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Figure 6.7- Four potential hybrid material configurations for a durable guider material.
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SUMMARY

The findings and analysis of the mechanical wear experiments presented in this
dissertation provides thknowledgenecessary to design more efficient and effective
tribological systemsunder extreme sliding contactA novel inertia loaded wedge
experiment is mployed at Georgi Tech utilizing a lab scale electromagnetic launcher to
study mechanical weaf a 6061T6 aluminum slider on a C1182 copper guideunder
conditions that have not been attained in prior studigding speedsn the range o0 i
1,200 m/s andcontact pressures betwetd0i 225MPawere achieved.

Three distinctwear regionsvere identified plasticity dominated wearsevere plastic
deformationand melt lubricationThe plasticitydominatedvearregion occurredt lower
velocities, 01 800 m/s and is representative lufcalized plastic shearingThe severe
plastic deformatiorwear region occured at midrange velocitiedbetween 800 1,000
m/s and ischaracteristicof thermal softening resulting imulk shearing / plastic
deformation The melt lubricationregion occurredt high velocities, >1,000 m/and is
representativef large scalenelting.

Several different studies were conducted to explore the effects of pressure and
velocity as well as guider mechanical and thermal propertiesider wear rates the
melt lubrication region Normalized wear ratesn the melt lubricationregion were
proportionalto velocity. A critical velocity demarcated the shift from severe plastic
deformation to melt lubrication and was found to decreasle mcreasing pressure

Additionally, the normalized wear raite the melt lubrication region was correlatedhe
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product of velocity angressure raised to the pwer, which is consistent witimelt
lubrication theory.

Different tribomaterial pairingswere tested to investigate the effects of guider
material properties on slider wear. For all tests the slider maite1@61T6 aluminum.

It was found thathe mechanical properties of tgaider had a negligible effect on slider
wearin the severe plastdeformation and melt lubrication regions.

The effects of the guidehérmal propertieson slider wear in the melt lubrication
regionwas investigatedy selecting materials with vastly differemblumetric thermal
mas®es(}] A @ guider materialwith a large volumetric thermal mass resed in a high
critical velocity and a &rger heat partition coefficienthese findings indicate thahe
conditionunder which heat transfeccurs is highly transient.

Utilizing the results from the pressurevelocity and guider material property studies
a constitutive modelvas developedThe model is in a general form anddapable of
predicting normalized wear rates in the melt lubrication region for a-B66dluminum
slider at contact pressures between 1L@25MPa andpeak velocities of 1,200 mfer a
variable guider materialhe model can be used as a tool for designing more efficient and
effective tribological systems subjected to th&lsing conditions.

Using the new insights from this investigationnaterials selection exercise for
guider durability was conducted. Haigh sliding speeds is beneficial to select a guider
material with a large volumetric thermal mass, high ultimate tensile stréogtdensity,

a high meling point andhigh compresse strengthwith moderateductility.
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CHAPTER 1: Introduction

1.1 Overview

Tribology can be defined as the science and engineering of interacting surfaces in
relative motion, whichencompasses the topics of wear, friction and lubrication.
Tribological interactions can be found in bearings, cams, gears, internal combustion
engines, turbine engines, etc. These tribological interactions can incur wear which
reduces performance, increasenergy consumption, and ovéme may result in
component replacement or failure. There are several different forms of wear that include,
but are not limited to adhesion, abrasion, erosion, corrosion, and surface fatigue, all of
which through surface emrgeering or the use of lubrication may be minimized. While the
negative effects of many tribological interactions are well known, there are many
essential tribological interactions that are commonly found in everyday life. For example
the friction betweelyour feet and the ground is necessary to walk, the friction between a
brake pad and rotor is necessary to slow down a moving car, and the friction between a
pencil and piece of paper allows you to write. While man has known about friction and
lubrication Pbr thousands of years, dating back to 32@%00 BC[16], it wasnot
1966 report from the Committee of the British Department of Education and Science that
the term tribology \as actually coinefll7].

Several studies ka been conducted over the years to try and quantify the economic
impact of wear. It was estimated in a 1966 report by [Iodtthat wear cost the U.K.
approximately 1% of the GNP. In a 1977 study sponsored by ASME it was estimated that
the energy cost to the U.S. associated with equipment fallgeto wear was equal to

1.3% of the total U.S. energy consumptid@8]. In 1996 Bhushan cited according to



some estimates that up to 6% of the N8| was lost by neglecting tribology and more
recently in 2005 it was reiterated by Jdsat based on investigations conducted in the
U.K., Germany, U.S., Canada, and China that the application of tribological principles
and practices could yield a savings of 1.0 to 1.4% of the GNP for industrialized nations
[20]. In all cases the economic impact on industrialized nations hasdidgrconsistent

over the past forty plus years and as energy and material costs continue to rise, more
attention must be drawn to extending the service life and efficiency of machinery to
offset these costs. This means understanding the influence anbatotebology has on
machinery and accounting for it through the development and implementation of
materials, manufacturing processes, lubrication or simply minimizing surface interactions

through design.

1.2ResearchBackground

1.2.1 Overview

The subjetof thisdissertatioris on a specific facet of tribology related to lubrication
by a melting solid Melt wear like most tribological interactions, is complex and
encompasses all three aspects of tribaldgigtion, lubrication, and wear. In most
applications it is typical to add lubrication to a system to reduce the coefficient of friction
and remove hean order to reduceomponent wear. In the case of meéar, the sliding
contact is initially unlubricated or dry and due to heat generated at ttectorerface
one or both of the sliding bodies may melt providing-Bdification. If meltwear occurs
a t he cont act i nterface it can be bot h
performance. The melt may be beneficial in the sense that it actsluwicant and

reduces friction and detrimental in that one or both of the sliding solids is wearing away



which may result in a decrease in component performance or life and potentially result in
failure. A wellknown and studied system that exhibits thehavior is that of a skate on

ice. Meltwearcan also be commonly found in engineering systems that contain metal on
metal contact in a high sliding speed and high contact pressure system. Typical
engineering applications that experience high slidingdpenclude, but are not limited

to ultrahigh speed machining at the tablp interface (>300 m/§R1], rocket sleds used

for aerospace research and development at thpeshail interface (2,300 m/s)22],

large caliber guns at the projectbarrel interface (1,500 m/s)13], and lastly

electromagnetic launchers at the armataikinterface (2,500 m/§p3].

1.2.2 ExperimentalResearch

As previously mentioned one of the more commonly found-lgbticating
tribological systems is that of skate on icg24] or ski on snow[25]. Initially it was
hypot hesized that pressure was the mechani
until years later that the notion of friction as a major contributor was recodi2ge2i7].

It has been shown through simple energy calculations that only a small fraction of the
frictional heat generated at the contact interface is necessary to produce localizegl meltin
[11]. A series of experiment the Research Statian Jungfraujoclin Switzerland using

a ski on icésnow apparatustested the hypothesis that frictional heat is the primary
mechanism responsible for melear Severalkey findings were made and they are as
follows: 1) The coefficient of kinetic frictiorsinearly independent of load, apparent area
of contact and sliding speed, with the exception of high loads and low sliding speeds. 2)
The low coefficient of kinetic friction value for a ski on ice is due to melting at thieeki

interface. At lower tempatures melting only occurs at local areas of contact and at high



temperatures a more continuous layer of water developshegifect of temperature on
friction is much greatefor ice thanthat of metals4) The coefficient of kinetic friction
increasess the temperature decreasgs The thermal conductivity of the sliding body
influences the coefficient of kinetic frictioA slider with a higher thermal conductivity
dissipates heat away from the contact interface at a higher rate resultintargerl
coefficient of kinetic friction, as shown in Figurell6) Lastly, the role of thermal

conductivity suggests that frictional heat plays a major role in thewseltprocess.
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Figure 1.1 - Effects of temperature ard ski material, thermal conductivity, on the
coefficient of kinetic friction. The thermal conductivity of brass is greater than
ebonite by three orders of magnitudg9, 11].



The meltwearstudy of a ski on ice is a practical experiment due to the reasonably
low melting temperature of ice. However, for the case of metal on metakctontere
melting temperatures may be as much as two orders of tadgrhigher than that of ice,
has proven to be more difficult to study. An original experimental setup published by
Bowden and Freita§l2], as shown in Figuré.2, utilized a method developed for an
ultracentrifugeg[ 28] to study the behavior of two sliding metalrface at velocities ugo

1,000 m/s An electromagnet was used to vertically suspemdi rotate dalf inch steel

Figure 1.2 - A schematic of the electromagnet tribometer developed by Bowde
and Freitag [12].



ball. Three vertical surfaces, two rigid and one free, were equally positioned around the
ball. Upon releasing a spring the free surface presses the ball intectgid surfaces.

The deceleration of thepinning ball under a kown load was used to calculate the
coefficient of friction Friction coefficients and micrographs of the worn vertical surfaces
for two different materials, copper and bismuth, using a steel ball bearing under a 20
gram load were collected. For both matksrthe coefficient of friction decreased towards

a steady state value as the sliding speed of the ball increased, as shown irl.Bigure
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Figure 1.3 - Coefficient of friction vs. sliding speedfor copper and bismuth on
steel at high sliding speedgL2].



Bismuth which has both a lower melting temperature and thermal conductivity than that
of copper reached a steady state coefficient of fricibm lower sliding speed than
copper.An example of the molten metal splatter near thge®f a contact crater from a

300 m/stest using lsmuth asshown in Figurel 4, provides evidence that regions of the
contact interfaceare molten From these test& was observed that the coefficient of

friction is not constant, but rather it decreases to a lowlee\at higher sliding speeds.

Figure 14 - High sliding speed (300 m/s) wear of Bismuth showing remnants ¢
molten metal splatter[12].



The response of the coefficient of friction can be attributed to thermal softening or
melting of localized regions of contact and based on the resulgpparent large scale
metlting occurred

In addition to the original copper and bismuth experiments a more complete set of
results using the same electromagnet test apparatus was extended to include aluminum,
aluminum alloys antimony, molybdenum, tungsten, and diam{2@. The majority of
the experiments were conducted at loads in the rahd® to 40 grams. The velocity
range for each test differed depending on the material pair. A sensitivity analysis of the
coefficient of friction versus load for copper was conducted at loads of 10 to 200 grams.
The results showed that the coefficientfo€tion was independent of load under the
sliding speeds tested. From these experiments it was observed that the coefficient of
friction of metal on metal contact at high sliding speeds reduced to a relatively low value.
This was consistent with previouwsork. The low coefficient of friction can be attributed
to high temperatures at localized regions of contact. It was also shown, using heat transfer
theory[3(], thata very steep temperature gradient exists near the region of contact. For
the case of copper it was calculated that
the temperature reduced to 12%tlé surface temperature, consequently creating a soft
metal interface with low shear strength on a hard metal substrate. Limited knowledge or
data of the stressirain behavior of metals at high strain rates and high temperatures
makes it exceedinglgliffi cult to analyze the contact interface. From these experiments it
was concluded that the response of the contact interface, that is friction and wear, is
determined by the physical properties and the results suggest that adhesion waisli still val

under the onditions of theexperiments



A similar electromagnet test apparatus was developed to study wear at high sliding
speeds and large loaf®. An electromagnet was useddaspend and rotate a steel pall
exceptfor this case the ball was dropped from a short distance ontd n@hed
specimen, as shown in Figules. The apparatus was able ¢apture the normal and
tangential loads on an inclined specimen through the use of a piezoelectric sensor. Two

methods, one using contact forces and time and the other using geometry and deflection

Figure 15 - High sliding speed impactexperimental apparatus used by Bowden
and Persson8].
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of the ball, were used to calculate the coefficient of friction. This new method provided a
means to study high sliding speedp to 700 m/s, at relatively large loads, in the
kilogram range, two orders ofagnitude higher than the previous experimental
techngue. The experiments included the use of a steel ball against several different
materials of interest, of them bismuth was revisited. The wear marks of the bismuth
specimen from the impact spinning ball test were similar to those produced from the
vertical flat plate spinning ball test for velocities up to 200 m/s. A comparison of the
evolution of the coefficient of friction as a function of sliding speed for the two different
techniques is compared in Figut®. The solid line represents thesults of tle vertical
flat plate spinning ball test at low loads, 0.008 kg, up to 200, sl the circles and
triangles represent the impact spinning ball test at 0.5 kg and 6 kg at velocities
approaching 600 m/s. The results show good correlation between théfenend tests at
low speeds. For the impact spinning ball test at high speeds the appearance of the wear
marks shows a rapid increase in the size and a more prominent smearing of the material
with increased sliding speed. The smeared appearance of thenasda at high sliding
speeds combined with the molten metal splatter near the trailing edge provided evidence
that at high speeds a molten layer was present and melting had occurred on a large scale.
From the experiments with bismuth, a hypothesis thelting on a large scale is
primarily dependent on the melt temperature and thermal conductivity of the metal was
developed. The hypothesis was tested through several experiments over a range of sliding
speeds usinfvoodds al |l oy, whi c &turehofa@BC and antherntali ng t

conductivity of 0.032 cal cths® °C*, and bismuth, with a melting temperature of Z71

and a thermal conductivity of 0.016 cal ¢m' °C*. The comparisondVo o dd6s al | oy
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Figure 1.6 - The evolution of the coefficient of friction for steel on bismuth as &
function of sliding speed fo two different test techniques[8, 9].

bismuth is shown in Figuré.7. Additional experiments were conducted using steel on

lead, steel on tin, steel on silver nitrate, steel on copper, and steel on steel. The melting
temperature and thermal conductivities of these materials is summarized in Table 1

The material respomlsin both appearance and coefficient of frictionvédb o d 6 s al | oy
lead, tin, and silver nitrate at high sliding speeds was similar to that of bismuth. Each of

the materials experienced a transition velocity at which the coefficient of friction began

to inaease. This speed marks the formation of large scale melting and can be correlated

to the materi al mel ting temperature. The t
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Figure 1.7 - A comparison of the coefficient offriction for steel on Wood's alloy
(triangles) and steel on bismuth (circles)8].

Table 11 - Melting point and thermal conductivity properties for materials tested
using the impact spinning ball test.

Bismuth 271 0.016
Wood’s Alloy 65 0.032
Lead 328 0.082
Tin 232 0.145
Silver Nitrate 210 0.002
Copper 1080 0.910
Steel 1500 0.100
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lead, tin, and silver nitrate follow the trend that lower melting temperatures result in
lower transition speds. For steel on copper and steel on steel experiments the transition
velocity was never achieved due to the higher melting points and velocity limitations of
the experimental setup. Instead thermal softening or melting occurred only at localized
regionsof contact leading to low coefficient of friction values, as shown in Fig8e

An alternative or modified test configuration capable of higher sliding speeds is
necessary to explore the large scale melting region for copper and steel. It was concluded
that a continuous molten film developed over tloeninal area of contact for the lower
melting temperature tribomaterials. This differed from previous experimental results
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Figure 1.8 - The response of coefficient of friction for copper on steel and steel o
copper using the impactspinning ball test[8, 9].
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where thermal softening or melting only aced at localized regions of contact. For a
continuous molten metal film the resistance to sliding is influenced by the shearing of
that film and heating at the contact interface, which is primarily viscous in nature and
consequentlythe heat generated dreases with increasing velocity resulting in
accelerated wear rates.

There have been mangifferent test apparatuses developed and used to study
tribological properties of different material pairs. Many one of a kind test apparatuses,
like the aforementioed vertical flat plate and impact spinning ballere developed
specificallyto replicate a component configuration and service condiome of the
most commonly usetribological test apparatusasclude thepin-on-disk, pinon-flat,
pin-on-cylinder,thrust washers, pimto-bushing, rectangular flats on a rotating cylinder,
crossed cylinders, and four b@ll4]. The control factors for each of these apparatuses,
such as geometry, load, velocity, etc. are defined based on design and equipment
limitations. Ofthe apparatuses listed, the most commonly used apparatus to study wear at
high sliding speeds is th@n-on-disk apparatus

Sternlicht and Apkarian conducted a set of experiments to study electrical sliding
contacts at high sliding speeds using a@wdisk apparatu$31]. This work differed
from previous meltvearwork in that the combined effects of friction admlle heating
at the contact interface were under investigation. Test conditions included electrical
current densities and velocities up to 930 MA/And 610 m/s, respectively. Given the
conditions of the experiments it was expected that a molten film would be present and
viscosity, rather than elasticity, would be used to characterize the deformation process.

Experiments and analysis showed that théase temperatures were high enough to melt
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at least one of the sliding materials and that a molten layer existed. It was assumed that
the molten layer was continuous and in doing so hydrodynamic theory was applied to
calculate wear rates, which provedie within reason when compared to experimental
results.

Earles and Kadhirf32] also utilized gin-on-disk apparatus to study wear fosteel
pin, steel disk material pair at velocities up to 200 m/s. Like previous research, a low
coefficient of friction was observedat high sliding speeds It was shown from
experiments that theoefficient of friction was proportional to N?U, where N is normal
load and U is velocityThe term(N*2U)" was first introduced bBowden and Thomas
[33], where n is one for small values of 0 and n is¥ for large valueslt can be
implied that the tern{NU)" is proportional to the average surface temperattirthe
contactinterface For large values of NU there was microscopic evidence that a viscous
layer had been smoothedt acrosshe trailing edge of the piand as N°U increased the
smooth shiny layer eventually spanned across a larger portion of the contact interface.
wasconcluded that the corgbwas lubricated due to localized melting, resulting in a low
coefficient of friction.

The most complete set of pon-disk experimental results at high sliding speeds, up
to 550 m/s, was published by Montgomef$%3]. The experimental data was compiled
from several experiments funded by the U.S. Army over a spannofears. The
experiments were conducted to gain a deeper understanding of the mechanism
responsible for wear in rotating bands of projectiles for large caliber cannons. A frictional
rate of heat generation parameter in the form of fPV, where f is the radazefficient

of friction, P is applied pressure and V is the sliding speed, was used to characterize the
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heat generated at the contact interface and to correlate it to wear rates. Several pin
materials, gilding metal, copper, projectile steel and aede@bn on a gun steel disk
were thoroughly investigated and several miscellaneous mateagisernickel alloy
zinc, aluminum, nylon, and nickel were tested to a lesser extent. The results of these
experiments are similar to the aforementioned highedpexperiments in that the
coefficient of friction decreased with increasing sliding speed. This meant that increasing
the frictional rate of heat generation, which subsequently includes velocity, resulted in a
decreasing coefficient of friction value. [fndhe experimental data the wear rates for the
set of materials tested were found to be proportional to the reciprocal of the melting
point, as shown in Figure9. The conclusion was drawn that wear at high sliding speeds
is due to surface melting whicleta as a lubricant and that the wear rate is predominantly
a function of melting temperature, while thermal conductivity may have a secondary
effect.

Lastly, a more recent set of novel experiments developed by Stefani and[Bhéter
the Institute for Advanced Technology (IAT) at the Umsigy of Texas were conducted
to study mechanical wear. The experiments utilized a medium caliber electromagnetic
launcher (EML) to obtain high sliding speeds and high contact pressures. Several tests
were conducted using aluminum wedges on copper raits similar sliding speeds and
different contact pressures. Wear results from the experiments for five different contact
pressures are shown in Figure 1.10. Three key findings from the test include that wear as
a function of sliding distance appears to lomlmear, measurable wear does not begin
until 50 cm of travelat which point the sliding speéslapproximately 1,000 m/s, and the

wear rate increases with increasing contact pressure. Similarities may be drawn between
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the critical velocity at which thevear became significant in these tests and the critical
velocity from the aforementioned experiments at which the coefficient of friction began
to steadily increas@.he experimental methodology that was used in the IAT experiments
is the one employed imné GT minor caliber EML as will be discussed in a later section

of thisdissertation
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Figure 1.9 - Wear rate as a function of the reciprocal of the melting point of
various materials for a fixed rate of heat generatior{13].
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Mechanical Wear Data
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Figure 1.10 - Mechanical wear data from high sliding contact experiments to
study the effects of contact pressure on weaj2, 4].

1.2.3 Wear Mechanism Mas

A broad approach to understanding wear mecharasmigheir interactions ihrough
the use ofvear mechanism mapWear mechanism maps are an attempt to provide order
by definingthe dominant weamechanisms, trends, and models for a given tribomaterial
pairing. Several decades worth of wear data characterizing the dry sliding behavior of
steel on steel was compiled and organibgdLim and Ashby[10] using this novel

approach. A wear mechanism map for the dry sliding behavior of steel on steel as a
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Figure 1.11 - Wear mechanism map for the dry sliding of steel on stegl(].

function of nomalized pressure and velocity is shownHigure 1.11. The different
mechanisms are identified based on compiled experimeld@a@ and observations

Normalized pressure is defined

0 — (1.1)

19



wherel is the nominal contact pressure ahflsis the room temperature ultimate tensile

strength of the slider material. Normalized velocity is defined
o — (1.2

wherev is the slider velocityr, is the radius of a circular nominal contact area, @il
the thermal diffusivity.

Regionsof different wear mechanism schoolgere identified and physical wear
models based ofbf the dominant wear mechanisfor each regionwere developed
These physical modelserefitted or calibrated to the empirical data within each wear
mechanism region. Distinct boundaries between wear mechanism regions were defined
and lines of constant normalized wear ratessed on the wear modetse shown in
Figure 1.12Normalized wear rate sefined

. W
W e
0

(1.3)

wherew is the volume worn per distance slid afgdis the nominal contact are@he

region of interest under high sliding speeds and high contact pressures is the melt wear
region and beyond. The upper boumdright edgeof sliding velocity from the actual
experimental datéor the melt wear regiors 550 m/s Utilizing the wear mechanism map

for dry sliding behavior of steel on steel for sliding velocities greater th@m#s would

be an extrapolation and caution is requirgdder high sliding speeds and high contact

20



Axis of sliding velocity [dimension=m/s]

SLIDING VELOCITY v (m/s)
10™ 0 1 102

10
Fields identifying STEEL
range of dominance PIN-ON-DISK
of mechanism F|u ATIO

N N T
W
w 10" . q\
= Field boundaries
R L~
(V)]
g | DELAMINATION
o WEAR
a
w
v 10°F tours of constant
P normalised wear
< Rate
Axis of = [dimensionless)
a
normalised ') o 2
pressure z | UOR
[dimensionless) #&R
ﬂs 1 1 1 1
10? 1 102 10°

NORMALISED VELOCITY ¥

Axis of normalised velocity [dimensioniess )

Figure 1.12 - Wear mechanism map for dry sliding of steel on steel witt
empirically fit wear models with contours of constant wear coefficientflQ].

pressurg melting of the sliding solid can occur locallynelt wear)or on a large scale

(melt lubrication) Current wear mechanism maps do not distinguish between these
mechanismsExtrapolation of thexisting wear mechanism map beyond tipperbound

could lead to improperly characterizing the type of wear and the normalized wear rate.
There is an inherent need for additional data to extend the existing wear mechanism maps
and develop new physical weanodels toproperly categorizaegions with sliding

velocities greater tharbb m/s
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1.24 Theoretical Wear Modeling

Experiments have shown that under high sliding speeds and high contact pressures
there is evidence that melting of one of the solids provides lubrication, albeit locally or on
a large scale at the contact interfd€¢he melting of the sliding solids oacs locally it is
referred to as melt wear and if it occurs on a large scale it is referred to as melt
lubrication. To this point the investigation into the topic of mekar/ lubricationhas
largely been experimental and theoretical modeling has béser lanited. One of the
earlier theoretical models published by Wild8d] is based on hydrodynamic lubrication
theory derived from the Reynolds equation and several assumptions. Wilson analyzed
boththe case of the melting slider and guider. From his analyses he made the conclusion
that these hydrodynamic systems are capable of supporting large loads and providing low
friction. Additionally, both the load supporting capability and friction are prtomaal to
the square root of the sliding speed. It was noted that further work was needed to address
heat transfer losses at the contact interface, temperature dependent viscosity properties,
and the effects of mat er i adbyBimedotetalf3pjtog. Wi |
include both viscous dissipation and heat conduction through the melt lubrication film.

Conventional hydrodynamic theory based on two parallel plates with relative motion
has been used as the basis for priodet& Stiffler[36] was one of the first to propose
that the melting slider mass was capable of supporting laagks lunder the conditions of
melt lubrication. The model is based on the same premise as that used to model porous
bearings. It was concluded that for high sliding speeds, those specifically related to a
copper slider on a steel guider, that the tempezatlifferential across the melt

lubrication film is negligible and is approximately the melt temperature of the slider.
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Additionally, changes in the melt lubricant film density were not probable and therefore
the conditions necessary to form a thermal wedgee unlikely, and the rate of heat
energy dissipated via fAisqueeze filmo is
The theoretical coefficient of friction

experimental data. The wear model is dedims follows

(14)

wherew is the worn volume per distance sliti,is the loadh is the melt film thicknesd,
is the length of the slidep is thedynamicviscosity, v is the slider velocityandu is a
geometric factor equal to one for large ratios of slider length to width. The melt film

thicknesdh is defined as follows

Q i tl:,Oﬂ ’ (15)
0 WY Y

where] is the density U is the contact pressurk,is the latent heat of fusiow,is the
specific heatT, is the melt temperature, afid is the initial temperature. The model can

also be represented as a 1D melt veloegjtyin the form
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(16)

A more general wear model published by Lim and Agtit} was developed based
on steel pin and steel dislata compiled from melt wear experimerdaservations from
these experiments indicated that the wear incurreddwago melting of one or both of
the sliding contacts. From exjimental data a wear modebs developed. The melt wear
model utilizes the 1D heat equation, considers frictional heat as the sole heat source, and
partitions the heat between the slider andler based on thermal properties and sliding
speed. Heat transfer via conduction was incorporated into the model, while convection
and radiation were neglected. Additionally it was assumed that all the melted material
was ejected from the contact intedaand that the melt provides lubrication, which
results in low coefficient of friction values at high sliding speeds. Agreement between the
melt wear model and the experimental data is reasonable. Unlike previous models, the
melt wear model only considefdctional heat using coefficients of friction acquired
from experimentation. Viscous heating due to the shearing of the liquid film is not

considered. Lim and Ashbybés melt wear mode

a0 —— P (1.7)



where @ is the normalized wear rat@;, is the melting temperaturd, is the initial
temperature] an equivalent metal temperatuk, is the room temperature hardness of
the metal,L is the latent heaf) is the dimensionless bulk heating parameteis the

normalized velocitya is the heat partition coefficienitjs the coefficient of friction, and

"Ois the normalized pressure.

Stefani and Parkd#] revisited wear at high sliding speeds through a series of novel
mechanical wear expearents using a lab scale EML. The work was spurred by the need
to better understand the influence of mechanical and electrical heat generation at the
contact interface of EML components. It was noted that the majority of published
experimental data was &elocities below 100 m/s, well outside the operating range
observed in EMLs. Additionally their work was unigue in the sense that at the time the
majority of the emphasis in EML component wear had been placed on the electrical
component of the sliding caaxtt. Several wear mod€gl87-40] focusing on dule heating
as the primary heat source had been developed to predict the transition framtingn
to arcing electrical contacthe mechanical wear experimetitey conductegrovided
new data for melt lubrication modeling. Several nhabrication models were developed
following these experimentsnost of which were extensions of existing models. One of
the first models to reinvestigate melt lubrication was a thermal hydraulic éiel
based on the modeling done 8iffler [36]. The thermal hydraulianodel diffeed from
Stiffl er 6és daportioh aftthemelt flmasslidifieanader the sliderThe
resultswere able to predict reasonable melt velocities, lagkel the dependence on

pressure and velocity that was observed in expnts Seveal observations were made
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from the model The first is that the slider melt temperature is reactegpproximately
700 m/ s, but it I s n O0-steadystate imbltenlfibnOiKachmeyed. t ha't
Reduced heatransfer to the guidem higher melt viscosity, and a higher film thermal
conductivity provided a better correlation to experimental diawgas concluded thdiim
solidification under the slidendl not need tde captured in the modé\. follow up melt
lubrication mode[42] was developed that incorporated the effects of turbulence on the
laminar viscosity term. The results significantly over predicted the melt velocity and were
strongly dependent on the slider velocity and sgendent on contact pressure. These
trends tend to disagree with those observed from experiments. It was concluded that a
thermal hydraulic model was not adequate in modeling high velocity, high pressure,
mechanical wear and that this may be the redultnmther physical process such as
viscoplastic heating or some complex combination of melting and shearing of the slider
material.

More recently, Wei and Batrgt3] modeled and simulateldigh speed sliding and
addressed thermal softening, melting, and melt lubdoats it pertains toider wear
Two heat sources, frictional and plastic dissipation, were considered in an attempt to
better understand the contribution of each towards the temperature rise in the slider and
subsequent melting. Additionally, like the aforementioned modelg #mpplied melt
lubrication theory to develop a model capable of predicting both the melt film thickness
and melt velocity. Several findings or conclusions were made. The first is that two
boundary layers exist at the sligguider interface, a deformatidayer and a thermal
layer. The second finding is that for large values of heat flux at the -gliceer

interface, friction or viscous dissipation, rather than plastic dissipation, is the main
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contributor to the | oc akultoachi¢vesteadstateangelt r i s e .
lubrication and the process itself can best be described by the transient melt lubrication
solution. It was recommended thidie strength of the slider material near its melting
temperature neadto be consideredddditional experimental data is required to gain a
deeper understanding of the influence of the slider and guider thermal and mechanical

properties on the wear process.
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CHAPTER 2: Experimental Methodology

2.1Experimental Overview

The experiments conducted at Georgia Tech under high sliding speeds and high
contact pressures are based off of wedge experiments conducteel lastitute for
Advanced TechnologylAT) at theUniversity of Texag4]. A similar approach with two
inertia loaded wedgewas beendeveloped andgmployed in the Georgia Tech minor
caliberelectromagnetic launcheERKL). The GeorgiaTechEML systemis composed of
a breechcontainment andatch tankasshown in Figure 2.1and dectric power supply
asshown in Figure 2 [44]. The breech provides the physical connection between the
power supply and the rail¥he containmet is the steel laminate structucemprised of
two halves thatare clamped together with high strength steel bditside the

containment resides the bore. The bayesistsof two C110H2 copper flat rails, and two

Catch Tank _—

Containment

AT e

Figure 2.1 - Georgia Tech lab scale electromagnetic launcher.
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sidewall G10 glass composit@sulators. The bore cagtiration is a 14.0 millimeter by
12.5 millimeterrectangle, and theverall lengthof the containmenis 1.5 meterslong.

A crosssectional view of the Georgia Tech minor caliber Ebtireis shown in Figure
2.3 The catch tanks constructed out of steel and contains a one foot long steeaslug

the back of the tankThe tank itself is loaded with cloth dunnage as to provide a soft

Figure 2.3 - Georgia Tech lab scale electromagnetic launcher bore.
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catch for retrieval D the launch packagesThe power supplyconsists of six
independently triggerableub modulesEachsubmodulecontains five 210 pF capacitors
giving each modulehe capability to stord7.1 kJ at 5.7 kV for a totatored errgy of
0.1MJ.

The actual operation of the Georgia Tech minor caliber EML is based @hyke&s
of a single turn inductoAn armatuwe, which acts as a fusks, placed between the ratis
complete the electricalircuit. The power supply stores the electrical energy and when
discharged igenerates a pulse of electrical current. The electcigaknttravels down
one rail, crossesver the armature and returns down the opposing rail, as showruire Fig

24. A magnetic field, created from the pulsed electrical current, encircles each of

Armature

Armature Current Velocity

g

e oy

Pkl 7" Magnetic Field
e - e
%, e

Y

AN Rails - Driving Current

Figure 24 -Schematic of an electromagnetic launcher (EML).
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the conductive rails. The interaction of the electrical current and magnetic field generates
Lorentz forces that try to push the rails apart and accelerates the armature down the
length of the rail§45]. Typical electricalcurrents are between 28300 kA, producing
velocities on the order of 1,000/¢n The total launch duration is approximately

milliseconds long

2.2 Experimental Setup

The method developed using the Georgia Tech EML is capable of studying
mechanical wear, witla negligible electrical component, at sliding speeds up &0Q,

m/s and contact pressures up225 MPa. The methodology involves wifying the
sidewall insulatoras shown in Figure 2.9he sidewall insulators are fabricated out of
G-10 glass fiber composite and have been modified with a 7ilitheter deep channel
milled down the length of the insulator. The channel is able to accommodate a 6.35
squaremillimeter bar, 1.56 mtersin length. The bar, embedded in the insulator, is
referred to as the guider and the insulator design provides the flexibility of imgitha
guider materials as desired.

The tribo-slider is shown in Figure 2.6 andas a mass of approximately 10 grams.
The aft end of theribo-slider, referred to as the armature, is fabricated out of GU%1
aluminum and is used to propel thido-sliderdown the rails and out of the containment.

A ramp with a 25 degree angle from centetliiabricated fromG-10 is used to translate
the inertia load, generated from the mass of the wedge and the acceleratiotribbthe
slider, into a normal contact loash the guiderEach of thevedgescontairs a wear tab
also referred to as the slider, whislearsand deposg& material omo the guides. The

wedges are machined out 06061T6 aluminumbar stock, can accommodateslder
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Standard Bore Modified Bore

P4 Rails

Insulators Guiders

Figure 25 - Crosssectional view of the standard (left) and modified (right) GT
minor caliber EML bore.

Armature

Bore Rider

Wedge

Figure 2.6 -A solid model of a fully assembled tribeslider.
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contact area up to 3.18 squardlimetersand provide the flexibility of selecting different
tribomaterial pairingss desired. Finally, two nylon bore riders are used to support and
align the wedges during loading and prior to laurfainoverhead view of a loadedbo-
slider with the bore ridersaand sidewall insulators removed is shown in Figure 2.7.
Additionally, ahalf open view of th&aML bore with a modified sidewall insulator and
loadedtribo-dlider is shown in Figur@.8.

A key design attribute of thenodified bore and tribslider is thatit provides
electricalisolation of the guiders and wedges from the top and bottosithadugh the

G-10 sidewall insulators and-8 ramp.The G10 electrically isolates the guiders and

Velocity
Slider-Guider
/| Interface

i

O
Q L

N

Guiders

Figure 2.7 - Overhead view of a tribaslider and guiders.
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Standard Modified

Velocity Direction

Velocity Direction

Figure 28 - A half open view of the standard bore and armature (left) and

modified bore and tribo-slider (right).
wedges from the direct path of the electrical curresed togeneratethe triboslider
propulsive force However the magnetic field that develops around both the
electromagnetic launcheails and armaturdue to theelectrical current passing through
the systemas shown in Figure 2.4an induceeddy currents ithe guidersThese eddy
currents result irheat dissipation vidoule heatingIt has been shown that the high
magnetic field regiols concentrateth theinterior of the armaturéegsand throat region
[46]. The contact interface between with the slider and guider occurs out in front of the
armature where the magnetic field is less inteRee thisreasorthe component aloule
heating & the contact interfacecean be considered negligible relative to theat

dissipation processue to the physical interaction of thkderand guider
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2.3TestConditions and Analysis

For testing, the mass of thehtislider was held constant along with the electrical
current profile for each EML launch. This providasnear constant acceleratidor
approximately the firs0.50 to 0.60 metersof travel The contact pressure generagd
the sliderguider interfacds controlled via theribo-slider accelerationramp angle and
the mass of thevedge An inertia load, due to th&ibo-slider acceleration anavedge
mass generates a body force on tvedge This body force can be decomposmihg the
wedge geometry /ramp angle tocalculatethe contact forces at the slidérguider
interface. Additional design considerations were taken to ensure thatethter of the
slider contact arewas aligned with the wedge center of mass aavimid any unwanted
moments and tensure uniform contacA quaststatic analysis in the form of a free body

diagram, as shown in Figure 2i8, used to analyze the systelinis important to note

Guider - Stationary

Velocity
—

‘ Slider - Moving ‘

Figure 291 An inertia loaded wedge system used to gerate contact pressures at
the slider-guider interface.
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when analyzing the system thie slider is moving relative to the guider. The guider

shear load reacts on the slider in the opposite directitredfiboslidertravel. The ramp

normal and shear loads are the result of the wedge inertia load. These loads are necessary
to accelerate the wedge mass withrén of thetribo-dlider. The sum of the forceas the

x and ydirectionsareas follows

0 o OE1 o A'I'E_O“O 0 m (2.1)

O T (2.2

whereFg, is the wedge inertiborce, Wy, is the ramp normdbrce W, is the ramp shear
force Gy, is theguidernormalforce Gs, is theguidershearforce and- is theramp

angle Equations2.1 and 2.2 contain fiveinknowns. In order to solve the system of
equationghree additional equatiorsse needed. They are as follows

0 0 (2.3)

O o (2.4)
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0 4 O (2.5)

where lg, is the coefficient of kinetic friction at the slidguider interfacepg, is the
coefficient of kinetic friction at the wedgamp interfacem,, is the wedge masanda.
is the tribeslider acceleration.Both the mass of the wedge anitbo-slider acceleration
are known.Combining Equations 2.1 2.5 and rearranging the terms to solw the

guider normaforce
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The guidemormalforceis of interest in this case as itused to calculatéhe pressure
at the sliderguider interface. It is important to note that the resultamh of theguider
normalforce, Equation 2, is a function of the wedge massbho-slider acceleration, the
coefficient of kinetic friction at the wedgamp interface, and the coefficient of kinetic
friction at the slidexguider interface Simplifying assumptions can be madeftother
reducethis equation These assumptions require insight into the coefficodritinetic
friction at the wedgeamp and slideguider interfacesln order to correctly characterize
the sliding behavior between the wedge and ramp it is important to understand there is a
relative velocity difference between theo due toslider wear.As the slider wears the
wedge moves down the rangmd thee is arelative velocity between the wedge and
ramp.For a representative set of test conditions the average velocity between the 6061

T6 aluminum wedge and-®0 glass fiber reinforced epoxgmpis on the order of 1 m/s
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and theramp normaload ison the order of 1@0 N. Published data showscaefficient of
kinetic friction for a glass fiber reinforced epoxy on aluminutraasliding speed of 5.3
m/s and a contact load of 72 N to be 0.84. As shown in Equation 2.6, tremefficient
of kinetic friction (ur) at the wedgeamp interfaceaffects the resultant guidenormal
load. A coefficient d kinetic friction on the order of 0.0at the wedgeamp interface
reduces thegyuidernormal load by approximatel®.5%. Similarly for the sliderguider
interface ahigh sliding speedsust prior to achieving melt lubricatipthe coefficient of
kinetic friction can be estimateat 0.01. This estimation is based onvae range of
published data sing different tribomaterial pairings and load conditioashigh sliding
speedq8, 10, 12]. A codficient of kinetic frictionon the order of 0.0Increaseghe
guider normalload by approximately.2%. Thus the overall net effect of the weege
ramp and slideguider coefficient of kinetic frictions for these conditions is a 0.3%
decreasén guider nomal load.Basedon theseconditions it is assumed that tbleange in
the guider normal load due to changes at the wealgg@ and slideguider interface

negate each otheBy making this assumptioBquation 26 reduces to the following form

Q
=

(2.7)

O
nf;l

This form is consistent with the method used by Stefani and Parker in which they assume
the wedge is allowed to move fre¢#j.

Mass measurements of each wedge andatinech packagaere taken prior to each
test using a Mettler Toledo XS64 scdlestrumentation in the form oposition (bdots)

[48-50] andelectrical currentRogowski coil$ [51] sensorsvereused to obtaithe tribe
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slider positionas a function of timeluring the EML launch Acceleration and velocity
were calculated using a second order polynomial fit efpibsition data coupled with the
equations of motiorA representativé-dot sensor (positiorplot and velocity plofor an
EML launchare shown in Figuse2.10 and 211. The EML launch dat@ombined with
the wedgemass and geometry provides enough infaion todefineand correlatehe

testconditions, pressure and velocity sliderwear / deposition on the guider
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Figure 2.10 Tribo -slider position data from magnetic field sensors (glots) as a
function of time.
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Figure 2.117 Tribo -slider velocity versus time.

2.4 Slider Wear and Analysis

2.4.1 Slider Wear Overview

The experimental setup providex@mbination of material properties and operating
conditionsthat resultin worn slider materialand depositionon the guiders. The slider
deposition ign the formofa v i si bl e a n d materisdas shown in Fiurer a ¢ k 0
2.12. The track is approximately the width of thweartab (slider) on the wedgeThe
appearance of theidér deposition varies as a function of location on the guaderin
turn can berelated tothe operating parameterpressure and velocityhrough the
relationshipsdescribed in section 2. Two different techniques are used to analyze the

deposition. Thdirst is optical microscopywhich offers a qualitative assessment of the
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| Guiders

Post-test: Guiders

Figure 2.12 - Visual appearance of the guiders préeest (left) and posttest (right).

depositionand the second is 3D profilometmywhich provices a quantitative assessment
of the deposition.

Prior to analysisthe 1.56 meteldong guidersareremoved from the EML bore. The
initial slider positionis visually identified and several measurements and atgmade to
produce 12centimeterlong guida specimas. Additionally, the wedgesare retrieved
from the soft catchiollowing each testAn example of a wedge ptestand postest is
shown in Figure 23. The forward end of eaclwedgesustains impact damage during
deceleration in the catch tarBlider wedgemeasurements are taken via a scale and an
optical microscopeWedge nass measurement® quantify wear have shown to be
difficult to use due to the impact damage on the forward end of¢ldge Wedge &der
height neasurements taken using an optical microscope have shown to be more
consistent and are used for comparison to wear deposition measurements takiee with

3D profilometer.
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Pre-test: Tribo-slider | Pre-test: Wedge | Post-test: Wedge

Figure 213 - A fully assembled tribo-slider (left) and wedge (center) prior to
testing. Retrieval of the wedge from the soft catch pogest shows visible impact
damage is sustained during deceleration (right).

2.4.2 Slider Wear Analysis

Following each test the guider specimens are viewed under a Leica DM 4000 optical
microscope tadentify changes in the appearance ofghéerdepositionas a function of
guider locationTypical identifying attributes include deposition form, consisgecolor,
and distribution. A micrograph from an aluminum slider on copper guider test at 101
MPa and 1,070 m/s is shown in Figurd2.The reddiskbrown material is the copper
guider and the dark gray, spherigabtrusionsthat are somewhat uniformlyispersed
over the surfacarethe deposited aluminum from the slider. A morelepthlook at the

evolution of wear as a function of pressure and velocitysisussedn Chapter 3.
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Figure 2.14 - A micrograph of slider deposition from an aluminum slider on
copper guider test at 101 MPa and 1,070 m/s.

After each guider specimen undergoes a qualitatssessmerthe specimens then
prepared for 3D profilometry. le aluminum deposition on eadjuider is quantified
using a Zygo NewView 6kscanning white light interferometdnoncontact optical
profilometry) as pictured in Figure 251 Discrete depositionmeasurements at
incremental locations along the length of each guider provide wear datluastion of
position, velocity, pressurand tribomaterial pairingPrior to each scan thguider
location of interests markedinto three different segments, a left reference area, a test
area and a right reference area, as shown in Figue Thetest area was masked using a

steel fixture and the ef er ence areas were <cleaned by
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Figure 215 - The Zygo NewView6k scanning white light interferometer (non
contact optical profilometer) used to measure the aluminum deposition.

>

Reference Areas

Figure 2.16 - Example of a cleaned guider specimen. Reference areas and a t
area are required for volume measurements using the 3D profilometer.
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followed by a sodium hydroxide swab to remove any residual alumimsnsodium
hydroxide reacts with aluminum in a cosive mannerThe removal othe deposition to
the left and right of the desired test area is necessary in order to prapagterize the
guidersurfaceroughness and any deformation thay have taken place duedontact
with the slider. TheMetroPo 8.1.5software packagéhat is part of thescanning white
light interferometesystemutilizes thesereference areas tefine aplanefrom which to
take a volume measurementin thetest areaDue to the size of the scan, 10 millimeters
by 5 millimetrs, itis necessary to usa applicationwithin the MetroPrd.1.5software
called i sappoThe Btitchapplicationtakes several smaller scaersd combinsthem
to form alarger representativescan of thetest area Due to the large scan arean
extended scan length optias necessaryto capture the fullrange of depth The
combination of the large scan area coupled with the extended scan createdte pixel
pixel resolution of 2.18 micrometers with \ertical resolution 0f0.02 micrometers.
Typical depositiorthickness when averaged over the measurement area, is on the order
of 10 micrometers, making the error duevéstical resolutionapproximately 0.2 of the
measurementAn example of a scanned test area is shown in Figuré ZHe red
spheical shapegrotrusions ar¢he slider deposition and the blue underlying material is
the guider surfacdefined through the use tfereference areas

Each test may have as many as eighteen different slider deptsitidions that were
guantified. A total of five volumetricdeposition measurements were taken edch
location in order to properlycharacterize the variation in the slider depositién
statistical analysis was conducted to determine the mean and standard deviaamh for

set of fivemeasurementsJsing themethodology, asutlinedin section 2.3gachmean
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Figure 2.17 - An example of a scan in the test area of the melt lubrication regiot
using a scanning white light interferometer.

volumetric sider depositiormeasuremenfor a given locationgan berelatedto velocity

and contact pressum® that further analysis can be performBdfore such analysis is
conducted there is a final calation that is performed on thelumetric weardata.In
tribology when quantifying wear rates instead of per unit tiney thre quoted per
distance slid This is often due to the manner in which the tests are conducted.
Volumetric wear of metametal sliding contactslepending on the operating conditions
can ke relatively small and require large distances under steady state conditions to

guantifythe worn materiatia masslossor height changd-or a specific material pairing
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the volumetric wearas defined byrchardand Holm[52, 53] can be predied using the

following definition

Do o
O —— (2.8)

wherek is a nondimensional wear coefficient dependent on the tribomaterial p&ifisg,
the normal loadx is the distance slid, artd, is the room temperature hardneasr dry
sliding contad of aluminum and aluminum alloys on stéehas been shown that ae
coefficientsareon the order of 10to 102 [13, 54, 55]. For the sliding conditionsf the
tests outlined in this dissertatiaie operating parameters aepresentative oéxtreme
metatmetal sliding contacindresultin relatively large amountsf volumetric wear over
short sliding distancesith wear coefficient$or aluminum on copper, steel, and titanium
on the order of 10°. The high wear coefficients, combined with the 3D profitm
measurement technique, requires thdy a short distancglid is necessary to capture the
local volumetric wear raté distance of 3.2 millimeters, equal to one slider length, is the
distance over which the volumetric wear measuremardgsakenusng the MetroPro
8.1.5software andecause th8.2 millimeter distance slit relatively small, thechange
in velocity of the slider over this distancis also relativelysmall, approximately 0.2 to
1.5% The resultant form is a volumetric wear rate mts of cubic millimeters per
millimeter.

In addition toputting the volumetric wear data in a rate foitis also useful to

normalize it relative to the nominal area of contdct. doing so the normalized
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volumetric wear rate data takes ondamensionéss formwhich provides distinct
advantages when compariagd scaling data acrodgferentgeometries and test setups
The normalizedvolumetric wear ratewhile dimensionlesss often displayed in unitsf
millimeter per millimeter This is to remind the reader that wear rates, in Tribology, are

with respect to distance slid, not tinféhenormalized wear rate efinedas

(2.8)

whereV is the volume of worn materiad, is the nominal contact ared the sliderandx

is the distance slid

2.4.3 Data Interpretation

At the end of each test set of volumetric wear data is collecfemm the guiderput
into rate form, and normalized. The data can be plotted as function of guider location
(position) velocity or some combination of operating parameters such asatiecprof
pressure and velocityrhe focus of this research is wear at high sliding speeds and high
contact pressuse Based on literature reviewed in Chapter 1, it is expected that-slider
guider interface will be molten and a melt layer or filntl support the slider load’he
primary wear mechanisis melt lubrication and the source of heathis case is viscous
dissipation.For this reason the appearance of the deposition is imparkeant surveying

the guider specimens so as to focus the 3D profilometry measuremehésregion of
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interest.The melt lubrication region, depending on the test condifianthe experiments
conducted initiates between 25 and 35 centimeters of tramdl ends at approximately
45 to 50 catimeters of travel providindg0 to 25 centimeters of guider to analyze. The
precursor to the melt lubrication region is marked by a high wear rate that steadily
decreases until a critical velocity is achieved at whicimtpa molten metal film capable
of supporting the contact load hasnf@d. The melt lubrication region continues until the
acceleration begins tecreasat approximately 45 to 50 centimeters, at which point the
aluminum deposition begirte lesserdue b lightercontact load

Each set of3D profilometry measurements compared to the optical microscopy
gualitative assessment to ensure that the aluminum deposition appearance and the
location at which the melt lubrication region initiates and erwdselates wellvith each
other Normalized wear rates in the melt lubrication region showed a linear dependence
on velocity, as will be discussed in ChaptefTBere were instances when a data point
deviated from this trendn these instances the guidgpecifications were inspected.
There are two reasons for the guidgpecificationto be out oftolerance During
installation the guiders are seated into the sidewall insulatatdlatnessneasurements
are takento ensuthatg u i d e r i wnainimizedeTbiswavinessn the guiders ha
two effects. The first being loss of contacthé slider move from a high to low spot on
the qiider. This often resudtin an unusually low slider depositionhe second is an
increase in the guider nornmfakcedue to slider movement from a low to high spot on the
guider. This results in an unusually high slider deposifiiotihe guider was found to be

out of spedn the location in question ¢h thedata pointvas removed from the set.
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2.4.4 Data Error Assesment

The slider deposition was quantified using a scanning white light interferometer at
discrete locations along the lengthtbé guider followingthe completion of &est.Each
test may have as many asghteendifferent slider depositionlocations tha were
guantified andelated to a set aperatingconditions(pressure and velocityA total of
five volumetricdepositionmeasurementaere taken aeach locatiorto characterize the
variation in the slider depositiod\ statistical analysis wasonductedto determine the
mean and standard deviatifor each set ofive measurementd-rom this analysis the
normalized wear rate and the associated uncertainty, with a 95% confidence interval,
were calculated using Equation 2.8n uncertainty of 510% of the calculated
normalized wear rate valuis typical for the wear regiongjuantified (severe plastic
deformation and melt lubricatioi) this dissertation.

There are threpotentialsources of error that contribdtéo the 510% uncertainty.
The first source of error isdue to the resolution of the scanning white figh
interferometer, which varies depending on the depth of the scan. In order to properly
capture the full vertical range of the slider deposition an extended scan was required,
resultingin a verticalresolutionof 0.02 micrometers. Typical deposititinicknessn the
wear regios investigatedwhen averaged over the measurement area, is on the order of
10 micrometers, making the error dudtievertical resolution approximately Q@2

The secondsource of erronis due to thelength over which the volumetric wear
measurements araken A set offive measuremestwas incrementallytaken over a
distance of 5 millimeters tadequatelyapture the variability in slider depositianheach

location. As it was discussed previously,Section 2.3, the slider velocity increases as
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the slider travels down the guidérhis means foreach set of five measuremertke

slider deposition measuredf a range of velocitieszor analysis purposeld average
velocity is reported. For a measurement distance of 5 millimeters the velocity increases
by approximately 0.2 to 1.5%0 he changing velocity results andifferentset ofcontact
conditions that may influence the ratestiier deposition

The tird and final source of error is related to the surface topography of the guider.
Material processing techniques used in forming each gaw@rdeformation due to the
interacton of the slideri guider contactresuls in a guider arithmetic mearsurface
roughnessof O  ticrometer. Typical slider deposition, when averaged over the
measurement area in the wear region of interesin the order of 10 micrones. The
MetroPro 8.1.5 software packadhat is part of the scanning white light interferometer
system takes a best fit plane of the reference ar@a each side of the test area so as to
average out the effects of the guider topographycatzilates the volume of material
the test arealove the best fit plam. Both the slider deposition anletguider topography
are included in thisvolume calculation.In doing s error is introduced due to the
statistical distribution of theguidertopographical featurepeaks and valleysFor an
arithmeticmeansurface roughness of 1 micrometer amdaverage deposition thickness
of 10 micrometers, theesulanterrorin the volumetric measuremerdn bet10%.

Of the three sources of error introducéte third source of error is the largest and
compaes well to themeasured5-10% uncertainty.This suggestdhat as the slider
deposition increases the contribution of the error introduced through the MetroPro
software calculatiomlecreasesConversely, for smaller amounts of slider deposition, less

than10 micrometers, this error becomes increasingly more significartaverage slider
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deposition in the wear regions of interest quantified in this dissertation are on the order of

10 micrometers
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CHAPTER 3: Experimental Results- Wear Regimes

3.1 Overview

The main objective to studying high velocity wear is to gain a fundamental
understanding of the effectisatthe operating conditions, such as pressure and velocity,
and tribomaterial pairings have on normalized wear rates. Limitations in the available
diagnostic capabilities, due to the time scale of the test (microseconds), makes it difficult
to assess normal logdshear loadgnd temperatures at the sliggriderinterfaceusing
traditional measurement techniqudsor this reasoronly the pressure and velocity
operating parameters are known / calculated, as discussed in Cha@ptarbination of
gualitative (gtical microscopy) and quantitative (3D Roontact profilometry)
assessment techniques are usedonjunction withtheory and existing literatureo
identify the wear type and the associateeichanism(s) responsildfier the slidewear.

The experimentaiechnique used to study slider wear at hstiling speedsnd high
contact pressures covers a wide range of velocii€s],200 m/s, and pressures, 100
225 MPa, for a 60616 alumnum slide on a C11€H2 guider.The normalized contact
pressureyelodty and wear rates for thexperiments conducteds defined by Equations
1.17 1.3 aresummarizedn Table 3.1 An aluminum alloy wear mechanism mil®], as
shown in Figure 3,lis used to evaluate the conditions of the experiments conducted in
this dissertatiorversus those compileilom literature The wear mechanism map and
contours of normalized wear rates are empiricedlifbratedto wear data for aluminum
alloys using the concepts and models developed by Lim and AsBhyive regions are

defined oxidation dominated wear,plasticity dominated wear, severe plastic
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Table 31 - Normalized pressure, velocity and wear rates for 60616 aluminum
experiments.
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Figure 3.1 - An aluminum alloy wear mechanism map15].
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deformationmelt wear and seizure.

Each region is defined by the dominant wear mechanidm.wear debrisin the
oxidation dominated region the result ohigh flash temperatures, due to frictional heat
dissipation, that result inxidation of the aluminuntontact interfaceWhen the oxide
film reaches a critical thickness it spalls off leaving behind a wear fragrést.
plasticity dominatedegionis chara t er i st i ¢ weaf[52/8] icnhwhichdtlee s
softer material is plasally deformed and sheared off as it adheres to the harder material
The underlying mechanism for this failure has been attributedutisurface crack
nucleation and propagatioand the wear in this region can also teferred to as
delamination [56]. The severe plastic efbormation region isthe result of thermal
softening at the asperity level due to frictional heat dissipation at the contact interface
resulting in localized plastic flowWhen the heat dissaion is large enough the localized
plastic flow transitions to localizkmelting and is representative ofethwear Finally,
seizure occurs when the contact load is large enough such that the real area of contact is
equivalent to the nominal area of cacitand can result in plastic iatation, largescale
materialflow or large scale metallic transfer.

The slider operating conditionef the work presented in this dissertatiane
highlighted in red on the map amaedominatelyoperatein the seizure wear region,
adjacent tahe plasticity, severe plastic deformation and m&karregions The seizure
boundary line idwypotheticalas there is no experimental wear data for model calibration
If the seizure boundary line was shifted to@malized pressure dft® and theadjacent
wear regionsvere extrapolatedhen three different types of weagnlasticity dominated

wear, severe plastic deformatioand melt wear would be expectefidditionally as
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discussed in Chapter 1, for high slidingesds and large contact loads a fourth wear
region, melt lubrication, may exist. The normalized wear rate data collected from the
experiments conducted in this dissertation provides wear data that can be used to
validate existing wear mechanisieind toidentify / definenewmechanism

A qualitative assessment of the slider wear for 606laluminum on a C116I2
copper guider is made for sliding speeds in the range ofi 20200 m/s at a contact
pressure of 101 MPdt is anticipated thaat low slidng speeds, less than 1,000 nie
wear mechanismare plasticity dominatedwear and severe plastic deformation and for
sliding speeds in excess of 1,000 m/s ¢élkpectedvear mechanism is melt lubrication
The primary region of interest for this dissertation is at sliding speeds in the range of
1,0001 1,200 m/s. A quantitative assessment was made in this range for several different
contact pressures between 10@25 MPa. Both the qualitative and quaniitatresults

arediscussed in the following sections.

3.2 Qualitative Analysis of Slider Deposition

A qualitative assessment was made for each of the tests conducted as to correlate the
changes in the wear regions identified using optical microscopy te theasured using
3D noncontact profilometry. In general three distimaarregionspresented themselves:
plasticitydominatedwvear, severe plastic deformati@andmelt lubrication Theplasticity
dominatedwear regionoccurredat lower velocities, lesshan 800 m/qv = 2.2-10),
while severe plastic deformatiatcurredat mid-rangevelocities, 800 to 1,000 m(s =
2.2 2.7-10¢), andmelt lubricationat velocities greater than 1,000 n{ls= 2.7-1d). A
total of eight testsvith varying contact pressure asliderguider material pairingsaere

conducted as summarized in Table 3.Ror all eight tests the slider material was held
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Table 32 - Slider-guider material pairings and conditions forall eight tests.

. . Contact Peak

Test Slider Guider :

: ) Pressure | Velocity
No. Material Material

(MPa) (m/s)

1 6061-T6 C110-H2 101 1210
2 6061-T6 C110-H2 122 1180
3 6061-T6 C110-H2 124 1210
4 6061-T6 C110-H2 130 1190
5 6061-T6 C110-H2 225 1180
6 6061-T6 1045 Steel 135 1140
7 6061-T6 1018 Steel 134 1150
8 6061-T6 Titanium G2 CP 144 1170

constant as 60616, while fourdifferent guider materials were explored, CH®, 1018
steel, 1045 steel, and titi@m grade 2 commercial purityhree sets of micrographsne
set for each wear regipare presentedVithin each sethiere are four micrographs, one
for each of the differensliderguider material pairingsin general the perceived
difference between the slider deposition and the guider is easier to differentiate for the
6061T6 slider and C11H2 guider material pairingue to the contrasting colors of the
materials. These differences are more difficult to obsdorethe 6061T6 slider
deposition on th&018 steel1045 steel, and titanium guidaas thematerialsare similar
in color.

A micrograph of theplasticitydominatedwear regiorfor a 6061T6 aluminum slider
on a C116H2 guider at a contact pressure of 101 MPaastiding speed of00 m/sis
shown inFigure 32. Thereddish browrcolored material is the C1482 copper guider,

while the darker gray material is the deposited 606laluminum. Visually the slider
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Figure 3.2 - A micrograph of the plasticity dominated wear region for a 6061T6
aluminum slider on C118H2 guider at a sliding speed of 700 m/s and a contac
pressure of 101 MPa.

Figure 3.3 - A micrograph of the plasticity dominated wear region for a 6064T6
aluminum slider on 1018 steel guider at a slitig speed of 490 m/s and a contac
pressure of 134 MPa
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Figure 34 - A micrograph of the plasticity dominated wear region for a 6061T6
aluminum slider on 1045 steel guider at a sliding speed of 560 m/s and a cont:
pressure of 135 MPa.

Figure 35 - A micrograph of the plasticity dominated wear region for a 6064T6
aluminum slider on titanium commercial purity grade 2 guider at a sliding speed
of 580 m/s and a contact pressure of 144 MPa.
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deposition in theplasticity dominatedwear region hs a shny appearance ants
representative of uniformly smeared aluminum, leaving behind a track of material
approximately equal to the width of the slid&dditional micrographs for a 60616
aluminum slider on a 1018 steel, 1045 steel, and titanium commerai®y grade 2
guiderin the plasticity dominatéwear region are shown in Figures 8.3.5.

A micrographof the severe plastic deformation wear redgmmna 6061T6 aluminum
slider on a C11{H2 guider at a contact pressure of 101 MPa and a sliding sp&30
m/sis shown in Figure 8. The reddish browrtolor material is the C11B2 copper
guider, while the darker gray aterial is the 60616 aluminum The severe plastic
deformationwear region deposition diffein appearance from thgasticity dominated
wear region. In general the depositits representative of largeshapelespieces of
randomly distributednaterial with noruniform coverage. Visually thdeposition had a
more matte finishrather thara shiny appearanc@&he change fronplastcity dominated
wearto severe plastic deformatiazan be thought of asahange from localized heating
at the asperity level to largecale heatingto a point wherethe temperature gradients
betwe@ asperities begin to interacausinga bulk temperatureise at thesurface This
rise in temperature results in thermal softening and inlarge scalesheaing / plastic
deformation of the slidesurface Additional micrographg$or a 6061T6 aluminum slider
on a 1018 steel, 1045 steel, andrittm commerial purity grade 2 guidein the severe

plastic deformation region are shown in Figuresi337.

6C



Figure 36 - A micrograph of the severe plastic deformation wear region for a
6061T6 aluminum slider on C110H2 guider at a sliding speed of 930 m/s and ¢
contact pressure of 101 MPa.

Figure 3.7 - A micrograph of the severe plastic deformation wear region for a
6061T6 aluminum slider on 1018 steel guider at a sliding speed of 910 m/s anc
contact pressure of 134 MPa.
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Figure 3.8 - A micrograph of the severe fastic deformation wear region for a
6061T6 aluminum slider on 1045 steel guider at a sliding speed of 930 m/s anc
contact pressure of 135 MPa.

Figure 39 - A micrograph of the severe plastic deformation wear region for a
6061T6 aluminum slider on titanium commercial purity grade 2 guider at a
sliding speed of 800 m/s and a contact pressure of 144 MPa.
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Lastly, amicrograph of the melt lubrication wear reg for a 6061T6 aluminum
slider on a C11H2 guider at a contact pressure of 101 MPa and a sliding spé¢oi7of
m/s is shown in Figure B0. The reddish brown color is the CXH2 copper guider and
the darker gray material is the 60%& aluminum depason. The deposition in theelt
lubrication wear region differs from both thplasticity dominatedand severe plastic
deformationregions. In general thmelt lubricationwear deposition is hemispherical in
shapeand more uniformly dispersed. Visually th deposition ha a matte finish. The
deposition coverage appeared to increase with increasing velocity and this was confirmed
through the use of 3D profilometasdiscussed in section 3.3. Additional micrographs of
for a 6061T6 aluminum slider on a 1018teel, 1045 steel, and titanium commercial
purity grade 2 guider in the melt lubrication region are shown in Figur&s 31.3.

The transitionfrom severe plastic deformatido melt lubricationis the result of an
increase in heat dissipation due to shearing plastic deformatiorof the slider surface
Under these conditions theesultant heat generated is sufficient to melt the slider
interface and to form a melt film capable of supporting large contact [dads. cooling
the aluminunfilm solidifies andakes on demispherical shapexposing the underlying
guider materialThis is a product ofhow the aluminum wets aratheres to theurface.

The solidified aluminum protsionscan have a heigldn the order ofi00 micrometers
Volumetric measurements of the slider deposition in the melt lubrication region
combinedwith the slider nominal contact area results in an average melt film thickness
on the order of 10 micrometerprior to solidification This differs from theplasticity
dominaed wear region. In the plasticity dominated region the slider material is smeared

across the guider surface providing more uniform coverage. The slider deposition in this
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Figure 3.10 - A micrograph of the melt lubrication wear region for a 6061T6
aluminum slider on C110H2 guider at a sliding speed of 1,140 m/s and a conta
pressure of 101 MPa.

Figure 3.11 - A micrograph of the melt lubrication wear region for a 6061T6
aluminum slider on 1018 steel guider at a sliding speed of 1,100 m/s and a cont:
pressure of 134 MPa.
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Figure 3.12 - A micrograph of the melt lubrication wear region for a 6061T6
aluminum slider on 1045 steel guider at a sliding spdeof 1,120 m/s and a contact
pressure of 135 MPa.

Figure 3.13 - A micrograph of the melt lubrication wear region for a 6061T6
aluminum slider on titanium commercial purity grade 2 guider at a sliding speed
of 1,020 m/sand a contact pressure of 144 MPa.
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regionhas an average thickness betweeri Q. Inicrometes.

As discussed earlier the development of a melt film capable of supporting large
confact loads is considered hydrodynanmamatureand theprimary heatng mechanism
is viscous dissipationThese conditions are representative of meltigation, rather than
melt wear The wear mechanism map for aluminum allsfsownin Figure 3.1does not
differentiate betweae melt wear and melt lubricatiaegions. This gtinction needs to be
recognized. Additionallythe qualitativeresults show that the seizure wear region needs

to be shiftedupwards

3.3 Quantitative Analysis of Slider Deposition

A guantitative assessment was made for each test conducted to dewetaized
wear rate relationshipas a function ofcontact pressurevelocity and tribomaterial
pairing in the severe plastic deformation and melt lubrication regidhe information
obtained from assessing each guider specimen, using optical micros@pwysed to
identify three wear regionsand to relate those wear regions to ttedumetric slider
deposition measurement8ased on the analysis conducted using 3D-gwriact
profilometry there are three inflection points thedre identified that correlate well to
optical microscopyThese inflection points are shown in Figurg4Xor the test case of a
6061T6 aluminum slider on a titanium grade 2 commercial purity guider at a contact
pressure of 145 MParhe first inflection point occurs at the shift froplasticity
dominated weato severe plastic deformatipthe second occurs at the peak ofgbeere
plastic deformationvear, and the third occurs at the shiftm severe plastic deformation

to melt lukrication
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Prior to reaching the first inflection point the normalized wear rate is relatively low
and consistent. For the most part the amount of deposited slider material is difficult to
measure using the scanning white light interferometer as the vobdnueposited
material fell within the noise of the guider surface rougknEor this reason only an
upperboundcould be placed on the normalized weargatethis regionandit is on the

order of10™,
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Figure 3.14 - Influence of velocity on normalized wear rate showing three
inflection points representing the shift from plasticity dominated wear (1) to
severe plastic deformation (2) to melt lubrication (3) for 6066 aluminum on

titanium grade 2 commercial purity at 145 MPa.
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The low normalized wear ragarior to the first inflection poinis representative of
localized heating due to frictional effectd the asperity levelAs the rate of heat
generation increases the temperature gradients between asperities beggnatd, at
which point theamajority of the slider interface takes on a higher temperature.cHuoises
thermal softening on a large scale and results in larger piecesrof shder material
deposited onto the guidefhis is evident in thesevere plast deformationwear
micrographshown in Figure &. The first inflection pointsignifies this changefrom
localized slider wear to a larger bulk removal of matefabm inflection point one to
inflection pointtwo, the shearing / plastic deformation that ocasien a larger scalthat
eventuallyreaches a peak as indicated by the second inflection point. At which the
normalized wear rate begins to decrease with increasing velocity. The heat dissipation
due to theshearing / plastic deformation of these pieces of slider material is large enough
to meltthe bulk of the slider interface at a sufficient rate to form a melt film capable of
supporting the slider normal contact load. This shift from large scale sheagiastit
deformationto a melt filmis represented by the third inflection point. Once a melt film
has been established the normalized wear rates are representative of melt lubrication and
viscous dissipation is the primary heating mechanism.

The melt lulricationregionis of particular interest because it had not been identified
on the aluminum alloy wear mechanism map previously imdiear rate has a clear
relationship with velocityThe melt lubricationregion isdemarcatedby a critical velaity
at which the type of wear transitisrfromsevere plastic deformatido melt lubrication
as shown in Figure B5. This critical velocity represents the development of a melt film

capable of supporting large normal contact loads. A design of experimenfddoeeke
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effects of contact pressure, velocity, and guider material propertiesetidubrication
normalized wear rates discussed ilChapters 4 and.3ndividual rormalized wear rate

plots as a function of velocity with 95% confidence interval erransdor the wear
regions of interest (severe plastic deformation and melt lubrication) are summarized in
Appendix A.

Some similarities may be drawn between nibemalized wear rate poas shown in
Figures3.14 and 3.15 to that of a Stribeck curve as shown in Figur&6314, 57]. The
Stribeck curve, named after the German engineer who studied the frictionaftipsope
between two slidindubricated surfacewas developed from laroadset of expernents

conducted on journal bearings. The results mcally presentedin the brm of
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Figure 3.15 - Wear regions and normalized wear rates for 60616 aluminum on
C110H2 copper at 101 MPa.
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coefficient of friction,f, on the yaxis as a function oflynamic viscosityy, rotatonal
speedN, and contact pressur&, on the xaxis The curve itself provides a visualization
of the different lubrication regimes encounteradd can be used to gain a basic
understanding of hydrodynamic lubrication journal bearings The actual physical
analyss of hydrodynamic lubrication was presented by Peteoftl later altered by
Sommerfeld and are commonly usedriachanical design gburnal bearing$58, 59].
Several different lubrication regimes exi$he hydrodynamidubrication region is

representative of ahick film that separags the two sliding surfacesThis region is
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Figure 3.16 - A Stribeck curve representative of the coefficient of friction for the
different lubrication regions [14].
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demarcated bythe inflection pointin the elastohydrodynamic regiorin typical
applications the hydrodynamic lubrication iegis the idealregion of operation as it
engiresthe sliding surfaces are fully separated. This often requires that the lubricant film
thicknessis much larger than theughness or irregularities the sliding surfacesThe
friction coefficient in the hydrodynamic region typically increases witlieasing slichg
speeds due to viscous draddowever, this isnot the case in journal bearingeere
operating in the hydrodynamregionis often selfcorrectingdue tothe use ofil as a
lubricant This selfcorrectionhas to do with thghysicalproperties of oil as they are
sensitive tachanges inemperatur¢60]. For examplean increase in rotational or sliding
speed results in an increase in the coefficient of frichioth a shift to the right or up the
line per the Stribeck curv@ his shift to the right results inragher coefficient of friction
due to theviscous /sheardragof the oil An increase irshear drag results in an increase
in the viscousheat dissipation andccordinglya rise in the lubricantemperature. The
physical properties of odre such that an increase in temperature results in a decrease in
the dyramic viscosity as shown in Figur8.17 [1, 2]. A decrease in dynamic viscosity
results in a decrease in the coefficient of fricteomlcauses ahift to the leftor down the
line. For this reasomydrodynamic lubricgon, as it applies to journal bearings,often
considered seltorrecting.

In the case of hydrodynamic lubrication or melt lubricatsntpertains toa melting
slider, the physical properties of the melt film for molten metals do not possess the same
selfcorrecting propertiesas oils As the sliding velocity increaseshe shear drag
increasesand the viscous heat dissipation rate increasesisequentlymelting more

slider material and increasing the thickness of the melt film. Unlike in these#cting
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case the dynamic viscosity of molten aluminum is relatively insensitiveetopierature
as shown in Figure B8, when compared to typical engine di6 7]. For typical engine
oils an increase in temperature of 100°C resultsdecaease in in dynamic viscoshly a
factor of 100 whereas as an increase in temperature of 100°C for molten aluminum
results in adecrease in dynamic viscosity by a factor of Bd. as the sliding velocity
increasesthe viscous heat dissipation raerease andconsequentlyhe slider melt rate
increases. This is evident in both the qualitative and quantitative data presented in Figure
3.15 where thenormalized wear rate or the amount of slider material deposited on the
guider increaselnearly with velocity.

A comparisonn the trendsamongthe five different lubrication regions of &tribeck
curve and the wear regiordentifiedfor a 6061T6 aluminum slider on &tanium grade
2 commercial purityguider at 145 MPa is made in Figure 8.8everalassumptionsire

required and they are &dlows:

1) The molten aluminum acts as a Newtonian fluid.

2) The molten aluminum is incompressible.

3) The viscosity of molten aluminum is constant throughout the film.

4) The viscosity of molten aluminuis insensitive to changes in temperature.

5) The rormalized wear rate is proportional to the coefficient of friction.

6) The contact pressure at the sligeider interface is uniform and constant.

7) The normalized wear rate is proportional to abefficient of friction at the slider
guider interface.

8) No-slip boundary conditions.
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The firstregion of the Stribeck curvis the cleaned surface region. This region is
characteristiof high coefficient of fricion values that approach unity andnbe best
correlated toseizure wearSeizure wear was not identifies one of the three types of
wear observed during testinghe second region is the boundary contact regidns
region is representative sblid on solid contact at the asperity leveed adhesion is the
primary wear mechanisind this region correlategell to the plasticity dominated wear
region. The third region, termedmixed Ilubrication is representativeof partial
hydrodynamic lubricationin this region therés somesolid on solidcontactbetweerthe
two sliding surfaces and portion of the norral contact load is carried by partialy
formed lubricantfilm. The mixed lubrication region correlatesll to thesevere plastic
deformationwear region between the second and third inflection pokstshis region is
representative of a mixre of soid contact and partial surface separation. Both regions
display a similar trend in that the coefficient of friction and normalized weas asge
decreasing with increasing sliding spe&tie severe plastic deformation region between
the first and secondnilection points does not core¢é well to the Stribeck curve,
because in the Stribeck curve a lubricant is beingpad into the sliding interface. This
differs from thehigh velocity wear experimentgherethe lubrication is being prwded
via themelting slider. Tis transition from localized to large scale meltiofgthe slider
occurs betweemflection points one and twand consequently does not correlate well to
a particular region of the Stribeck curve

The fourth region, elastohydrdynamic Iwbrication (EHL), is a subset of
hydrodynamic lubrication. In #h EHL region the film is thinner than that of the

hydrodynamic lubrication regionThe EHL region correlates well with the third
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inflection point asit has been shown that the melting rate lué slider is suffient
enough to maintain a thiflm. Lastly, the fifth region,the hydrodynamic lubrication
region is representative othick film lubrication and is located beyond the third
inflection point in themelt lubricationregion. These two rgions correlatevell as slider
deposition in themelt lubricationregion is indicative of thicker melt lubrication film,
which is representative of full slidguider separation.
It is concluded that portions of the severe plastic deformation and ubattation
regions followed similar trends to that of the mix&HL and hydrodynamic lubrication
regions of a Stribeck curv&everalwearmodels have attempted predictthe melting
rate of the slidein the melt lubrication regionThe basis for thesemodesi s St i ffl er
melt lubrication model whicls constructedn theconcept of laminar floy36]. Stefani
andKothmann tried to appl$pt i f f 1 er 6s mel t |l ubricati on mo
and found that thessumption of laminar flow undgredictedthe slider wear rate and
that a largermolten aluminumviscosity value provided better result4l]. It was
concluded that a higher effective viscosgynecessary to better predict theltmg rates
under these conditions. This conclusindicates that the film could be better represented
by a slurry or thaturbulence neeslto be accounted for when modeling timelt film.
Stefani and Merrill investigated the effects of turbulence infilirs [42]. Theyutilized
t he Reynol dprevidefudharinsight intoowhether or nothe melt film is
operating in the laminar or turbulerdgime TheRe y n o | d 6 $or a\thimfibreis

defined as follows

Q¢ Q1 "OEAGDQ I (3.3)

YQ ————
0 Qi Wi wQf
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wherev is the slider velocityh is the film thicknessjt is the dynamic viscosity andis

the liquid densityof aluminumat the melting point Using the sliding conditions and
molten aluminum material propersieas shown in Table3. a Reynol doés
approximately 12,006 calculated6, 7]. Stefani and Merrill found th&ansition from
laminar to turbulent flow irjournal bearingdo be as low a®,000[61]. So, br the
sliding conditions in themelt lubrication region the flid film may be considered
turbulent which provides adetl complexity when analyzing thdider-guider contact

interface.

Table 33 - Typical sliding conditions and material properties of molten
aluminum in the melt lubrication region

v (m/s) h (m) u (Pa-s) p (kg/m?3)

1,000 10° 0.002 2375
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CHAPTER 4: Experimental Resultsi Velocity and Pressure

4.1 Overview

A set of experiments was designed to explthe effects of velocity and contact
pressure on slider wear. Additional considerations such as the effects of the tribomaterial
pairing are discussed in Chapter 5. For the modified EML experimental setup the peak
sliding velocity is typically between, 1507 1,250 m/s and the critical velocity at which
the type of weashifts from severe plastic deformatidn melt lubricationis in the range
of 8007 1,000 m/s. This leaves approximat&lyi 25 centimeters of slider deposition to
analyze. Pressures the range of 20 1 180 MPa were targeted dhis pressure range
provides an extension ofprevious work conducted by Stefani and Parfgr The
material pairing is held constant, utilizing a 6083 aluminum slider on a C1182
guider as thesematerials are relevant to small caliber EML systemi62-66].
Additionally, the effect of nominal contact areaéxplored. The results presentadhis
chapter are in standard format with the normalized wear rate on-dkeés yand the
operating parameters or test conditions such as velocity on-#ixésxData analysis
combined with high velocity wear theory is utilized to plot the data in aghtfal form.

A design of experiments to study the effects of pressure and velocity on slider normalized

wear rates is discussed.

4.2 Design of Experiments

A design of experiments to studye effects ohigh sliding speed and highcontact
pressurson sliderwearis explored.The test conditionachieved are limited by treML

system power supplgndboregeometric constraintsThe design space for the tribometer
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is shown in Figure 4.1Several different contact pressures were targeted within this
design envelopeA comparison of th five targeted and measured pressuaed test
parameterss made in Table 4.1Differences occurred for two primary reasonke first

has to do withthe reeatability ofthe Georgia Tech minor caliber EM&ystem Several
different electrical connections are made between the power supply and the EML bore.
Assembly and disassembly of these conneci®nsquiredfor maintenanceand carlead

to different electical contactresulting in variability in the electrical current passing
through the system This variability directly impad the electromagnetic propulsive
force on thdaunch packageconsequentlgausingthe accelerationn some instancey

dip bebw thetargeted value

T 310 RT UTS 6061-T6 (310 MPa)
% Plasticity Dominated : Severe Plastic : Melt Lubrication
~ | Deformation |
[ : I
|
5 225 l
(/)]
o
- Design Space
o
© 100
1 ]
8 1 |
g 1 |
o , i Critical | Velocity
0 600 800-1,000 1,200 1,500
Velocity (m/s)

Figure 41 - Design space for the Georgia Tech minor caliber EML and
tribometer design for a 6061T6 aluminum slider on C11GH2 guider.
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Table 41 - Summary of the targeted and measured wedge mass, acceleration a
contact pressures.

Targeted Conditions Measured Conditions
Test W
edge
No | Wedge Accel. | Pressure Masgs Accel. Pressure
Mass (g) (m/s2) (MPa) @) (m/s2) (MPa)

1 0.347 1.60E6 120 0.286 1.64E6 101

2 0.240 1.60E6 140 0.240 1.40E6 122

3 0.405 1.60E6 140 0.362 1.60E6 124

4 0.463 1.60E6 160 0.396 1.52E6 130

5 0.520 1.60E6 180 0.640 1.63E6 225

The secondlifficulty in replicating thetargetcontact pressurelsas to do with the
fabrication processAdditional mass in the form of a tungsten pias added to each
wedge tovary themass andccordinglythe contact pressure. The tungsten ywias added
by drilling a blind hole into each wedge, cutting a pin to size and press fitting it into the
hole. The relative size of each individual wedge coupleithwoleraning and the
addition of a tungsten pimade a noticeable impact on the final wedge massch
subsequently has an effect on the calculated pressure

This combination of EMLsystemperformanceand wedge fabrication generated a
variability that made it difficult to precisely meethe targetedcontact pressureduring
actualtestingas indicated by the differences in Table Bdr all tests the contact area
was square (aspect ratio of onkt)is important to note that test numbem2intained a
square shape, but hadta% reduction in the contact arém tess 1 and 35 and the

wedge mass was adjusted accordingly to achieve the targeted contact pressure
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Additionally test number 5 had a much larger mass than expected due to a deeper blind
hole andalarger tungsten pin.

A summary of the material pairing, contact pressure, peak velocity and nominal
contact area for each of the five testslisplayedin Table 4.2.An even distribution of
contact pressures was difficult to achieve due to theeafentioned issuelpwever the
distributionis sufficientas thelower and upperbounds, 101 MPa and 225 MPa, of the
design space were achieved and additional intermediary pressures were attained
providing enough data to adequately capttine sensitivig of contact pressuren
normalized wear rate#\dditionally the peak velocity for the five testsewithin 10-20
m/s of the targeted 1,200 m/and the velocity range of 6001,200 m/s was properly
captured such that the severe plastic deformation aridlmbeication regions can be

explored.

Table 42 - Summary of test conditions to study the effects of pressure an
velocity on slider wear.

. ; Contact Peak Nominal
Test Slider Guider y
: 5 Pressure | Velocity | ContactArea
No. | Material Material 5
(MPa) (m/s) (mm?2)
1 6061-T6 C110-H2 101 1210 10.1
2 6061-T6 C110-H2 122 1180 5.8
3 6061-T6 C110-H2 124 1210 10.1
4 6061-T6 C110-H2 130 1190 10.1
5 6061-T6 C110-H2 225 1180 10.1
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4.3 Experimental Results

4.3.1 Overview

The test results psentedand discusseth this sectiorfocuson themelt lubrication
region. A broadsurvey of slider deposition measuremesttaken as tproperlyidentify
thecritical velocityto adequately capture the melt lubrication regid@mormalized wear
rate plotfor the melt lubrication region ch 6061XT6 aluminum slider on a C1192
copperguiderat five different contact pressures is shown in Figute Phe rormalized
wear rateexhibita dependence on both pressure and velocity. The critical velagity

which the wear transitions from severe plastic deformation to melt lubrication is sensitive

—_ 0.010 . 225MPa
S
£
—
€ 0008
E
3 Increasing Contact Pressure —
&: 124 MPa
> 0.006 122 MPa
© 101 MPa
2
2
N 0.004
©
£
—
9 e
0.002 Critical Velocities
800 900 1000 1100 1200 1300
Velocity (m/s)

Figure 4.2 - Melt lubrication test data for a 6061T6 aluminum slider on C1106H2
guider with varying contact pressure.
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to pressure The critical velocity decreases with increasing pressure. After the critical
velocity is achieved the normalized wear rate increases linearly with veldtity.
suggest that the rate of heat dissipation dgrectly relatedto the viscous dragna
subsequently velocity. Additionally, while it is difficult tovisually identify, secondary
pressure effects are present in the slope of eachThmese effects are summarized in
Table 43. An increasing contact pressure results in an increase irdjpe. B the next
section theeffeds of pressure and velocity are understaditizing melt lubrication

theory, which provides a mearns developan empirical model for predicting slider wear

Table 43 - Influence of pressure and velocity effects on the slope of normalize
wear rates in the melt lubrication region for a 6061T6 slider on a C110H2
guider.

(0} V,
Tstfo il | i | T
1 101 1039 1.72
2 122 1012 1.87
3 124 992 1.87
4 130 1001 1.86
5 225 879 2.13

4.3.2 Analysis: Melt Lubrication Theory

Melt lubrication theorys used to provide insighh analyzing theexperimental data
A melt lubrication model for a fully melting slidanda laminar viscous heat source was

developed by Stiffle{36]. Stiflerut i | i zed the Reynol dobs equ
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continuity) in conjunction with the heat equatito evaluate and predict meltingtes.

Several assumptiorssemade and they are

1) Molten metal lubricant is laminar and incprassible

2) The pressure, density and viscosity are constant across the film thickness
3) Molten metal film thickness is small relative to the slider geometry

4) Only the slider is melting

5) Quasisteady state conditions are reached in the molten film

The normalized wear ratr a laminarmelt lubrication filmaccording to Stiffler is

defined

@ (4.1)

where 0 is the nominal contact pressung,is the dynamic viscosityy is the slider
velocity, | is the slider lengthii is a geometric factoy is the room temperature mass
density,L is the latent heat of fusion,is the specific heal, is the melting point, and,
is the initial temperature. The thermal properties are those of the meltieg. Slite

geometric factof36] is defined

1 p — ¢ OATEF—— (4.2
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whereg i s t lat® ofdhe gideiccontact ar@iength divided by the widdh
Equation 41 suggestghat the normalized wear rate is proportionathie nominal
contact pressurand sliding velocityaised to thé4 and %2 powers, respectiveljhe data
presented in Figure 4.2 is-pbotted asa function ofd”A"2in Figure 4.3. The results do
not appear to correlate weglls a good correl ation would fAco
line. As discussed in Chapter 3 an inherent uncertainty lies in the assumption of laminar

flow and it has been shown that the melt lubrication film may operate in the turbulent

__0.010
E ]
E 225 MPa
€ 0.008
E
3 130 MPa
(1] 124 MPa
©
é 101 MPa
8
N 0.004
©
£
S
2

0.002

100 110 120 130
0-1/4 X V1I2 (Mpa1/4 m1/2/ s1/2)

Figure 4.3 - Melt lubrication test data for a 6061T6 aluminum slider on C110H2
guider as a function ofG/4/M.
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regime. A turblent melt lubrication film can have a strong dependence on velacdy

therefore these effects need to be considetadb7].

Based on these results it is assumed that the molten metal film is turbulent and that
the viscosity exhibits a linear dependemn velocity[2, 42]. The turbulent viscosity is

defined

t O t (4.3)

where & is the turbulent viscositgonstant,v is velocity andpaminar IS the laminar

viscosity. For high velocities, the first term dominates and the turbulent viscosity is

reduced

t 0 (4.4)

Substituting Equation 4.3 into 4the nomalized wear rate for a turbulent melt film is

defined

W = (4.5)
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It is important to note that the geometry teringndt are constant for a fixed slider

geometry. These terms can be represented by a gi@geetryconstant,

i (4.6)

As the slider thermal termg, L, ¢, T, andT,, are representative of the energy required

to melt the slider materighese terms can lwepresented by a singlleermalconstant,

p
- 4.7

Combining Equations 8, 4.6, and 4.4 simplified form forthe normalized wear rate for

a turbulent melt filmis

(4.8)

When he data in Figure 4.2 isqel ot t ed

44 thelinesof constant pressure

is now representative of the viscosity, geometry and thermal canstant
proport i o ddiredby y

G ) )
collectively referred to as the melt lubriica n

(4.9
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Substituting Equation 4.9 into 4.8

@ L0 (4.10)

This simplified form is useful when analyzing the experimental data as the slope of each
line is representative of the melt lubrication proportionality constanomparison of the
melt lubrication proportionality constants for easg#t ofdata and the associated percent

difference from the data set averagigsummarized in Table4l.
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Figure 44 - Melt lubrication test data for a 6061:T6 aluminum slider on C110H2

guider as da% function of @
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Table 44 - A comparison of the melt lubrication proportionality constants for the
6061T6 slider on a C116H2 guider data set.

Test No. (M%a) ()\“2'G~LIE)X 104 % Diff.
1 101 5.44 1.7
2 122 5.62 1.5
3 124 5.60 1.2
4 130 5.53 0.1
5 225 5.49 0.8
Average - 5.54 -

A linear fitis madeusing the complete set of data in Figure Fliese results support
the use of melt lubricatiomvith turbulenceasthe normalized wear ra@re sensitive to
&Y. The effective turbulenviscosity of the melt lubrication film is calculated usihg
melt lubrication proportionality constant of the fit data in Figure 4.5 and calculating the
geometric and thermal constants uskmuations 4.6 and 4.7 arlde material property
datain Table 45 [5-7, 9, 36]. Solving forthew r bul e nt Vi scuswmg t y
Equations4.9, a value of 8.6a-$/ mis calculatedFor a viscosity constant 86 Pa-$/

m and avelocity range from 1,000 1,200 m/s a effectiveturbulent viscosityof 8.6 1
10.3 x 18 Pa-sis calculatedusing Equation 4.4The effective turbulentiscosityis six
orders of magnitude larger tharatiof molten aluminun®.0 x 10° Paswithout turbulent

effects included. Thislemonstrationshe effect thatturbulence has onormalized wear

rates inthe melt lubication film. Modeling of this film using the assumption of laminar
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Figure 45 - A linear fit of complete data set for a 606416 aluminum slider on

o

Cl10H2 guider asa function of

Table45-Mat er i al properties and sl ide
Material Property 6061-T6

p, density at RT (kg/m?) 2,700
L, heat of fusion (kJ/kg) 398
¢, specific heat (J/kg K) 897
Tm, melting point (°C) 660
T,, ambient temperature (°C) 25

/, slider length (mm) 3.18
w, slider width (mm) 3.18
&, geometric correction factor 0.42
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Table 46 - Melt lubrication constants.

Constant 6061-T6
Y, melt lubrication proportionality (s / m MPa'/4) 5.59x 105
G, geometric constant (1 / m'/2) 22.0
I, thermal constant (1/Pa%4) 8.65x 108
A, viscosity constant (Pa s2/ m) 8.6

flow (no turbulence) will significantly under predict the normalized wear iatdse melt
lubrication region.

Additionally, the melt lubrication model of Equations4assumes that all of the heat
generatedn the melt filmis partitioned into the slider. Thimaynot be appropriatas the
guideracs as a heat sink, removing hdeam the melt lubrication filmThese effects are
capturedthrough the turbulent viscosity constantich is adjusted to calibrate the melt

lubrication model tahe experimental data.

4.33 Analysis: Empirical Modeling

Experimental data from thests of varying pressushow that the critical velocity or
the velocity at which the type of wetmansitionsfrom severe plastic deformatido melt
lubricationis sensitive to contact pressufide larger the contact pressure, the lower the
critical vdocity. As discussed in section 4.3tRe effects of pressurean be removed by
plotting the normalized wear rates as a function of pressure argity€fd’v). A critical

o 1/4,

value ofu™"v, referred to a the critical heat dissipatipA, existsand represnts the kift

from severe plastic deformation to melt lubrication. A comparison of the critical heat
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dissipationfor each set of data and the associated percent difference from the data set

average is summarized in Table 4.7.

Table 47 - Comparison of the critical heat dissipation values.

= (M%a) (n‘lllcs) (MPa1/4-Q/s)x103 Lo
1 101 1039 3.30 1.7%
2 122 1012 3.36 0.4%
3 124 992 3:31 1.2%
4 130 1001 3.38 0.9%
5 225 879 3.40 1.6%

Average - -- 3.35 ---

The averageA value shownin Table 47 is empirically derived and represents the
conditions at which the heat dissipation is significant enough to develop a melttigm.

critical velocity for a given contact pressure can be calculagefibllows

v — (4.11)

whereA, is thecritical heat dissipatioandd, is the contact pressurgor a tribomaterial
pairing of a 60646 aluminum slider on a C1182 guider and a contapressuren the
range of 107 225 MPathe critical velocity at which the wear shifts from severe plastic

deformation to melt lubrication can be predicted.
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Table 48 - Comparison of the normalized wear rates at the critical velocity.

Test| o Ve w.

No. | (MPa) | (m/s) x 10>
1 101 1039 2.67
2 122 1012 2.52
3 124 992 2.44
4 130 1001 3.13
5 225 879 3.20

In addition to the sensitivity of the critical velocity on contact pressure, the
normalized wear ratat the critical velocitydisplaysa dependence on pressuas shown
previouslyin Figure 42. A large pressure results in a higher normalized wear rate at the
critical velocity. The normalized weanate at the critical velocifyw for each data se$
summarized in Table &. A similar methodology usedo define the critical heat
dissipation is employed here talefine the critical normalized wear rateB. The
significance oB is that it captures the pressure effects on the normalized wear rate at the
critical velocity. In order to properly defindd a dimensionless pressure ratip, is

defined

, = (4.12)
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where 0, I's t he nomi,isthé referencetcantadt prgsgumdishs ur e ,
for this case is 101 MPand represents the lower bound of the pressures teStes

critical normalized wear rat8, is defined

6 — (413

Similar to thecritical heat dissipatiorparameter the dimensionless pressure ratio is
raised to thé/ power as this parameter of significance in melt lubrication theorA
comparison of the critical normalized wegates, B, for each set of data and the

associated percent difference from the data set average is summarized in Table 4.9.

Table 49 - Comparison of the critical normalized wear ratesB.

Test o g || g W, B %
No. (MPa) x 103 x 103 Diff.

1 101 1.00 | 1.00 2.67 2.67 3.1

2 122 1.21 1.05 252 2.40 7.2
3 124 1.23 | 1.05 2.44 2.32 10.5
4 130 129 | 1.07 313 2.94 13.5

5 225 223 | 1.22 3.20 2.62 1:4
Average - - - - 2.59 -

The transition from severe plastic deformation to melt lubrication was difficult to
capture quantitatively. This required that the normalized wear rate at the critical velocity

wasestimated using the intersection of the linear fit of the experimentaindta severe
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plastic deformation and melt lubrication regioi$e differences between the critical
normalized wear rate®, and the data set average in Table 4.9 can be attributed to
variability in the linear fitof each wear regioas they aresensitive tothe number oflata
points used to create the fiand the uncertaty in each normalized wear rate
measurement

An empiricalnormalized wear rate equatiatterived from Equation 4.1y a general
form as a function of theliding speed and contagressure is derived using thalowing

linear expression

o -0 B (4.14)

Using theboundary conditionat the critical velocity

O W ) (4.15)

Substituting Equatiod.11 - 4.13into Equation 415

S8 = (4.16)
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Substituting Equation 46linto Equation 414 and rearranging termgives way to an

empirical normalized wear rate equation

& b6 8 - (4.17)

This equations capable of replicating lines of constant pressure usingahstants
d, A, Ba n @. A dummary of the constants atitkir meanvaluesis givenin Table 410.
The equatioris applicablefor velocities in themelt lubricationregion ¢: OvO 1, 200
m/s) and pressures in the range of 10825 MPa for a 60616 aluminum slider on

C110H2 guider.

Table 410- Normalized wear rate equation constant and mean values.

Average | 95% Confidence
Constant
Value Interval
W, melt lubrication proportionality constant (s / m MPa'4) 5.54E-06 0.15x 10®
A, heat dissipation rate (MPa'4 m / s) 3,350 94
B, critical normalized wear rate 2.59E-03 0.49x 10-3
o, reference contact pressure (MPa) 101 -

A plot of the predictedlines of constant pressure using the normalized wear rate

model and meanconstant value$or contact pressuresf 101, 122, 124, 130and 225
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Figure 4671 Response of the normalized wear rate model.

MPa isshown inFigure 46. An error analysis is conducted establish upper and lower
bounds for a 95% confidence interval to evaluate the nregelts to experimental data
The associated error for each of the constants is presented in TE®I&He error in
each ofthese individual constantlues resulsin a propagated error that is used to define
a 95% confidence interval in the form of @pper and lower bound. The propagated error

is calculated using the followingguation

8,

i 1@ (4.13)
. —
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whereww is the uncertainty in the normalized wear rape, is the error or uncertainty
in the constant value, ard- is the partial derivative of the normalized wear rate model

with respect to the constahnt w Applying the error propagationequation to the

normalized wear rate model results in the following form

3 —_— A O r r [\ ” 3
w 0 b — é @ 08 = g (4.14)

A plot comparing the experimental data to themalized wear ratenodel using
meanconstant values with a 95% confidence intervald@ontact pressure aB0 MPa
is shown in Figure 4. The plots for each testre presented in AppendiB. All of the
experimentabatasetsfall within the 95% confidencbands. The two experimental data
sets thashow the largest difference to the model predictions are the 101 MP22&nd
MPa tests. In general thencertaintyof the normalized wear rate measuremedi® to
the variability in the slider deposition is therpary contributor to these differences

The empirically derivednormalized wear rate model provides a design tool for
predicting volumetric wear in theelt lubricationregion fora tribomaterial pairing of
6061-T6 aluminum on C11812 copper for slidnggeeds O 1,200 m/ s
pressure between @0 225 MPa. Additional considerations, such as guider material
properties are investigated in Chapter 5. The results from Chapter 5 can be used to further

extend the normalized wear rate model for differgoider materials While the
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Figure 4.7 - A comparison plot for a 130 MPa set of experimental data to the

model prediction including a 95% confidence interval band.

normalized wear rate model is only applicable to al6D6 aluminum sliderit is
important to note that the model can be used to gain insight into the bebfaditierent

slider material s t hr oulughestinghoé sliderhneatersaaith

const

different thermal constants would be of insréo understand the effects on the melt

lubrication proportionality constant, the heat dissipation rate, and the critical normalized

wear rate constant

4.3.4 Analysis: Geometry Effects

In the preceding two sections the effects of pressure and vedocitprmalized wear

rates for a 60616 slider on a C11812 guider are discusset@iwo tests were conducted
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under similar contact pressures, 122 MPa and 124 MPa, but differing nominal contact
areas5.8 mnf and 10.1 mr respectivelyas to better understariae effects of nominal
contact area on normalized wear ratéhe test conditionsof these two tests are

summarized in Table 41.

Table 411 - Summary of test conditions to study the effects of slider nomina
contact area on wear.

Test | Slider Guider Contact | Peak Nominal
No. Material Matenal Pressure | Velocity | ContactArea
(MPa) (m/s) (mm?)
2 6061-T6 C110-H2 122 1180 5.8
3 6061-T6 C110-H2 124 1210 10.1

A comparison of théwo tests is shown in Figure84 Similar to the previous test
results the critical velocity at which the wear shifts freavere plastic deformaticio
melt lubricationis sensitive to the contact pressarel follows he trendthat the higher
the contact pressuréhe lower the critical velocityThis trend is consistentith previous
test results anthe data is ordered appropriately as the éiglontact pressure test, 124
MPa, has a lower critical velocity than the 122 MPa tésliditionally, the critical
velocities, slopes, and initial normalized wear rate of thetéstsare relatively similar as
thepressure differences are small (<2%).

A comparison of the two tesis terms oft¥v is made in Figure 8. Both the lines
Aicol | aps e oachmtherindagiing @ fgoocke correlatiorhe effectof nominal

contact area appesto be negligible as the two lines fall within the normalized weiar ra

error of£ 51 10% These results indicate th#te volumetric wear is proportional to the
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Figure 48 - Normalized wear rates comparing tests with similar contact
pressures and different nominal contact areas.

nominal area of contact which iappropriate as thamelt lubrication region is
representative of largecale melting. This differs from traditionabrmalized wear rates
or wear coefficientswhich at low speeds are proportional to tteal area of contaas
determinedby the normal contact load angtrength / hardness the softer materidll4,

52, 53. It can be concluded from Figurds3 and4.9 that theeffects of nominal contact
area are negligible for thgeometries testedHowever, a better test to investigate the
effects of nominal contact area on normalized wear rates imételubricationregion
would beto modify thelength of the slider andspect ratio as this directly influences the

geometryconstantG, as definedn Equation 46. The geometry factdas sensitive to the
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Figure 49 - Nor mal i zed wear r a4 dor different nomieah
contact areas.

slider length andhe aspect ratisuch that darger slider length and largeraspect ratio

results in asmallergeometryconstant The geometryconstantis directly related to the

me | t l ubri cati on p racdpadargeslidemlength andispectoatics t ant
would resultina mal | er .Wweduld ke valuble iq]future testing to modify the

slider length andaspect ratioto be vastly differentas b exacerbate the differences
Currently for thel0.1 mnf and 5.8 mrhitest cases with contact pressures of 124 ktiRh

122 MPathe G values a?2.0and 25.Wwhi ch rel ates t c°afd560al ues
x 10°. A better choice would have been to design the contact area to produce a G value
ofl0as this would have |l owered the Qtowalue

2.55x 1.
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