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THE NATURE AND ORIGIN -OF SLIDING WEAR DEBRIS- -
FROM STEELS

W. J. Salesky, R. M. Fisher, R. O. Ritchie and G. Thomas
Materials and Molecular Research Division
Lavrence Berkeley. Laboratory '
Department of Materials Science and Mineral Engineering
University of California
Berkeley, California 94720

ABSTRACT

The mechanism of wear particle formation during unlubricated
sliding wear of severai carbon and alloy steels has been investi-
gated by_scanniﬁg (SEM) and transmission electron microscopy
(TEM). A detailed study by SEM of’indiﬁidual debris particles
has revealed that they are plate-like and typically 200 to 400 nm
in thickness. .The thinner particlés are generally iron oxides
except for tests conducted at low temperatures or in inert atmos-—
pheres when predominantly metallic particles result. Using SEM
automatic image anélysis, the mean debris particle width was
determined to be 1 to 2 ym. Examination of cross—sections from
bulk specimens by TEM revealed a fine dislocation cell structure
typical of large strain deformation to a depth of 10 to 50 pm,
depending on the material and load. The subsurface cell dimen-
sibns and bending of pearlite colonies indicate that the shear
strain near to the surface is #t least 5. In many instances, a
200 to 300 nm wide zone of lower dislocation density, indicative
of recovery, was noted immediately below the surface. Some
cracks formed along dislocation cell walls at the boundary of the

recovered zone; others were associated with decchesion of par-

- ticle interfaces or subgrain triple points. Some oxidatiom then



occurs during separation of the platelet from the parent material
as a cbnsequence of the highly pyrophoric nature of thin metal
flakes. The sequence of the dry sliding wear process is discus-
sed in light of these conSideratiops.
INTRODUCTION

Inasmuch as wear is not a proberty of a material, but char-
acteristic of a system, the fundamental-faétors which determine
the rates of sliding wear of metal on metal as a basis for
materials design have proved to be very ;omplex to define. Also,
the specific nature of worn particles from the wear debris have
not been clarified. Various investigators such as Archard (1),
Kimura (2), Rigney (3,4), Rosenfield (5,6), Samuels (7), Suh
(8,9), and Vingsbo (10,11) have profosed mechanisms for the
production of wear‘particles for metal on metal systems. How-
ever, such médels have not specifically addressed the fact that
in unlubriéated sliding wear, especially in ferrous materials,
wear debris i;.pfedominantly oxide (12). An oxidation mechanism
by Quinn (13,14) involves oxide growth on the wearing surface to
a critical extent prior to spallation, thereby producing oxide
wear debris. Clearly, at high sliding velocities where fric-
tional heating is significant, Quinn's mechanism is plausible.
However, in low speed sliding, oxidé particles are produces which
are several orders of magnitude thicker than the oxide on the
wear surface (12). In such circumstances, Quinn's mechanism
would not appear to apply and therefore an alternative mechanism
to explain the oxidation is necessary.

It was the purpose of this study to characterize the sub-

surface microstructural changes in pure iron and in several iron
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base alloys leading to the creation of wear debris; as well as
the Specific nature of the debris particles, in order to derive
fundamental mechanisms of unlubricated sliding wear including
the occurrence of oxide wear particles at low sliding speeds.
EXPERTMENTAL APPROACH
The materials and the heat treatments selected for this
study were as follows:
Material Composition Heat Treatment Structure
Ferrovac E 99.999%Fe . 800°C Aust. Ferrite
(1 hour) + '
Air Cool
AISI 1020  0.1%C/0.5ZMn/ - 900 °C Aust. Pearlite &
Fe (1 hour) -- Ferrite
690°C (2 hrs.)
+ Furnace Cool
AISI 1020 0.1%C/0.5ZMn/ 900 °C Aust. - Sphero-
o (1 hr.) + Air dized

Cool + 690°C Carbide +
(24 hrs.) + Ferrite

Air Cool
Experi- 3%ZCr/2%Mn/ 1100°C Aust. Lath
mental . 0.3%C/0.5ZMo/ (1 hr.+ 0il ~ Marten-
Alloy - Fe Quench + 200°C site
Temper + Air

Cool
The-méjérify of wear tests were performed at ambient
temperature in air without lubrication on a pin-on-disk.wear
>machine under dead weight loads of 49N and 19.6N. The pins
traversed on a freshly ground surface of AISI 52100 steel disk in
a.circular path for a total distance of 750 m.
. The amount of pin—wearvwas monitored and continuously re-
corded during all tests by measuring the downward diépigcement

with a transducer (LVDT). The volume loss resulting from wear



was also determined by measuring the weight change of the pin.
Both methods yielded mutually consistent results.

To investigate the influence of ambient atmosphere on the
character of the debris, the testing platform of the wear machine
was maintained under positive pressure of dehumidified helium in
a clear vinyl enclosure that was pre-dried with heat tape.

The.influence qf‘temperature on the character of wear
debris, was also investigated by performing some wear tests at -
196°C. The test disk was placed in a polyethylene dish con-
taining liquid nitrogen. Once the pin and disk reached a con-
‘stant temperature, wear tests were conducted under the liqqid
nitrogen in the same manner as at room temperature.

The wear debris produced during all sliding wear experi-
ments was recovered from the surface of the disk by magnetic
techniqués. A dry nitrogen (or helium) gas jet was directed
across the wear track to ensure that no loose debris remained in
-the track. After testing, the debris was placed in a dry static—-
free container pendiﬁg analysis.

Due to the submicron size of the debris and the tendenc& of
the debris to collect as aggregates, é technique was developed to
disperse the debris uniformly‘over a surface suitable for micro-
scopic and spectrosﬁopic eﬁamination (12). The size and shape
distribution of the wear debris was detefmined byvautomatic image
analysis performed on a scanning electron microscope (SEM) using
a computer driven quantitative metallography system (15). This
system enabled over 300 particles per specimen to be accurately

sized and counted in a relatively short time.

%
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Direct measurement of tho partlcle thlckness was made by
t11t1ng the spec1men through large angles (80 90 degfoes) so as
to observe the particle edge on. This was done in a high resolu-
tion SEM.. |

| The dooris was also ekamined by transmission'elect;on
microscopy (TEH). Foils suitable for TEM were prepared by
mechanically'dépositing the debris on to the opposite side of
holey carbon grid. Carbon was‘;hen vapor deposited over the
debris to hold them in place. The particles were examined at
100kV, 200kV, and IOOOkv. Electron diffraction was employed to
elucidate the crystalline structure of the particles. |

Selected debris particles on the SEM specimen mount was
determined by Auger Electron Spectroscopy (AES) using conven-
tional sputter-depth pfofiling with Auger ions until the parti-
cular 0.5 - 2.0 pm dia. particle disintegfated.

The‘worn surfaces were examined directly in the SEM and in
mounted, polished ano etched cross—sections by optical and scan-
ning electron microscopy. |

Thin foils for transmission electron microscopy (TEM) weré
prepared from cross-sections cut from the nickel plated pins.
Sections were ground and electropolished via convontionaliwindow
techniqoos; Argon ion machining was required to obtain regions
at the wear interface sufficiently thin to transmit electrons.
This additional step is required because the chemical polishing
solution does not attack nickel épd iron at the same rate.

Details of the specimen preparation technique are given elsewhere



(12,16). Foils were then examined at 100kV in a Philips EM301
and iOOOkV electron microscope in order to take advantage of the
greatér penetrating power at higher voltages (17).
RESULTS AND ANALYSIS
Wear Testing

Representative wear data for uﬁlubricated sliding of the
steels are plotted in Fig. 1. Three wear tests were aﬁeraged for
each datum point. Although considerable scatter occurred (IOZ)

especially with light loads, it was quite apparent that the

martensitic structures wear less than either ferritic, pearlitic,.

or spheroidized étructures. Pearlite rubbed with small loads
reaches a constant wear rate above that of martensite, yet at
higher loads, the wear rate steadily increases such that a con-
stant rate is not reached. The wear rate of ferrite, howevgr,
increases approximately linearly with time at all loads.
Spheroidized structures exhibit a rate of wear similar to that of
fe;rite, exéept that, at small loads, spherodized sfeel wears
faster. Clearly, microstructure plays a significant role in
determining the degree of wear under particular conditions.

The appearance of the worn surface of a Ferrovac E pin is
illustrated fof several magnifications and tilt angles in Fig. 2.
Individual debris particles, a few nm in diameter, as well as
aggregates are visible. A layered structure with a thickness
spacing of 150-300 nm may be noted in the large central crate.

vﬂggg Debris Analysis

Analysis of hundreds of individual particles by SEM automa-
tic image analysis revealed (Fig. 3) that more than 95% of the

particles were less than 4y m in width. The particles were

A3
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fypically plate-like having an averége aspect ratio of 1:2. For
most of the materials»examinéd, the size distribution peak ranged
from 0.5 to 1.0 pm. Notably, the spherodized structures formed a
large number of small (< lpm mean diaméter) particles, whereas
martensite specimens were observed to form many larger (1.0 to
1.7um) particles.

Exaﬁinaiion of debris pérticles at different viewing
angles by tilting.the specimen in the SEM revealed the debris

thickness to be 250-400 nm (2500-4000 £). A typical particle

~tilted on edge, as shown in Fig. 4a-d, appears to be a flat

sheet. All of thé debris from specimens worn in air or in con-
trolled environments exhibit this pla;e;like character.

Electron diffraction analysis in the TEM revealed the
smaller (thinner) debris particles formed in air be oxide (Fig.
5). The constant coﬁcentrations of iron and oxygén as a function
of dep;h, derived from AES sputter profiling experiments, con-
firmed that ﬁany particles formed in air were oxide through their
full thicknesé (Fig. 6). Since atmosphefic 6xidation results in
at most a 10pm oxide surface film thickness, oxide particleé 250-
400nm thick must have been forme& by factors other than ambient
envitonmental exposure.

Wear testing in inert gas.atmospheres or at low temperature
produces metallic partiéles. TEM electron diffraction studies

revealed that a (001) reflection was typically observed sug-

gesting a preferred orientation texture in debris particles (Fig.

7b). Dark field micrographs using this reflection revealed that



thevparticles contain a large number of very small dislocation
cells with misorientations of several degrees.
Metallography

Cross—sections perpendicular to the wear surface and paral-
lel to the sliding direction indicated the occurrence of exten- .
sive subsurface plastic strain and subsurface cracks (marked by
arrows) as shown in Fig. 8. The thickest heavily deformed layer
was usually found in ferrite sﬁructpres and ﬁhere were about 20~
.30 pm thick. | |

Frqm measurements of tﬁe bending of microstructural
features (18) (e.g., grains, grain boundaries, etc.) the shear
strain in the heavily deformed region was estimaﬁed to exceed a’
trué"strain of 4 (Fig. 9). Although the use of banded pearlite
- aided in the measurement of the plasticbstrain (Fig. 9a, inset),
~disturbance of the structure of pearlite colonies ﬁade it impos-
sible to define ﬁheif boundaries to determine the amountvof
strain within 2 pm.ofvthe surfacé. Since the wear debris is
formed within this 2 pm region, its characterization was
important.

Well defined dislocation cell structures were commonly
observed in TEM cross-sections of the wear surface (Fig. 9b,
inset). Similar structures had been observed by previous inves-
tigation (19-23). Due to the similarity of rolling and wire
drawing textures in BCC materials, estimates were made of the
subsurface strain using the data of Embury, Keh, and Fisher (24)
to relate the dislocation cell width to degree of strain.
Details of the method can be found in Ref. 20. These data

together with previous measurements are presented in Fig. 9b and.



indicate similar estimates of the sub-surface strain distribu-
tion. The plastic shear strain at the worn surface was estimated

to exceed 5.5. It should be noted that these strains are far

greater than those involved in any conventional mechanical test

and further that a corresponding very high strain gradient also
deveiops during the wear testing

As described above, well defined dislocation structures
typical of large.strain plastic. deformation of metals were‘
observed in TEﬂ for longitudinal (parallei to the sliding direc-

tion but perpendicular to the worn surface) cross-sections of

ferritic, pearlitic, and spherodized structures, an example of

which is shown in Eig.vlo. The dislocation structures within

1 uym of the wear surface ranged from 10-60 nm (106-606 A) wide by
(80-2000 &) long. Sections transverse to the sliding direction
revealed the dislocation cells to be equiaxed in section and 10-

60nm (100-600 &) across. Thus, the dislocation cells tend to

have a three-dimensional plate-like character.

The relative misorientation across cell boundries was de-
termined for a number of adjacent cells at variouévpoints within
the deformed layer in both ferrite and pearlite wear specimens.
In most instances, a small selected area diffractioq aperture was
centered on a particular boundary and the relative misorientation
between the several overlapping patterns was estimated from the
displacement of the centers of the Ewald spheres. Dark field
imaging was used to relate a particular cell to its diffraction
pattern. In a few cases, microdiffraction patterns were
obtained in the Scanning Transmission Electron Microscope (STEM)

from a series of adjacent cells.
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The results showed that misorientations near to the surface
were often as large as 15° and decreased to. 1° at the inner
limit of the deformed layer, i.e., an inverse correlation with
cell width. Although\a systematic study was not carried out, the
misorientation appears to approximate a lattice rotationv
increasing successively from the innermost cell (Heilman, Clark
and Rigney have studied this in detail for the case of copper
(25). Little difference in the magnitude of the misorientation
was noted between cells in the recovered zone.

Since lath martensite is already similar to a heavily
deformed metal in its,initial state, it was difficult to separate

plastic deformation from transformationvstructures:excepf for

shape changes. The martensite lath was observed to neck down

from an initial width of 0.5 um (26,27) to less than 0.05 pm pear

the wear interface (Fig. 11). Dislocation ;ells 0.025 pm wide
were observed within the laths adjacent to the surface. -
Immediately beneath the wear interface in worn ferritic and
pearlitic steels, the dislocation cell size was observed to be
bapproximately 60 nm (600 A) wide by 80 nm (800 &) long (Fig. 12).
This region, however, only extended 0.2-0.3 uym from the surface
(Fig. 12b). In the underlying regiom, the dislocation cell width
was smaller, 10-30 nm (100-300 &), and longer 200-300 nm (2000-
3000 £). The regions immediately beneath the surface were sus-
pegted to have undefgone recovery as the result of sliding wear.
Cracks appear to have formed neér the boundary of the recovered
zone and the underlying heavily dislocated layer as indicated by
arroﬁs in Fig. 12b. The qracks appear to.form along the cell

boundaries, consistent with the SEM observations indicating crack

S
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formation in the heavily deformed layer éloﬁg feétures,aiignéd
parallel to the surface. |

This is consistent with other observations of subsurface
wear cracks albng dislocation cell walls. An apparent ekamplé.of
a wear particle of the early stage'qf forﬁétion is shown in the
TEM of a cross-section (Fig.v13a). Energy dispersive X-ray
analysis.was ﬁsgd to confirm the location of the interface. The:
long arro% denotes the sliding directioﬁ and the iron—-nickel
plate interface. A ;rack-waé observed to have formed along the
dislocafion cell boundary as denofed by the arrows. The particle
soon to be formed was denoted by "FE". - Note that the thickness
of tﬁe feature is equivalent to the recovered zone widfh as well
as the typical wear pa;ticleithickness.ﬁ Also note the disloca-
tion cell stfucturé within the "particle" is similar to that of
the recovered zome in Fig. 12,

In contrast; crack initiation in the spherodized steel was
observed to be associated with carbide parficles as indicated in
Fig. 13b. Matrix decoﬁesion and crack formation between carbides
were observed to be the principal modes of initiation. Thus the
TEM and the SEM observations demonstrate that cracks may
initiate near particles or dislocation cell boundaries depending
on the microstructure of the steel being tested.

| DISCUSSION

Based on exteﬁsive electron microscope and diffraction
analyses of wear debris, and examination of near surface cross-—
sections of the corresponding vérn pins in several steels, the
principal features of unlubricated sliding wear appear to be as

follows:
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(1) The debris consists of plate~like metallic or oxide
particles, the size of which is an inverse function of the
applied load. The particles become partially oxidized after
separation with the degree of 6xidation dependent on their
thickness and on the nature of the ambient temperature and envi-
. ronment during wear rate testing.

(2) A highly defofméd subsurface layer, of a thickmess

. depending on the material and applied load is formed near to the
surface with shearvstrains exgeeding 5. Some recovery of the
dislocation cell structure is evident to a depth of 0.2 to

0.4 pm.

(3) Subsurface cracks abéear to be associated to second
phase particles, dislocation cell walls and triple junctions,
occurring principally at the boundary bétween the.ﬁeavily de-
formed and recoyered zones.

These observations, which bear on the mechanism of sliding
wear, are discussed in the plausible sequence of the debris .
formation. We first considered the deformation strain and re-

covery in the immediate vicinity of the wear surface.

Deférmation Strain and Recovery

During wear rate measurements, the steel test pins are
subjected to intervals of rather large shear forces due to fric-—
tion against the rotating steel disk. The resulting subsurface
deformation strain appears to be a dominant factor in wear.
Since the wearing surface will work-harden with repeated
straining, the region of deformation will extend below the sur-
face to a distance depending upon the applied load, and flow

stress of the material (Fig. 9).

&
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Since essentially plane strain conditions prevailvwith_a
stress stéfé near ﬁhe surface of compression and cyclic sheax;'
the dislocation ceilISCructures established by plastic deforma-
tion will become increasingly sheet-like as they near the surfacg
(Fig. 10). Their thickness provideé a measure of the minimum
strain as a function of distance. As discussed, TEM observations
showed a reduced dislocation density and cell dimensions sugges—
tive of recovefy very near to the surface (Fig. 12). Dynamic
recovery is to be_expécted_in this fegion in view of the very
large plastic strain that has occurred as wellnas the higﬁ strain
‘rate and 1oca1 heating that'dccurs during ﬁhe intermittent
asperity contacts. The extent of dynamic recovery depends on the
material and microstructure as well as strain density and tem-
perature (28). Relatively.bﬁré iron, i.e., free of precipitates
and dissolved elements to pin dislocations, can recover rather
readily. As reported by Emburg, Keh, and Fisher (24), and
Langford and Cohen (29) an important consequence of recovery is a
disintegration of some cell boundaries at é critical strain value
so that the average cell thickness maintains a constant value
in&ependent of strain.

A further consequence of recovery is an abrupt change in
stored energy, i.e., strain density, near to the surface as
illustrated schematically iﬁ~Fig. 14, A steep strain gradient,
such as that indicated in the sketch, aﬁd the corresponding
internal stresses that result,‘will result in a tensile component
perpendicular to the surface, which clearly has some bearing on

the nature ofvcrack initiation, as outlined below.
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Crack Initiation and Propagation

The formation of wear debris clearly require subsurface
crack nucleation and propagation in that the small pafticles
(Figs. 8 and 13a) can flake off from the surface (30). There are
a number of possible mechanisms for crack initiation which are
primarily related to the microstructure of the material under
test and the effects of the interaction of that microstructure
with the very severe plastic s;fain that is encountered in wear.
These are illustrated schematically in Fig. 15 and have béen sub-
divided into mechanisms pertaining ﬁo microétructures where par-
ticles are importént or less important. With respect to the non-
pérticle induced crack initiation mechanisms, one Qery likely
mechanism is where sliding along cell walls can lead to the
formation of triple point cracks at cell boundary intersections
(Fig. 15a). The mode of strain required to generate such triple
point cracks is not known, but by analogy to the formation of
wedge cracks during high temperature creep testing where substan-
tial grain boundary sliding occurs, it is clear that such a‘crack
initiation mechanism would be promoted by large shear strains and
a large strain discontinuity (which produces a tensile stress
across the boundary). As shown in Fig. 14, suéh conditions are
met at the interface between the heavily dislocated and recovered
zones, which is exactly where the TEM observations indicate that
cracks are formed (Figs. 12 and 13a).

Another possible crack initiation mechanism in the absence
of particles is illustrated in Fig. 15b. 1In this case, disioca-
tion accumulation in the cell wall and the corresponding increase

in misorientation reaches a point where boundary decohesion can
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be envisaged through the formation of super-dislocations in the
very high angle tilt boundary. For a'misorientation of 15° in
such cell walls, the‘diélocation spacing in the boundary need
only be of the order of 4 Burgers vectors. Obsérvations suggest
that this type of décoheSion boundary wili occur whére éxtremely
high residual strain gfadiénts occur, again inferring the crack
initiation should prefefentially occur at the interface between
the heavily dislocated (unrecovered) and recovered zones, as seen
experimentally in Figs, 12-and 13a. |
‘Mechanisms for suBsurfacevwear_crack formation in the
presence of particles, e.g., for sphérodized structures, are
illustrated in Fig. 15¢ and d, together with experimental TEM
observations in Fig. 13b,c. Two mechanisms are envisaged and
both invglve particles in the form of carbides or inclusions
where voids are created either by cracking of the particle or 
decohesion at the particle matrix interface. For isolatéd parti-
cles in regionvof_intense she#r strain, the process of void
formation will.be similar to that in.the cone portion of a umi-
axial tensile cup-and-cone fracture in that the void will elon-

gate by shear of the matrix at the forward and trailing edge of

the particle (Fig. 15c). For closely spaced pairs of non-

deformable particles in a deforming matrix Subjected to shear,
the incompatéblity of strain between the matrix and particles
will induce a void connecting the particles. This is illustrated
schematically in Fig. iSd, and has been discussed in detail

elsewhere (31). Cracks of both types are réadily observed in the

case of the spherodized steel samples, as shown in Fig. 13b,c.

Ho
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The various mechanisms for subsurface wear crack initia-
tion discussed above would suggest that wear cracks initiate
below the surface at some level of critical strain at avpoint
comparable with the interface between the recovered and unre-
covered layers where the strain gradients aré highest (Figs. 12-
14). The Subsequent propagation of such cracks is currently
unclear since the stress and deformation fields below a wearing
surface are stili uncertain. 'H0wever, the repeated passage of
asperities on the sliding. surface wili result in the accumulation
of large cyclic shear strains, and it is conceivable that subse-
quent crack propagation occurs by fatigue in Mode II shear (plus
compressidn). Recent analyses by Suh and co-workers (32) of the
complex stress state below a wearing surface, however, have
suggested the presence of a tensile component in the wake of a
slider, and this tension may act to aid the Mode II propagation
or conversely allow the cracks to propagate in Mode I.

Ihe specific details of the final stages of debris particle
formation are difficult to prescribe because of the uncertain
stress state and surface topography. Clearly the subsurface
crack breaks:out to the surface and the particle flakes off after
local asperity contact with those on the rotating disk.

Electron diffraction and Auger analyses of debris particles
(Figs. 5 to 7) revealed that they are partially or fully oxided
depending on théir thickness and the testing temperature and
environment. Exposure of irom or steel to airvat room tempera-—
ture results in the formation of a 5-10 nm (50-100 A) film of

Fe304in a few days. The much thicker oxide thickness observed for
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wear debris particles implies that they were heated to ébove
500°é for.a few seconds. The dimensionsvof debris par£iéles,
typicaliy 1l x 2 x 0.3 pm, corresponds to a‘specific surface area
of more than 1.5 pm/gm. Mefal particles with such a high speci-‘
fic sﬁrface area are highly pyrophoric (33). So it is expected
that the exothermic heaﬁ of oxidagion can lead to spontaneous
combustion as, for eiample, sparks from a gfinding wheel. The
final oxide filﬁ thickness depends on the temperature when the
particle is exposed to air (34). The oxide thickness observed
for debris particles indicates an initial température of about
400° C (35). The disloéation.structure and diffraction pattern of

the more oxidized debris particles (Fig. 5) indicates a substantial amount

~

of recovery and even incipient recrystalization in some cases.

This is consistent with heating to 500-600° C for a few seconds.
Based on these arguments, it is apparent that, for the
P .
environments studied,, the role of oxidation in the low sliding

speed wear process is not a dominant factor, as such oxidation

occurs after wear particle formation. This is to be contrasted

with Quinn's original model (13,14) for wear in oxidizing environ-

- ments where oxide films on the wearing surfaces were considered

to grow to some critical thickness prior to spallation.

SUMMARY
bLarge shear forces imposed by repeated contact with the
harder surface result in very large shear strains near the sur-
face of 5-6 or more. Cracks develop at different critical
strains for different features in the microstructure, i.e.,

single or clusters of inclusions or cell boundaries or junctioms

as illustrated in Fig. 15. Dynamic recovery may also occur in
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the surface layer resulting in the anhilation of redundant dislo-
cation in the cell walls and the occasional dislocations within
the cells. The latter recovery (or in some cases recrystaliza-—
tion) produces a large strain discontiﬂuity at the boundary
between the':ecovered and heavily dislocated layers, thus p;ovi-
ding a ﬁrefefential site for crack initiaﬁion.

Exothermal oxidatibn of the particle mqmentarily heated by
friction to 400°C results in partial or complete oxidation of the
wear parficles after their formation.
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Figure 1: Total pin on disk wear versus sliding distance for
.several steel microstructures. a) 0.5 kg load b) 2.0 kg load.



XBB 826-5042
Representative SEM micrographs showing appearance of
a) Typical area on the

Figure 2:
surface craters and debris particles.
worn pin b) area in (a) after tilting 50° «¢) Enlargement of
(b) d) enlargement of (c) showing that the layered nature of
the worn surface is comparable to the debris thickness (150-300nm) .

_EZ_



% OF TOTAL PARTICLES

—24—

AUTOMATIC IMAGE ANALYSIS
INFLUENCE OF STRUCTURE
(/2 Kg LOAD P.0.D.)

60 » i | TOTAL
[ ' S PARTICLES
:1 MARTENSITE 26l
= 73 PEARLITE 199
. W FERRITE 23l
40 o B3 SPHEROIDITE 755

02-05 05-10 1.0~ |7 17-2.6 26-40 40-80 8.0+

SIZ E (,um)
XBL822-5147A

Figure 3: Histogram of partlcle sizes obtained by computer
controlled electron mlcroscopy a) influence of mlcrostructure
b) influence of load



-25-

AUTOMATIC IMAGE ANALYSIS
INFLUENCE OF LOAD

FERRITE

LOAD TOTAL
Kg PARTICLES

] 1/2 296

or % 2 299
é
cn 7
L] 7
5 0 Z
: é
: W
% 301 é
3 7 .
5 ¢
" %
w 20| %
2 2 2
mZ é
o= Z /
n
0 é / [—b I—lm M

02-05: .05

N SR L g |l7-26 26-40 40-80 80+
SIZE (pm)

XBL 822-5148

Figure 3: Histogram of particle sizes obtained by computer
controlled electron microscopy. a) influence of microstructure
b) influence of load



XBB 826-5754A

Figure 4: Typical ferrite wear debris examined in the SEM at
oblique angles to reveal its plate-like character. The thick-
ness measured in (d) is 300-400nm.

XBB 823-2872

Figure 5: TEM micrograph A and selected area dif
B showing that small particles are fully oxidized
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Figure 6: Anger Spectroscopy data from debris formed in air
a) After 2 minutes sputtering the iron oxygen stoichometry
revealed the surface to be hematite. b) Survey after 20
minutes sputter, the oxide appears to be magnetite. The large
carbon peak is due to the polycarbonate substrate.
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XBB 827-6395A

Figure 7: TEM micrographs. a) Wear debris formed in helium
atmosphere. b) SAD of the debris in (a) reveals a wholly
metallic structure. Note the intense broad (011) reflection
indicating extremely fine slightly misoriented cells are present.

XBB 817-5978A

Figure 8: SEM micrograph. Plastic replica of a cross section
of a2 nickel plated ferritic iron. Notice deformation of grains
into sliding direction (arrowed). The deformed zone extends

14-19 microns from the surface. Subsurface cracks parallel to
the wear surface are shown by arrow heads.
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Figure 9: Strain distribution in 1020 steel as a function of
distance beneath the wear surface. a) Strain distribution

from distortion of pearlite colonies. Inset shows representa-
tive area from aligned pearlite. Near surface strains are
indeterminate. b) Strain distribution derived from dislocation
cell size measurements. Inset is representative of a dislocation
structure 2.0-6.0 microns from the interface
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Figure 9: Strain distribution in 1020 steel as a function of
distance beneath the wear surface. a) Strain distribution
from distortion of pearlite colonies. Inset shows representa-
tive area from aligned pearlite. ©Near surface strains are
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XBB 819-11945

Figure 10: TEM micrograph.

Longitudinal cross section of ferritic
iron reveals the characteristic dislocation cell structure.

Arrow indicates the direction of sliding.
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Figure 11: TEM micrograph of longitudinal cross-section of
martensitic steel. Sliding direction is from right to left.
Arrows denote the wear interface where martensite laths appear
to have necked down 100% from their original size.
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XBB 823-2869
Figure 12: TEM micrograph of longitudinal cross-section of
pearlitic steel. a) Low magnification of the interface region.
Arrows denote the wear interface b) Enlargement of (a)
showing coarser cell structure indicating recovery below the
interface. The heavily dislocated fine cell structure is below.
Cracks are indicated at the junction of these regions. «c¢)
Schematic diagram of the micrograph in (b)
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' XBB 826-5045

Figure 13: a) Crack initiation associated with dislocations.
TEM micrograph. Longitudinal cross section of pearlitic steel,
showing apparent formation of a debris particle. Long arrows
indicate the Fe-Ni interface. b)c) Crack initiation and de-
cohesion (arrowed) associated with carbides.
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Figure 14: Schematic representation of shear strain gradient
generated in close proximity to wear surface
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preferentially nucleate within the cell boundaries at the
“interface betwezen. the heavily dislocated and recovered pores,

and c) &

for microstructures containing particles where cracks

preferentially nucleate at the particle interfaces.
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