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' Thé wear of' SAE 1080 steel under the conditions of unlub-

.ricated slidlng is. stud"ied - The ranges of normal force and speed’

are 295-980 N and 0.193:1_.5“& m/s respecti,vely. T‘i)we speclmen con- .
. . 3 e ¢ , .

figuration adopted is,/of two ‘coa’x.ial hol low 'cyhlin@ﬁ;‘ IQ.Qme

mean diameter, rubbi g at thelr annu]ar end Faces 2154mm wlde. -

* The envrron t of the- rubbing surfaces is controlled by"
&
Forcmg air or oxy: n-argon mlxture between the Speumens.. The

/ ', 1 r
wbratlon in the ;hachlne is measured., .

- -

Lo v .

L e Wear debr’Is partiéles are 'i-dentlfied by x-ray diffrac’?"{on-

A}

3 ?Ibutmn determined Wear surfaces are wtudied

. been fodn between the slldlng speed which Jn turn, af.fects the .sur-
L h \ /

face - tem rature wnth the wear rate. The surf-acg topography is

% a Httle distance from the hot spot. A correlatnon Qs -

*\ﬁ-.<

When dlfferent mlxtures of axygen and argon gas are. forced through

the specimens a srgnlflcant change ln the we?r rate 1s observed

o %

) The dlfference ln mean temperature of the two rubbing speci- .

v mens mfluences 'the wear rate. The s’pemmen}rt hl'gher_.tempera_ture

‘shows l4wer wEar. rate. N
Ny | )

In an. env?zo}@ent of” tnert gas, the wear Is of a severe type.'?
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T . CHAPTER 1
P . INTRODUCTION AND-OBJECTIVES OF

i%‘ " .0 " "7 THE CURRENT RESEARCH

\ﬁhe majority of-probleme encountered in situations where'
two surfaces siide against each d‘her, under the action of a
normai -load, are. attributed to poor lubrication prat;ice wrong
Seiocqlon of materlais, bearings and improper understandlng of )

the sllding mechanism. Usualiy the breakdOWn of the sliding

- components takes placefthrough wear whlch manifests itseif in

N

«"a varcety of ways apd forms. The cost‘of repiacing‘the worn

S

§ for a variety of Industries.

o

i

-

‘-‘H

K
ps
s

- 5‘- .D
components, their.frequency of rébiacement and downtime of ‘a

/ Y - VY R .
machine because of wear probﬁems are.matters of serious concepn- .

= . . o

e The. need for machine oomPOnents capable of”withstanhihg

6 > i s
much hlgher pressures, sliding apeéds and temperatures cahnot be
fuifniied untii a proper understanding of .the mechanism of wear
and its controiiung factors has been developed lt wiii be true

to say that for siiding components, some ‘kind. of lubricant Is - -

‘ oftenv present between the two rubbing surfaces However, detaiis

of this wear pr0cess because of the interaction betWeen rubbing

*

surfaces and the iubricant, are compiicated and’in order to develop

a proper understandlng of . the wear process,.it is necesery that

the variabies affecting the wear meehanism be reduoed to a mlnimum. )

lf the mechanism of wear, without bringing the compiications -

. of the lubrtcant performance and its interaction to the siiding



speclmek?

. , ' , j N
~surface, can be established, the problems of lubricated wear witl

be easier to solve.’ For the currént.investigetlod it was decided i

to concentrate on the study of th; Unlubricated (or Dry) Wear. '
- ¢ :
. <3 i - - o -
.5'" most sllding_sﬁtuatlons the environment of the siiding
syrfaces contains oxygen and a reaction of.bxygen with the metal is

part of the wear proce;s. The frlc;lonal Heat éenefeéed at the

rubbing surfaces floWs from the point of contact into both of the

contactlng bodies and consequentlyL a temperature fteid ls developed s
ﬁ-

‘at the rubblng surfaces and wlthln the rubblng bodles. The tempera-'

L

. ture fleld inflﬁences parameters lIké?the structuré‘qf°thé'rubbihg

R
y -

materials, the Interéetlon between the surfaces, topography and- the

formation aof ox?de'at _the rubblng surface. "
G 0 +

ot As dlscussed ln_the following ‘two chapters,,it seems necessary

!.—‘ ) ]

ln order,tu develop an understanding of the wear process, ‘to pursue

X S v
the foquwing speciflc questlons. _ ! .
i -’ . : s ', . ’ B oL
' Is the wear rate govefned by the hot spot oxidatlon or the

- . T . . . e

general surface’ ox!dation? e L

Is there a'correlation: between the nnan/surface temperature,.

the'qomposltlon of‘year debrls partic!es and the compos i.tion and ‘.

topog;ephy of the thin surface layer at rubbling ‘Interface pf‘the

°

How ddes the partIaT p}esshke of oxygen, in an oxygen-inert

gas mlxture, lnfluence the wear rate? ..

.. 4 k-" 4 +
; .

\

How does the wear. rate of. the rubeng speclmens depend on

’
{

the accesslbillty of gas? i ‘ L. Lo L

L N’i:-:_ys"'.
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Does the difference in mean surface temperatare of the two -

rubbing specimens influence the wear rate? If it does, what is
v ' ) a .. oo ’ , ) to ‘o
the extent of this effect?, S : :
" . + i i oo . . . 3
In the following chapters,; the background for this research Y
wiil be discussed in some detall and the equipment, results obtained SR
with it are described and discussed. ’ : .
S ‘ A - |
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: /ﬁ o .. Breakdowns, due to wear, can be avolded by sound lubrlcation )

@

I
»

e I - .
,l each other, breakdown of the sliding components is the major cause

o . l' R - -
s 'a ‘; . ' 'l A ;; ‘
T . v‘ .
. GwAPTER2T A .
i ’ T ' ) 'h ' .
Y . CHOICE OF THE PROBLEM o s

'y - a

2.1. General1 . ' . - - : :

. . o . : o
In situations where interacting surfaces.moye relative to

@ oo . . - J T
limiting the life and ﬁerformance of the machinery. The breakdown,

s ‘

ofteo takes plaCe through wear* which may be catastrophlc,’fast,

slow, of very slow but flnite. Thus, wear may bételther destructive

P . ‘ o
- o

or acceptable wlthin a glven design, but even when acceptable, it

may be more seyere than desirable because -of the frequency of part .

repltacement. - v .

N

deslgn and practice. HoweVer, there are’ no established codes for
I .
the deslgn of all slrdlng components. The design criteria for select- .

lng standard sllding components come from the manufacturers of these

4
i

components, who maintaid gundes for the selection of the components.

kY

‘The manufaétdrers guides are based on laboratory experiments, per-
formed under controlled conditions othest varlables. These com~
ponents, when used in the actual se vnce condntions, may undergo pre- |

mature fallure‘\and ln appllcations with céétlnuous and/or automated

I

.;production or operation ‘of plants, the- breakddhn of ‘the slngle COMm= "~ ,f

e .
-~ . : , . !

!
ponent may ‘have serious econvmlc consequences. T . Y.

.t
)
’

/

N - .
. - .
! . et
" . f .

[ >

* -Wear is defined as change in dimensions of the rubbing body and/ .. )
. or change in composltlon where change occurs’ at the matkng R
surface. . ' .. _ . IR : - »

i . .

o J
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e
I3

l; . 5 l_-.’,: .
Wear is’ a deslgn and malntenance problem in most industraes.

a t

. Hd&ever, in the foldowung sectlons, Its 'relationship to‘0ceen

-

" 2.2, "’Breakdowns In the Auxlliary ! ,

Engineering problems ig'illustreted. AR

i .
i v . 1 - h

Machines of Shlps T - P

N L}

".

' Sths when af’;ea, are isolated from their major sources
of mechan:cal parts.< Any breakdown of prime movers, running gears

i
L

'of-the engine proves tonbe serieus. Mdﬁy-mechanical components-

\

related to ocean trade are specially designed to meet the pecular-

-,

:ties of sh:p s envnronment. in the design and practice of:the
. ¥ : .

"« marine iupricatson,‘parameters like the ocean environment and sea-

water must be considered in addition to the other variables which

B .. P i . ° ’ . v
are common to most, othgr lubricating systems,. )
"o . : G : S N

< . . .
“+ ’ B B .-
[

2.2.1. Examples of Bearlng Faifures in

"Marine Equupment L

v Ly .
‘ ¥

In the area of “Bearung-FaiIures"\\xhree reports have been

publlshed by the Naval Engineerlng Test Establlshment. (NETE), . .
Lasalle, éuebec.\ (Reports No. 1, 2 and 3) These reponﬁs resul ted

from a pFoject’ ralsed by Canadian #orpes Headqua;ters (CFHQ) for
con . . ‘e’&ﬁ

the NETE to |nvest1gate speclflc instances-of the chronlc beanung
fallures. _ S S d G %

It _was found that the factor which contrlbuted the mos.t to

a hlgh unreltabiluty factor In bearing performance was an lnadequate

)
. knowledge ofi the technology of the bearings and thei.r. Iubrication.

LI f
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'

2.2.2. Plston Ring and Cyllhder Liner Wear

The 'last decade has been one of the intensive development in

the marine eﬁginéering. It has seen the virtual disappearance of
the naturélly-aspirated'dlrect drive diesel engines as propell?ng'

1 ’

machinery for new ShlpS, the emergence of direct driven supercharged

d!esel engines as predomlnant prime mover, and an ever increasing
-

demand, %n the part of users, for hnqher efFacnency and output power.

A varsety of scaveng|ng systems are employed in conjunctlon
with exhaust gas drlven turbo chargers operatlng on euther pulse or

constant pressure deren systens ‘to achueve the highew eff|C|ency,

power and smaller Wenéht to power ratio. . ' :

.+ The much hugher mean and maximum pressures and temperatures

‘encountered with turbo charging brought ring and liner wear into

the forefront of serious prob!ems on almost all marlne englnes.

-

!

Wear of piston rlngs and cylnnder liners increases the clearance T

between the twb,; causlng a presSure drop in the cy]inder due to

leaﬁage, and thus a reductlon in” the Output power of the englne

L)
-

; lncreased oll consumption, sooty exhaust and- coptaminatlon qf the
18 [ g

‘crank case ofl with combustion products, are few of the other affects
of ring and-liner wear. These effec;é cause the wear to propagate

~and many other consequences fol low: llke the breakdown of the lub-

ricant film, §cuffing of the ring a

the introduction of unnecessary
. . ' - i .

vibration in the system.

Id‘fiéhind*vesseis”the trend. for next'several years eeens to be

¥

towardszhlgh powered, high speed, marlne diesel engines whlch have

i

,.\ o

Iower cost per horse pOWer and hlgh durability level. (Palmer, 1970)"



&

—

2.3. Area of the Needed Research

' P -t
»

EIPY

Ve L

. 'There is a need for reliable, ﬁédlum‘and high speed both

two cycle and four cycle'diesel engines with smaller welght to

power ratio and relatfvely higher effnciency fdr use in all k:nds ) -

of vessels - from large ocean golng shlps to small outboacd motor .: . '

boats,'cncludlng ferries, rtugs, flshlng boats and naval vessels. -

e
Pid t

l, , - An important factor affecting the llfe apd performance of . ~

marlné diesel engines |s the plﬁton ring and cylander liner, wear.

: . t

Whlle the use of chromnum plated-p:ston rlngs, improved temperature
~t

control and the use of modern® oils have reduced the corros fve wear

to small prbportlons,.the wear of cylinder liners and the piston oo

- . '

rings whlcﬁ arlses from the |nteract|on between“hot spots of. two _'
. - / A}

surfaces in reiatave motion is stl 1 a problem, llmltlng the per- A .-

1 . .. L .
formance of dlesel englnes. _ . . . T : s

The mechanism of rlng and llner wear i< not completely T

".understood and ln fact, the present knowledge of_jhe operatlon of

1
W - +, 8

"piston rings is not sufflclent to enable,them to be desugned to

a

meet any precise quantftathe performance"characterfstlcs. The

operation of the rings is"affedted by‘a number of lnteracting fact~

i
1

ors, such as pressure, plston speed temperature, contact grea,

v -
]

structure of the rubbing materlals, surface topography, hardness,

'vibration ln the system and envlronment (both around the mach(ne e

' . - . ®

.and at the wearin ce)- , . ST ‘ s

ich these parameters affect the wear

P v - . . . . “-

The direct
-rate is nore orless establlshed withln certaln limlted ranges ' -
) .

but no one knows the mechaniSms by whlch these parameters effect d S
- s ) ) . e . , o n.} X ' ’ [
the wear’ rate. . - . . . L -

LY 0 o
¥



-

,Lfgg,fundamental_aspects of individual parameter need to' be estab-

: Engine Cy}inder and Rlngs have been studled by some workers, Nault, -

, deta|ls of the wear process with the lnteractlon be tween rubbing -

'heat.flowfbnto the relatively coollwalls. The metal temperatures

' jare nnfluenced by the wall thIckness and the coolant temperature . A

\ ” 1
B

The use. of 1aboratory~test§ has met With limited success in |

: —

'the predictfon of actual serviee life. Before a'§atisfactory scale

can be establlshed for transferrlng the small scale Iaboratory o Cn

experlments to actual serV|ce conditions, proper understand(ng of - . | o ,'

- . ] -

V-

lished: ' - *
Thus, the proble Is to develop a prOper understanding of o s

- 3 -

the mechanlsm of wear and its control]:ng factors. This ls_aJSO . '

'
' 3 s - . EE

true of wear in many ‘other types of machlnery

[ LI

The hlgh rlse in temperature at sl!ding contacts has been ‘*\;

“y

known for some ‘time. There have been some |nvestigations |nvolvnng 'l R .

the measurement oF temperature—actually Lccurring at the asperity . _ ‘
-— " . . :" . r‘;

contacts. The effects of surface temperature on the wear of DieseT -
) v - '

Lander -and Edgar. (19549 Sreenath and Venkatesh (1970) Neale,

(|971). There is still-some considerable uncentalnty about .the -, -

-
. -

surfaces and the lubricant present further complicatlng the already

unclear picture of the Wear.of'cylinder and rungs.. P , ' AR
- DA I,

The general pucture is that steep temperature gradlents are -

~ i
. Pa—

found through the walls of a cyl4nder or‘Jiner at areas adJa t'to
i . , Q .

combusbnon chamber because the high temperatures and pressures and ) .
! i

" extreme turbulence of'the gas In these areas cause high.rates of ; . ;‘:

1t o - -
\

E - -

as well ‘as by the conductivlty of metal R . ; . . .
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) . ' L] 0‘ . A f ' )
\ “a .
' 9 -
.. . ) * ‘ * i ’ - -
o, ln the maJorlty of cases, the wear of piston ri ‘gs and the : ‘
. ,; ° e :‘ . - ) L4 -

3 :
,cylinderibore occurs initi ally at the top rIng, which has the

‘.highest pejﬁ pressure and:temperature.. The damage generally spreads,

. to the othér rings ‘and also tdfthe surface of the plstOn. . Lo ™
« T ©w .
The wear, of plstqn rings and cyllnder liners is- -an example ) ; .
K ' . . :

of wear processas uhere the envnronment of the’sliding surfaces con~ -

" tains oxygen and the reaction of oxygen wlth metal .is pafé Qf the
. 3 o L : C ‘ 2 t§ . L '
© wear process. . . . ‘ ) e h e
s . N . .’ :: . - . i = X A ) . . ..?. . N "l
e The mechanism of this wear process needs investlgatlb and .
¢ i : N
- . .. a N f . - - s ) - o - J. —
indeed is subjected to study at the present’tlme,‘aé‘di5cusse in.
" s i 'Q. v . - K
R the following chapter. The expectatlon is that the con5|derable M e e
.o Y i) D -
body of knowledge existlng now on thé oxndation of metalswcan be ‘ .
o ) . N Al 1 i . . ' ., . -
" usefully appPled to the unde;étanding of this type of weﬁy‘process. B
. L. ° - z%? . ‘ -
\ . : ' , ' N
1 I - v N 'Y - A3
- - ] ©
’ : ' . o
, , . L l . .
vt : o : \ . ‘ . »
. . ) ) I - L ) . -
» . :_ = - . - ’j’ 1 .I‘n
> . ok ' L & L U3
e e : R £
L ] . ! i . ' / l . .
' /_",. ‘ i ' ¥ . - - : ] ! f
. : ST ‘ ’ P
L - \ ' . 1 . . Ta v"“"’ w,
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.. T T.._ . EXISTING. THEORIES-DF WEAR. - e 0
¢ . ) - , K s e Do, R . V R . T S ’."',' - .
. o ¢ . - :‘“ ’ - . v ' ‘ " 2 ; e o 3 ' i - “ . .
.- .7 . 3.1, General . L, R et T
\- _": - . - : “ .- il .’- ' ' .~ ~ -‘.w" . . "> . . N ~ " - ‘b‘ o
A ¢ y . . N o ’ e =, - 9 -
A — .
ST cel Durlng the relatlve ‘motTon of two bodles, slrﬂlﬂg_ggygne - e .,
T N T B Ce .t N
° %nother,.heat is generated in a thin surface ﬂayer a5 a retultlof T :
" ' R g i N o . Y '
S the deformatlon of materlal |nvolved in the formatlon and- break- » .o ‘
'.ié down ?f fri‘tional bonds. The.heat flows from the polnz oF contact - .
- . - |nto both of the contacting bodles and consequ ntly a temperature . ﬂr[,
- Py _‘——'-’* ‘| .“

< -~:'"flald is developed at the’ rubblng surface ahd withln the rubbing ) - I::“

bodles : The temperature field ln ‘the two bodles may be.esther R ... ) ';‘

PR — ) . oL, ._",

: \ S -
L T T s symmetrical“ ie. the temperature gradients are the same In both R R
S Coe b -0 I 2 e R

- ) speclmens at the same . distance from the rubblng surface, dr asymm- e "
- e " . - R > . . R
. - N . * b N L N -.’ ! ‘ . N L ..,y’ ’ h '
- ]-@trical' "- . '-—-"n f - . "ﬁ 'r i ’ -', ‘. ] 9. ,"'l“ "’: ' "’,,
: S . ; ! o NS e s
g % in either ca%e the' temperifﬁre-fleld"influences the papameters JA A
ST oL e . . ceew T T
‘ like the surface structure of the rubblng materlals, Interaction ".Q;g“tgqufrf
RN I ‘;_\ . . ° v"" .:.n:,... .‘,
. hetﬂeen the’ surfaces topqgraphy, hardness and formatlon of the oxlde S
; at the rubbing sprface. Nt e . _:*,.~'-f¢$a» S
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- Flnk and Hoffman (1932) observed that under certain condjt*

bl

- Ions, a wear‘rateocould be reduced by running the test in an’inert

-~ detached.:' f .- - . A

]

'x

-

t

[

% { "’

o atmosphere and assumed tﬁat, In alr, the surfaces are chem|cally

» “

aetivated by rubbfng together and form oxldes whlch by penetratlng

"
-

and,destroying;the:coherence ofwmetal;\cauSe Wear partlcles to be’

: « .
- e

Slr .- .
A

N u . - -
Py : —

Kerrfdge (1955} explained a mIld wear process ‘as a three

i

4

o N

stage mechanism anoIvlng the. transfer of metal its convers!on to
@ ., - e gt .

poxl’de and. removal of ox\de to give loose»wear prgduets. The wear / )

Ddebris partncles were ldentifled as: A~ Fe2 3‘,and 0< ~Fe.,0.; nH O. B

s 2 3

and suggested
v
~“namely the removal of - metal from wearlngesurfaces ‘by transfer and°
L (\\z ¢ “

the formation of wear debris particlés*from a transferred layer on

that the wear process occurs In two dTStwnct stages,

I,, ‘ o .,

J""‘

R

the opposing surface. It was found that the rate oﬁ transfer of

metal determines the wear rate thle Kerrldge (1955) Drevuously

°

mafntalned that - for mi}d wear, the rate determlnfng factor fs "the

.
L]

- [N . i -

. oxtdatcon rate. ib“ _f = C ’1 o b
o g{. v et . . ' /' -
Archa d and lest (1957) observed back transfer from ona
i oy g 3 \

e Kerridge and lancaster (1957) studled’ a severe type of wearA -

“r

rubbing surface to the other.and then back to the origlnal surface

J LY '

- 1h the.equillbrium state of«wear;-‘Ihe)transferred materlal yas~

wholly orapartlally oxidlzed . ‘“_.’; S

P

Laneaster (1957f observed that a reductlon In weaf’ rate was
0 s 2

assoclated wnth an Increase ‘in contact resistance because of the

i
)

gd I.bl. A Y v

-

formatlon of an oxide film., "G‘ L Ee s, )
- . .-, - ) w
. a*{‘ [y ¢ '- A (22 L' "
- o . ) e‘ " “ R 0 . ) - b0 ]
oo v T S \ s 3

v I . S N~ . FEIPE .r ) 2, . Vet
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Cocks (1957) desngﬁ an experlment to study the role of

-~y

'ﬁ.

\\ ,’
atmospheric oxygen at high speed of rubbing. Thet formaﬂ on pf
R .
oxide was conflrmed by a dropping the coefflciert of frrct|0n ‘
ie\\\\\\ . | .
to low values. At low Ioads wear was found to;be due to metallic - "

r

_whereas at high !oads, the wear process was one of oxgde '

weldin

*dfsintegra The wear debrl§ partitlequwere'Identlfled at %

‘F8203-- ' ) o . B ) : J;J.

- \ . o N
« .7 Johnson and his co-workers (1957) found that at hlgher veloc- T A

‘1t1es of sliding, a black powder (idedtifled as FeO) was,produced ' .

-q,

. 1t was nﬁticed that Fe30h prevents surface damage whlle Fe~?3 induces

severe wear and weldlng‘~\\\\\ F L . Lo
F \\[ ; A o
& Yoshlmoto ‘and Tusklzoe (1958) postulate that the mechanism e SR

\)

"
-

R -

'of ééar\la dependent on the real area 'of contact. Wear! was’ classifled
. ) ’\ L . . . o
as being mechanléal\wearTQEezo f|3m wear or Feaoh film wear. Oxid-

\\ N
_atlon during wear was assumed~16\fo+4ow a llnear oxldatlon law and -,

- . .
™~ n

wear Wes assumed to be taklng place entirely from within the coptlnuqus

tr
1 . B e ) \\.\’J ' :‘:“' . ’ .
. oxide film. - Lo : s T T T T

S wl(?\‘\’j‘ ., .‘<._

Netsh-flSGS} found . that~the wear rate and type of wéar ls more .

N
—TT‘\fqution of the load, rather than the rubblng speed. Tﬁree translt- ) ‘
- \ st 5:. v
- \\ RS rk .o
ion loads were~1dentif|ed“at\wh!qh changes From one form of , wear to " —_
\ - 2 . » .
" the other takes pTace%\\Any re etjon In the wear rate was«accompanled L "
by the formatfon of the o;TEENHebrls partlcles.. The ‘extent and the .: C B
: i . . ; R o
‘;:;:?f1: of surface oxidation thaq can occur affects the type of Wear 3 e y
taking Place. c . i ‘ ?‘_‘_g~*‘“'“%" o L
. .t L RN . L ‘ . r_ . <~ ' N
“"\-.__\ v feq o !
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Moigaard and Grosberg (1967) noticed'that am oxide layer of

very small thickness was aiways present between rubbing bodies and /
the division of heat between the rubbing surfaces 'was markediy -
‘affected by the oxide iayer. ' . -y . . v

Earies and Poweii (1967-a) found that, depending on the load

E

- ’ 1 . /

o débrls particies

_ .steady state coefficlent-of friction was observed to be a Function , »

\
and the rubbing veiocity, either a, continuous or near continuous

oxide film Is present petween the rubbing surfaces.( These oxlde

films are detached ieaving the metaiiic substrate, producing wear .
/

P '

The time history ‘of the formation of oxides at N
rF

‘a rubbing surface was in i|ne with the time history of wear, The

(

3t
it

) oh (Load) x (speed) ~ ‘ ‘-

.

Earies and Kadhim (1967) observed that for uniubricated silding

at high speeds between a copper (pin) and steei (disc) surfaces, a

‘ continuous oxide iayer )s formed on the disc: track with'increasing

..

N

i

- -

'.

normai ioad The coefficlent ‘of friction was-showh to decrease with\

load and'biiding Speed and a function of (Load) /2 speed )

“Earles and Powell’ (1967 b) noticed that If load s’ kept constant

b2

“" and Speed is varled the vear rate first increases with speed ‘and then

-

decreases, the maximum value b associated with the region In which
¢ w

A

The siidlng wear

:rateuwas observed tO/be dependept on both the specimen and "the track '

"

”5urface condition. S

.of pin and predicted the totai sufface temperature by considering/
‘I d’\)
o ‘heat fiow through an’ ideaiised singie asperity tip and from existlng

t t

- o

Earies, Hayier and Poweii (1970) meaSUred the surface temperature'”

the

)

) . .

o i

.
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'theories of Jaeger (19'{2) Archard (195&) and Barber. (1967) The

$
Frlction coefFicient and transntlons 1n s{idtng process vere shown

-

to be related to the predlcted total temperature.

[‘ln order to ,qsti'rnate, a criterion for the formation of wear

debris particles, Earles and Powell (1968) found that the oxlde

Jayer generated'by sliding; bu‘ilds up. to a critlcal th!ckneig' before“

< ? 1

becomlng detached from the substrate for form.a wear part!cle.

) )

©* 'Clark, Pritchard and Nidgley (1968) Tnvestigated the mlld\

' wear of various steels slld!ng unlubricated In dry CO - The wear

debrls particles were entirely oxides qt-Fe 0, and Fe3°l. The

273

wear rate was postuIated to depend on the type of oxide at §he ,

/

rubbing surface. FeBOh was assumed to provide a. protective Vayer
{ r

at the surface and hence reduclng the wear rate.

_ deGee (196(7) ‘shawed that,‘ln general, re!atively thlck ‘f[lms

o

inhiblt adhesion between sl!dtng surfaces _end thus reduce frlctlon/ .

v

Aand wear. If.a reduction in the avallabl]ity of oxygen resul ts in

the formation of monolayer fllms adhesion Is Increased

Qulnn (1962) observed that mild wearr of unlubricated steel ) _

-speclmens princlpally Invalves the oxldatlon of newly expmsed metal

7 '-(.

at hot spot temperature between the contactlng a5pertt1es.

1

-]

Quinn' (1968) demonstrated the advantage to be galned from

us,lng Electron Microscopy and X—Ray lefracﬁon ln studles of unlub- i

.« -
*
.

rlcated stiding.. He conf!rmed a conslstent mechanism of wear.. thrOugh'-"

i

thermal and/or mechanical fatlgue._ A correlatlon was notlced between

ln wear . debris and the temperature expected to occur at the contacting

5

asperftles (Quinn , 1971)’

-the temperature of oxldatton, lndicated by préSence of certaln oxldes' o
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. In the foHowlng section,  the models of wear proposed by
) Archard (1953. 1968) {and modified by F'anin (196#) and RoWe (1968)),
Suhs (1973, - 19714) Yoshtmoto and Tsuklzoe “(1958) ; Qulnn (1962 1967,
1969 and 1971) and Earles (1967-a, 1967—b and 1971) are briefly
descrnbed. ~ R ‘ ,-- "

a ' ! -
A ' N * !

»

. 3.3. ‘Wear | Mode.ls

]
DAY

3.3.1./ “Archard's Model L

Archard (1953 '1968) assumed }\at the contact process conslsts -

Y

‘of making and'break!ng of junct!ons. Thls 1s shown in Flg. 3 1

‘Consequently the dlstance of Interactlon of a single lnteractlng

asperlty is only the. length of the Junctlon. The teal area of contact
of contactIng surfaces, as distingulshed From the apparent or geomet-'
R

rical "area of contact “is the.lnstantaneous sum of the areas of all

'_ljnnctlo‘ns.f ‘ - L o (A .

For conVenience, !t IS assumed that the Junctlon conslsts of a.

'cnrcle of radfus a, . resultmg ln contact area, 7(3 . The asperity N

mteraction may or may "not produce a wear particle, but If it d s, -

-—

it Is further assumed that the depth of the wear partlcle Is proport-
. Ional to a.. Thus thé volume, BVw, of the worn particie Is proport-
lonal to 33

. \
occurred wil] be proportiona'! to the s!ze of contact a. ' ‘;

and the sllding distance, SL in whlch the event has ‘

1

Expressmg wear. rate In terms- of v:»lume removed per unit sliding, “u \
distance. the contributlon of thls event to the total wear rate lp

(6Vw/5L) and s proportlonal to a (le. to SA) Thus, the contrlbutidn

]
. 4
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1

of each event to the total wear rate ‘is proportlonal. to !ts contr:b-
hd .

utlon to the~total true area of contact. More speclally, !f ohe

' assumes that partic!es are hemtspherlcai of radlus, a, and ‘that
6‘L = 2a then S ' _ ’
- ; SVw = BA - o ' .
~ [ 3 T =

- & . N .t
This model does not concern Itself with the: mechamcs leadtng

1 Yy o

" to the 'partlcle -format!dn. At relates wear to the +o+a! area of
' contact, and assummg contact to be entlrely plasﬂc and the wear

partlcles to be hemlspherlcal ln shape, states

: ' Vw-KNL
' oo ¥ .

< where Vw Is the weér‘ volure, /N is normal load, L is siding ‘distan‘ce",‘

P is flow pressure (hardness) of the softer of the two contacting

S

materlals ”and KT8 wear coefﬂclentj,\yhich is generally lnterpreted

G I =
as probabintles °f¥an aspeﬂ’tv !nteractfon giving rlse to Mr@@
parth:le.= . RS -“ﬁ* S . o .. )

1 .' ~ ‘ < '
.

s

!z ~ 3

S F’tnkln (1964) examined the shape of 1:he wear partlc'les for

-

hommon metals and found slgniﬂcani: dlfferences. ‘K‘ really Iumps S
. -
togethei- the probabillt!ea of wear _partlclé formatlon and factors

%
K

concernlng the shapé of wear partlcles. 5
N

’
»,“'»
1

ient. 1( to tl)e probablllty of wear particle formatl:lon, P, and mean

. (] l;“
thickness-to-length ratio of the weat‘ partwcle, (h/l) “In Its modlﬂed
form. ,this relabudn may be wrltten as

" r}’

K = 2 (!i\_) P" " ."_" f ~;\\",

‘

Rowe (1968) dgrlved ag\ expreSSinn whlch relates Wear coeffic- 2
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This equation contalns all assumptions of Archard model, - S

1 ' S t

o

w“ I B ) ) 4 . ) . N . T, . B

"2.3.2, S$uh's Model BRI - R e

Suh"p'roposed‘a model for the.wear of metals' under, loX speed

sllding condltiohs which was presumdd ,ta be different fror‘n' the - Nt

l-i‘".. o generally accepted adhesnon models.

- b e 2.

¢y

- According to Suh's model, the ultlmate fal'lure of the surface » P

,fdue to gross wear Is caused by the following mechanlsms: -
) i ] A * ) . R ) ) . . t L B . .
B “Pla-stié deformation of the surface layer due to the traction exerted '

Pt
0

by frtc’rlon at the surface. ‘ o

]

o : - Subsurface vold and crack formation due to the plastlc deformation. Lot

‘ 1
! [ i [

~

Ny especlally around large inclusmns and secondary phase partlcles. o *7,,,
e - Subsequent crack propagatlon and vold growth whlch eVentually an

o up wlt[\ nelghbouring cracks and voids to form’ long sub-surface cracks ' ";"_-'. o

, - . . -

) a.long a di rection nearlrparallel to the surface. co " Lo

T . b= Formation o fqoose wefir particle wear shegts when thé sub-surface s

' '. Ty P '
T cracks shea_r to‘the surFace_." Ce ‘ do o
, T R PRI t R N
: B s . i A | v L - '
D E

- . . . oo l . -

3.3.3.. Yoshimoto and Tsuklzoe s Hode'l P IR T :

X ..t . , cl’l N N " _-‘ ,“' '{.‘ -

)
Yoshimoto and Tsuklzoe are among the more recent authors to _‘,‘: Y

: W L 1

o consider, in detail an oxldation process ag part of a wear mechanisn\ L
’ v‘ * . ' T N ¢ v * . . .“ L

By assuming a model which: repreSentys the P fHe curve of metal surfak:e,

R T Yoshimoto and TsuklzJe calculated the number aqd slze of !ndiv!dual

1 . ... < . LI

area of contacts. The wear depends on - real arqa ¢f contact and lt

-l
v

occurs entlrely. from wi thln the contlnuous oxlde fllm. .Every contact O
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’

produces a wear partlc-le., The oxidation rate was assumed.;ftgo follow . ..
. ' . I ) ~‘

. ‘ ] L9
S . ) oy

_ . ] . . ) \\.‘\
! ¢ oy ' . -
SR g Lo Ty
- \ .

!

1. '

"a‘-klinear oxidation law: ~~ ' . . . T " - . ‘ .

[

i Lt . ' \ . [, amnl
- .,
L

33 QulnnsModel ’ ' e e ]

> [

J Quinn's model of wear Is based on the Archards' wear’ equation

) o . . . . @
W=K .A = _ :

[ . e '

where W is the wear rate (measured In terms of volume removed per’

.unit s”dlng‘; distance), 'K;' ls Kl fac’tor.- and A is the real area of |

- contact between the sllding surfaces.. o S
) ] i 9 E .'
The K] factor is visua]ised as be!ng the probabllity of © . v
' .
produclng 4 wear partlcle durlng an asperity encounter. It ls .

i . .
. .

“assumed that on the average 1/K , asperi’ty encounters are necessary “

r -

' crack and flake off As SOon as one of the interfaclal contacts ls

establlshed equIlFbrlum wear rate. L

flcle. lt Is further assumed that the total tlme (t) to. produce a oo - '

(at a' given asberity contact) f"or\ a crltical oxlde me of thlcknessl L -

o

{ E ) ‘to be bullt up before it becomes detached to form a wear part-"‘ B

'wear partlc?e “of’ thickness ((-; ) is” the ‘sum of - all the " (l/l() lnd!vld- .

tow

ual- encounters "o T ‘ 1 ;
o z ; ‘ o
wear of metal surfaces occurs when the oxlde layers formed at .

it . . ' l.'u

. the few but relatfvely Iarge areas of rea! contact become fatlgued R

| — t 1

L]

‘flnished, another IS fully established so that at: all tlmes durlng

the ﬁeriod of establ ished-wear rate the real area of contact ls S
3 g i

subjected to oxldatcon at. contact temperature. Thls aswmptlon Implles' ‘

a

- that one can equate the total VQlume of oxlde formed at the real area :} 8

1 v LT

ot' contact with the total voTume of wear formed durlng the tlme of an Sy '_ ;
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’" S L A i‘
.By assuming a parabolic dependance of oxide ggowth per

unit area upon time, Quinn has developed an expression for K‘ .

y ’d'~' A e - (Qp/Rec?_ : S

! . Be ¢ -V Lo

where d is the dlstance along which a -wear contact Is made,l p is .

the Arrhenius Constant for parabolic oxidation, Q;p is the activia-
tIOn energy for parabollc oxidation, R is the gas constant, ec"

is the constant temperature, E_c is the thlckness of wear partlcle,

: Q 1s the density oflgédde and V 1s the slidlng speed

1
i

}
i

Qulnn malnta!ns that "if one asSumes approprlate values for Q \
Ap‘ ‘EC and d, together with experimentally determined values of e

it is possible to predlct the K ‘fector and thence the wear rat"e. There

) .are, however, tdo many adjustable parameter’s espectally Q -and A for ... -

thIs theory to be acceptable in the form evolved so far"

L4
©

. - . . 3 . |

. . . N ]
L . : .

.3.3.5. Earlesshodel - N

- 1
W . . - Lo e

A simple steady state model has been chosen with contact between

s]ldlng surfaces .Occuring at only ‘one asperlty (See Flg- 3. 2) Thls

1

aspertty ,}s assumad.- to remain contlnuously in conntact with the ‘oppdslng

surface until an oxlde wear partlcle Is formed. . The prooess is then

.1 5 r ',
s

repeated with another. asperlty. S S T -
-4 ‘ ' s .
The real stlng process cdns!sts of serles of conls!ons between

i ]

‘asperlt!es of the opposing surfaces because nelther can be - consldered '

" as smo_oth.; ConsecutIVe colllstbns for a glven asperity may be infrequent

! . L : a ' e !

-
b
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form a wear parttcle. The joxide can fail elther by cracking, when the ’,

", alone. A salfent feature of ‘:he modet prop056d by Ear]es ]s the- - R o

Incluslon of the varlatlon of the deformation freslstance of metals~as

. C ‘ ) 29 N o ) - PR

. MY - - .
e . tot

" Y

$0 that ‘the tlme spen.t wlth the asperlty at total bulk temperature s

much greater than that at total temperature at the asperity tip. :
P “The total bulk temperature is repre.sentatlve of the effectwe M

surface terpperature controlhng the wear mechanisnf." .

5 '

The oxlde layer génerated by slld(ng bu!lds up gradual ly'to a

critical thlcknesé be{!ore becomlng detached from the substrate to

- ! T

stress in oxlde exceeds a critit‘al valuesor by bllsterlng, when the :

adheslon strength of oxide/substrate lnterface ls- exceeded

.nk Q

Eor the formatfon ofla wear partlcle, lmpact of asperlties is

e

., . l
necessary-, le. fallure wlll}not be by a mechan!sm of static qzddatlon
X -

o

- a functlon of 'temperature, accordlng' to the expression - L X "-'u_ DL L .'
! < . ’ . i A o

P = P, éxp(Y/(eA+ 98)) S T

The- Vatue of P Is taken as 3 x (Yleld Stress correspondlng to total o _f':.‘ : .

'bu]k surface temperature of the pln., (éA + eB)) ‘J ls the - -
strength con/stant for the materlal. - i . e Y

. Assuming a llnear dependanee of ox!datlon. rate em tlme ‘ i oo ’, .

{where /ﬁ is the oxide fllm thickness built up ln tlme t, AL is. the ) L S 1

‘Arrhen}ius constant and B. is’ a eonstant ,In equatlon) : DR _:1" :

¥

1 L
Earles has developed the followlng equat!on for the wear rate' NG

.Y PP Y

e B g e

-
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Since the main ‘object of ;He present experiment is to study
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