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Near Surface Microstructures Developing
under Large Sliding Loads

D.A. Hughes, D.B. Dawson, J.S. Korellis, and L.I. Weingarten

The subsurface zones of copper developed during the application of large sliding loads were observed us-
ing TEM and SEM. Differences in microstructural development as a function of load and sliding velocity
are assessed. The observed microstructural changes, such as the development of a dislocation substruc-
ture and a mechanically mixed layer, are used to estimate the stress and strain-state of the near surface
zone during sliding. These estimates of local stress and strain were compared to the applied stresses to
show that large stress concentrations develop at and below a sliding interface. Thus, the stresses which
develop locally within the near surface zone can be many times larger than those predicted from the ap-
plied load and the friction coefficient. It is postulated that these stress concentrations arise from two
sources: 1) asperity interactions and 2) local and momentary bonding between the two surfaces. These re-

sults are compared to various friction models.
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1. Introduction

LOCALdeformation occurs in the subsurface zones at a sliding
interface and changes the microstructure in those zones. Since
the local deformation changes both the microstructure and the
properties of the material in the subsurface zones, it has an ef-
fect on the friction coefficient and wear properties of the mate-
rial (Ref 1). Thus, these subsurface zones have often been
characterized because of their role in the friction and wear of
materials (Ref 1-10). The microstructure in these regions can
also provide semiquantitative measurements of the stress and
strain state, temperature, and changes in chemical composition
from which the mechanisms of the friction process can be in-
ferred.

An example of copper deformed by sliding under large nor-
mal loads is used in this paper to show the available methods to
extract this microstructural information. The microstructural
data are then compared to microstructures which develop dur-
ing large strain deformation and with available friction models,
such as adhesion, asperity interaction models and the mechan-
ics contact between smooth surfaces (e.g. Hertzian models)
(Ref 11-25). These friction models predict the stress and strain
state expected below a sliding contact as well as the friction co-
efficient.

2. Experimental Procedures

High purity OFE copper 10100 in the full hard condition
was machined into friction test blocks with a 25.4 mm x 25.4
mm test surface area. The surface finish on these blocks was
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machined so that the last two machining cuts were less than
0.013 mm each. Surface roughness was then measured to be 0.3
um R, (arithmetic mean deviation of the roughness profile).
The machined blocks were subsequently recrystallized at 873
K in vacuum for one hour to a grain size of 100 um. This recrys-
tallization step removed all machining damage from the sur-
face before sliding.

The stress-strain plots of the recrystallized copper under
quasi-static conditions for both tension and torsion are shown
in Fig. 1. The yield stress in tension for this material is 30 MPa.
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Fig.1 True stress-true strain behavior of OFE copper during
quasi-static loading for both tensile and thin-walled tube torsion
deformation. The data have been plotted as 6 and € von Mises
equivalent stress and strain, respectively. Note the continued
work hardening at large strains which occurs in copper. (The tor-
sion data are courtesy of M. Miller, Cornell Univ.)
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Fig.2 A schematic drawing of the friction test apparatus to
show the arrangement of the friction samples and platen.

Just before friction testing the recrystallized copper blocks
were dipped for 3-5 seconds in concentrated glow brite acid.
The blocks were next rinsed in water and then in isopropyl al-
cohol to remove the previous oxide layer. Samples were stored
in the isopropyl alcohol until testing; storage did not exceed
four hours. This procedure provided a very thin and more con-
trolled oxide layer during testing.

The friction test blocks were then tested using the Sandia
flat plate friction tester with a hardened 4340 steel counterface
slider (platen). A schematic of this friction apparatus is shown
in Fig. 2. The apparatus is described in detail in a companion
paper from these proceedings (Ref 26). The apparatus connects
to a servo-hydraulic test machine for control and measurement
of sliding speed and normal and shear forces. This test machine
is designed to test large areas and provide a known measure-
ment of the bulk normal and shear stresses as well as the evolv-
ing global friction coefficient. The normal pressure, sliding
speeds, and sliding length for the copper samples are shown in
Table 1. All of these tests were conducted with a single sliding
pass. The length of that sliding pass is 120 mm.

The 4340 slider had a blanchard ground surface finish
which was characterized by using a surface profilometer and
standard ANSI definitions. The measurements were made per-
pendicular to the lay with a 2.5 mm profile sampling length.
Over 200 separate profile measurements were made and are re-
ported as combined averages. The measured surface roughness
was R, = 1.4 um (root mean square deviation of the roughness
profile), R, = 1 um (arithmetic average of the absolute values of
the measured profile height), and an average maximum peak
height of R_ = 3.0 pm. The average maximum peak height was
determinedp using a 0.8 mm evaluation length averaged over a
2.4 mm sampling length.

To further characterize the surface asperities of the hard-
ened slider, peak counts for various peak heights were meas-
ured, as well as the bearing area curve. These three
measurements were used to estimate the average spacing of the
asperities and their wedge angle near the tip. The average num-
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Table1 Friction test conditions

Normal pressure, Sliding speed, Sliding distance,
MPa mm/s mm_
12.0 25 120

215 25 120

16.7 0.25 120

22.7 0.25 120

ber of peaks, which are greater than 0.5 pm above the zero line,
is 7.7/mm, while the average number of peaks, which are
greater than 1.25 um above the zero line, is 2.0/mrh. The wedge
angle of the asperities was estimated as between 5 and 10°.

After friction testing, one of each pair of sample test blocks
was electroplated using a Woods nickel strike followed by cop-
per to protect the surface during metallography. The plated
samples were cross-sectioned parallel to the sliding direction
so that samples could be viewed in the plane which contained
the largest shear strains. One side of each of the cross-sectioned
samples was polished for viewing in the scanning electron mi-
croscope (SEM). The other side was sliced into 2.5 mm thick
cross-sections for transmission electron microscopy (TEM)
samples.

The thin foils were prepared from these cross-sections by
first grinding both sides with 600 grit paper to a thickness of
120 pum, then dimpling with cubic boron nitride to a thickness
of 20-25 um. Great care was taken to avoid introducing any
damage to the soft copper during sample preparation; each step
removed the damage of the previous step. This technique was
verified on samples of annealed copper.

The electron transparent hole was made using a low angle
(2° to 4°) ion milling process (Ref 27). A low ion beam angle
was used to minimize ion mill damage in the copper. The two
electron optic techniques were complementary to each other
and provided a wide range of magnifications from 25x to
400,000x from which to view the subsurface deformation.
Scanning electron microscopy was used to reveal the depth and
localized heterogeneity of subsurface deformation along the
entire 25.4 mm sample length, while TEM was used to study
the fine details of the subsurface structures at higher magnifica-
tions.

3. Results

The variation in friction coefficient and the von Mises
equivalent stress (i.e., computed from the combined shear and
normal stresses) versus sliding distance for the four friction
tests is shown in Fig. 3(a) and (b). The von Mises stress is given
by:

Oym = VO2 + 377 (Eq 1)

where the interfacial shear stress and the normal stress are de-
fined respectively as (Fig. 1):

= Fs/ 2Asurf
o,=F/A

surf
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Fig. 3 (a) Coefficient of friction and (b) sample scale von
Mises equivalent stress vs. sliding distance during sliding of
copper. The normal pressure is shown for each curve. The re-
spective sliding speeds are found in Table 1.

where F is the shear force (parallel to the surface); F, is the nor-
mal force, and A, ris the nominal area of contact. The friction
coefficient increased initially with sliding distance to a peak
value and then decreased. Note that the value of the coefficient
of friction just as sliding began, 0.4, was similar for all tests.
Subsequently, however, the friction coefficient depended on
both sliding speed and normal force/pressure.

Comparison of the surface roughness of the steel platen be-
fore and after testing showed a slight but statistically signifi-
cant change in roughness. The value of R decreased by 0.25
pm and R, decreased by 0.03 pm indicating some slight wear of
the surface during a test. Flakes of copper could also be ob-
served on the steel platen. In contrast the surface roughness of
the copper sample blocks increased significantly during testing
fromanR, of 0.3 to an R, of 0.5 um.

The subsurface microstructures which developed during
these tests are shown in Fig. 4-15. Note that all of the SEM and
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Fig.4 (a)Localized shear deformation is observed in the sub-
surface layers of a cross-sectioned friction sample following
sliding with a normal pressure of 17 MPa and at a sliding speed
of 0.25 mm/s. The depth of this shear deformation ranges from
150 to 250 um in this backscattered electron image. Contrast
fringes within a grain are the result of the orientation changes
which occur at the dislocation boundaries created during sliding.
The grains at the the bottom of the micrograph have an even con-
trast and are thus nearly undeformed, whereas the contrast
fringes have an increasingly finer spacing the nearer the region
is to the surface. Within 5 to 10 pm of the surface the deforma-
tion structure is so fine that it appears as a bright band of con-
trast. The sliding direction is marked with an arrow. The bound-
ary between the surface of the friction sample and the copper
plating (Cu Pl) above it is indicated by a dotted line. (b) The
backscattered electron image is very sensitive to low degrees of
deformation as shown by this image of dislocation boundaries in
Cu deformed 5% by rolling. The rolling direction is marked RD
in this longitudinal plane cross section.

TEM micrographs are from the cross-sectioned friction sam-
ples and viewed along the longitudinal side parallel to the slid-
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Fig.5 The deformation structure 100 um below the surface is
composed of parallel dense dislocation walls (DDW) and micro-
bands (MB) surrounding cell blocks. TEM micrograph of a
cross-sectioned friction sample following sliding with a normal
pressure of 17 MPa and at a sliding speed of 0.25 mm/s.

ing direction. Typical for all of these tests was the nonuniform
deformation that occurs during sliding in the near surface re-
gions, and results in a gradient of deformation microstructures.
An example of this gradient in the near surface microstructures
is shown in the SEM micrograph of Fig. 4(a). Figures 4(a) and
(b) are backscattered electron (BSE) micrographs, which re-
veal changes in crystal orientation by changes in contrast den-
sity. Changes in orientation, and thus contrast, occur across
grain boundaries, twin boundaries, and across dislocation
boundaries. Dislocation boundaries are created during defor-
mation and their occurrence thus delineates the regions of sur-
face deformation.

This method is quite sensitive to deformation as shown by
the structure in Fig. 4(b). Figure 4(b) is from a copper sample
lightly cold rolled to a 5% reduction, which is introduced as a
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means of comparison with the friction-induced microstruc-
tures. The intersecting bands of white contrast correspond to
paired dislocation boundaries within the central grain. Thus,
the back scattered contrast can reveal where deformation has
occurred, even if that deformation is not yet large enough to
cause any resolvable distortion of the surrounding grain or twin
boundaries.

It should also be noted that the degree of contrast change is
not related to the degree of orientation change. For example,
small changes in orientation may make large changes in con-
trast. Also, if the dislocation boundaries are spaced closer than
the resolution limits in the SEM, several dislocation boundaries
may be represented by one line of contrast change. Regardless
of these caveats, however, an increasing fineness in the spacing
of contrast changes does indicate an increasing refinement in
the deformation microstructure and an increase in the degree of
deformation.

With those guidelines one can interpret the contrast changes
below the sliding surface in Fig. 4(a). The grains at the bottom
left of Fig. 4(a), which are about 300 pm below the sliding sur-
face, have a very even contrast across them and are thus unde-
formed. The grains and regions of grains at about 200 pum
below the surface are beginning to show broad fringes of con-
trast changes within them, indicating that they contain a de-
formed microstructure. Within many of the broader contrast
fringes are weaker contrast changes in a checkerboard like pat-
tern. This pattern indicates evidence of a finer underlying struc-
ture.

Both the wider fringes of contrast and the contrast changes
within the fringes are closer together and more abrupt the
nearer the region of view is to the sliding surface. This indicates
that the dislocation boundaries are spaced on a finer scale the
closer the region is to the surface. Within about 10 um of the
surface the structures are so fine that they are not resolved in the
SEM and thus appear as a light strip. Occasionally, a few larger
structures are apparent just below this fine near surface struc-
ture. These larger regions are new recrystallized grains.

Note that there are local variations in the degree of deforma-
tion and depth of deformation along the sliding interface. Al-
though there are variations in the microstructure over small
distances of about 150-300 pm, the average appearance of the
microstructure was similar over the entire 25.4 mm length for
most of these centerline cross-sectioned test blocks. The effect
of the sample corners on deformation appeared to extend only
about 200 um along the sliding direction at both corners. Un-
fortunately, some unevenness in loading was observed in one
sample and that uneveness was reflected in the depth of subsur-
face microstructures (Ref 26).

The types of deformation structures which cause the con-
trast change in the SEM micrographs of Fig. 4 are shown in
greater detail using TEM. Note that the nomenclature used for
the observed dislocation structures follows the definitions pro-
vided in Ref 28 and 29. Figure 5 shows an example of the dislo-
cation structures which have developed during sliding at a
region that is about 100 um below the sliding surface. This re-
gion contains parallel sets of long dense dislocation walls
(DDWs) and microbands (MBs) with dislocation cells in be-
tween the DDWs.

Journal of Materials Engineering and Performance



Fig. 6 The deformation structure 20 um below the surface is
composed of lamellar boundaries (LB) nearly parallel to the slid-
ing direction. Dislocation cells are found in between the lamel-
lar boundaries. A few equiaxed subgrains (ES) are also ob-
served. The sliding direction is marked with an arrow in this
TEM micrograph of a cross-sectioned friction sample following
sliding with a normal pressure of 12 MPa and at a sliding speed
of 25 mm/s.

The 2 pum spacing of DDWs in this area suggests that this re-
gion has been deformed to a von Mises equivalent strain of 10-
20% €. Atadistance of 20 um below the sliding interface, the
dislocation structure contains many closely spaced lamellar
dislocation boundaries (LBs), which are nearly parallel to the
sliding surface and equiaxed subgrains (Fig. 6). These bounda-
ries are spaced 0.23 pum apart. Dislocation cells are found in be-
tween the lamellar boundaries.

Examples of the surface structures from 0 to 5 pm below the
surface are shown in Fig. 7 and 8. The long lamellar boundaries
are similar to those in Fig. 6 except that their spacing is much
finer the closer the region is to the surface. This extremely fine
region nearest the surface, e.g., Fig. 8 and top half of Fig. 7,
stands out from the adjacent region below (bottom half of Fig.
7), even though the region below has a relatively small micro-
structural spacing of about 200 nm. While the demarcation be-
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Fig.7 The deformation structure from 0.5 to 6 pm below the
surface is shown in this TEM micrograph of a cross-sectioned
friction sample following sliding with a normal pressure of 12
MPa and at a sliding speed of 25 mmy/s. The structure is com-
posed of lamellar boundaries (L.Bs) nearly parallel to the sliding
direction, cells, and equiaxed subgrains (ES). The microstruc-
tures at the top of the figure continue to the surface but at a
slightly reduced size scale. The extremely fine long lamellas
nearest the surface at the top of the figure contain both cells and
deformation twins, whereas the LBs shown in the bottom of the
figure contain only cells. Note the many equiaxed subgrains
found at the bottom of the figure. The sliding direction is
marked with an arrow. The location of the surface is indicated
with a line in the top righthand corner and was extrapolated
from an adjacent region in the TEM thin foil. The wavy diagonal
line at the top righthand side of the photo is just the edge of the
TEM thin foil.

tween these regions is clear, it is not a sharp single boundary;
rather it is a string of lamellas which have various widths and
lengths and makes a smooth structural transition between the
two microstructures.

The demarcation between the structures in two surface re-
gions is shown in plots of the spacing of lamellar boundaries
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Fig.8 Very fine lamellar boundaries immediately below the
surface. The surface is marked by a dotted line.

versus depth from the surface in Fig. 9. Each data point in Fig.
9 is the average of from 40 to 100 measurements taken at sev-
eral locations along the sliding direction at that particular
depth. The spacing of these lamellar boundaries increases
steadily as one moves away from the surface, from the smallest
spacing of 35 nm at a depth of 0.5 um below the surface to
about 200 nm at a depth of 5 pm.

Figure 9 also shows that there is a smooth but definite
change in the slope of the spacing versus distance from the sur-
face occurring at a depth of 3—4 pm for this sample. In general
the depth of this rapid increase in boundary spacing varied spo-
radically along the sliding length and also increased on average
with increasing normal load. Thus, the observed depths con-
taining the fine region varied from 1.5 to 15 um below the sur-
face. These variations are observed in the SEM micrographs
like Fig. 4, in which the top strip of unresolvable bright contrast
is equivalent to the extremely fine near surface lamellar
boundaries observed in the TEM.

Three other features distinguish the two subsurface layers.
First the deeper region, represented in the lower half of Fig. 7,
is composed of many more equiaxed subgrains mixed with the
lamellar boundaries than were observed either in the top of Fig.
7 or in Fig. 8. There are also more equiaxed subgrains than ob-
served deeper in the structure (Fig. 6). Note that a few of the
large equiaxed subgrains in Fig. 7 (marked ES) are three times
the size of the surrounding structure.

Second, deformation twins are observed within the very
finely spaced lamellar boundaries in the top half of Fig. 7 and in
Fig. 8 but not in the wider lamellas. These twins and the lamel-
lar boundaries are shown at higher magnification in Fig. 10(a)
and (b). The twins were found in the very finely spaced lamellar
boundaries from 0-3 pm below the surface in this example.
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Fig.9 The spacing of dislocation boundaries, DgNp, is plotted
versus depth from the surface. Note the change in the slope of
this curve at a 3 um depth. Below 3 um the size scale changes
slowly, whereas above that value the size scale increases rapidly
with depth. Overall there is an order of magnitude change in the
size scale of the microstructure in a distance of 6 um. The spac-
ing was measured as the average of linear intercepts taken along
the direction of the minimum spacing between the long lamellar
boundaries. This average spacing includes both lamellar bounda-
ries and equiaxed subgrains. Data are from a cross-sectioned
friction sample following sliding with a normal pressure of 12
MPa and at a sliding speed of 25 mmy/s.

Third, there are slight differences in chemical composition.
The fine structures observed in Fig. 7-10 are primarily copper
but they also contain slight amounts of iron (from the steel plat-
ten) within 2 um of the surface as found by energy dispersive
“x-ray” spectrometry (EDS) measurement. No iron was found
below 2 um in that sample. Preliminary EDS measurements did
not show any evidence of oxygen but those measurements
should be made again to see if trace quantities of oxygen can be
resolved. Very little diffraction change or evidence was found
for mixed-in oxides or other elements, such as iron, from the
counterface so that the Fe in the copper layers found by EDS
must be finely distributed.

In contrast to Fig. 7, some regions had a recrystallized struc-
ture just below the very fine near surface lamellar boundaries.
This recrystallized region is shown in the TEM micrograph of
Fig. 11 and in the backscattered SEM images of Fig. 12. The
new recrystallized grains appear in the SEM micrographs as
large islands of even contrast in the midst of the much finer
structures. In the TEM micrograph (Fig. 11) the recrystallized
regions are nearly dislocation free and curve into the deformed
regions with high angle boundaries.

Figure 12(a) also illustrates how some regions have recrys-
tallized (far left and far right edges just below the surface of
Fig. 12(a)) while adjacent regions along the sliding direction
have not recrystallized (center just below the surface of Fig.
12(a)). If one were to view the left and right regions of Fig.
12(a) in the TEM it would look similar to Fig. 7, whereas the
center of Fig. 12(a) would look similar to Fig. 11 in the TEM.

The recrystallized regions were more frequently observed
in tests which were at the higher sliding rate and having higher
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Fig. 10 (a) A high magnification view of the very fine scale structure found just below the surface of a cross-sectioned friction sample fol-
lowing sliding with a normal pressure of 12 MPa and at a sliding speed of 25 mm/s. Lamellar boundaries, cells and deformation twins are
formed. The sliding direction is marked with an arrow. (b) Narrow deformation twins within a lamella are marked with arrows.

normal loads. For example, compare Fig. 12(a) for a test at the
low sliding rate of 0.25 mm/s with widely spaced recrystallized
regions, to Fig. 12(b) with nearly a continuous region of recrys-
tallized grains following sliding at the higher rate of 25.4 mm/s.
The widely spaced recrystallized regions can range from 3 to
20 umin depth by 5 to 200 um in length spaced about every 100
um for the case of the slow sliding rate. Typically, like Fig. 12,
these recrystallized regions are sandwiched in between the ex-
tremely fine lamellar boundaries near the surface and the less
deformed region with a coarser dislocation structure.

However, sometimes the recrystallized region has either
originated in the fine lamellar boundaries at the surface or else
grows into and consumes those very fine lamellar boundaries.
In other cases the BSE images showed regions with alternating
layers of very fine deformation structures and coarser recov-
ered subgrains/recrystallization nuclei. Frequently there is
some contrast evidence indicating that the regions which re-
crystallized have been deformed again by additional sliding af-
ter recrystallization.

The backscattered electron micrographs provide a measure
of the frequency and distribution of the various types of micro-
structures along the sliding length. This includes not only the
amount and location of the recrystallized region but also the re-
gion of very fine lamellar structures, the gradient in the coarser
and thus less deformed structures, changes in surface topogra-
phy, and any mixing and folding over of the surface layers.
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Table2 The effect of normal pressure on the average sub-
surface depth of the region with an extremely fine spacing
of lamellar boundaries

Average subsurface depth of

Normal pressure, Sliding speed, nanometer spaced
MPa mm/s lamellar boundaries, ym
12.0 25 4.4

215 25 73

16.7 0.25 6.8

227 0.25 7.5

For example, some periodicity in the depth of the very fine
lamellar boundaries along the sliding length was observed.
This depth varies from a minimum of 1.5-3 pm to a maximum
of 5-15 um over a wavelength of about 150 to 200 um of sliding
length. The average values for this depth as a function of nor-
mal pressure are shown in Table 2. The average depth increases
with increasing load.

The strain gradient in the less deformed structure and the
depth of deformation also varied locally along the sliding
length by roughly a factor of two. The “less” deformed struc-
ture is still highly deformed and has a very large strain gradient.
An example of the strain profile obtained from the displace-
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Fig. 11 Recrystallized region (Rcrx) nucleated below the re-
gion of very fine lamellar boundaries (LBs) in a cross-sectioned
friction sample following sliding with a normal pressure of 22.7
MPa and at a sliding speed of 0.25 mm/s. (Note that the fine
spots in the recrystallized region are dislocation loops caused by
ion beam damage during sample preparation.)

ment of twin boundaries which were perpendicular to the slid-
ing direction is shown in Fig. 13.

The surface roughness observed in the SEM cross sections
was generally consistent with the very fine surface roughness
measured with the profilometer after testing. However, every
several hundred pum, a section of the near surface layer ap-
peared to have been removed as shown in Fig. 14. These fea-
tures were uncommon on the half of the sample towards the
entrance side of the slider and somewhat more common on the
exit side. This removed layer could be shallow and short, e.g.,
2 umdeep and 5 pm long as in Fig. 14(a), or relatively deep and
long, e.g., 10 um deep and 100 pum long like Fig. 14(c). Fre-
quently, the material exposed at the new surface had been re-
crystallized.

More commonly observed than this rough surface was the
observation of folds embedded in the very fine surface layers as
in Fig. 14(a) and 15(a-c). These folded layers are pressed into
the surface and incorporate oxides and voids at the folds. One
can imagine that these folds could originate both from the roll-
ing over and pressing in of the large asperities created from
shaving off the surface layers like Fig. 14(b and c) as well as
from the deposition of the flakes which have been shaved off.

Copper flakes were also deposited on the steel platen during
sliding. The black regions surrounding these folds in the copper
sample are both particles and voids as determined by compar-
ing the secondary electron image with the back scattered image
Fig. 15(b and c) and by using EDS. The large pressed-in parti-
cles containing iron in Fig. 14(a) and 15 are from the steel coun-
terface. The folding and pressing in of materials from other
regions and the removal of surface layers change the micro-
structure of the near surface layers. This layering of different
structures is very apparent in Fig. 15, in which recovered sub-
grains and recrystallized regions have been pulled up and
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Fig.12 Dynamically recrystallized regions (marked by short
arrows) are found below the very fine lamellar boundaries in
this BSE image. The LBs make a bright band of contrast at the
surface. The amount of recrystallization occurring during a test
increased with increasing normal pressure and sliding speed.
The sliding direction is marked with an arrow. The boundary be-
tween the surface of the friction sample and the copper plating
(Cu PI) above is indicated by a dotted line. (a) A cross-sectioned
friction sample following sliding with a normal pressure of 17
MPa and at a sliding speed of 0.25 mm/s. The recrystallized re-
gions are not continuous but are in isolated regions along the
sliding length. (b) A cross-sectioned friction sample following
sliding with a normal pressure of 21 MPa and at a sliding speed
of 25 mm/s. The recrystallized regions are nearly continuous
across the sliding length.

smeared over the folded-in particles from the counterface and
fine lamellar structures.

4. Discussion

The observed subsurface microstructures included disloca-
tion structures formed by subsurface deformation, deformation
twins, newly recrystallized grains, highly recovered large sub-
grains, and mechanically mixed copper and iron. These struc-
tures were observed at different depths from the surface.
Similar features have been observed during wear experiments
conducted at smaller loads and for longer sliding distances (Ref
3-6). These different microstructures typically arise from dif-
fering stress, strain, strain rate and thermal conditions and pro-
vide strong clues on the local deformation history in the
subsurface regions. By combining the microstructural evi-
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Fig. 13 Strain profile with depth below the surface as meas-
ured by the sheared boundaries of annealing twins oriented per-
pendicular to the surface. Taken from the cross-sectioned fric-
tion sample following sliding with a normal pressure of 17 MPa
and at a sliding speed of 0.25 mm/s.

dence, the bulk stress-strain properties of copper and the me-
chanics of the sliding process, it is possible to make some semi-
quantitative estimates and bounds on the deformation.

4.1 Comparison with Wear Studies and Bulk
Deformation

Microstructural observations following wear experiments
have typically found three to four zones of subsurface micro-
structures (Ref 5, 6). Zone 4 is the compositionally/mechani-
cally mixed region within the very top surface layers. Zone 3 is
ahighly deformed region which may have recrystallized during
sliding. Zone 2 is a plastically deformed subsurface region.
Zone 1 is simply the remaining bulk microstructure which is
generally undeformed, but, may be slightly deformed if the
nominal loads are above yield. While these zones are typical,
all four may not be present at the same time for a given set of
test conditions and the boundaries between them may blur. For
example if recrystallization or extended recovery does not oc-
cur there is no demarcation between Zones 2 and 3 in this defi-
nition.

4.1.1 Zoned

A definite near surface layer was developed in our tests
which can be compared to the compositionally/mechanically
mixed Zone 4. This layer began at the surface and was from 1.5-
15 um deep, depending on the test conditions and also the loca-
tion within the sample. The local depth of Zone 4 could be
decreased either by recrystallization or the removal of surface
layers by the sliding action. Alternatively the depth could be in-
creased by the deposition of a copper wear flake.

Our Zone 4 is not fully developed compared to the typical
Zone 4, but it does share some important characteristics. Qur
Zone 4 is demarcated by an extremely fine size scale, 30-50
nm, of dislocation boundaries which are of the same fine size
scale as other mechanically mixed regions (Ref 4, 6, 8). Thus,
this region stands out from the rest of the microstructure even
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Fig. 14 Large surface asperities and valleys are created where
the sliding action has shaved off thin surface layers. This rough-
ness is indicated by the dotted lines marking the boundary be-
tween the surface of the friction sample and the copper plating
(Cu PI). BSE images of a cross-sectioned friction sample follow-
ing sliding with a normal pressure of 17 MPa and at a sliding
speed of 0.25 mmy/s. The sliding direction is marked with an ar-
row at the top of (a) and is in the same direction for (b) and (c).
The straight markers indicate the length of 10 um in the figures.
(a) Small, 10 pm long by 2 um deep, flake-like region removed
from the very fine lamellar structure at the top. These flake-like
surface layers are deposited and pressed into nearby surface lay-
ers. For example, the black iron containing particles at the inter-
face between the very fine structure in a band of white contrast
and the recrystallized region indicate that part of this top surface
layer was either formed through the deposition or extrusion of a
shaved off flake from a nearby region. (b) A 60 pm long by 3 um
deep region removed leaving a small tongue of material. Note
that the recrystallized layer is exposed by shaving a thin section
of the top layer. (c) Another deep and long valley (9 um by 25
um) and a large asperity. A second removed layer begins at the
left of the micrograph and extends beyond the edge of the photo
for 200 um.

though Zones 2 and 3 also have relatively small microstructural
size scales.

In other work the boundary between zones 4 and 3 typically
makes a very sharp line (Ref 3, 6), whereas in ours the bound-
ary is clear but not sharp. While a mechanically mixed region
develops relatively quickly in wear experiments, this layer re-
quires a certain sliding distance (i.e. >0.3 m in Ref 6) and many
wear cycles to develop fully. For our tests the sliding length of
120 mm is three orders of magnitude smaller than the typical
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Fig.15 A series of higher magnification views of the mixing of surface layers in a cross-sectioned friction sample following sliding with a
normal pressure of 17 MPa and at a sliding speed of 0.25 mm/s. (a) A tongue shaped piece of the fine lamellar region which appears in
bright contrast at the top left has been pressed farther into the subsurface by the extrusion or dragging of adjacent material up and over this
tongue by the sliding action. (b) Enlarged BSE image at the fold. Note that the curved interfaces between the recrystallized regions and the
fine structure in the deformed areas is also especially apparent in this photo. (c) Secondary electron image of the black region surrounded by
arrows in (b) showing that this region contains small voids and particles. The particles contain iron from the counterface and are possibly

iron copper oxides.

wear experiment which may have sliding distances as large as
500 m. :

On the other hand, our larger loads aid in forming Zone 4.
Thus, one expects the beginnings of a compositionally/me-
chanically mixed region but not a fully developed one. This ex-
pectation is borne out by the results in which some surface
layers are folded under incorporating iron-containing particles
below the surface, the pressing in of copper wear flakes, and by
the fine dispersion of iron within the extremely fine lamellar re-
gion found by EDS in the TEM. This is also consistent with the
very slight decrease in peak heights and surface roughness ob-
served for the steel platen following a test.

In wear studies the impression is given that the extremely
fine size scale of the microstructure in Zone 4 is largely a result
of the mechanical mixing of extremely fine wear particles,
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which are embedded and dispersed throughout the very near
surface layers. This mechanism is certainly very important for
the case of very large sliding distances. Mechanical mixing is
not, however, the main source of microstructural refinement in
our Zone 4. First the long lamellar boundaries share the impor-
tant characteristics of lamellar boundaries, which form at large
strains during either rolling or torsion deformation within
Stage IV (Stage IV is a deformation regime of nearly constant
strain hardening observed at large strains.) (Ref 29-33). Albeit
the lamellar boundaries in the current study are on a much finer
size scale than found during conventional bulk deformation
(Ref 29-33). There is also a smooth gradient in size scale of
these boundaries with respect to the depth below the surface.
Further, many large areas of the very fine lamellar boundaries
contained only the virgin copper and no other elements. Thus,
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the fine size scale observed in zone 4 in this case is primarily
the result of tremendous shear strains occurring very near the
surface. This idea will be developed further in the next sections.
Although deformation-induced temperature effects have
not been considered for Zone 4, this layer will also become
warm at the same time as the layer below it due to deformation-
induced temperature increases. However, this top layer loses
heat to the platen and thus may not be as warm as the layer un-
derneath it. Further, temperature effects on the microstructure
such as subgrain growth and recrystallization may be inhibited
by the fine dispersion of Fe and possibly oxide in this region.

4.1.2 Zone3

In this zone the deformation microstructure has been clearly
affected by deformation-induced temperature increases, result-
ing in dynamic recrystallization and/or subgrain growth. Both
of these effects have been observed in these tests in which a dis-
continuous recrystallized layer was observed in the BSE im-
ages as well as in the TEM. This layer generally began below
Zone 4, at a depth 3 to 10 um and extended as deep as 20 pm.
Occasionally, however, a recrystallized region consumed the
regions right up to the surface.

The location of the recrystallization nuclei suggests that the
narrow transition region between Zone 3 and 4 provides good
sites for recrystallization nuclei, possibly due to higher misori-
entations in this region. Subgrain growth and the development
of dislocation structures at higher temperatures are more am-
biguous to define than recrystallization. However, the size
scale of the microstructure as well as the shape anisotropy of
the microstructure provide strong clues.

There is a clear tendency for equiaxed structures to develop
in greater proportion with increasing temperature (Ref 34, 35).
A larger proportion of equiaxed subgrains was observed in this
region, many with a diameter of three times that of the sur-
rounding structure. Those features strongly suggest the occur-
rence of subgrain growth and the effect of increasing
temperatures above ambient temperature. High purity, highly
deformed copper is known to dynamically recrystallize at fairly
low homologous temperatures (Ref 30). Thus, the temperature
increase in these subsurface zones need have been only 100-
200K.

4.1.3 Zone2

In this zone, localized deformation has created dislocation
structures which are relatively unaffected by the much smaller
deformation-induced temperature increases. For our studies,
this zone begins below Zones 4 and 3 roughly at 5-20 pm below
the surface and extends to 100 to 300 pum in depth. This range
of Zone 2 is consistent with other wear studies (Ref 3, 4, 6).
Generally the microstructure in this region has simply been de-
scribed as containing equiaxed cells. However, it has been
found that other dislocation boundaries, such as DDWs, MBs,
and LBs, are created during bulk deformation in addition to dis-
location cells (Ref 28, 29, 32-40). These additional dislocation
boundaries have been observed in the present friction samples
and will be used in the next sections to infer the stress and strain
state within this zone.
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4.2 Inferring the Local Deformation History from the
Microstructure

4.2.1 Framework for the Evolution of Deformation Mi-
crostructures

A general framework for the evolution of deformation mi-
crostructures for medium to high stacking fault energy fcc met-
als has been developed (Ref 28, 29, 33, 36-40). This
framework, called grain subdivision, is based on the following
principles: (1) there are differences in the number and selection
of simultaneously acting slip systems among neighboring vol-
ume elements, and (2) the dislocations formed during plastic
deformation are trapped into low energy structures (LEDS).
This framework enables one to quantitatively describe the con-
sistent and gradual changes in the microstructure which occur
with increasing stress and strain. This framework also enables
one to better interpret the dislocation microstructures occurring
at a sliding interface and thereby infer the stress and strain state.

The general framework of grain subdivision includes the
formation of rotated volume elements at two sizes for all defor-
mation modes. At the larger size scale, the rotated volume ele-
ment is called a cell block and, as the name suggests, contains
from one to several dislocation cells. Each cell block slips on a
different number and selection of simultaneously acting slip
systems than its neighboring volume elements. While theoreti-
cally five slip systems are required to make any arbitrary shape
change for homogeneous deformation as set forth by Taylor
(Ref 41), fewer slip systems than required by Taylor are fa-
vored within each cell block to minimize the energy increase
associated with large numbers of intersecting slip systems (Ref
28, 29, 33, 36-39). Intersecting slip systems, for example, in-
crease the flow stress and energy through dislocation jog for-
mation. Although the number of slip systems operating within
an individual cell block is less than that required for homogene-
ous (Taylor) deformation, groups of cell blocks collectively act
to approximate the Taylor criterion.

The cell blocks are bounded by long dislocation boundaries
that accommodate the lattice misorientations, which result
from glide on different slip system combinations in neighbor-
ing cell blocks. The boundaries which accommodate these lat-
tice misorientations are called geometrically necessary
boundaries (Ref 42) and include DDWs, MBs, and LBs. The
dislocations in these boundaries are also arranged to mutually
screen their individual stress fields. Cell blocks are further sub-
divided by ordinary cell boundaries which have been termed
incidental dislocation boundaries. These incidental boundaries
form as a result of statistical trapping of glide dislocations sup-
plemented by forest dislocations (Ref 42). In previous studies
these two types of boundaries have been quantitatively charac-
terized by their macroscopic orientation to the deformation
axis, crystallographic orientations, frequency of occurrence,
and the morphology of the boundary.

From this quantification it has been observed that the
DDWs, MBs, and LBs have special macroscopic orientations
with respect to the macroscopic deformation axis. Thus, they
provide some evidence for the type of stress state which created
them. Furthermore, the spacing of these boundaries decreases
with increasing stress and strain so that a relationship can be
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made between the flow stress of the material and the size scale
of the microstructure.

4.2.2 Stress and Strain Concentrations in Zones 4, 3 and 2

Estimates of the strength and thus the local stress, strain, and
strain rate in the deformed zones can be obtained from the mi-
crostructure. The very fine lamellar structure in Zone 4 con-
tains many deformation twins. Single crystal studies have
shown that the formation of deformation twins in copper re-
quires a minimum critical resolved shear stress of 150 MPa
(Ref 43). Deformation twins formed during shock loading of
copper were also found to follow this criterion (Ref 44). A re-
solved shear stress of 150 MPa translates to an equivalent stress
of 450 MPa based on an average Taylor factor of three. No pre-
ferred orientation is accounted for in this factor of three.

A value of 450 MPa provides a lower bound for both the
flow stress of zone 4 and the size of the stress concentration that
has developed in Zone 4. This stress concentration is at least a
factor of 15 when the flow stress, which occurred locally, is
compared to the applied maximum von Mises equivalent stress
of 35 MPa based on the combined nominal shear and normal
loads (Fig. 3(b)).

Alocal flow stress gradient versus subsurface depth can be
estimated based on an extrapolation of the inverse relationship
between the flow stress and the microstructural size (Ref 45).
This extrapolation is justified based on the self similarity of the
lamellar microstructure observed herein with that of lamellar
microstructures developed during torsion and rolling deforma-
tion in Stage [V (Ref 30-32, 45). An extrapolation is needed as
the microstructural size scale herein is three times smaller than
that previously observed during bulk deformation.

For reference, the size scale of the microstructure generally
changes by one to two orders of magnitude during deformation
from large to small strains. The microstructural size scale is
considered to be the largest contributor to the flow stress in this
case. Two other lesser effects, which also contribute to the flow
stress, are included in this estimate only to the extent that they
change the microstructural size scale. These lesser contributors
are: (1) the slight increase in iron and and possibly oxygen at
the surface which will increase the flow stress by solute
strengthening (and also decrease the microstructural size scale)
and (2) any deformation-induced temperature increases which
will decrease the flow stress and also increase the microstructu-
ral size scale,

The torsion data of Alberdi (Ref 31) shows that an increase
in temperature of 100 K decreases the flow stress of copper at
large strains by 15%, while a 200 K increase decreases the flow
stress by 30%. However, a large part of this decrease in flow
stress with temperature is directly reflected in the microstructu-
ral size scale. For example in nickel, which is.an fcc metal like
copper, an increase in temperature of 280 K decreases the large
strain flow stress by 40% at the same time the microstructural
size scale increases by 50% (Ref 32). With those caveats in
mind, a flow stress estimate for the observed friction-induced
deformation is made. A combination of data and equations
from Ref 30-32 and the torsion data reported herein suggests
the following relationship for the flow stress at large strains
within Stage IV:
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Fig. 16 Estimates of the equivalent flow stress of copper as a
function of the depth below the surface based on the spacing of
lamellar boundaries and equiaxed subgrains. Note the change in
slope of this curve at a depth between 3 and 4 pm. This change
in slope suggests that there are at least two overlapping stress
fields contributing to the subsurface deformation.

GVM= 120 MPa + 37.5 MPa um- IIDGNB (Eq 2)

To provide a frame of reference with other work, this equation
may be equivalently written in terms of the crystallographically
resolved shear stress via an average Taylor factor M of three:

t=GVM/M=6VM/3

=T + KGb/DGNB (Eq 3)

Using the experimental values for copper of shear modulus G =
4,21 x 10* MPa and a Burgers vector b = 2.56 x 10-19m, this
formulation results in a constant factor K =1.2 . This low value
of K is consistent for Stage I'V shear deformation (Ref 32).

This estimate of the flow stress versus subsurface depth is
plotted in Fig. 16 using Eq. 2 and the microstructural data plot-
ted in Fig. 9 and mentioned in the text. The stress at 50 jim in
depth, however, was estimated from the stress-strain curve in
Fig. 1 and a strain of 0.08 determined from a sheared twin
boundary. This different method was required because Eq 2
does not apply for this small strain Stage III deformation re-
gime. This estimate of the flow stresses with depth compares
favorably to the location of deformation twins with depth in
Zone 4 and the critical stress needed for their formation.

Note that the flow stress (and strain level) is largest at the
surface and decreases rapidly with depth. There is also achange
in the slope of the curve in Fig. 16 occurring at the transition be-
tween Zone 4 and 3. The flow stress decreases rapidly with
depth in Zone 4. The decrease in flow stress in Zones 3 and 2
was much less rapid.

This estimate also shows that the work hardening potential
and the size of the flow stress for copper are tremendously large
when deformation is confined, as in these friction tests. Al-
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though Fig. 9 is meant to be simply an estimate to illustrate the
stress fields, there is no doubt that the extremely fine micro-
structural size scale of 35 nm at the surface must translate into
very large stresses. These values, however, would be very diffi-
cult to obtain in bulk monotonic testing, as instabilities in sam-
ple geometry would introduce fracture and shear banding prior
to reaching these values (Ref 46).

In an analogous manner, the highest strain level in Zone 4 is
estimated by extrapolating the data in Ref 29-32 and comparing
it to our microstructural size scale. Thus, the €, at the surface
is roughly 25. The maximum strain rates possible, assuming
perfect adhesion during a straining event, are the sliding rates
divided by the depth of deformation. These maximum shear
strain rates are thus approximately 50/s for the slow sliding
speed and 5000/s for the fast sliding speed using a Zone 4 depth
of 5 um.

Such maximum strain rates would only arise momentarily in
the event that a local surface region adhered to the platen. In
contrast, the time averaged estimates of the strain rates based
on the estimates of total strain are much lower and provide a
lower bound for the strain rates. The time averaged strain rates
at the surface are about 0.05/s for the slow sliding speed and 5/s
for fast sliding speed.

4.3 Comparison with Friction Models

Friction and wear models include those that consider local
asperity interactions (a rough surface) and those that consider
the effects of localized smooth body contacts (for example
Hertzian) or a combination of the two (Ref 11-25). Both of
these effects create local stress concentrations at the surface.
However, the region of influence of their individual stress
fields may differ.

For example, asperity interactions dominate a region very
near the surface while Hertzian type stress fields extend deeper.
While these models have been principally derived to calculate
and explain the macroscopic friction coefficients and wear,
these calculations also include in part the determination of the
local stress and strain state, the depth and magnitude of the sur-
face deformation and the location of the maximum stress and
strain. Thus, one can compare these various models to the cur-
rent observations of localized surface deformation and to our
friction coefficient values.

Our microstructural observations suggest that there are two
regions of surface deformation with different characteristic
depths reflecting at least two different sources for the localized
flow. The first region is the very near surface and highly de-
formed region of extremely fine lamellar boundaries (Zone 4).
The second region extends an order of magnitude deeper and
includes Zones 3 and 2. Also our observations show that the
maximum stress and strain occur at the surface and not at some
distance below the surface. All of these features will be consid-
ered in the model comparisons.

4.3.1 Idealization of the Current Test Geometry

An idealized representation of our test configuration is first
presented in order to compare our results with various friction
models and to illustrate the mechanics of contact and sliding.
Our basic geometry is two nominally flat bodies in contact with
an apparent area equal to the square surface area of the copper
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Fig. 17 Idealized configuration of the friction test set up for
comparison with asperity deformation models. (a) Basic geome-
try. (b) During the test the indenting steel wedge causes aridge
of copper to develop (see text for details).

sample (Fig. 17(a)). While the contacting surfaces are nomi-
nally flat, they are not smooth. Rather these surfaces have a
characteristic roughness which affects the interactions between
the surfaces.

This roughness is idealized in the following way. First, be-
cause of the greater roughness, hardness and elastic behavior of
the steel platen, only the surface roughness of the platen is con-
sidered. The surface of the copper is considered to be smooth
initially for the purposes of analysis. The roughness of the steel
platen is idealized as a series of wedges whose lay is perpen-
dicular to the sliding direction (Fig. 17(b)).

The size and spacing of these wedges is obtained from the
statistical roughness averages for the platen. Thus, these very
blunt and shallow wedges are spaced 1 = 130 pm apart with an
average wedge angle o = 5 to 10°. Two hundred of these
wedges are spaced on average along the length of the copper
surface. The local load on each wedge is p = Ppinaf200.

During the friction test, the load is first applied before slid-
ing begins. Application of this large load causes the higher as-
perity peaks from the steel platen to indent the copper surface.
As sliding begins the indenting steel wedge causes a ridge of
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Table 3 Estimates of the subsurface deformation using slip
line theory for a sliding wedge asperity

Local interface Predicted depth of subsurface
Wedgeslope  friction, f deformation, pm
5° 0.5 38
10° 0.5 14
5° 09 15
10° 0.9 5

Note: Data obtained using the methods of Ref 18-22

copper to develop (Fig. 17(b)). The steel slider is considered to
deform elastically while the copper deforms both elastically
and plastically. This assumption is reasonable since the surface
roughness characteristics of the platen were virtually identical
before and after testing, except for some very slight wear men-
tioned earlier.

4.3.2 Applying Asperity Models to Zone 4

The mechanical interactions between individual surface as-
perities, the adhesion between asperity junctions, and surface
plowing by asperities have been modeled and explored experi-
mentally in many studies (Ref 11-14, 16, 18-22, 24). For light
loads, the local surface deformation is confined primarily to the
asperities themselves and the extension of this deformation be-
low the asperities remains less than the asperity height. For
larger loads, a ridge or standing wave of the softer material is
created and propagated by the moving asperities of the harder
material and more material below the asperities is engaged in
the deformation.

The resistance to sliding and the deformation field caused
by the interaction of surface asperities and the propagation of
the standing wave or ridge has been calculated using slip line
field theory by Wanheim, Bay, Petersen and Abilgaard (Ref 16,
20) and Challen, Oxley and McLean (Ref 18, 22), and using an
upper bound approach by Avitzur, Huang, Zhu and Nakamura
(Ref21,24). These solutions were obtained by assuming a two-
dimensional plane strain configuration with elastic perfectly
plastic behavior for the case of a steady state wave. The surface
deformation fields calculated by these models in general de-
pend on the angle or slope of the asperities (which are idealized
as wedges), their spacing, the normal pressure, and the local
friction or interfacial strength between the contacting asperity
surfaces.

Using the force balance and slip line geometry the depth of
surface deformation is determined by the geometry of Challen
and Oxley’s simplified slip line field diagram and their equa-
tions in Ref 18 and 22. The depth of the surface deformation
calculated from their model depends on the choice of asperity
angle o and the local friction f at the interface. Further, it was
assumed in this case that the wave could only develop to a
length between asperities of 1 = 130 pm. This range of results
(Table 3) shows that the depth of surface deformation increases
with decreasing local friction and with decreasing slope or as-
perity angle o.

Ahigher value of f > 0.9 provides the better estimate of sur-
face deformation and also better estimates our high global fric-
tion values of U (Fig. 3a). Values of f> 0.9 are required to
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Table4 Estimates of the depth of subsurface deformation
using the upper bound approach for a sliding wedge asper-
ity with a wedge slope of 5° and a local friction factor of 0.6

Average subsurface
Predicted depth  depth of nanometer
Normal pressure, P of subsurface spaced lamellar
MPa P/oy  deformation,um  boundaries, um
12 0.4 6 44
17 0.6 9 6.8
22 0.7 11 7.5

Source: Ref 21, 24

match our global friction values, which range between 0.6 and
0.8. Note also that a lower value of f = 0.5 was found to be more
appropriate for oil lubricated surfaces (Ref 22) in contrast to
our dry surfaces. The kinematic conditions of the above model
would then predict a depth of plastic deformation which is be-
tween 5.5 and 15 um. Those predictions are within a factor of
two of the values observed for Zone 4 (Table 2).

Avitzur and Nakamura (Ref 24) have plotted the results of
their upper bound analysis in terms of the plastic depth below
the surface scaled to the length | between wedges vs a nondi-
mensional normal load p/Gl (G is the bulk yield stress). Since
p is the load per unit depth on an individual asperity summit,
p/Sgl = Promimal/Co- The surface depths versus normal load
taken from Fig. 12 of Ref 24 are shown in Table 4 for a slope of
o = 5° and a local friction value of 0.6. Although our evidence
suggests that a higher local friction factor should be used, those
values were not provided in their paper. In using their graph we
used the initial yield stress in tension of 30 MPa. Work harden-
ing is not considered. The calculated depth of this plastic defor-
mation (Table 4) is within a factor of two of our data for Zone 4
(Table 2) as well as showing an increase in depth with increas-
ing load.

Both of the above analyses show that the kinematics of the
surface asperities and a moving ridge or wave provide a good
physical model of a large source of the deformation observed in
Zone 4. This fit is quite reasonable considering that the analysis
is for an elastic perfectly plastic material, while the real mate-
rial work hardens tremendously and may not reach a steady
state. Also these analyses consider only a single pass of the
wedge, whereas in a friction test, many asperities pass over a
location in the sample, i.e. 1000, in the present case.

Furthermore, the statistical distributions of asperity height,
angle, and length must play some role which neither we, nor
these simple models have considered. Work hardening would
modify the geometry and flow of the copper ridge or wave with
repeated passages of an asperity wedge. Work hardening would
also increase the depth of plastic deformation. The increase in
depth due to work hardening, however, appears to be less than
a factor of two as evidenced by the experiments in Ref 22 per-
formed on a highly work hardening aluminum alloy. Thus,
these asperity models explain the deformation in Zone 4, but
not the much deeper deformation in Zones 2 and 3.

One further difference with our data and these wave models
is the location of the maximum stress and strain. In our data the
maximum stress and strain occurs at the surface, whereas in the
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wave models it occurs below the surface and at some small dis-
tance below the indentation of the ridge into the surface (Ref
20, 22, 23). Thus, there are additional forces affecting Zone 4.

4.3.3 Local Contact of Smooth Bodies

Deformation of two contacting bodies will also be affected
by the nominal geometry of contact, such as the contact of two
spheres, a cylinder or a sphere on a flat half space, or two flat
surfaces as in our case (i.e. Fig. 17(a)). Mechanics solutions for
these types of geometries have been steadily extended, from
the Hertzian solutions for elastic contact of half spaces to per-
fectly plastic solutions and to kinematic hardening (for exam-
ples see Johnson (Ref 15, 23, 25)). These types of solutions
provide estimates of the localized subsurface deformation
caused by the nominal geometry. While rough surfaces (asperi-
ties) can change the exact stress field caused by the nominal ge-
ometry and a superposition of these two effects is not always
valid, these two sources for the overall stress field are distinct.

It is thus illustrative to simply consider the nominal case to
gain an understanding of the depth range for that nominal field
and the size of the strain which develops. In solutions for the
stress concentrations due to either the line load of a smooth cyl-
inder or the circular loading of a sphere, the depth of the stress
field is three times the half contact width.

The maximum shear stress lies at the surface for friction co-
efficients greater than 0.33 and below the surface for friction
coefficients less than 0.33 (Ref 25). The strains that develop
with a single contact are very small, on the order of 0.1% (Ref
25). The large subsurface strains which are observed experi-
mentally are the result of plastic ratcheting of these strains over
thousands of contact cycles (Ref 25). In general, the effect of a
rough surface would be to widen the nominal area of contact
and lower the stresses, thereby increasing the depth of plastic
deformation while decreasing its magnitude (Ref 23).

If our geometry fit this type of local loading, then these
“Hertzian” contact stresses could explain the depth of deforma-
tion in Zones 2 and 3. However, the nominal local contact is
two flat surfaces in our experiments. The mechanics for this
nominal geometry provides for a constant shear stress across
the entire thickness of the sample without generating any local
subsurface fields (ignoring the small regions closest to the
outer edges of the sample). Thus, this flat nominal geometry is
not the source of deformation in Zones 2 and 3.

One could invoke a sample waviness on top of the surface
roughness, which would cause a “Hertzian” type loading and
thus deeper deformation. While there is probably some wavi-
ness in the samples, this waviness could not be frequent enough
to provide the number of contacts cycles in which to increase
the strains by plastic ratcheting to the large values observed.

4.3.4 The Role of Adhesion

The local friction values required for the asperity models to
predict our Zone 4 are high, suggesting that a significant degree
of adhesion occurs along the local contact region. This adhe-
ston is further suggested by the film of copper adhering to the
platen counterface following a test, and by the removal and re-
attachment of long strips of the copper surface layers. Local re-
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gions of adhesion would create their own stress fields, since lo-
cal adhesions create cracklike features with a loading similar to
a Mode II crack.

Preliminary estimates suggest that the stress field of a Mode
II crack extends well beyond the depth of Zone 4 and may be
the source of much of the deformation in Zones 2 and 3. The
Mode I1 stress field would also affect Zone 4 by providing the
maximum stress concentration at the surface, as is observed in
the microstructure. While Mode I cracking in friction has been
analyzed for subsurface cracking in the delamination theory of
wear (Ref 47, 48), it has not been considered in the present con-
text. The role of the adhesion and Mode II stress fields will be
explored in a later paper.

4.3.5 Contributions to the Global Friction Model

None of the above models of friction can provide all of the
contributions to the global friction factor that we measure. The
asperity models discussed above make a large contribution to
that global friction factor. However, to match the non-Coulomb
friction behavior and the large dependence of the friction force
on normal pressure, other mechanisms need to contribute, in-
cluding adhesion.

5. Summary and Conclusions

There is a distinct pattern of stress and strain induced micro-
structures that develop as a result of stress concentrations im-
posed by sliding. These structures are further modified by
deformation-induced temperature increases, and by the re-
peated shaving off and redeposition of surface layers. These
structures provide a quantitative means for estimating the ma-
terial stress fields and for comparing them with friction models.

It was found that asperity deformation models, which con-
sider a moving wave, can explain one contribution to friction
coefficients and the friction induced stress concentrations.
However, the microstructural observations also show that an-
other contribution is required to match the friction values and
the observed stress and strain fields. It is postulated that local
adhesion is another necessary factor.

The observed microstructures reveal the tremendous poten-
tial for continued strain hardening of metals during confined
deformation. This ability of materials to continue strain harden-
ing beyond our expectations, coupled to the potential for an
ever increasing stress field at surface discontinuities, such as an
asperity wedge or the root of the notch caused by local adhe-
sion, means that a tremendously hard surface layer evolves dur-
ing sliding. The evolution of this highly hardened
microstructure and the attendant steep gradient in the material
flow stress with depth below the surface will cause an evolving
friction coefficient and a changing dissipation of friction en-
ergy. Thus, these evolving structures need to be incorporated
into friction and wear models.
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