Tribol Lett (2015) 57:28
DOI 10.1007/s11249-015-0471-z

ORIGINAL PAPER

Nanoscale Abrasive Wear of CoCrMo in In Situ TEM Sliding

Yifeng Liao - Emily Hoffman - Laurence D. Marks

Received: 5 August 2014/ Accepted: 19 November 2014
© Springer Science+Business Media New York 2015

Abstract The mechanical behaviour of materials at
nanometre dimensions has been a major recent topic of
research. In this study, the wear properties of a ~60-nm
thin foil made of the ductile fcc phase of a CoCrMo alloy
were examined using in situ sliding test in a transmission
electron microscope by sliding a silicon AFM tip on the fcc
matrix under an applied normal load of 416—1,279 nN. The
material near the surface was deformed plastically, forming
dislocations and dislocation cells at the surface. The wear
process was found to be strongly dependent on extrinsic
factors, namely the attack angle between the tip and the
CoCrMo surface. At an attack angle of 64°, the surface was
removed by continuous fractures 40-73 nm below the
surface. At a lower attack angle of 24°, the abrasive wear
switched to ploughing.
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1 Introduction

Wear is a progressive material degradation near the surface
under sliding contact. Wear models at the macroscopic
level based on continuum theories have been well docu-
mented, both experimentally and theoretically, with great
success in predicting wear behaviour [1-4]. In their semi-
nal work, Tabor and Bowden [5-8] suggested that the
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interface encompasses a large number of micro- or nano-
scale single asperities. Despite the successful macroscopic
models [9-11], wear behaviour of a single small asperity is
still largely unclear, especially when the asperity scale
decreases to tens of nanometres [12]. There has been a
reasonable amount of interest in nanoscale sliding, most of
the research involving wearless experiments [13-—18].
Experimental results of deformation caused by a single
asperity sliding are very limited. Of note are in situ wear
studies in a scanning electron microscope (SEM) by Bates
et al. and Kato et al. which revealed substantial details on
ploughing, wedging, and cutting of a wide variety of
materials [19-22]. However, the feature size of these SEM
experiments was ~1 pum. Precisely how the material is
deformed at and beneath the surface remains a mystery.

With the recent development of precise sample manip-
ulation in a transmission electron microscope (TEM),
directly observing wear at the nanoscale has become
accessible through in situ TEM sliding tests. This technique
has provided unprecedented information of materials evo-
lution during sliding. A number of phenomena were dis-
covered, such as sliding-induced recrystallization [23],
liquid-like behaviour [13, 24], and thermally activated
wear recently reported by Jacobs and Carpick under non-
load conditions [16], in which the Archard law does not
fully account for the wear processes. These new behav-
iours, not commonly observed at the macroscopic scale
[25], call into question the validity of classical models such
as abrasive wear as applied to nanoscale single sliding
asperities. This is a concern for structural materials with
excellent plasticity that are able to accommodate large
deformation.

In this work, we present an in situ TEM study of abra-
sive wear of a CoCrMo fcc phase, which is ductile in its
bulk form [26, 27], sliding against a silicon atomic force
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microscope (AFM) tip. CoCrMo alloy is a well-known
wear-resistant material that has broad applications ranging
from gas turbines to medical implants. This alloy consists
of ductile fcc phase and brittle carbides [28-30]. Due to the
small size of the TEM—-AFM tip, we were able to selec-
tively test the fcc region to quantify the behaviour of the
ductile phase.

2 Experimental

An as-cast CoCrMo alloy complying with the ASTM
standard F75 for metal hip replacement was cut into a foil
of 20 um x 5 pm X ~60 nm thickness using a FEI
Helios dual-beam focused ion beam. The two sides were
~1.5 pm thick and fixed to the TEM grid. The foil was
initially cut at 30 kV and finished with 2 kV cleaning. The
CoCrMo thin foil was then slid against a silicon AFM tip
in situ in a 200 kV F20 Tecnai TEM in vacuum. The AFM
tip, which was provided by Nanofactory, was fabricated by
using SF6 plasma isotropic etching, followed by oxidation
and sharpening. The AFM-TEM apparatus has been
described in details elsewhere [31]. The normal load was
applied along the z-axis and can be calculated by the
deflection of the cantilever (x): F = kx, with the spring
constant k of the cantilever being ~5.2 N/m. The normal
load in the sliding test was 416-1,279 nN, equivalent to
144-230 MPa. The lateral force measurement is not
available with this AFM-TEM sliding apparatus. The
dynamical event was recorded using a TV camera. The
videos were analysed frame by frame. Static images with
higher resolution were obtained using a CCD camera.

Finite element analysis was performed using a simpli-
fied model to estimate the stress state at the contact area. A
normal pressure of 200 MPa was applied to the centre
region (100 nm wide) of the top edge of a 20 um x
5 pm x 60 nm lamella. The two sides of the lamella were
set to be fixed to match that the two sides of the FIB foil
were thick and welded to the TEM grid. A total number of
189,756 nodes were used for the analysis.

3 Results

The silicon tip showed no discernible wear, similar to the
sliding test on a carbide phase reported elsewhere [31]. The
specimen exhibited substantial abrasive wear. Figure la—c
shows TEM images of a region before and after the sliding
test. A number of strips s with a nearly uniform spacing of
~70 nm were present prior to the sliding test. The strips
are straight and parallel to each other, indicating they
resided on certain crystallographic planes. These are
stacking faults commonly seen in CoCrMo alloys due to
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the low stacking fault energy [32, 33]. The sliding involved
substantial plastic deformation in the subsurface. Figure 1d
shows the surface region before and after one sliding pass.
The bend contours arrowed with dark arrows were
unchanged indicating that sample bending due to sliding
was negligible. Since the diffraction conditions for the two
images are similar, the darker contrast in the region
enclosed in the white lines after the sliding test must be
associated with plastic deformation. Dislocations were
generated during compression/sliding and appeared to be
impeded by the stacking faults, forming localized dislo-
cation cells as highlighted by the white lines. For com-
pleteness, we note that the fact that stacking faults can act
as barriers to dislocation motion is well established.

Volume loss occurred via chipping when the thin foil slides
towards the right-hand side as shown in Fig. 2 and Supple-
mental Video 1. The applied pressure was 144-230 MPa. The
area indicated with an arrow in Fig. 2b was removed during
the first sliding pass. A curved, 236-nm-long crack was
formed, with the maximum depth of 40 nm beneath the sur-
face. In <0.03 s, the crack propagated through the sample and
a chip, volume ~3.7 x 10° nm?, fractured away from the
surface. A second crack, 382 nm long with a maximum depth
of 73 nm, was formed in the subsequent sliding, resulting in a
volume loss of ~1.2 x 10° nm®. The geometry of the crack
is highlighted with the dotted line in Fig. 2. One end of the
crack was at the surface behind the AFM tip, while the other
end was closed ahead of the tip in the subsurface. There are no
other newly formed defects (e.g. dislocations, stacking faults
or cracks) near the fresh surface. The attack angle, o, which is
the angle between the sample surface and the counter surface,
was 64°, as shown in Fig. 2c.

Ploughing occurred when the thin foil slid towards the
left-hand side in the area close to where the chipping took
place, see Fig. 3 and Supplemental Video 2. The normal
load was 416-1,024 nN. Due to the larger contact area
because of wedge formation, the pressure was calculated to
be 25-61 MPa. We note that this was a fresh area which
the tip did not slide on previously. A small volume was dug
out and accumulated ahead of the tip. The ploughing was
continuous with no abrupt cracking. The attack angle was
24°, as shown in Fig. 3. The silicon asperity penetrated the
surface to a depth of ~52 nm. The ploughing process
occurred over 2 s and 1,160 nm with the ploughed volume
moving together with the sliding tip. The pile-up volume
after ploughing was ~3.0 x 10° nm”.

4 Discussion
Materials at the nanoscale may exhibit different plasticity

behaviour than the bulk. Higher strength and mechanical
annealing are observed in nanoindentation of micropillars
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Fig. 1 a—c Series of TEM micrographs showing plastic deformation
in the CoCrMo fcc phase. A dislocation cell is highlighted with the
dotted lines. The bend contour arrowed in (a) changed minimally,

indicating that the sliding contact did not bend the thin foil. d The
contact region before and after sliding, showing the deformation with
dark contrast

Fig. 2 Series of TEM micrographs showing chipping of the CoCrMo fcc phase. The attack angle is 64°. A crack is highlighted in the inset figure

in (d)

[34-37], as the flow process is influenced by the limited
number of dislocation sources. In order to elucidate the
stress state of the in situ sliding of the CoCrMo thin foil, a
simplified model where a 60-nm-thick lamella is loaded by
a constant applied pressure of 200 MPa from the top edge
was analysed using finite element analysis (Abaqus soft-
ware). It is worth noting that despite the thin nature of the

FIB foil as a whole, the thickness of the lamella is com-
parable to the contact interface. Thus, one should not
consider that the contact area is in a plain stress state. As
shown in Fig. 4, the maximum shear stress in the lamella is
~190 MPa at the surface and gradually decreases in the
subsurface region. Similarly, the maximum von Mises
stress is ~ 165 MPa at the surface.
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Fig. 3 Series of TEM micrographs showing wear via ploughing. The CoCrMo thin foil was moving towards the left. a The initial stage. b The
tip grooved into the fcc phase. The attack angle is ~24°. ¢ Ploughing lasted for 1,160-nm sliding distance, forming an edge ahead of the tip

Fig. 4 Finite element analysis of a simplified thin lamella with a constant applied pressure of 200 MPa on the centre of the top surface. The two
sides were fixed. The maximum shear stress is decreased below the contact surface

Although both the Tresca stress and von Mises stress are
much less than the yield strength of bulk CoCrMo, the
surface exhibited significant plastic deformation, evident in
the dislocation cells. The sliding-induced localized defor-
mation at the surface may be the origin of a layer of
nanocrystalline material, extensively reported in the post
facto TEM examinations of metallic materials after con-
ventional wear tests with repeated sliding [12, 38—40].
Sliding did not anneal the existing defects, in this case
stacking faults. This is consistent with the previous
observations of plastic deformation in sliding contact tests
at multiple length scale. In the recent molecular dynamic
(MD) simulation by Mishra and Szlufarska, wear was
found to be controlled by substantial dislocation activities
in the subsurface, within a few nanometres of the contact
interface. Zhao and Bhushan also observed bend contours
and dislocations in a TEM thin foil deformed ex situ at a
load of 80 pN using an AFM tip and concluded that plastic
flow is primarily responsible for volume removal [41].

Wear is known to be a multifactorial phenomenon
dependent on not only the materials properties, but also the
contact geometry. The attack angle is critically important
to how material is removed. At the lower angle of 24°, the
active wear mechanism was ploughing; wear switched to
abrupt chipping at the attack angle of 64°. This finding
agrees with the experimental observations of abrasive wear
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in situ in a SEM reported by Kato and co-workers [20, 22],
in which ploughing is favoured at an attack angle of 0°-
40°, while cutting is favoured at >40°. Our result suggests
that the continuum models are largely valid at the nano-
metre scale.

In the ploughing, the volume removed from the surface
was deformed plastically and junction growth is favour-
able, presumably due to the small angle between the sur-
face and the tip. The ploughing came to an end when the
plastically deformed junction was large enough to support
the applied load as shown in Fig. 3. As suggested by
Hokkirigawa and Kato, ploughing leads to a higher resis-
tance to friction [21]. The geometry dependence of the
transition from cutting to ploughing at ~ 1 nm scale is also
reported in the MD simulation of Mishra and Szlufarska
[42]. Thus, wear is sensitive to the contact profile across
the length scale from the atomistic to micrometre scale.

The chipping featured nanoscale cracking. The crack in
Fig. 2 might initiate at the surface behind the sliding tip or
in the subsurface and be closed in the subsurface ahead of
the tip due to the compressive stress. The crack shape is in
accordance with the trajectory of the maximum shear stress
as extensively described in slip line theory [43]. Thus, the
cracking seems to be dominated by mode II shear crack, in
agreement with the analysis by Hearle and Johnson [44].
No vertical cracks were generated during the sliding,
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indicating that vent crack theory [45, 46] for brittle mate-
rials does not account for the surface fracture. Similarly,
the surface delamination theory [47], which has been
considered as not responsible for the wear involving plas-
ticity, does not account for the wear process, because the
crack was generated by the shear stress.

While the classic models are still largely valid in this
abrasive wear at the nanometre scale, there are differences.
Shear cracks are usually attributed to the plastic deformation
created by cyclic sliding. The cracks were formed in the first
sliding pass. Single sliding can generate large surface
deformation; thus, cyclic sliding is unnecessary. This could
be due to existing defects, or the reduced mechanical
properties at the surface, known as a salvage layer. Surface
oxide in this in situ sliding test is complicated. The surface
oxide layer formed prior to the in situ TEM sliding tests can
lower the adhesion as described in Ref. [3, 48]. Once the
surface oxide was removed by sliding, the oxidation of the
metal freshly exposed is significantly slower than in a one
atmospheric due to the low vacuum in a TEM, typically
better than 10~ torr. The electron beam also leads to strong
desorption and reduction of any oxides or chemisorbed
oxygen at the metal surface, further suppressing the oxida-
tion. Thus, we believe that surface oxide does not play a
major role in these experiments after the initial stage when
the surface oxide is removed.

5 Conclusions

In situ sliding of CoCrMo fcc matrix has revealed the
details of abrasive wear at the nanometre scale. The con-
tinuum models are still largely valid for a single sliding
asperity of 100 nm. The surface was deformed plastically.
The wear process is critically dependent on the attack
angle. Under similar sliding conditions, a lower angle of
24° led to ploughing. A junction was formed in front of the
tip during ploughing. A higher attack angle of 64° led to
chipping. The curved surface fracture was induced by the
shear stress via mode II fracture.
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