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?44q~ .~PREPRINT NO. 88-TC-2E-1

Steel Hardness Effects in Boundary Lubricated Sliding:
An In-Situ SEM Study©

W. Holzhauer, (STLE) and S. J. Calabrese (STLE)
Rensselaer Polytechnic Institute

Troy. New York 12180-3590

A pmn-on-c'dznder test apparatus was used to perform low speed, scanning electron microscope (SEM), thus observing (tetor-

,teel-on-steel sliding experiments an-siu in a scanning electron ma- mation and wear processes in real time. A number l ini-

roscope (SEM). Through modifications to the SE., these exper- situ SEM wear studies have been performed (6)-(24). [lhcse

iments could be run with a thin film of hyvdrocarbon oil applied to were all basically unlubricated experiments that insol.t.d

the sliding surlace. Studies have been performed usm" nAIS! 4340 relatively gross deformations, which were observable )%(t

steel. both annealed and through hardened. for the pin and cylinder a short period of time. Many ot these studies (6t-UYi in-
n ovolved a hard (e.g. diamond or tungsten carbide) slider on

i combinations ofsoft (annealed)-versus-soft, hard-versus-so-r and a metal, resulting in abrasion-dominated wear processes.
hard-versus-hard. Several (19)-(24) involved unlubricated metal sliding on

.All three material combinations show a progressive smoothing in metal, placing additional emphasis on the role of adhesion

the wear track as the number of sliding passes increases. plus ag- in the wear process.

glomeration of wear debris interspersed with oil around the contact. Recently, a simple modification to a scanning electron

Both of these effects lead to failure of the contacts due to insufficient microscope has allowed in-situ sliding experiments to be
lubrication. The combinations involving annealed steel fail catas- performed with a thin film of hydrocarbon oil lubricating

trophzcally by an apparent third body abrasive mechanism while the surfaLes (25)-(27). These experiments have been aimed

thefadure of the hard versus hard combination involves intermittent at investigating the operative wear mechanisms for stel

plowing, resulting in more localized damage. sliding on steel with a simple lubricant that contains no

surface active additives. The results to date, using a rela-

tively soft steel, have supported the conclusion that surtac
INTRODUCTION finishing grooves and scratches act as essential lubricant

Many advances have been made in the understanding of reservoirs for an otherwise marginally lubricated contact.

boundary lubricated wear processes since the original def- Wear debris agglomerations have also been hypothesized

inition of this lubrication regime was proposed by Hardy (26), (27) to have a detrimental effect as the capillaritt .(t

(1), (2). But. as many reviews of boundary lubrication point the small voids between agglomerated wear particles arts to

out (3). (4). (5), there is still much to be learned about the trap lubricant and thus, draw it auiv from the sliding con-

operative wear mechanisms and the variables that influence tact.

whether a lubricated contact will slide successfully. Among This paper describes further work with AISI 41-10 tel

the less understood factors that influence the sliding be- sliding against itself in lubricated long-term experiments

havior of boundary lubricated contacts are the surface to- that were continuously observed during run-in, through

pography of the sliding components and the role of the normal sliding and in the process of failure. Failure was

wear debris that is generated by the sliding action, defined as the point at which macroscopic surface damage

One approach to gaining further information about wear was observed. The differences in wear processes before and

mechanisms is to perform sliding experiments in-situ in a during failure are discussed for hardened and relativel% sot

versions of this steel.

'Curent Adress: EXPERIMENTAL APPARATUS AND PROCEDURE
Pe mlen Company. RA small pin-on-cylinder wear test apparatus, which has

been described previously (25). (26), was used to run the
P easd as a Society of Tbroilogli h & Lubrcation Enker multipass sliding tests. The wear tester was designed as a

p aper et uar/ T bol Cere in self-contained unit that could be mounted inside the scan-

Inal nurmecrpt approved July 2. IMe ning electron microscope for running in-situ wear experi-

______,_, __"-"I



2 W. HoLZHA,.ER AND S. J. CALABRESE

mrents. 'he wear test apparatus could also be mounted in inder revolutions, the tester was then removed from the
an auxiliary motorized base and run outside of the SEM. SEM and run at higher sliding speed outside of the SENt.
The practical benefit of this is that segments of the sliding Periodically. the wear test was interrupted for additional in-
tests could be run outside of the SENI at increased sliding situ SEM viewing as well as other measurements. Because
speed. allowing each complete wear test to be finished in a of the self-contained nature of the test apparatus. none of
reasonable amount of time. these interruptions to move the test into or out of the SENt

A schematic diagram of the wear tester is shown in Fig. I. required any disassembly or realignment of the test com-
Small ball bearings lubricated with a small amount of vac- ponents.
uum oil support each end of the 31.8 mm-diameter rotating In all cases, the cylinder was lubricated once betore each
cylinder. A hinge-mounted. strain-gaged beam with flex- wear test by rubbing a thin film of molecularly distilled
ures for both load and friction measurement loads the pin hydrocarbon oil (intended for vacuum applicationsi onto
against the cylinder by means of an adjustable spring. The the sliding surface. This lubiicant film, which was deter-
spring, which is not shown in Fig. i, applies tension between mined to be well under I gm in average thickness, was not
points A and B. The pin is a 3.175 mm diameter rod with replenished during the tests. The oil did not contain any
a conical tip (40 degree semi-apex angle). The end of the surface active additives other than those which may have
conical tip is machined and polished leaving a Hat contact been formed as a result of oxidation or reaction of the oil
area that ranged from. 16mm (0.0065 in) to 0.23 mm (0.009 during the tests.
m) in diameter in these tests. The test apparatus has ad- Table I summarizes the experimental conditions tr the
justments for alignment of the pin tip on the cylinder, tests that will be discussed in this paper. Additional %%car

Ihe scanning electron microscope used incorporates a tests were run tor the hard-versus-hard and annealed-versus-
,lifferental pumping modification 125) that allows a signif- annealed combinations. which will not bedescribed in detail.
icant pressure clifferential to be maintained between the The results of these additional tests support the quahclati1e
(olumn and chamber o the SEM. Bv holding the chamber conclusions of this work.
at a higher than normal operating pressure [between 27 Pa
0.2 Torr) and 65 Pa (0.5 Torrm in these testsi. liquid-lubricated RESULTS-COEFFICIENT OF FRICTION

surtaces can be imaged with good resolution without allow-
ing anv significant contamination of the SEM column. Figure 2 shows plots of coefficien; of friction versus time

A low-alloy steel (AISI 4340: 0.40C, 1.80Ni. 0.80Cr. for the three wear tests. The two solid lines plotted on Fig. 2
0.25Mo) was used for both the pin and the cylinder in these (a) and (b) show the upper and lower bounds of the friction
tests. Tests were run with hardened steel (hardness: Rc 55) values.measured during the segments of each test that were
sliding against hardened steel, annealed steel (hardness: Rc run outside of the SEM. In the hard-versus-annealed test
22) sliding against annealed steel and with a hardened pin (Fig. 2 (c)), a few isolated areas on the cylinder surface had
on an annealed cylinder. The pin tips had a smooth polished a coefficient of friction which was much higher than the
surface while the surface of the cylinders was finished with range observed for the rest of the wear track. The shaded
a pattern of grooves (generated with abrasive paper) The area on Fig. 2 (c) shows the range of coefficient of triction
technique used to generate a consistent pattern of grooves values measured in these isolated areas, while the two lines
,n the oyinlder surfaces was previously described (25). bounding the non-shaded area show the range ot frt(,ioii

observed for the rest of the wear track. Figs. 2 (a)-(() also

show the range of coefficient of friction measured durmg
TEST PROCEDURE the periodic in-situ. SEM segments of the tests by the i %o

Each of the sliding tests was started with the tester mounted symbols connected by a vertical bar.

inside ,he scanning electron microscope. After a few cvl- The friction data in Fig. 2 show the same basic pattern
for all three wear tests. There is an initial period of smooth

ROTATIC sliding where the friction is relatively low and steady. ll-
, lowed by rougher sliding and an increase in coefficient of

friction. In all cases, this increase in friction at the end of
iSz'zD  the wear test occurred before and during failure of the
(surfaces The observations made during these three wear

tests and the condition of the failed surfaces will be de-

,.I scribed in the following sections.

RESULTS-HARDENED STEEL PIN VERSUS
rAC, HARDENED STEEL CYLINDER

In SEM Obsrvation of the Sliding Contact

Figure 3 shows a series of photomicrographs document-
ing the appearance of the contact throughout the wear test.

Fg. 1-S.ematic Oe  @ Po-fftn-C-Inder Wo Tet. A s In The large, center photomicrograph shows the pin-on-cylinder
tsim beniw pan A and S appifse load to the contact contact during the first revolution of the test cylinder. A
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TABLE 1-SUMMARY OF rEST CONDITIONS

HARDNESS (Rc) S SLIDING SPEED (mm/s) TEST DLRATION

P IN CYLINDER [N (lb.)l [MPa (psill IN SEM OUTSIDE SEM [REVOLUTIONSI

55 55 5.29(1.19) 183 0.014 0.834 7210
(26 900)

22 22 4.76(1.07) 115 0.014 0.111 2070
(16800)

55 22 4.80 (1.08) 222 0.014 1.66 206
1 1 ~(32 500) 11 1

. HARDENED AISI 4340 STEEL At 700 revolutions, the meniscus is in the process of being

VS. SELF replaced by a buildup of wear debris mixed with oil (third
0.7. .I e . ,SEM photomicrograph, top row). A similar appearance is seen

0.6 ... / in the increased amount of buildup at 1923 revolutions.&..mIage of V.I... O.C.Ld.

C S SM 0.14 ,/ Several areas of this buildup have the appearance of single.
a., large flakes of debris. The photomicrograph of the leading

; 8. - edge of the pin taken at 3884 revolutions shows sheet-like

S1forms plus long arms of debris extending forward from the
acontact. At this point in the sliding test (3884 revolutions).01000 2888O 2000 4808l 5000 608 7008 8080a

CYLINCER REVOLUTIONS some of the leading edge buildup was carefully sraped

b) from the pin with a fine copper wire and diluted ulth a
ANNEALED AISI 4340 STEEL clean mixture of solvent and mineral oil. A Ferrograph was

8.8 VS. SELF then used to remove the wear particles from the mixture.
a.7. , ( V0.0u1 is

)  
S .All of the particles found were flat platelets of translucent

a 8.6 - .- A" V.I... W.,., reddish-brown oxide, identical in appearance to those iden-
' @ .S - sE (0.111 -is

.4. tiffed as Fe 2Os in a wear debris reference atlas (28). While
8 0.3 a few large oxide platelets were found on the slide (as big
1 8.2 as 50 I.m across), the vast majority appeared to be evenly

81 "distributed from about 10 I.m down through the resolution

a Sod 1888 s0 :a 2sea limit of the microscope (well below I p.m). This indicates
CYLINER REVO.UI0NS that most of the complex debris shapes seen in Fig. 3 are

C) HARDENED AISI 4340 STEEL PIN not individual particles, but are agglomerates of these line

VS. ANNEALED 4340 CYLINDER platelets, which are held together by the oil filling the spaces
1. .o V.I.. .t between them.

1 (,0139,"atFigure 3 also shows that walls of debris slowly build up
Z: = v "" at the edges of the sliding track. At 700 revolutions a hand

0 .6-
0.& 1 ev. 100 Rev@. 700 Revs.

3 i c :8e M08 25a
CYL INDE.R REVOLUTIONSK 3W

Fig. 2-Coefficient of Friction versus Time 7115 Rev,. I REV. Revl.

(a) Hardo 4340 steepin verua hardened cylinder At.-

() ardned AISI 4340 atee pin versu annealed cylinder *oil mm

5234 Revs.

small meniscus of oil, which appears black in the SEM. can ______ /
be seen surrounding the contact. This meniscus built up -Qt
during the early portions of all of the sliding tests and is
supplied with oil by the initial film which is rubbed into the

3885, Reva. 3884 Revs. 3253 Revs. 2577 1.,.
grooves and scratches on the cylinder surface.

The small photomicrograph in the upper left co er shows
a view identical to the large center photo. The entire pro-
gression ofn wear can then be followed clckwise from the

upper left corner. Note that the small photomicrographs Fig. 3- M Ptam enropl of n 11 4340Steel Pin Sliding

are not all at the same magnification. For simplicity, micron on Cylinder of Sam 1m1atea. Center oshows onlargemen

bars have not been included with these photomicrographs. upper ll comer.
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ot oil is visible at the edge of the track, which, with continued RtEVOUTt4s

sliding, becomes more and more laden with wear debris. At

the point on the cylinder where the photomicrograph cor- 700

responding to 2577 revolutions was taken (seventh photo

on Fig. 3). this built up band is especially pronounced. The 1.-, 0 0,

photomicrograph at 3253 revolutions shows a different to-

cation around the circumference of the cylinder where the
bands of debris were somewhat less built up. 1290

A few words of explanation are necessary for the last

photomicrograph (7115 revolutions) in Fig. 3. At this point.
the friction was extremely high which was usually indicative 1
of surface damage due to failure of the contact in these

tests. A large buildup of debris was observed optically. How- 3253

ever. while mounting the tester in the SEM for video taping zIo
and photomicrographs, the cvlinder was accidentally turned
backwards for a verv short distance, which dislodged most -AXTA

ot the debris from the front of the pin. For this reason. the

last photomicrograph on Fig. 3 (7115 revolutionsi shows a M34

reduced amount of debris buildup. 21--------.0----

Wear Track Inspection -s

-series ot SEM photomicrographs ol the cylinder wear -'4rACE

track, relocated on the same spot each time, is shown in f 0tgCTtO* 210 .

Fig. 4. The column of photomicrographs on the left side oft

the Fig. 4 shows a low magnification view of the wear track. F'% 4 -SEN Phot ratUhs of Wear Trck on Hardened AiSI 4340
Steel Cylinder. After Sliding Against Hardened AiSI 4340 Steel

\n enlarged slice across the wear track is shown to the right Pin for Number of Revolutions Shown. Left aide-4ow magnfi-

of each of these low magnification images. Because of space cation. Right sid-'larged view of lieft si photomlcrograpi.
limitations, additional photomicrographs that showed no
significant changes in the sliding surface have not been in-
cluded. Because the wear track could not be identified early '

" 
'" -

in the test. th'e photomicrographs for 2 and 100 revolutions

have also been omitted.

Figure 4 shows a gradual smoothing of the cylinder sur-
lace. Slight grooving in the direction of sliding is also visible.

Close examination of the wear track revealed that the I A

moothing that was occurring was basically the result of
attrition, i.e. removal of metal rather than redistribution Fig. 5-$EM Phiotonscrograph of W--r Track for Hardened AlSi 4340
through deformation. -wo enlarged photomicrographs of' Stel versus Self. (a) 7W revolutions; (b) 2577 revoutions. Arrow
the relocation area taken at 700 and 2577 revolutions (Fig. 5 shows countoce sliding direction. (Magnification l(OOx).

(a) and (b)] show that while some extrusion of metal is filling
in a large scratch, most of the grooves and scratches are Surace Topography Measurements
being smoothed out by abrasion of the surface (i.e. the sur-
face is being worn down to the bottom of the grooves). The Figure 7 shows a series of surface profiles of the test

photomicrographs show that most of the original grooves cylinder, taken circumferentially (i.e. along the wear track).

had disappeared by the time the wear test had run for 3253 The measured average roughness (R., 0.25 mm cut-off)

revolutions. At 5234 revolutions, the surface was still quite and skewness (R,*) are also shown adjacent to the profiles.

smooth, but a continued abrasive action was causing more These profiles show the gradual smoothing of the wear track

new grooves to form along the wear track also. from 2 through 3884 cylinder revolutions and the tailed

The bottom photomicrographs on Fig. 4 show the ap- surface at 7210 revolutions. Although the average rough-

pearance of the wear track after the suddenjump in friction ness of the last profile is among the lowest measured

at the ead of the test. A central band of damage is visible throughout the test at this location, the predominance of

which is the result of localized plowing. This damaged band peaks in the profile. due to isolated areas of raised material.

was not continuous. Figure 6 shows an isolated plowing con- indicates that some surface damage has occurred.

tact some distance upstream from the relocation area where
the damage is restricted to a small area. The region sur-
rounding this small gouge appears to be undamaged. Con- RESULTS-ANNEALED STEEL VERSUS ANNEALED

tinued sliding for 95 more cylinder revolutions resulted in STEEL
enlargement of some of these gouges as well as the for-

mation of new damaged areas. The results of this wear test have been described in detail
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Fig- 6--SEM Photonirgah(Lf Skde-200x: Right Sld..-1OO0x En- ftg 81-SEN Photornicrograph of Wow' Track on Annae AI 1440 Cyi-
largemnent of Boxed Are*) of Wew Track on Hardened AiSI 4340 inder After 90 Revolutions Against aHardene Pin. Arrow shows
Steel Cylinder After 7115 Revolutions. Arrow show seliding di- countertece eliding direction. (Magnificetion.-OO0x).
rection of hardened stee counterfece.

SURFRE PROILESSURFRCE PROFILES

CYLINDER T

CYIDRR,,(jm), R,,k REVOLUTIONS j2 ~. 400 NMA a(i) R,

0 201, -0.3

2 .180, -0.7 2 pr1 .088, -1.9

1015-0790 ,...058, -1.0

700 .182, -0.9 26.5,-.

1290 085,-0.4Fig. 9.-Surace Profilee. Averege Roughnese (R.) and Skewness (R..,)

1923 .061, -1.5 of Cylinder Wee Track at Various Stage" During Long Termn Wear
Test of Hardened AISI 4340 Steel Pin versus Annealed AiSi 4340

2577 066,-0.6Steel cylinder.

3253 ,. .077, -0.9

3884 . .042, -0.3

5234__.055,__-2.7 ing. including the formation of a cutting chip at the kxidiugi.
5234 F' .55, 2.7edge of the contact. The sequence of events in this test aind

7210 -.--------- '~-'.051, 40.5 the wear process during failure were very similar to the test
of a hardened pin versus annealed cylinder which %%ll he
described in more detail in the next paragraphs.

ftg 7-Surface Profiles, Average Roughness (R.) end Skewness (R..)
of Cylinder Weow Track at Various Stages During Long Term Weow
Test of Hardened AlSI 434 Steal Pin versus Annealed AISt 4M~ RESULTS-HARDENED STEEL PIN VERSUS
Steel Cylinder. Bottomn profile shows damnaged area on surface.

ANNEALED STEEL CYLINDER

The friction versus time plot for this test, shown in Fitz. 2.

once again indicates that the friction became higher anid
in a previous paper (26) and are included here primarily more erratic as the sliding test progressed. The surtaue ,,l

as a basis for comparison with other tests. The continued the cylinder was becoming smoother as shown in ihe plto-
sliding passes of the pin caused a plastic smearing of metal tomicrograph in Fig. 8, taken at 90 revolutions. Plastic llow
to slowly fill in the original surface finishing grooves on the of metal can be seen which is contributing to the smoothiing
cylinder. It was speculated that the smoothing resulted in of the wear track. The surface profiles in Fig. 9 also shiow
a loss of lubricant retention capability in the surface, which the rapid smoothing of the surface during the first 90l pa~sses
eventualy resulted in failure due to lack of lubrication at of the hardened steel pin.
a pproximately 2060 revolutions. The failed surface. de- This test suddenly failed at 206 cylinder rev~olutionis.
scribed in detail in (26). showed excessive cutting and plow- Figure 10 shows the observed result: the formationt ol it



(a) (b)

Fig. 13-Typical Appearance of the Weer Track on the Hardened AISI
4340 Stee Surface Showing Breakdown at thea Grain Bounds-
riea. Specimen surface haa been metaliographicaliy polished
and etched. (Magnificationa: (a) = 650x. (b) = 2400x1.

Pfq lo-SEM Photomnicrograpns (Lett Side-f Ods: Right Side-swds En-
argement of Boxed Area) of Cutting Chip Formation at Leading te m tiure-li e iil i't liiiil ., IThe a.iieaicd If

Edge of Pin-on-Cylinder Contact. Materials: Hardened AISt 434 it-iit-ul in Th har 5 hirt t t''t I" iishttl ithi ti
steel pirn versus annealed AiSI 4340 steel cylinder.

Ih is (-_ role Il t %,as I IInrtl T ('11 ri iti!d. Phus. %, tirtl 1,i

iilistiirtit I t a 'li i(t st t 1 lie . 1il.l AFIt IF Tt rii

portion ,i )I o I 'lil. I nils vt% sel l fit iii , 1hilt h I sIc Citi

t'\at1114i at t, it ti atin rai sdi un illis indTe p(i(

\lthiiiLt h ttIIF t he hardened .trld rhft- aninealeut \ I's I P

~Ie e I( I ir i ofe rs ape a r i oii i d e r4oI t- tti rrna t i on Ir !i,
la (b) rrack. the t tpe fi iletiirnatiin IN dlisliras (fit fereni. F Ilt cat

Fig 1 1 -SEM Pltotomicrograpris of Failed. Annealed AiSl 4340 Steel Cyi- shows ulectris rilricrographs, it fite ortdlition it Theiisi
rider After 206 Passes of Hardened Pin. Arrows show counter- trac k fii Thle hardlenedl steel sitrtat e I he ot% erail fill r- tI if -1

face sliding direction. (Magnifications: Tat 400x. (b) 100l -he I(.lure is fine- grainedl. Tempered nirh-erisite. Ih roo% cs %% it nun!l

the ss ear Track are SurTroundeti hs '(ids indicating rai
btliundarv failure. There is, ers little deformatioui n ihji

he grains themnselves. Fssentials. the shape ol a (.r% tnai tid

its neighhoring Lrsals ioticides exi ep( for the slit .int'.

AiirltI the Lgrains 'ImI itt the smualler grains iast- iCT'l

remitt0ed arid The remaningi %til gzerinletri, is similar T'Ii lii

,t the- n'pital ltrsstalline strun nllT' (in fie area ouiiclt

he wetar track there is tn space itetti the gzraims Iii~

taung (flat the mfetalliugraphic piisitgil,,(id riot ~rltti
4raitthiiutttari. illiltiontin tilear track It appear, it i
ilu-ritug thle sliding priiiess thie 4raiii boundaries art %'sii-

etting and smialler grants are hungt rvrmuseil. ptissihk s
grainis rill tiigether due tii elastic dleformation iinidir 1 tail

Fig. 12-SEM Photomicrograph of lip of Hardened AISI 4340 Steel Pin hera o tesfertelhw 4rsduimtm

After 206 Cylinder Revolutions. Arrow shows sliding direction throughout I Fig. 14). It IS (dil fuit lt ti identitv anm, iriti ii

of annealed steel countertaco. iMagnificatlon = 400x1. gramns in Fig I IV Areas oiutside fit the isihif track %, liii h tail
been inetaltiraphicallv potlished sho%,i tii deformatiitn itid

i ttrtt-g ri 'iv at);iaratrit e I the failed %tear r atk is Ilno metal smearing. Hence, mus t i ite isear trac k Itas ti-it

r~ioif t I 1- t'-, tidI fi irresponinilit photiiti rtigraiph ,t plasticall tdefortmetd. with mt-tal tineirin, as the jiretliiti

'tie rip tr 'h' Titiritened steel slither is shiiwntft lity (2 ANs nant ideformatiiii itiechantsin.

ir'fitls. s r''11 , i ii annealed stel slidler i'tji i tr-

ltSit tit rghi- isi-r trmitk h% individual higllh teatures' DISCUSSION
Id .etlierr't :iarTTu If",s oh 'Atar debris itt fte pin lip. I fit-
- r ittritimis I11 Til isThe mranife-station i)t this I liltingT Ii timn Fhese experiments were run uider %erN sesere hii

hteni the e;i.' tifltlt liiitIrs it the leatditng edge it the I onthitis. ['lie high (ontact stresses itnd lo w slitlig spcells

1111precludetd the veneration iii Iluid Iln et tctEs S fi 111 1i it(-

lubricant must 11a1e prtutetrted The silrtaes on a mtl(- filir

METALLURGICAL EXAMINATION OF W~EAR TRACKS Its ci l ii5us sti ppl oif oiil ito anidt t-tetltimn tol oil w ithini Thei
Iionta( t hecorrie essential tat toirs I lie ti-sitia IiF\1 ,h't- r-

\tter 'hi- 's-ar lTesits, a poirtioin iii The hailetd wear irai( k )ii %tions nade in these studies has e shown that the gzri iss
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Hokkirigawa and Li (15). visually confirmed the hardness
effect as well as adding valuable quantitative informaton
on the relationship between groove volume and the actual
volume of material removed b% wear. The present luhr-

cated studies show the same eftfects during failure of a mar-
- ginallv lubricated contact.

The loss of lubricant retaining grooves, which is a key

a) (b) element of' this discussion. appears to be the result of two

Fig. 14-Typical Appearance of the Wear Track on the Annealed AISI processes in the steels of' different hardnesses. For the an-

4340 Steel Surtata Showing Gross Deformations. Specimen sur- nealed steel cylinder with an annealed steel pin, the groo% es
face has been matallographically polished and etched. (Mag- are slowly covered over by plastically smeared metal For
nificstions: (a) = 170x. (b) = 1700xl. the annealed steel cylinder with a hardened steel pin the

onl the Surface of the test cylinder act as reservoirs to hold process is essentially the same. but the progression to failure

,n the siurt e t e y5)nderwatis quieer ince hod occurs much more quickly. For the hardened steel conibi-
til. Fi,,ure Ip) in Ret. 25) shows this quite clearly Since nation. plastic flow is minimized and the higher features on

here iOs no replenishment of lubricant n these tests. any the cylinder are worn down by a process that apparently

hiss oft lublricant retaining grooves may be detrimental to involves abrasion. Thus, the surface wears down to the bt-

ihe sidjni behavior The severe sliding conditions and poor tom of the grooves.

ibricaton should act to accelerate etfects that could also The differing character between the annealed steel and

-)(cur in a normal. %%ell-lubricated contact, the hardened steel is predicted by elasticiplastic contai pa-

\ possible W(euence ot events in these experiments. based rameters. such as the plasticit% index (T). The plasm' it.

,Q) tile olserv nitiins nde, is that the run-in phase involses index, first introduced by Greenwood and Williamson t '41

.1 pruigressise (hangye n surface topography from a surface and modified by Hirst and Hollander (35) predicts the de-

onsistitnr oft reiatiel raudoa hills arid %alles to a surface gree of plastic deformation that will occur when rough stir-
onsisting of smooth. flat lands interrupted by scratches and faces are loaded in contact. ft is given by

4roo'es. [*his run-in is accompanied by a build-up of hne

wear debris interspersed with oil around the pin-on-cvlinder ER

contact. A.s sliding progresses, the processes initiated during 'T = 0.6

the rut-in phase continue and result in a loss of lubricant

reaching the contact, because the oil-retaining reservoirs are where

* being eliminated and the remaining oil is being tied up in

debris,oi agglomerates. These clumps of debris/oil build up E' = reduced elastic modulus for the

at the leading edge of the pin and eventually are deposited contacting materials, i.e. I/E' = IEI - I F-

in the c'linder alongside the wear track, either as separate H = penetration hardness of softer material

clumps or as (ontinuous walls on either side of the track

see Fi 3u) Other investigators have suggested that debris Rq = RMS average roughness

ollects i1 the stratches and grooves within a wear track wcrel ength a surface

/1). i29). but this has not been observed in the current "wavelength" parameter

studies. The values of 'T, R., Rq and 13* for the series of surface

[he loss of the protective lubricant barrier between the profiles in Fig. 7 and 9. plus values previously calculated

metal surfaces ma'. result in localized adhesion of the sur- (26) for the annealed versus annealed combination are shot n

faces and the formation of relativelv large wear particles, in Table 2.

[he wear then perpetuates itself to catastrophic failure be- A plasticity index value greater than the threshold value

(ause trapped w.ear particles cause an acceleration of the of III = predicts a significant number of plastic asperity

dfamage. [he failure involves adhesion plus significant contacts. Thus, significant plastic flow upon contact is pre-

plowing and penetration, i.e. abrasive processes. Bates et al dicted for the first three profile measurements for (he an-

(9) have (oined the term "penetrative wear" for processes nealed steel couple and the first measurement for the hard-

such as this in which both adhesion and abrasion play a role on-annealed combination. Table 2 shows that no plastic flow

in the wear process. is predicted for the hard-on-hard combination, thus avree-

The effect of steel hardness on abrasion resistance has

been studied for a number of years. Often quoted is the Ing with the behavior that was actually observed in these
tests.

fundamental work of Kruschov (30) and Rabinowicz (31).

which showed that for any given metal, the abrasive wear

resistance improves as the metal hardness is increased. Kra- CONCLUSIONS

gelski 132) has also discussed this in detail. Murray et al (33)
attempted to better quantify the relationship between hard- in B peroring ee-on-se ig expein in-situia scanning electron microscope with a thin film 4)1 by-Leness. attack angle (related to penetration) and abrasive wear

ns.atcanl(rltdtpetrtonadarsvwer drocarbon oil lubricating the sliding surf-aces, the following
resistance, and showed that a transition from plowing to observations were made:

cutting occurs if the metal hardness is reduced. Unlubn-

cated in-situ SEM scratch tests. by Kavaba et al (14) and 1. After repeated sliding passes, the surfaces fail due to
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TABLE 2-SL RFACE TOPOGRAPHY PARAMETERS

HARDENED STEEL PIN SLIDING ON HARDENED STEEL CYLINDER

CNtLINDER

REV OLL TIONS R. (gm) R, (Lm( [ (m1) 111

0 0.201 0.249 9.12 0.628
2 0.180 0.229 7.48 0.703

100 0.175 0.216 10.70 0.465
700 0.182 0.228 11.18 0.468

1290 0.085 0.107 15.95 0.154
1923 0.061 0.087 10.60 0.188
2577 0.066 0.089 13.82 0.148
3253 0.077 0.067 19.11 0.081
3884 0.042 0.060 18.92 0.073
5243 0.055 0.069 25.16 0.063
7210 0.051 0.036 73.55 0.01

ANNEALED STEEL PIN SLIDING ON ANNEALED STEEL CYLINDER

CYLINDER

REVOLUTIONS R. (s.m) R, (pmI [ (fLm) '4

0 0.329 0.425 8.87 1 33
2 0,296 0.365 5.39 I 89

36 0.259 0.334 7.37 1.27
150 0.091 0.163 12.00 0.38
443 0.069 0.131 11.17 0.33
618 0.059 0.084 14.07 0.17

1303 0.045 0.088 11.34 0.22
1783 0.039 0.049 23.42 0.06
2070 0.139 0.191 26.38 0.20

HARDENED STEEL PIN SLIDING ON ANNEALED STEEL CYLINDER

CYLINDER

REVOLUTIONS R. (;Lm) R. (ir1 (ILm) '

0 0.231 0.287 9.11 1.735
2 0.088 0.126 10.09 0.687
90 0.058 0.074 31.89 0.128

206 0.055 0.072 28.61 0.119

lack of lubrication. It is believed that oil is prevented Army Research Office Contract DAAL-03-86-K-0076. Also

from reaching the contact because smoothing of the acknowledged is the surface topography equipment pro-
surfaces results in a loss of essential lubricant reser- vided by the National Science Foundation under Grant ,MSM-
voirs. Additionally. oil is lost from the contact as it is 8505954.

tied up in wear debris/oil agglomerates.
2. The surface smoothing that takes place involves plastic REFERENCES
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