady state was increased. The stresses did not achieve as large a magnitude with
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the deformable rail model as they did with a rigid rail model. The rigid rail model
was chosen because of the shorter analysis time associated with the fewer degrees of

freedom. The rail is fixed in place and does not move.

The slipper has a uniform pressure of 15 MPa applied to the top surface. This
pressure was chosen by looking at the peak slipper forces predicted by DADS. The
entire slipper surface was assumed to be in contact. Averaging the maximum forces
for each slipper location and dividing by the surface area of the slipper resulted in a
pressure of 14.1 MPa. Using the maximum of all forces resulted in a pressure of 19.9
MPa. 15 MPa was chosen as a representative value that might be experienced by a
slipper during a test. It should be noted that if only a portion of the slipper is in
contact the pressure will be higher. There is currently no way to determine how much
of the slipper is in contact at any given time. A velocity of 1 m/s was applied to the
vertical faces of the slipper, excluding the corners. This location was chosen to avoid
specifying the same degree of freedom twice, which could happen if the velocity was
applied to the top surface, and to allow the bottom surface to deform in response to
the contact. One meter per second is a low velocity for the HHSTT, but was chosen
for two reasons: (1) it will allow for comparison with experimental results, and (2) it

requires less time and distance to reach steady state.

From the global model the nodal displacements are written to the output database
every 0.1 seconds. The output should be written using full precision to avoid potential
roundoff errors. The displacements are interpolated between nodes and time steps

when they are applied to the local model.
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5.3 The Local Model

5.3.1 Slipper

The slipper submodel is a square with 1 mm sides and is shown in figure 5.3.
It has submodel boundary conditions applied to the trailing edge, the top surface,
and the top ninety percent of the leading edge. The submodel boundary condition is
not applied to the bottom ten percent of the leading edge to allow it to deform when
colliding with the asperity. The location of the local model is what determines what
part of the global model drives the submodel boundary conditions. For the proof of
concept the local model was taken just behind the leading edge of the global slipper
model. The red lines in figure 5.3 indicate where the submodel boundary conditions

are applied to the slipper in the local model.

The bottom ten percent of the slipper is meshed with 0.015 mm square elements.
The rest of the pin is a mixture of triangular and quadrilateral elements that gets
progressively coarser as the distance from the bottom increases. Only the bottom
portion will develop enough stress and strain to be of interest for calculating wear,
so it needs to be more refined while the rest of the pin can be meshed more coarsely
to reduce the number of degrees of freedom. Figure 5.3 shows the mesh used on the
local model of the slipper. There are 851 elements, with a total of 1800 degrees of

freedom in the local slipper model.

The local model is where the outputs used to calculate wear and wear rate are

determined. Therefore, care must be taken to ensure that data is written at the times
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Figure 5.3: The mesh and boundary conditions for the local model, the red lines
indicate the boundary condition location
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it is needed for analysis. Output is only needed in a small time frame around the
impact with the asperity. A list of time points to write the output can be defined so
that the needed data is written without excessive amounts of unnecessary data also
being written. Writing output at increments of 0.0001 seconds for the last 0.0015

seconds was found to be sufficient to provide the desired data.

5.8.2  Rail

In the local model, the rail is modeled as deformable, with a series of asperities
at one end. The rail is clamped along the entire bottom edge. The rail is 0.6 mm tall
with asperities that are 0.04 mm tall and 0.4 mm long, measured from peak to peak.
The asperities are centered along the top edge of the rail, so the hight of the asperity
above the flat section of the rail is 0.02 mm. Unlike in Cinnamon and Cameron, the
asperities are circular arcs, not triangular (5;6). Figure 5.4 shows the asperities and
the mesh on them. There are eight elements along the surface of each half wavelength.
The mesh becomes coarser as it goes to the right, beyond what is shown in the figure.
The rail has 2029 elements, approximately one fourth of which are in the end of the

rail with asperities, with 6606 degrees of freedom total.

In addition to being used to generate wear in the slipper, the asperities also
provide some of the resistive force of friction. Therefore, the friction coefficient should
be reduced along the asperity so that the total resistive force on the slipper does not
change. Determination of the amount that the friction should be reduced to account

for an asperity requires an additional study to correlate asperity size with frictional

58



0.04dmm

Figure 5.4: The end of the rail with asperities, showing the mesh and dimensions of
the asperities

force. Because this data is not currently available, the friction coefficient was not

changed in the region of the asperity.

This research was focused only on the development of the process; therefore, it
was decided that an accurate value for the friction coefficient was not necessary. For
both the global and local models a constant friction coefficient of 0.2 was used. This
was chosen as an approximate value for the slipper and rail pair. An accurate value

for the materials used would be required for wear prediction.

Initially the local model was to contain conformal asperities on both the rail and
slipper, such as is shown in figure 5.5. When it became apparent that a longer time

was needed to get the slipper to steady state conditions, the local model was changed
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Figure 5.5: A preliminary version of the local model which was abandoned due to the
need for more time to reach steady state.

to one with a flat slipper running over a flat rail until colliding with a deformable

asperity at the end of the simulation.

5.3.3 Computing Cost Issues

The large increase in travel distance required a significant increase in the length
of the rail in the local model. The total number of degrees of freedom for the
whole model was 8406. Despite using the minimum length required for the rail,
the computational cost was still significantly more than was acceptable. Therefore

methods to reduce the computing cost of the local model were investigated.
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The first thing tried was to break the rail into two parts: an analytical rigid part
for the flat section of the rail, and a deformable part for the section with the asperities.
Treating the majority of the rail as a rigid body reduced the degrees of freedom needed
to solve the problem by approximately seventy-five percent. It was acceptable for the
majority of the rail to be rigid, because its main purpose was to supply the contact
condition while the slipper reached steady state. A deformable asperity section was
desired because it would affect the reaction of the slipper. However, the slipper
snagged at the transition from the rigid rail to the deformable rail and caused the
analysis to abort before completing. An example of this snagging is shown in figure
5.6. It was decided to model the rail as a single deformable part to avoid this problem.
A second attempt consisted of constraining all the degrees of freedom of the flat part
of the rail, effectively making it rigid. This method did not reduce the computational

cost. Further investigation of this method is not recommended.

The third method was to scale the mass of the rail to increase the size of the
time steps. Mass scaling is an artificial increase of density to increase the maximum
time step (At) allowable for stability. Initially, the mass was scaled for the entire
rail. This method was successful in reducing the time required for the analysis to run.
However, scaling the mass was found to cause the elements with scaled mass to act
rigidly. Therefore, the section of the rail with the asperities was excluded from the
mass scaling so that the asperities would deform when the slipper runs over them.

This did not significantly increase the computing cost.
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Figure 5.6: The slipper snagged on the transition from rigid disk (right) to deformable
disk (left).

5.4 Material Properties

The slipper has the material properties of Vascomax 300, and the rail has the
material properties of 1080 steel as determined by Cinnamon. The Johnson-Cook

plasticity model was used. According to Cinnamon:

The Johnson-Cook model relates the material flow stress (dynamic
yield strength), o, as:

0 = [A+Be"|[1 + C In(¥][1 — T*"]

where ¢ is the equivalent plastic strain, £* is the dimensionless strain rate
(6*=¢/£¢p) and T* is the homologous temperature defined as:

T™* = (T - TToom)/(Tmelt - TToom)
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Table 5.1: Material properties for 1080 Steel and Vascomax 300 (6:5-11)

Property Vascomax 300 1080 Steel
E (GPa) 180.7 202.8

v 0.283 0.27

p (kg/m?) 8000 7800
JC: A (GPa) 2.17 0.525
JC: B (GPa) 0.124 3.59
JC: C (GPa) 0.0046 0.029
JC:n 0.3737 0.6677
JC:m 0.95 0.7525

where T, T}oom, Tmerr are the material temperature, room temperature, and material
melt temperature, respectively (6:3-10). A, B, C, m, and n are material properties
determined by experiment. The properties for Vascomax 300 and 1080 steel are shown
in table 5.1. Additionally the damage initiation model described in section 2.5 was
used for the calculation of wear. No published data could be found for either material.

In lieu of data for the actual materials, damage data from example 2.1.3 in the Abaqus

Example Problems Manual was used (10).
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V1. Material Property Method Results and Discussion

6.1 Proof of Concept Results

A single global-local analysis was run as a proof of concept to show the feasibility
of this method. The final global and local model configurations described in the
previous chapter were used. The global model was run on four parallel processors
and took approximately 0.5 hours to complete. The local model was also run on four
parallel processors and took approximately 29 hours to complete. The deformed shape
of the local model after running over one asperity is shown in Figure 6.1. Contours
of shear failure risk parameter and ductile failure risk parameter are shown in Figure
6.2, and Figure 6.3, respectively. The data is plotted on the deformed geometry in
part (a) of each figure, and the same data is plotted on the undeformed geometry in
part (b). For each figure, the distance traveled over the asperity is 0.4 mm. Neither

of these figures shows any damage, which means that no wear is predicted.

The lack of wear is not surprising. The slipper only traveled 0.4mm over the
asperity. The slipper would only wear a minuscule amount in this distance. It may be
possible to predict wear if the slipper were run over a series of asperities, rather than
just one. This would introduce a new problem due to the nature of the submodel
boundary conditions on the local model. Because the global model does not account
for any wear at the surface, the pin will not continue to be pressed against the rail

with the same force as it deforms and moves down the rail in the local model. This
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Figure 6.1: The deformed geometry of the local model after running over a single
asperity

may not be a problem for small travel distances with small amounts of wear, but it

may become a larger issue as the wear in the local model increases.

If the results from the case where the asperities were rigid due to mass scaling are
considered, there is damage. The deformed geometry is shown in Figure 6.4. While
the asperities did not deform, the contact formulation does allow for the surfaces to
penetrate each other a small amount. This analysis could be representative of either
a case with a harder rail, or a softer slipper. Figures 6.5 and 6.6 show contours for the
shear and ductile failure risk parameter, respectively, again on deformed geometry in

part (a) and on undeformed geometry in part (b).
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Figure 6.2: Contours of the shear damage criterion after running over a single asperity
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Figure 6.3: Contours of the ductile damage criterion after running over a single

asperity
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Figure 6.4: Deformed geometry for the case with rigid asperities after running over a
single asperity

In Figure 6.5 (b) regions with values of 1 or higher are colored red, and are
damaged. There are approximately 13 elements that are damaged, for an area of
2.925 x 107 mm?. Multiplying the area by the depth of the model (101.6 mm)

3. This corresponds to a dimensional wear rate

gives a wear volume of 0.29718 mm
of 0.74295 mm?/mm for a distance of 0.4 mm. By normalizing by the area of the

slipper, 20,645 mm?, a non-dimensional wear rate of 3.5987 x 107° is obtained. The

ductile damage criterion does not predict any damage.

6.2 Discussion

According to Lim and Ashby, the non-dimensional wear rate should be between

1073 and 107 for mechanical wear. The non-dimensional wear rate predicted by the
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Figure 6.5: Contours of the shear damage criterion for the case with rigid asperities
after running over a single asperity

69



DUCTCRT

(Avg: 75%)
+7.763e-01
+7.116e-01
+6.469e-01
+5.822e-01
+5.175e-01
+4.528e-01
+3.881e-01
+3.234e-01
+2.588e-01
+1.941e-01
+1.294e-01
+6.469e-02
+0.000e+00

DUCTCRT

(Avg: 75%)
+7.763e-01
+7.116e-01
+6.469e-01
+5.822e-01
+5.175e-01
+4.528e-01
+3.881e-01
+3.234e-01
+2.588e-01
+1.941e-01
+1.294e-01
+6.469e-02
+0.000e+00

(a) deformed geometry

(b) undeformed geometry

Figure 6.6: Contours of the ductile damage criterion for the case with rigid asperities
after running over a single asperity
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material property method is in the middle of this range. This shows that the process
can be used to predict experimental wear rates. The accuracy of the predictions will

depend on the correct asperity size, and an accurate damage criteria being used.

A wear rate for the entire slipper could be calculated by taking local models
from several locations along the length of the slipper and calculating a wear rate for
each. The wear rates would then be plotted against their position along the slipper,
and a curve fit through them. The average wear rate would be the rate for the slipper
as a whole. If a series of these tests were done for a variety of applied pressures and
a velocities, the data could be tabulated for use in a macroscopic wear prediction

method, such as the one presented in Chapter 3.

71



VII. Summary and Conclusions

Wear is a difficult phenomenon to predict. Slipper wear at the HHSTT is even harder
due to the extremely high velocities of the sleds. Two different methods for predicting
wear were investigated; a macro-scale method based on Archard’s wear law, and a
micro-scale method based on material properties. These methods were tested at low
speeds so that comparisons could be made with results from the literature. Both were

shown to be feasible methods of accurately predicting wear.

7.1 Incremental Method

7.1.1 Conclusions

The incremental method was implemented with a Python script for Abaqus.
The ability to use scripts with Abaqus is very well suited for this problem. The
integration with Abaqus/CAE eliminates the need to spend energy and time creating

input files or parsing output files by automating the process.

The incremental method script will produce realistic values for wear. The
accuracy will obviously depend on the correct parameters being input into the model
and script. For the 1 meter test case, the wear predicted by the script was only 1
mm more than was predicted by Archard’s wear law. This is not a surprising result,

because similar methods have been shown in the literature to produce good results.
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The primary problem encountered with the script is that it is very sensitive to
numerical issues. Many numerical issues were solved in the development, but many
more still remained. While these issues could be worked out, they were a major
motivation for developing the material property method. In order to get reasonable
wear profiles, very small steps had to be taken, and the pressure had to be averaged
over several nodes. A reduction of the numerical issues should also reduce the need

for these in the method.

The wear profile is closely related to the pressure distribution on the sliding
surface. The friction due to sliding is the primary factor in determining the pressure
distribution. Less friction will result in a flatter distribution, and more friction in a
more steeply sloped distribution of pressure. If there is enough friction, the trailing

edge of the pin will lift off of the disk.

The pressure distribution was not affected by the type of analysis carried out.
This is because the pressure was only taken at one point for each analysis. With the
current implementation, a dynamic analysis does not add much, if anything, to the

accuracy of the prediction.

Smaller steps produce better results, but also require more computing time.

The largest step size that gives accurate results should be used.
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7.1.2  Areas for Future Improvement

There are several things that could be done to improve this implementation of
the incremental method. If it is to be developed further, the following things should

be improved upon.

The mesh modification algorithm presented is not very robust. A more general
and capable solution should be developed. A new modification algorithm should allow

for irregular meshes, and should be based on the current mesh at each step.

Several improvements could be realized by integrating the method within an
analysis. Smaller steps could be taken with less increased cost, because the number
of file reads and writes needed would be reduced. Additionally, material history would

be carried through each wear calculation.

7.2 Material Property Method

7.2.1 Conclusions

The material property method was shown to be feasible as a method for predicting
wear. The wear rate predicted was in the range of those predicted by Lim and Ashby.
With the proper calibration, the accuracy would be improved. There are, however,

several factors that influence the method’s wear predicting abilities.

Before the slipper runs over the asperity there is no damage predicted. An
asperity was required to generate wear. Also the ductile criterion did not predict any

wear in either case presented.
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To capture the micro-scale phenomena, a fine mesh must be used. However,
there is some lower bound where a finite element analysis no longer accurately models

the material behavior. This limits the element size that can be used.

It is important to ramp applied conditions slowly, because a wave propagation
code is used and stress waves take time to propagate through the material. Additionally,
the stress waves must be allowed to be damped to a steady state before the slipper

runs over the asperity.

It was found that a deformable rail greatly increa