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

W. Holzhauer* (STLE) and S. J. Calabrese (STLE)
Rensseiaer Polytechnic Institute
Troy, New York 12180-3590

A pin-on-cviinder test apparatus was used to perform low speed,
steel-on-steel sliding expeniments in-situ in a scanmang electron m-
croscope (SEM). Through modifications to the SEM. these exper-
uments could be run uath a thin flm of hvdrocarbon ol applied to
the sliding surface. Studies have been performed using AISI 4340)
steel. both annealed and through hardened. for the pin and cxlinder
in combinations of soft (annealed)-versus-soft, hard-versus-soft and
hard-versus-hard.

All three matenal combinations show a progressive smoothing in
the wear track as the number of sliding passes increases. plus ag-
glomeravon of wear debris interspersed with oil around the contact.
Both of these effects lead to failure of the contacts due to insufficient
lubrication. The combinations involving annealed steel fail catas-
trophically by an apparent third body abrasive mechanism while
the farlure of the hard versus hard combination involves intermittent
plowing, resulting in more localized damage.

INTRODUCTION

Manv advances have been made in the understanding of
boundarv lubricated wear processes since the original def-
inition of this lubrication regime was proposed by Hardy
(1), (2). But. as many reviews of boundary lubrication point
out (3), (4), (5), there is still much to be learned about the
operative wear mechanisms and the variables that influence
whether a lubricated contact will slide successfullv. Among
the less understood factors that influence the sliding be-
havior of boundary lubricated contacts are the surface to-
pography of the sliding components and the role of the
wear debris that is generated by the sliding action.

One approach to gaining further information about wear
mechanisms is to perform sliding experiments in-situ in a
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scanning electron microscope (SEM), thus observing detor-
mation and wear processes in real time. A number ot n-
situ SEM wear studies have been performed (6)—(24). These
were all basicailv uniubricated experiments that invoived
relatively gross deformatuons. which were observable over
a short period of time. Manv ot these studies (6)—(/¥) i1
volved a hard (e.g. diamond or tungsten carbide) slider on
a metal. resulting in abrasion-dominated wear processes.
Several (/9)-(24) involved unlubricated metal sliding on
metal, placing additional emphasis on the role of adhesion
in the wear process.

Recently, a simple modification to a scanning electron
microscope has allowed in-situ sliding experiments to be
performed with a thin film of hydrocarbon oil lubricaung
the surfaces (25)-(27). These experiments have been aimed
at investigating the operative wear mechanisms for steel
sliding on steel with a simple lubricant that contams no
surface active additives. The resuits to date, using a rela-
tively soft steel. have supported the conclusion that surtace
finishing grooves and scratches act as essential lubricant
reservoirs for an otherwise marginallv lubricated contact.
Wear debris agglomerations have aiso been hyvpothesized
(26), (27) 1o have a detrimenual effect as the capillarity o«
the small voids between agglomerated wear particles acts o
trap lubricant and thus, draw it awav from the sliding con-
tact.

This paper describes further work with AISI 4240 steel
sliding against itself in lubricated long-term experiments
that were continuously observed during run-in. through
normal sliding and in the process of failure. Failure was
defined as the point at which macroscopic surface damage
was observed. The differences in wear processes before and
during failure are discussed for hardened and relativelv sott

“versions of this steel.

EXPERIMENTAL APPARATUS AND PROCEDURE

A small pin-on-cylinder wear test apparatus, which has
been described previously (25), (26), was used to run the
multipass sliding tests. The wear tester was designed as
self-contained unit that could be mounted inside the scan-
ning electron microscope for running in-situ wear experi-
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ments. I'he wear test apparatus could also be mounted in
an auxiliarv motorized base and run outside of the SEM.
The practical benefit of this is that segments ot the shding
tests could be run outside ot the SEM at increased sliding
speed. allowing each complete wear test to be hnished in a
reasonable amount of time.

A schemauc diagram ot the wear tester is shown in Fig. 1.
Small ball bearings lubricated with a small amount ot vac-
uum ol support each end of the 31.8 mm-diameter rotating
cvlinder. A hinge-mounted. strain-gaged beam with flex-
ures for both load and friction measurement loads the pin
against the cviinder by means of an adjustable spring. The
spring, which is not shown in Fig. 1, applies tension between
points A and B. The pin is a 3.175 mm diameter rod with
a conical tip (40 degree semi-apex angle). The end of the
conical up 1s machined and polished leaving a Hat contact
area that ranged trom . |6mm (0.0065 in) to 0.23 mm (0.009
iy 1in diameter in these tests. The test apparatus has ad-
justments tor alignment of the pin tip on the cvlinder.

T'he scanning electron microscope used incorporates a
differenual pumping modificauon 253 that allows a signif-
want pressure ditferential to be maintained between the
column and chamber ot the SEM. Bv holding the chamber
at a higher than normal operating pressure {between 27 Pa
0.2 Torr and 65 Pa (0.5 Torr} in these tests]. liquid-lubricated
surtaces can be imaged with good resolution without allow-
ing anv sigmificant contamination ot the SEM column.

A low-allov steel (AISI 4340: 0.40C, 1.30Ni. 0.80Cr,
0.25Mo) was used for both the pin and the cvilinder in these
tests. Tests were run with hardened steel (hardness: Rc 55)
sliding against hardened steel. annealed steel (hardness: Rc
22) sliding against annealed steel and with a hardened pin
on an annealed cvlinder. The pin tips had a smooth polished
surface while the surface of the cvlinders was finished with
a pattern of grooves (generated with abrasive paper) The
technique used to generate a consistent pattern of grooves
on the cvlinder surfaces was previouslv described (25).

TEST PROCEDURE

Each ot the shiding tests was started with the tester mounted
inside the scanning electron microscope. After a tew cvi-

ROTATING
CYLIKDER

stipex

Fig. 1—Schematic Diagram of Pin-on-Cylinder Wear Tester. A spring in
tension between points A and B applies load to the contact.

inder revolutions, the tester was then removed from the
SEM and run at higher sliding speed outside of the SEM.
Perisdically. the weur test was interrupted for additional in-
situ SEM viewing as well as other measurements. Because
of the self-contained nature of the test apparatus. none ot
these interruptions to move the test into or out of the SEM
required any disassembly or realignment of the test com-
ponents.

In all cases. the cylinder was lubricated once before each
wear test bv rubbing a thin film of molecularlv distilled
hydrocarbon oil (intended for vacuum applications) onto
the sliding surface. This lubiicant film, which was deter-
mined to be well under | um in average thickness. was not
replenished during the tests. The oil did not contain anv
surface active additives other than those which mav have
been formed as a resuit of oxidation or reaction ot the ol
during the tests.

Table 1 summarizes the experimenual conditions tor the
tests that will be discussed in this paper. Additional wear
tests were run for the hard-versus-hard and annealted-versus-
annealed combinations. which will not be described 1n detail.
The results ot these additional tests support the qualitative
conclusions ot this work.

RESULTS-COEFFICIENT OF FRICTION

Figure 2 shows plots of coetficient of friction versus ume
for the three wear tests. The two solid lines plotted on Fig. 2
(a) and (b) show the upper and lower bounds of the tricuon
values,measured during the segments of each test that were
run outside of the SEM. In the hard-versus-annealed test
(Fig. 2 (), a few isolated areas on the cylinder surtace had
a coefficient of friction which was much higher than the
range observed for the rest of the wear track. The shaded
area on Fig. 2 (c) shows the range of coefficient ot tricuon
values measured in these isolated areas, while the two lines
bounding the non-shaded area show the range ot triction
observed tor the rest of the wear track. Figs. 2 (a)=(c} also
show the runge of coefficient of friction measured during
the periodic in-situ, SEM segments of the tests bv the two
svmbols connected by a vertical bar.

The friction data in Fig. 2 show the same basic pauern
for all three wear tests. There is an initial period of smooth
sliding where the friction is relatively low and steadv. tol-
lowed by rougher sliding and an increase in coetticient ot
friction. In all cases, this increase in friction at the end ot
the wear test occurred before and during failure ot the
surfaces. The observations made during these three wear
tests and the condition of the failed surfaces will be de-
scribed in the following sections.

RESULTS—HARDENED STEEL PIN VERSUS
HARDENED STEEL CYLINDER

in SEM Observation of the Sliding Contact

Figure 3 shows a series of photomicrographs document-
ing the appearance of the contact throughout the wear test.
The large, center photomicrograph shows the pin-on-cviinder
contact during the first revolution of the test cylinder. A
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TABLE | —SUMMARY OF TEST CONDITIONS

HARDNESS (R Loap P/A STREss SLIDING SPEED (mums) TEST DURATION
PiN CYLINDER [N (b)) [MPa (ps1)} In SEM OuTsipe SEM [REVOLLTIONS|
55 35 5.29 (1.19) 183 0.014 0.834 7210
(26 900)
22 22 14.76 (1.O7) 115 0.014 0.111 2070
(16 800)
35 2 4.80 (1.08) 222 0.014 1.u6 206
(32 500)
s} HARDENED AIS| 4340 STEEL At 700 revolutions, the meniscus is in the process ot being
VS. SELF replaced by a buildup of wear debris mixed with oil (third
::: T vense ot veives ta sov ] photomicrograp_h. top row). A similar appearance is seen
B 0.6] _ et vt v oucerde ] in the increased amount of buildup at 1923 revolutions.
D 0.5] T s O.8% me : Several areas of this buildup have the appearance of single.
S el . 7 large Hakes ot debris. The photomicrograph of the ieading
3 :j; 1! LI U j edge ol the pin taken at 3884 revolutions shows sheet-like
8 014 ] forms plus long arms of debris extending forward from the
2 ‘ contact. At this point in the sliding test (3884 revolutions).
9 1203 2008 23000 4202 SC2Q 620Q 7¢9d 89B2 . - .
CYLINGER REVOLUTIONS some of the leading edge buildup was carefully scraped
b) from the pin with a fine copper wire and diluted with a

ANNEALED AISI 4340 STEEL
VS. SELF
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Fig. 2—Coatficient of Friction versus Time
(a) Hardened AIS! 4340 steel pin versus hardened cylinder
{b) Annesied AISI 4340 steel pin versus annesied cylinder
(c) Hardened AiS] 4340 steel pin versus annealed cylinder

small meniscus of oil. which appears black in the SEM. can
be seen surrounding the eonract. This meniscus built up
durning the eariv portions of all of the sliding tests and is
supplied with oil by the initial film which is rubbed into the
grooves and scratches on the cylinder surface.

The small photomicrograph in the upper left corner shows
a view identical to the large center photo. The entire pro-
gression of wear can then be followed clockwise from the
upper lett corner. Note that the small photomicrographs
are not all at the same magnification. For simplicity, micron
hars have not been included with these photomicrographs.

clean mixture of solvent and mineral oil. A Ferrograph was
then used to remove the wear particles from the mixwure.
All of the particles found were flat platelets of transiucent
reddish-brown oxide. identical in appearance to those iden-
tified as Fe,O4 in a wear debris reference atlas (28). While
a few large oxide platelets were found on the slide fas big
as 50 wm across), the vast majority appeared to be evenly
distributed from about 10 pum down through the resolution
limit of the microscope (well below | pm). This indicates
that most of the complex debris shapes seen in Fig. 3 ure
not individual particles, but are agglomerates of these tine
platelets, which are held together by the oil filling the spaces
between them.

Figure 3 also shows that walls of debris slowlv build up
at the edges of the sliding track. At 700 revolutions a band

100 Revs. 700 Revs, ™o k..

Fig. 3—SEM Photomicrographs of Hardened AlS| 4340 Steel Pin Siiding
on Cytinder of Same Material. Center photo shows eniargement
of photo in upper ieft corner. Progression of wear clockwise from
upper left comer.
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ot oil is visible at the edge ot the track. which, with continued
sliding, becomes more and more laden with wear debris. At
the point on the cviinder where the photomicrograph cor-
responding to 2277 revolutions was taken (seventh photo
on Fig. 3), this built up band is especially pronounced. The
photomicrograph at 3253 revolutions shows a different lo-
cation around the circumterence of the cvlinder where the
bands ot debris were somewhat less built up.

A ftew words ot explanauon are necessarv for the last
photomicrograph (7115 revolutions) in Fig. 3. At this point,
the friction was extremelv high which was usuallv indicative
ot surtace damage due to failure ot the contact in these
tests. A large buildup ot debris was observed opticatlv. How-
ever. while mounting the tester in the SEM for video taping
and photomicrographs. the cvlinder was accidentally turned
backwards tor a verv short distance. which dislodged most
ot the debris trom the tront ot the pin. For this reason. the
last photomicrograph on Fig. 3 (7115 revolutions) shows a
reduced amount of debris buildup.

Wear Track Inspection

\ sertes ot SEM photomicrographs ot the cvliinder wear
track. relocated on the same spot each time, is shown in
Fig. 4. The column ot photomicrographs on the left side of
the Fig. 4 shows a low magnification view of the wear track.
An enlarged slice across the wear track is shown to the right
ot each ot these low magniﬁcauoh images. Because of space
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. the photomicrographs for 2 and 100 revolutions
have also been omitted.

Figure 4 shows a gradual smoothing of the cylinder sur-
tace. Slight grooving in the direction ot sliding is also visible.
(lose examination of the wear track revealed that the
smoothing that was occurring was basicallv the result of
awnuon, 1.¢. removal of metal rather than redistribution
through detormauon. Two enlarged photomicrographs ot
the relocation area taken at 700 and 2577 revolutions (Fig. 5
(a) and (b)] show that while some extrusion of metal is flling
in a large scratch, most of the grooves and scratches are
being smoothed out by abrasion of the surface (i.e. the sur-
tace is being worn down to the bottom of the grooves). The
photomicrographs show that most of the original grooves
had disappeared by the time the wear test had run for 3253
revolutiorss. At 5234 revolutions. the surface was still quite
smooth. but a continued abrasive action was causing more
new grooves to form along the wear track also.

The bottom photomicrographs on Fig. 4 show the ap-
pearance of the wear track after the sudden jump in friction
at the ead of the test. A central band of damage is visible
which is the result of localized plowing. This damaged band
was not continuous. Figure 6 shows an isolated plowing con-
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-
tinued sliding for 95 more cviinder revolutions resulted in
enlargement of some of these gouges as well as the for-
mation of new damaged areas.

3253

TS
“AILURE)
COVNTFRFACE
SLINDING
DIRECTION

219 D il

Fig. 4—SEM Photomicrographs of Wear Track on Hardened AIS! 4340
Steel Cylinder, After Sliding Against Hardened AIS! 4340 Steel
Pin for Number of Revoiutions Shown. Left side—iow magnifi-
cation. Right side—eniarged view of lsft side photomicrogrsph.

~ R L O, ‘ N i

Fig. 5—SEM Photomicrographs of Weer Track for Hardened AIS! 4340
Steel versus Self. (a) 700 revoiutions; (b) 2577 revolutions. Arrow
shows countertace siiding direction. (Magnification 1000x).

Surface Topography Measurements

Figure 7 shows a series of surface profiles of the test
cylinder, taken circumferentially (i.e. along the wear track).
The measured average roughness (R, 0.25 mm cut-otf)
and skewness (Rq4) are also shown adjacent to the protiles.
These profiles show the gradual smoothing of the wear track
from 2 through 3884 cylinder revolutions and the tailed
surface at 7210 revolutions. Although the average rough-
ness of the last profile is among the lowest measured
throughout the test at this location, the predominance of
peaks in the profile, due to'isolated areas of raised material,
indicates that some surface damage has occurred.

RESULTS—ANNEALED STEEL VERSUS ANNEALED
STEEL

The results of this wear test have been described in detail
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largement of Boxed Area) of Wear Track on Hardened AIS! 4340
Steel Cylinder After 7115 Revoluti Arrow sh siiding di-

rection of hardened steei counterface.

SURFACE PROFILES

R (um), R

| RevaLuTIONS 400 um 4

CYLINDER —
2 um

] 0 WMJWM 201, -0.3 A
2 WWWMW .180, -0.7
1 10 mfrmmwmw 175, -0.7 4
700 WWW .182, -0.9

{ 1290 TN Arbe 085, 0.6
4 1923 P Ty ® 061, -1.5 1
4 2577 [t Yy~ 066, -0.6
4 3253 L oathiaass e AA Reaad ol .077, -0.9 1
1 3884 A e — 042, -0.3 ]
1 5234 PP L055, -2.7 ]
1 720 —e— s~ 051, 40,5

Fig. 7—Surtace Profiles, Average Roughness (R.) and Skewness (Rw)
of Cylinder Weer Track at Various Stages During Long Term Wear
Test ot Hardened AlIS| 4340 Steel Pin versus Annealed AIS| 4340
Steel Cyiinder. Bottom profile shows damaged area on surface.

in a previous paper (26) and are included here primarily .

as a basis for comparison with other tests. The continued
sliding passes of the pin caused a plastic smearing of metal
to slowly fll in the original surface finishing grooves on the
cylinder. [t was speculated that the smoothing resulted in
a loss of lubricant retention capability in the surface. which
eventuallv resulted in failure due to lack of lubrication at
approximately 2060 revolutions. The failed surface. de-
scribed in detail in (26), showed excessive cutting and plow-

Flg. 8—SEM Photomicrograph of Wear Track on Annealed AIS! 4340 Cy!-
inder After 90 Revoiutions Against Hardened Pin. Arrow shows
counterface siiding direction. (Magnification—1000x).

SURFRCE PROFILES

| REVOLUTIONS

{ ° NWWW 3 b

CYLINDER
I e

i 90 ey pm————— 058, -1.0 ]

206 bty 055 =03

™ Y ™ T Y T T T T T

Fig. 9—Surtace Profiles, Average Roughness (R.) and Skewness (R.)
of Cyiinder Weer Track at Various Stages During Long Term Wear
Test of Hardened AIS| 4340 Steel Pin versus Anneaied AIS| 4340
Steel Cylinder.

ing, including the formation of a cutting chip at the leading
edge of the contact. The sequence of events in this test and
the wear process during failure were very similar to the test
of a hardened pin versus annealed cylinder which wiil be
described in more detail in the next paragraphs.

RESULTS—HARDENED STEEL PIN VERSUS
ANNEALED STEEL CYLINDER

The friction versus time plot for this test, shown in Fig. 2,
once again indicates that the friction became higher and
more erratic as the sliding test progressed. The surtace of
the cylinder was becoming smoother as shown in the pha-
tomicrograph in Fig. 8, taken at 90 revolutions. Plastic How
of metal can be seen which is contributing to the smoothing
of the wear track. The surface profiles in Fig. Y also show
the rapid smoothing ot the surtace during the first Y0 passes
of the hardened steel pin.

This test suddenly failed at 206 cylinder revolutions.
Figure 10 shows the observed result: the formauon ot a
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9.2 mm e

Fig. 10—SEM Photomicrographs (Left Side—100x: Right Side—500x En-
‘argement ot Boxed Area) of Cutting Chip Formation at Leading
Edge ot Pin-on-Cylinder Contact. Matenats: Hardened AlIS] 4340
steel pin versus anneaied AISI 4340 steel cylinder.

Fig 11.—SEM PFotomicrographs of Failed. Anneated AiSI 4340 Steei Cyl-
inder After 206 Passes of Hardened Pin. Arrows show counter-
tace sliding direction. [Magnitications: (a) = 400x. (b) = 1000x].

Fig. 12—SEM Photomicrograph of Tip of Hardened AIS| 4340 Steel Pin
After 206 Cylinder Revolutions. Arrow shows silding dlrection
of anneaied steel countertace. {Magnitication = 400x).

athing onip he appearance ot the failed wear track s

“hown e bz 5D and a corresponding photomcrograph ot
“he tp or the hardened steel shider s shown i Fig 12 A
previonsts otsersed with an annealed steel siider 12243, tar-
tows are cut alonyg the wear track by individual high teatures
ind adhered narncles ot wear debris on the pin np. The
Sontinuous chin s the manitestanon ot this cutuing action
when the penerraton occurs at the leading edge ot the

Contgot

METALLURGICAL EXAMINATION OF WEAR TRACKS

\trer the wear tests, g portion o the tatded wear track on

(a) (b) "

Fig. 13—Typicai Appearance of the Wear Track on the Hardened AIS|
4340 Steei Surtace Showing Breakdown at the Grain Bounda-
res. Specimen surtace has been metailographicaily polished
and etched. [Magnifications: (a) = 650x. (b) = 2400x].

the crcumterence of the avhmder tor the anneated o~ e
nealed and the ftard s huard test sas poished by metanto-
Jraphie rechmques unnl the wear frack ina smadi pare ot
this segment was compietels temoved. Thus, when cwn
avhinder was rotated through o smatl dare torimspecton - be
portion ot the 1rack between the poished drea ana e
indisturbed darea showed the appearance of the wear raos
(@ vanious depths This potshed area was tnen ightis eooen
dasing a4 2 percent preral soluton. and the speamen s
examied i the scannimy eleciron microscope

vthouvh borh the hardened and rthe annealed VIS 300
steel ovhinders appear to undergo detormanon n e wear
track. the tvpe ot detormanon s disunctiy ditferent. bagie 18
shows electron micrographs ot the condiion ot the wear
track i the hardened steel surtace The overall microstrne-
wure 1s ine gramed. tempered martensite. The grooves s
the wear track are surrounded by voids indicatng sram
boundaryv tatlure. There 15 veryv httle detormation wirthin
the grains themselves. Essenuailv. the shape of a arvaral and
its newghboring cryvstals comades except tor the voudt area
dround the grains Some ot the smailer grains have been
remosed and the remaiming voud geometrv s suniar to that
ot the tvpical crvstalhine structure. {n the area outsde ot
the wear track there s no space between the grams iar-
cating that the metallographic poisshing did not cause e
rain houndary condhitton in the wear track. ltappears iha
durning the shding process the gran houndarnies are weak-
eming and smaller gramms are bemng removed. possibls s
grains rub together due to elastic detormation under {oad

I'he track on the sotter steel shows gross detormuanon
throughout tkhig. IH. [tis difficult toadenaty any indisidual
grams in Frg 14 Areas outside ot the wear track which had
been metallographically polished show no detormanon and
no metal smearing. Hence. most ot the wear track huas heen
plasticallv detormed. with metal smeaning as the predom.
mant deformaton mechamsm.

DISCUSSION

These expertments were run under veryv severe shding
condhnons. The high contact stresses and low shding speeds
precluded the generanion ot Huid hlm ettects so that the
lubrnicant must have protected the surtaces on a molecuiar
level. Thus. supply ot oif to and retennon ot oll within the
contact become essenual tactors The in-sitw SEM obser-
vations made in these studies have shown that the grooves
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(@) (o)
Fig. 14—Typical Appearance of the Wear Track on the Annealed AISI
4340 Steei Surface Showing Gross Defor tons. Speci sur-

face has been mataiiographicaily polished snd etched. (Mag-
nifications: (a) = 170x, (b) = 1700x}.

on the surtace ot the test cvlinder act as reservoirs to hold
ol Figure 10 1n Ret. (25) shows this quuite cleariv. Since
there s no replemishment ot lubricant in these tests. anv
loss ot lubricant retaining grooves mav be detnimental to
the shding behavior The severe sliding condituons and poor
tubricauon should act to accelerate ettects that could also
occur in g normal. well-lubnicated contact.

\ possible sequence ot events in these experiments. based
on the observations made, 15 that the run-in phase invoives
A progressive change in surtace topographv trom a surtace
consisting ot refatuvely random hills and vailevs to a surtace
consisung ot smooth. Hat lands interrupted by scratches and
grooves. This run-in is accompanied by a build-up ot hne
wear debris interspersed with oil around the pin-on-cvlinder
contact. As shding progresses. the processes initiated during
the run-in phase continue and result in a loss ot lubricant
reaching the contact. because the oid-retaining reservoirs are
being eliminated and the remawning oil 1s being tied up n
debrisioit agglomerates. These clumps of debris/oil build up
at the leading edge ot the pin and eventuallv are deposited
on the cvhinder alongside the wear track. either as separate
clumps or as continuous walls on either side ot the track
isee Fig 31 Other invesugators have suggested that debris
collects 10 the scratches and grooves within a wear track
1y, 1229, hut this has not been observed in the current
studies.

I'he loss ot the protecuve lubricant harrier between the
metal surtaces may result in localized adhesion ot the sur-
taces and the tormaunon of relauvelv large wear parucles.
I'he wear then perpetuates 1self to catastrophic tailure be-
cause trapped wear particles cause an accelerauon ot the
damage. The taillure involves adhesion plus significant
plowing and penetration, 1.¢. abrasive processes. Bates et al
(9} have coined the term “penetrative wear” for processes
such as this in which both adhesion and abrasion plav a role
in the wear process.

The etfect ot steel hardness on abrasion resistance has
heen studied for a number of vears. Often quoted is the
tundamental work of Kruschov (30) and Rabinowicz (31),
which showed that for anv given metal. the abrasive wear
resistance improves as the metal hardness 1s increased. Kra-
gelski (32) has also discussed this in detail. Murray et al (33)
attempted to better quanufv the relationship between hard-
ness, attack angle (related to penetration) and abrasive wear
resistance, and showed that a transition from plowing to
cutung occurs if the metal hardness is reduced. Unlubn-
cated in-siu SEM scratch tests, by Kavaba et al (/4) and

Hokkirigawa and Li (/5). visuallv confirmed the hardness
effect as well as adding valuable quantitauve informaton
on the relationship between groove volume and the actual
volume of material removed by wear. The present lubrn-
cated studies show the same effects duning failure ot 4 mar-
ginallv lubricated contact.

The loss ot lubricant retaining grooves, which 1s a kev
element of this discussion. appears 1o be the result ot two
processes in the steels of different hardnesses. For the an-
nealed steel cvliinder with an annealed steel pin. the groosves
are slowly covered over bv plasticallv smeared metal For
the annealed steel cvlinder with a hardened steel pin the
process is essentiallv the same. but the progression to tailure
occurs much more quicklv. For the hardened steel combi-
nation. plastic How is minimized and the higher features on
the cvlinder are worn down bv a process that apparently
involves abrasion. Thus. the surtace wears down to the hot-
tom of the grooves.

The differing character between the annealed steel and
the hardened steel is predicted by elasuoplasuc contact pa-
rameters. such as the plasuaty index (W), The plasuas
index. first introduced bv Greenwood and Williamson (741
and modified bv Hirst and Hollander (35) predicts the de-
gree of plastic deformaton that will occur when rough sur-
faces are loaded in contact. it is given by

E'R
¥ =06—"<
HR*
where
E' = reduced elastic modulus for the
contacting materials, t.e. VE" = VE; -~ | £,

H = penetration hardness of softer matenal

R, = RMS average roughness

B* = correlation length (a surface
“wavelength” parameter)

The values of ¥, R, R, and B* for the senes ot surtace
profiles in Fig. 7 and 9. plus values previouslv calculated
(26) for the annealed versus annealed combination are shown
in Table 2.

A plasticity index value greater than the threshold valtue
of ¥ = | predicts a significant number of plasuc asperity
contacts. Thus, significant plastic low upon contact 1s pre-
dicted for the first three profile measurements tor the an-
nealed stee! couple and the first measurement for the hard-
on-annealed combination. Table 2 shows that no plastic How
is predicted for the hard-on-hard combination, thus agree-
ing with the behavior that was actually observed in these
tests.

CONCLUSIONS

By performing steel-on-steel sliding experiments in-situ
in a scanning electron microscope with a thin film ot hv-
drocarbon oil lubricaung the sliding surfaces, the tollowing
observations were made:

1. After repeated sliding passes, the surfaces fail due to
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TABLE 2—SURFACE TOPOGRAPHY PARAMETERS

HARDENED STEEL PIN SLIDING ON HARDENED STEEL CYLINDER

CYLINDER
REVOLL TIONS R, (pm) Ry (pm) B* (um) v

0 0.201 0.249 9.12 0.628

2 0.180 0.229 748 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 0.011

ANNEALED STEEL PIN SLIDING ON ANNEALED STEEL CYLINDER

CYLINDER
REVOLUTIONS R, (pm) Ry (pm) B* (um) L 4
0 .329 0.425 3.87 133
2 0.296 0.365 5.39 1.89
36 .259 0.334 7.37 1.27
150 ).091 0.163 12.00 0.38
443 0.069 0.131 11.17 0.33
618 0.059 0.084 14.07 017
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 Ra (pm) Ry (pm) B* {(um) 4
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 0.139

lack of lubricauon. [t is believed that oil is prevented
from reaching the contact because smoothing of the
surfaces results in a loss of essential lubricant reser-
voirs. Additionally, oil is lost from the contact as it is
tied up in wear debris/oil agglomerates.

2. The surtace smoothing that takes place invoives plastic

How of metal to fill in the original grooves and scratches
on the softer steet surface, while the harder surface
wears down to the bottom of the grooves.

3. The crystal structure of the hardened steel showed

little plastic deformation in the wear track but the in-
dividual grains were surrounded by void. The track
in the annealed steel showed gross deformation and
individual crystals could not be identified.

4. Cutting by trapped wear debris is the predominant

mechanism of wear during failure of the softer steel.
The harder sieel wears by a plowing mechanism dur-
ing failure.

ACKNOWLEDGMENTS

Financial support for this work was provided under U.S.

Army Research Office Contract DAAL-03-86-K-0076. Also
acknowledged is the surface topography equipment pro-
vided by the National Science Foundation under Grant MSM-
8505954.

REFERENCES

(1) Hardy. Sir Wm. and Doubleday, [.. “Boundarv Lubricauon— | he Par-
affin Series.” Proc. Roy. Soc. A.. 102, pp 550-574 (1922).

(2) Hardy. Sir Wm.. “Problems of the Boundary State,” Phil. Trani. K
Soc. A., 230, pp 1-37 (1931).

(3) Campbell. W. E.. “Boundary Lubrication.” in Boundary Lubrication. An
Apprausal of World Luterature. Ling, F. F.. Klaus, E. E. and Femn. R.§
eds.. ASME. New York, NY. pp 87-117 (1969).

() Godfrey. D.,Boundary Lubrication.” in /nterdiscrplinary Approach t Fric -
tiom and Wear, Ku. P. M. ed.. NASA SP-181, pp 335-384 (1968).

(5) Barwell. F. T..“Wear ot Machine Ele " in Fund &s of Tribology.
Suh, N. P. and Saka, N., eds.. MIT Press, Cambridge. MA. pp 01—
442 (1980).

(6) Gane. N. and Bowden. F. P., "Microdeformauon of Solids.” /. of Applied
Physics, 39, 3. pp 1432-1435 (1968).

(7) Skinner. ].,Gane. N. and Tabor. D., "Micro-friction of Graphite.” Nuture
Physical Scuence, 232, pp 195-196 (1971).

(8) Gane. N. and Skinner, |.. “The Friction and Scratch Deformation ot
Metals on a Micro Scale.” Wear, 24, pp 207-217 (1973).

(9) Bates. T.R.. Jr.. Ludema. K. C. and Brainard, W. A., "A Rheoiogtal
Mechanism of Penetrative Wear.” Wear, 30, pp 365-375 (1974




eatee - -

o

uh

2

[FR1!

[ER2]

s

2in

20

Steel Hardness Effects in Boundary Lubricated Sliding: An In-Situ SEM Study 9

Brainard. W. A. and Buckiev. D. H.. "Dvnamic SEM Wear Studies ot
Tungsten Carbide Cermets.” ASLE Trans.. 19, 4. pp 309-318 (1976).
Glaeser. W A "Wear Expeniments n the Scanming Electron Micro-
swope. Wear. 73, pp 371-386 (1981)

Kavaba. 1. Kato, K. and Nagasawa. Y .. "\brasive Wear in Suck-Slip
Mouon. " Proc. Int. Cont. on Wear of Matenals. San Franasco. Cabfornia.
Mar. 3U-Apr. 1. 1981: ASME. New York. NY pp 439-446 (1981),
Kato. K. and Hokkinigawa. K., "Abrasive Wear Diagram.  EUROTRIB
S3—Proc 4th European I'mbology (ungress, Elsevier Science Pub Co..
New York. NY. Session 5.3 (1985)

Kavaba. [, Hokkirigawa, K. and Kato. K.. "Anatvsis of the Abrasive
Wear Mechamism by Successive Observations ot Wear Processes in a
scanning Electron Microscope.” Wear, 110, pp +19-430 (1986).
Hokkingawa. K. and Li. Z. Z.. "The Ettect ot Hardness on the Tran-
siion o Abrasive Wear Mecamism ot Steels.” Proc Int. Cont. on Wear
of Matenals. Houston, T'X. Apr. 59, 1987: ASME, New York, NY. pp
M¥5~593 (1987

Ahman, L and Oberg. A . "Mechamisms ot Micro-Abrasion—{n-Situ
Studies in SEM.” Proc Int. Cont on Wear o Matenais. Reston. VA. Apr.
Fl-14, 1983 ASME. New York, NY. pp 1i2-120 (1983

Prasad. > V and Kosel. T T “In-Suu SEM Scratch Tests on Whate
Cast frons With Rounded Quartz Abrasive. Proc [nt Cont on Wear of
Materats. Reston, VAL Apr Li-14. 1983, ASME. New York, NY. pp
121~ 129 (198D

Kato. K. Hokkinigawa. K. Kavaba. | an.. Endo. Y . “Three Dimen-
siondl Shape bBttect on Abrasive Wear. [rans ASME—[ umat ot Tn-
Caogy 108, pp 346- 3451 (LURAY

Shnner. | oand Gane. N - Shding Fnction L nder a Negatne Load, " f

v DoAppt Phay 30 pp 08T 220094 11972

Brammard. W A und Budkley. D H . Dvnamuw-Sanning-tlectron-
Microscope Study of Fricton and Wear. NASA TN D-T7T00 01974
Tsuva Y Sato, KL Takawr. R and Akaoka. | . In-Suiu Observaton

o Wear Process in a Scanning Eledtron Microscope.” Proc [nt (ong on
Wear of Matenaws. Dearborn. Michigan. Apr Ih=18 1979 ASME. New
Yark. NY pp 37-71 (197%

122)

24

(25)

(26)

(27)

28)

29

13

(3

(32)

i3

(34

(3%)

Kavaba. T. and Kato. K.. “The Analvsis of Adhesive Wear Mechanism
by Successive Observauons of the Wear Process in SEM." Proc {nt Conf.
on Wear of Matenals, Dearborn. Michigan, Apr. 16—18. 1979, ASME,
New York. NY. pp 45-56 (1979).

Calabrese. 5. |.. Ling, F. F. and Murrav, 5. F.. "Dvnamic Wear {ests in
the SEM.” ASLE Trans.. 26, 4. pp 455-465 (1983).

Lim. 8. C. and Brunton, j. H.. "A Dvnamic Wear Rig for the Scanning
Electron Microscope.” Wear, 101, pp 81-91 (1985).

Holzhauer. W and Calabrese. > |.. "Modificauon of SEM tor In-Situ.
Liquid-Lubricated Sliding Studies,” ASLE Trans.. 30, 3, pp $u2-309
(1987,

Holzhauer. W. and Ling, F. F.. "In-Situ SEM Swdv of Boundarv Lu-
bricated Contacts.” TR/B Trans. 31, 3. pp 360-369 (1988)

Holzhauer. W., "In-Situ SEM Studv of Boundarv Lubricated Shding
Contacts,” Ph.D. Thesis, Rensselaer Polvtechnic Insutute, rov. New
York (December, 1987).

Anderson. D. P.. Wear Particle Atlas. SOHIO Predicuve Maintenance
Services. 30701 Carter Street. Solon, OH. 1982: Naval Awr £ninineening
Center. Lakehurst, N]. Report NAEC-92-163 (1982).

Komvopoulos, K., Discussion ot Ret. (26) TRIB Trans. 31, 3. pp 360=
369 (1988).

Kruschov. M. M.. "Resistance ot Metals 10 Wear By Abrasion. as Retated
to Hardness.” Proc. Conf On Lubncation and Wear, Instutunion ot Me-
chanical Engineers. London. pp 655-659 (1957).

Rabinowicz. E.. Friction and Wear oy Matenals. John Wilev and Sons. ine
New York, NY (1965).

Kragelsku, §. V.. Fricuon and Wear. Butterworth Inc., Wastungton. ) €
11965).

Murrav, M. |.. Mutton. P. | and Watson. j. D., "Abrasive Wear Mechs
anisms ot Steels.” Proc [nt. (ont on Wear of Matenals. Dearborn Mach-
wan, Apr. 16-18. 1979: ASME. New York. NY, pp 257200 «107h
Greenwood. | A and Wilhamson. |- B. P.. "Contact ot Nonunaiis Flat
Surfaces, Proc. Rov. Soc Lundon A. 295, pp 300~319 (19661

Hirst. W and Hollander. A E.. "Surtace Finush and Damage in Siuling.
Proc. Rov Soc. London A. 337, pp 379-394 (1974).

———

oo &7 Ly s

WL PSS CO'Z?ES

el oand/or
o Loocial

Presented at the ASME/STLE Tribology Conterence, Baitimare, Maryiand, October 18—19, 1988: This paper is the literary property of The Society of Triboiogists
ang Lubncaton Engineers. The Press may summanze freely from this manuscnpt after presentation, citing source:. however, publication of matenal consututing
more than 20 percent of the manuscnpt shall be construed as a violanon of the Society's nghts and subiect to approphate legal action. Manuscnipts not t0 be
published by the Society will be reieased in wnting for publicahon by other sources. Statements and 0DINONS advanced IN papers are understood to be individual
sxpressions of the author(s) and not those of The Society of Tribologists and Lubrication Engineers. Discussion of this paper will be accepted at STLE Headquarters
until November 30, 1988.




