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The friction behaviour of ion-implanted sapphire in contact with diamond cones and spheres
of arange of materials has been investigated as a function of implantation dose and implant
species. Generally, an increase in friction is observed at low doses followed by a decrease
once amorphization takes place. For the sharp diamond cones this can be correlated with

changes in ploughing behaviour controlled by near-surface plasticity, whereas, for the
spheres, the increase in friction for low-dose implants is due to changes in adhesion
between the spheres and the implanted layer. The implications of these observations for the
creation of lubricating surface layers by high-dose ion implantation are discussed.

1. Introduction

The friction and wear properties of ceramic (and
other) materials are primarily a function of the mech-
anical, physical and chemical properties of the con-
tacting surfaces (e.g. [1-4]). Ion implantation is
a technique which can change the composition, micro-
structure and properties in the surface and near-sur-
face region and should thus have important effects on
tribology, particularly in cases where any depth of
material removal or damage by wear is small com-
pared to the thickness of the implanted layer. Indeed,
ion implantation into metals has been shown to in-
crease hardness and decrease both friction and wear in
some cases [5, 6]. For ceramics, however, amorphiz-
ation, the enforced creation of unusual solid solutions
or even the formation of new phases can result from
ion implantation (with or without post-implantation
heat treatment) [7-14]: in turn, these microstructural
modifications are expected to effect changes in the
mechanism of surface deformation and thus variously
modify the material’s responses, controlling friction
and different types of wear.

The majority of wear studies for ion-implanted cer-
amics have been performed using the single-pass
scratch test (e.g. [7, 9, 15, 16]). Thus, in implanted
materials, the presence of surface compressive stresses
has been shown to result in a reduction in the amount
of radial and lateral fracture around the scratch. Thus
the amount of brittle abrasive wear, together with
concomitant energy absorption and hence friction, is
reduced. At low doses, where surface hardening oc-
curs, the width of the scratch track is observed to be
reduced as the amount of plastic abrasive wear is
reduced. After the onset of amorphization, plastic de-
formation in the amorphous layer dominates the wear
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behaviour, because even after some stress relief has
occurred, the surface compressive stresses are large
enough to reduce drastically the amount of surface
fracture compared to unimplanted material [17]. Cha-
nges in friction for metals produced by ion implanta-
tion have been reported following pin-on-disc studies
[18,19]. In general, friction was found to be reduced
after implantation. Similar studies for ceramics were
initially inconclusive [20], but later results showed
that, for sapphire, the friction increases after low-dose
implantation [21]. In addition to changes in friction
due to changes in the mechanical properties of im-
planted surfaces, it has been shown that the contribu-
tion to friction from adhesion between the sliding
surfaces can be changed by ion implantation [22]. For
magnesium oxide substrates, the friction against
diamond slider cones with hemispherical tips was
observed to increase dramatically after low-dose tita-
nium implantation. This was associated with the de-
sorption of surface adsorbates during the implanta-
tion process and a reduced propensity for reforming
the adsorbate layers on subsequent exposure to the
atmosphere. The effect is dramatic for MgO, but much
less pronounced in the case of the sapphire substrates
investigated in this study.

In this study, we have used the single-pass scratch
test to investigate the changes to the measured friction
produced by implantation over a wide dose range. The
frictional changes are analysed in terms of their com-
ponents and conclusions drawn about using ion im-
plantation for improving the tribological behaviour of
ceramics. For the first time, it has been possible to
separate the adhesion and ploughing contributions to
friction and estimate the changes to these effects by
implantation.
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TABLE I Range and damage parameters for the materials implanted in this study

Target Ton Ion Projected Standard Projected Standard Energy

energy, mean ion deviation, mean deviation, loss in

E, range, AR, damage AX, displacement

(keV) R, (nm) depth, (um) damage

(pm) X, processes,
(pm) E,
(keVion™1)

Sapphire Ti 300 0.143 0.041 0.088 0.051 125
Sapphire Y 300 0.031 0.023 0.046 0.028 152

2. Experimental procedure

Single-crystal sapphire wafers of (1012) orientation
(supplied by GEC, Wembley, UK), and prepolished to
a device-level surface finish R, = 20 nm, were cleaved
into 20 mm x 20 mm x 0.1 mm sections, carefully de-
greased in alcohol and ultrasonically cleaned prior to
implantation. The samples were then implanted with
yttrium and titanium ions in the Cockcroft-Walton
facility at UKAEA Harwell to doses in the range 10'°
to 5x10'7 ions cm ™2 All implantations were per-
formed at room temperature with a beam current of
a few microamps so that beam heating was estimated
to be 250 °C at most. Implantation conditions and the
range and damage parameters of the implanted ions
are summarized in Table L.

Friction measurements were performed using a dia-
mond stylus with a spherical tip attached to a single-
pass scratch tester [17]. The tangential frictional force
was measured with an instrumented arm and recorded
on a chart recorder. This was averaged over the length
of a track and divided by the load to determine the
coefficient of friction. Passes were made parallel to
[1010] at a speed of 0.25 ms ™! up to a maximum of
8 mm in length. The diamond styli were 90° cones with
approximately spherical tips (supplied by Shaw Ab-
rasives) which were initially found to have a number of
angular asperities which were broken off or polished
smooth in the first few scratches made at high loads
(> 500 g). Thus the cones were worn in by repeated
scratching of unimplanted sapphire at 500 g load until
no further changes in the diamond profile could be
detected by scanning electron microscopy (SEM).
After this treatment the radii of curvature of the cones
(perpendicular to the scratch direction) were deter-
mined from scanning electron micrographs and are
given in Table II. The radii of curvature in other
directions were found to be similar. Cones were only
used for scratching or unimplanted layers after they
had been run-in and no further profile changes were
observed. The diamond sliders were investigated be-
fore and after scratching of the implanted materials
but no change in diamond profile was observed. The
cones were carefully degreased and ultrasonically
cleaned, together with the flats, prior to scratch test-
ing,

Further friction measurements were also performed
with 3 mm sapphire spheres, steel (1%C, 1%Cr used
in a hardened and tempered state (1000 VHN)) and
WC/Co. These were cleaned and degreased using the
same procedure as used for the scratch diamonds and

TABLE II Radii of diamond cone tips

Substrate Ton Cone radius
(pm)

Sapphire Ti 148

Sapphire Y 40

scratches were made in the same crystallographic ori-
entations, No running in was necessary.

3. Analysis of friction results

According to the long-established theories of Bowden
and Tabor [2], the measured friction will arise from
a number of contributions.

1. Adhesion. When two surfaces are pressed in con-
tact, junctions will be formed which are large com-
pared to molecular dimensions. During sliding these
junctions will be sheared and consequently may in-
crease in size. For metals the shear strength of the
adhesive bond determines the friction behaviour; in
many cases the interfacial bond is stronger than the
softer of the two materials and thus shear failure
occurs within the soft material, resulting in transfer of
material from the soft to the hard sliding face. For
ceramics (where true junction welding may be diffi-
cult), failure is much more localized at or near the
sliding interface so the shear strength of the contacting
asperities will be important in determining the meas-
ured friction. The detailed origins of the forces of
interfacial adhesion will be critically dependent on the
surface condition (chemistry, topography, etc.) of the
contacting materials and it is likely that ion implanta-
tion will also affect these.

The friction force will be determined by the true
area of contact 4y, and the shear strength of the
junction (or the softer material) T, and is given by

F=A 1)

For calculation purposes, the true area of contact A,
must be measured which, in virtually all cases, is
experimentally difficult. Thus estimates of the appar-
ent area of contact are often used in these situations,
based on the contact of perfectly smooth surfaces.

2. Ploughing. If one of the surfaces is harder than
the other, then an asperity in the harder material may
plough its way through the softer material resulting in
the formation of a groove. The majority of the plastic
deformation which occurs during the scratch test is
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associated with groove formation and is included in
this term. However, shearing of one or other of the
sliding counterfaces may indeed result in plastic defor-
mation which does not necessarily lead to groove
formation. This is important in junction formation;
the ploughing and adhesion terms are thus interre-
lated. According to Bowden and Tabor [2] the friction
force due to ploughing is given by

F = AP 2

where A, is the projected cross-sectional area of the
track and P’ is the mean pressure to displace material
in the surface. For an asperity modelled as a spherical
cap

A, ~ d*/12R (3)

where d is the scratch track width and R the radius of
the scratching particle. In general, ploughing friction
is small compared to adhesion friction.

3. Surface roughness. The interaction between the
asperities of two contacting surfaces can have
a marked effect on the frictional force. Work must be
done in deforming asperities of the softer material in
order for one material to slide past another. Such
deformation may be elastic or require some plasticity.
For the plastic deformation of asperities, analysis by
slip-line field theory shows that the effect on the fric-
tional force is dependent on the average slope of the
asperities [23]. However, for the materials investi-
gated in this study, elastic deformation will be more
important and an upper limit to the friction contribu-
tion from roughness in this case is given by

p = tanb 4

where 0 is the mean slope of the asperities. For most
polished materials 8 < 1° and thus p < 0,017 which is
small compared to most measurements made and can
thus be ignored.

4. Fracture. At high contact stresses significant
amounts of cracking can occur around scratches in
brittle materials. In this case, there are large oscilla-
tions in the friction trace along a scratch track and
much of the frictional energy is dissipated in fracture
processes. This has been modelled by Lawn and Swain
[24] who obtained an expression for the friction coef-
ficient in terms of the fracture toughness for scratches
produced with a sharp indenter which is similar to the
relationships obtained for static indentations derived
by Lawn and co-workers [25-28]. In our study, loads
were chosen so that no cracking occurred around the
scratches in order to remove this effect from the calcu-
lations.

The total friction force may thus be expressed as the
sum of these contributions

F = Ayt + AP (5)

In practice, the components are not fully independent
[28] but Equation 5 remains a reasonable approxima-
tion for the cases investigated here.

P’ is a measure of surface plasticity which can be
taken as the scratch hardness of the material given by

P = kL/d? 6)
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where L is the applied load and k is a constant.
Effectively A4,, the area of contact, is thus equal to
d?/k. Combining Equations 3, 5 and 6, we have

F = d*tjk + kdL/12R (7)

There are various ways of determining k but, if it is
assumed that the load is supported on the front half of
the moving stylus during sliding, then k = 8/n which
has been used in this study. Alternatively, k = 2 has
been used [29], but this does not significantly alter the
magnitude of the calculated ploughing friction.

From Equation 7 the interfacial shear strength, 7,
can be calculated in terms of the measured friction
force, F, the width of the scratch track, d, and the
factors fixed by the experimental apparatus (tip radius,
R, and applied load, L). However the use of Equation
7 relies on knowledge of the areas 4, and A4, and
much better approximations are available from the
work of Goddard and Willman [30] detailed else-
where [4]. By this approach, the shear and ploughing
forces on an element in the contact region are integ-
rated over taken to be the front half of a hemispherical
slider. The ploughing force is then given by

of . (d d d \*]2
PR {Sm (ﬁ) ‘ﬁ[l B (ﬁ” }“)

and the adhesion component by

5 d 27172
2TR* {1 — |1 — | ==
wp-l-GE ] e
If it is assumed that the applied load is also supported

on the front half of the spherical slider, then
L =mnd*P/8 (10)

F:

F =

Dividing Equations 8 and 9 by Equation 10 gives the
coeflicient of friction due to ploughing, p,, and ad-
hesion, p,, respectively

- B 3
x[l - (2%)2}1/2} (11)
2<%> (27R>2<%> {1 - [1 - (%)2]1/2}(12)

From these expressions it can be seen that p, can be
calculated from the measured track width and the
radius of the stylus. However, 1, depends on the ratio
t/P which needs to be determined.

If P is taken as the hardness of the material, then

P = cY (13)

Mo =

where c is a constant and Y the uniaxial yield stress.
The value of ¢ depends on the ratio of Young’s
modulus to yield stress which, for many materials it is
close to 3, though for some ceramics can be very much
less [31].

From the Tresca yield criterion [32] we have

T = Y2 (14)

where T and Y are the shear yield and uniaxial tensile
yield stresses, respectively. Combining Equations 13



and 14 gives

T 1
5 = % (15)

which leads to a theoretical value for this ratio of
one-sixth if the adhesion friction force is dominated by
shearing of the ploughed material. Ceramics would be
expected to have t/P ratios less than 0.17 by this
argument as the constant ¢ in Equation 13 can be as
low as 2.4. In this study values of t/P have been
calculated from experimental data using Equations 11
and 12 and the approximation

Ha + Hp (16)

Mmeasured

The shear strength, 7, can then be calculated from the
t/P ratio using values of P determined from Equation
10. The low friction coefficient comes from the lack of
true welding such that 14,4, <€Y/2.

4. Results and discussion

4.1. Single-pass friction traces:
single-crystal sapphire

There are two friction coefficients which can be impor-

tant for understanding wear behaviour, namely static

friction which is a measure of the friction force which

is recorded at the onset of relative motion of two

sliding surfaces, and dynamic friction which is the
steady state value once sliding motion is established.
These are not usually the same for either unimplanted
or implanted materials. The static friction value is
dominated by adhesion and is more a function of
surface cleanliness than dynamic friction. In general, it
has been found that, for low-load scratch tests where
little or no plastic deformation occurs, static friction
exceeds dynamic friction, whereas at higher loads
where a well-defined scratch track is produced, the
dynamic friction is larger and can increase along the
track length. In this section we present single-pass
friction traces for sapphire implanted with yttrium
and titanium which illustrate these effects.

Fig. 1 shows graphs of friction force against sliding
distance for the scratches on titanium-implanted sap-
phire. The traces show a rapid increase in friction in
the first ~ 0.5 mm of travel, leading to a more con-
stant value which oscillates about a mean value at
longer sliding distances. The sliding distance quoted
here is merely the distance through which the speci-
men table has been driven. Thus it is most likely that
the initial rapid increase corresponds to the deflection
of the beam whilst the static friction increases. Once
the stylus begins to move the friction tends to drop
{though this does not happen in all cases and is by no
means repeatable) indicating that the static friction is
somewhat higher than the dynamic friction.
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Figure 1 Typical experimental variation of the friction force with sliding distance for titanium-implanted (101 2) sapphire scratched with
a diamond cone. The friction increases up to the value when relative motion between the cone and flat begins (the so-called “static” or
“limiting” friction) and then levels off to oscillate about a mean value (“stick—slip”). This mean kinetic friction has been used throughout this
study. (a) Unimplanted, (b) 106 Ti* cm ™2, (¢) 2x 10'¢ Ti* em™2, (d) 5x 106 Ti* cm ™2, (e) 10! Ti* cm ™2, (f) 5x 107 Ti* cm ™2
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The oscillations in the track once the stylus has
begun to move are due to stick—slip motion. As the
force of the stylus increases, the friction increases until
the stylus begins to move; the friction force is then
reduced and the arm starts to straighten, leaving a net
restoring force on the stylus. The stylus then slides
over the flat until it sticks, comes to rest again, and the
process is repeated. Thus the observed response de-
pends in part on the compliance of the tester arm. The
ideal friction trace for this behaviour is a saw tooth,
but the response of the machine to these rapid oscilla-
tions is too slow to record this and the resultant trace
contains a number of regularly spaced humps. As the
dose of titanium is increased the stick—slip oscillations
become less pronounced. This is an indication that the
adhesion between the diamond and the implanted
surfaces has changed (see Section 4.3).

Fig. 2 shows similar traces for yttrium implanted
sapphire. From the unimplanted friction traces it can
be seen that the friction force gradually increases with
sliding distance. This is presumed due to the build up
of debris in front of the moving stylus as the measured
widths of the scratch tracks do not change along their
length once motion has started. Another feature of the
friction traces in this material is that the highest dose
specimens show a decrease in friction with sliding
distance. These specimens all have soft amorphous
layers and thus it could be that the debris produced by

the stylus is acting as a lubricant. Fig. 3 shows
scratches in unimplanted and 5x 107 Y ions cm ™2
implanted sapphire. The debris produced from the
unimplanted material is sharp and angular and thus
has its origins in brittle fracture around the scratch. By
contrast, the debris produced from the high-dose im-
planted material is more rounded indicating its origin
in plastic deformation. This debris could act as a lubri-
cant if it rolls between the stylus and the implanted
surface.

In these materials scratches were made with loads
up to 100g at which load fracture around the
scratches began to occur causing rapid oscillations in
the friction trace. The lateral compressive stresses as-
sociated with ion implantation reduce this fracture so
that, whereas cracking occurs around scratches in
unimplanted material at 100 g loads, no similar cracks
were observed for any of the implanted materials. For
100 g loads the widths of the scratch track produced
for yttrium and titanium implants were measured as
7.75 and 11.25 pm, respectively, corresponding to pen-
etration depths of 0.09 and 0.05 pm, respectively. Thus
the scratches are expected to lie predominantly in the
implanted layer (see Table I).

Coeflicients of sliding friction, u, were determined
by taking the mean value of friction force averaged
along the track and dividing by the normal load. In
order to avoid the contribution due to fracture, only
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Figure 2 Typical experimental variation of the friction force with sliding distance for yttrium-implanted (1071 2) sapphire. The friction
increases initially and then oscillates about a mean value once sliding had started. These stick—slip oscillations tend to be less pronounced as
the dose of implanted ion is increased. The friction coefficient initially increases at low doses, but is reduced at high doses. (a) Unimplanted,
() 10" Y em™2,(c) 2x10*° YT em ™2, (d) 5x 10 Y™ em ™2, () 101" Y+ em ™2 (f) 5x 1077 Y™ cm 2.
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Figure 3 Secondary scanning electron micrographs and surface profilometer traces of 500 g scratches in (a) unimplanted (107 2) sapphire
and (b) 5% 107 cm™~? yttrium implanted (1 01 2) sapphire. Subsurface lateral cracking in the unimplanted material causes the surface uplift
visible in the profilometer traces. In the implanted specimen, both the radial and lateral cracking around the scratch has been reduced.
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Figure 4 Variation of the coeflicient of friction with dose for tita-
nium-implanted (1 0 1 2) sapphire. The friction coefficient increases
at low doses up to a maximum at the onset of amorphization. Above
this dose the friction is reduced due to the presence of the soft
amorphous layer. () 25 g, (@) S0 g.

the data from the 25 and 50 g traces were used; in this
case, the friction force is expected to be dominated by
adhesion and ploughing. Fig. 4 shows a plot of coeffic-
ient of friction against dose for titanium-implanted
sapphire. The friction increases at low doses up to
a maximum at the onset of amorphization, when it
begins to decrease again. Above this dose, as the
amorphous layer thickens, the coefficient of friction
decreases until the dose at which the amorphous layer
reaches the surface, when the friction has dropped
below the value for unimplanted sapphire (50 g load).
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Figure 5 Variation of the coefficient of friction with dose for
yttrium-implanted (10712) sapphire. The friction increases up to
a maximum at around the onset of amorphization. There is also an
increase in friction at the highest doses due to the effects of plough-
ing through the soft amorphous layer. (M) 25 g, (@) 50 g.

TABLE III Amorphization doses for implanted sapphire

Ton Energy Subsurface Surface
(keV) amorphization amorphization
dose, ¢, dose, ¢,
(10'° ionsem™?)  (10'7 ionscm ~2)
Ti 300 8.2 3.6
Y 300 2.8 1.1

Similar behaviour is observed for yttrium-im-
planted sapphire (Fig. 5). Table III shows the doses
at which amorphization starts in the titanivm- and
yttrium-implanted sapphire (as determined by
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Rutherford backscattering [17]) and the doses at
which the amorphous layer reaches the surface (as
calculated from the model of Burnett and Page [8]).
The friction increases up to the dose where amorphiz-
ation starts below the surface. As the amorphous layer
thickens the friction is reduced until it falls to a value
less than that for unimplanted material. When the
amorphous layer reaches the surface the friction be-
gins to increase again. The low-dose increase in fric-
tion is similar to the results of Burnett and Page [21].

4.2. Ploughing friction
The hardness of ion-implanted sapphire is known to
increase for low-dose implantation. If the changes in
friction are dominated by changes in ploughing be-
haviour, then the variation in friction with dose
should be directly related to the variation in hardness
with dose. Experimentally, the form of the friction
against dose plot is found to be very similar to the
form of the hardness—dose plot for the same specimens
(see, for example Fig. 6). It is thus tempting to at-
tribute the change in friction to the change in hardness
of the surface layer because no cracking is observed at
the loads used in this study.

The ploughing friction calculated from the Bowden
and Tabor model (Equation 3 using measured values
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E 3000 :i’ .
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Figure 6 Comparison between the dose variation of (a) the Knoop
hardness and (b) the coefficient of friction for titanium-implanted
(10712) sapphire from Fig. 4. Both show an increase up to around
the dose where amorphization occurs and a decrease at higher
doses. Thus it is tempting to attribute the change in friction behav-
iour to the change in plasticity of the surface layer produced by ion
implantation. (A) 25 g, (@) 50 g.
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of d (Fig. 7) and P’ equal to the measured hardness)
may be compared to the ploughing friction calculated
from the Suh model (Equation 11). Fig. 8 shows a plot
of coefficient of friction against dose for yttrium-
implanted sapphire scratched with a 40 um radius
diamond stylus at 25 and 50g. Also plotted on
these graphs is the ploughing friction calculated from
the Bowden and Tabor model and the Goddard and
Willman model as detailed by Suh. The agreement
between the ploughing friction calculated by the two
models is quite good for the implanted specimens.
However, the agreement with the measured friction is
not good. At low doses the measured friction increases
whilst the calculated ploughing friction decreases. Be-
cause there is no fracture contribution, the difference
can only be due to the adhesion friction mechanism.
Although the hardening of the implanted layer in-
creases P’, and might be expected to increase p,, the
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Figure 7 Dose variation of the width of scratch tracks produced by
the diamond cones scratching (a) yttrium-implanted and (b) tita-
nium-implanted (101 2) sapphire. As the hardness of the implanted
surface increases, the width of the scratch track decreases. On
amorphization, the surface is softened and the scratch track width
increases again. (@) 25 g, (W) 50 g.



T TTTT T T TTTT

0.20 ~

0.16

0.12 |

0.08 -

——

0.04 &

T A W 1 1

16 17 18

10 10

L 1

(a) Dose (Y ecm™?)

T T T TTTTI

0.20

0.16

0.08

0.04

1 B N U N A

0
0 10" 10 10

(b) Dose { Y cm™)

Figure 8 Variation of (@) the measured coefficient of friction, p,
with dose for yttrium-implanted (1071 2) sapphire at (a) 25 g load
and (b) 50 g load. Also plotted is the calculated ploughing friction
according to the models of (A) Goddard and Willman and (M)
Bowden and Tabor; the error bars have been removed for clarity.
Whilst the measured friction increases at low doses the ploughing
friction is reduced. Thus the increase in friction at low doses must be
due to changes in adhesion. At high doses, the measured friction is
reduced and the ploughing friction increases until the two are nearly
coincident. The friction behaviour is dominated by ploughing at
these doses.

associated narrowing of the scratch track is a more
significant effect and thus the ploughing friction de-
creases in cases where ion implantation leads to sur-
face hardening. On amorphization the scratch width is
increased again and the ploughing friction increases
despite the fact that the amorphous material is softer.
The measured friction is reduced until it is comparable
with the ploughing friction at doses where the
amorphous layer reaches the surface. Above this dose
there is an increase in both the measured friction and
the calculated ploughing friction, due to the fact that
ploughing through the thickening amorphous layer is
dominating the friction behaviour. Thus it is the width
of the scratch (and hence the area of contact) that
dominates the friction behaviour which depends on

the hardness of the surface layer. However, the in-
creased forces needed to plough through the harder
material do not dominate the friction response.

From Fig. 8 it can be seen that for 25 g scratches the
dose at which the observed friction is a maximum is
~2x10*® Y ions cm~? and the friction does not
decrease rapidly until above 10'7 Y ions cm % For
50 g scratches the maximum is below 10*° Y ions
cm ™2 and the observed friction decreases above this
dose. This is due to the penetration depth of the
scratch diamond. For the 25 g scratch the diamond
will not penetrate into the amorphous material until
a dose of 1x10'7 Y ions cm ™ 2. For the 50 g scratch
the larger penetration depth in a given specimen re-
sults in penetration into amorphous material at a dose
of 5x10'® Y ions cm~2 Thus, the rapid drop in
friction is associated with the formation of amorphous
material.

Fig. 9 shows the same plot for titanium-implanted
sapphire. Here there is poor agreement between the
Bowden and Tabor ploughing friction and the value
determined from the Goddard and Willman equation.
The observed friction is much higher for this material
than the yttrium-implanted sapphire, whereas the cal-
culated ploughing friction is of a similar magnitude.
Thus it would appear that the effects of adhesion are
more pronounced for titanium-implanted sapphire
than for yttrium-implanted sapphire. It is not until
5% 107 Ti ions cm™~? that the effects of ploughing
through the soft amorphous material become impor-
tant.

The difference between the calculated ploughing
friction curve and the experimentally determined
curves at low doses is thus due to adhesion, because
changes in the ploughing component cannot account
for the observed trends. This is discussed in more
detail in the next section.

4.3. Adhesion

From the previous section it is apparent that the
increase in friction at low doses is due to a mechanism
other than ploughing as was initially expected, which
could be an increase in adhesion between the diamond
and the substrate. In order to test this hypothesis,
scratching experiments were performed with smooth
spheres of relatively large radius at low loads so that
no visible deformation was produced on either the
sphere or the polished flat [33]. In this case the friction
is expected to be dominated by adhesion.

Friction tracks were made with 1.5mm radius
spheres chosen to give a range of interfacial contact
situations. Each sphere was rotated and “run-in” on
unimplanted materials until they gave repeatable, con-
sistent friction readings, between passes on the im-
planted materials. Five passes were made on each
specimen at loads of 25 and 50 g. For these loads, no
visible deformation (as observed by reflected light
microscopy or SEM) occurred in the unimplanted
material.

Fig. 10 shows plots of the coefficient of friction
against dose for the sapphire, steel and WC/Co
spheres sliding against titanium-implanted sapphire.
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Figure 9 Variation of (@) the measured coefficient of friction, p,
with dose for titanium-implanted (107 2) sapphire at (a) 25 g load,
and (b) 50 g load. Also plotted is the ploughing friction calculated
using the models of (A) Goddard and Willman and (l) Bowden and
Tabor. The error bars have been removed for clarity. Again the
measured friction increases whilst the calculated ploughing friction
decreases at low doses, showing the importance of adhesion at these
doses. At the onset of amorphization the measured friction de-
creases, but remains significantly larger than the increasing plough-
ing friction. This is due to the fact that the blunter cone used to
scratch this material will have a larger surface in contact with the
implanted flat and thus adhesion will be more important.

The behaviour is different for each of the sliders used.
For the sapphire sphere (Fig. 10a) the coefficient of
friction increases up to a dose of 1 x 107 Ti tons cm ™2
when it starts to be reduced. In the steel and the
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Figure 10 Variation of the coefficient of sliding friction with dose
for (a) sapphire, (b) steel and (c) WC/Co spheres sliding on titaninm-
implanted (107 2) sapphire flats, For the sapphire sphere the fric-
tion increases up to the dose at which the amorphous layer extends
to the surface, whereas for the other spheres the friction maximum
occurs at the onset of subsurface amorphization. (A) 25 g, (@) 50 g.

WC/Co cases the peak in friction is at a lower dose
(~5%10* cm™2). No sign of scratch tracks was vis-
ible on any of the flats after scratching titanium-
implanted sapphire. The friction coefficients [or the
WC/Co sphere were found to be virtually independent
of load. The dose at which the peak occurs for the
sapphire sphere corresponds to the dose at which the
amorphous layer reaches the surface. For the other
spheres the friction peak occurs closer to the dose at
which amorphization starts below the surface.
Similar friction plots for yttrium-implanted sap-
phire are shown in Fig. 11. For the sapphire sphere the
friction increases up to a dose of 1 x 1017 Y ions ¢m ~2
which is also around the dose wheré the amorphous
layer reaches the surface. For the other spheres there
were initial increases in friction at the lowest dose
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Figure 1] Variation of the coefficient of sliding friction with dose
for (a) sapphire, (b) steel and (¢) WC/Co spheres sliding on titanium-
implanted (107 2) sapphire. For the sapphire sphere the friction
increases up to the dose at which the amorphous layer extends to
the surface. For the other spheres the behaviour is more complic-
ated, though there is a friction maximum at the onset of subsurface
amorphization as for the titanium-implants. (A) 25 g, (®) 30 g.

(1x10'® Y ions cm~2) but at doses above this the
friction decreases until a dose of 5 x 101® Y ions cm ™2,
In this material the onset of amorphization below the
surface is ~2.8x10'® Y ions cm™? and thus this
low-dose peak is similar to that observed for the
titanium-implanted flat. At higher doses the friction
increases again and visible scratch tracks are observed
in the implanted flat. This increase is thus due to
ploughing of the sphere through the soft amorphous
material. For the WC/Co spheres there is a further
decrease in friction at 5x 1017 Y ions cm ™2,

The increase in friction observed for these scratches
must be due predominantly to changes in adhesion

between the slider and the implanted flat. However,
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Figure 12 Surface profilometer traces along the same line on the
surface of a 1 x 1017 Y ions cm ~ 2 implanted (1 01 2) sapphire flat (a)
before scratching, (b) after a single pass with a steel sphere loaded to
50 g. The asperities of the implanted surface have been flattened by
the slider showing that some plastic deformation has occurred even
if no visible scratch track has been produced.

the contact between the slider and the flat will not be

‘uniform over the contact area, but will consist of

discrete contacts at a number of asperitics. For the
implanted flats the polish is sufficiently good that the
asperities are only 60 nm high and ~ 6 um wide as
measured by stylus profilometry. There may be some
plastic deformation at the tips of these asperities, but
there was no visible profilometry flattering of the
asperities in surface traces across the friction tracks in
any of the implanted specimens, except where well-
defined scratch tracks were produced. In this case the
asperities of the implanted flat were somewhat flat-
tened. Such behaviour can be seen in surface pro-
filometer traces along the same line before and after
a scratch has been made (Fig. 12).

For true elastic contact, the frictional energy will be
dissipated as heat but this will be modified by non-
ideal contact situations. Dislocations may be gener-
ated at the tips of some asperities where the contact
stresses are highest and thus some energy can be
dissipated in plastic deformation. The presence of sur-
face films will also contribute to the dissipation of
frictional energy. Thick films may be plastically de-
formed, scraped from the surface and/or pushed ahead
of the slider thus tending to increase the measured
friction. Alternatively, the films may interfere with the
slider/substrate adhesion and produce changes in the
adhesion component of friction. As the thickness of
such surface films is reduced, the mechanical effects of
the films will become less important and changes to
their adhesion to the substrate will be the major effects
likely to contribute to the measured friction. Careful
degreasing is expected to leave the surface with only
a thin contaminant film.

Friction coefficients for ceramic materials measured
in air tend to be much smaller than those measured in
inert gases or under vacuum [34, 35]. This is due to
the presence of adsorbed surface layers (chiefly water
on oxides) which reduce the adhesion between flat and
slider. Thus one possible explanation for the changes
in adhesion could be the removal or disruption of
these adsorbates. The presence of these adsorbates is
known to produce substantial softening of the surface
layer in MgO and other ceramics [36]. Bull and Page
[37] have reported that ion implantation reduces this
chemomechanical effect by altering the affinity of the
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surface for water in some way, leading to changes in
measured friction. The presence of the adsorbate will
have several effects on these frictional properties; for
example, they may facilitate sliding by physically sep-
arating the moving surfaces (hydrodynamic lubri-
cation). This is likely to occur at much smaller loads
than used in this study. Alternatively, the adsorbates
may interfere with the adhesion of asperities (bound-
ary lubrication). It is this mechanism which is most
likely to be operating in this situation.

In the single-pass tests, such adsorbed layers may be
being scraped off or pushed ahead of the slider. To see
if this has a major effect on the measured friction,
multiple pass tests were made on each specimen. Ini-
tially ten passes were made with the same sphere in the
same direction. No changes in the measured friction
coeflicients were found after these tests. Similarly, re-
ciprocating tests were performed with five passes in
each direction and very good agreement was found
with the friction coefficients measured for a single pass
for every friction coefficient determined, regardless of
sliding direction. It thus seems likely that the adsor-
bate layer is thin enough that it will interfere with
adhesion, but not with ploughing or other friction
mechanisms.

The friction of ion-implanted ceramics thus depends
on the nature of the contact between the slider and the
flat, together with the surface and near-surface struc-
ture of the implanted layer. For the sapphire on sap-
phire contact, once the amorphous material extends to
the surface, the friction is reduced implying that the
adhesion between amorphous material and the slider
is less than that between the damaged-but-crystalline
material and the slider. However, if the slider is steel or
WC/Co the maximum in friction occurs when
amorphization occurs below the surface. In this case
some long-range effect seems to be important.

There are two potential long-range effects which
could explain these observations.

1. Subsurface plastic deformation. In a sliding elastic
Hertzian contact, the maximum shear stresses occur
below the surface if the friction is low and thus this is
where initial yielding is expected to occur. The depth
at which this maximum occurs is about one-third the
contact diameter for a spherical slider, which is well
below the implanted layer. As the friction coefficient
increases this maximum shear stress occurs closer to
the surface, until for p = 0.5, it occurs at the surface. If
the measured friction coefficient for the WC/Co and
steel spheres was much higher than that for the
alumina sphere the shear stresses would be larger in
the subsurface amorphous layer and this could lead to
yielding. However, there is no difference in the magni-
tude of the measured friction and so this mechanism is
unlikely.

2. Changes in elasticity. As well as modifying the
plastic properties of the surface of a material, ion
implantation has been shown to reduce the elastic
constants of silicon by ~ 30% once amorphization
has taken place [38]. Such a change will decrease the
effective elastic behaviour of the implanted substrate
and increase the Hertzian contact area. If this increase
in apparent contact area is mirrored by a change in
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real contact area the adhesion component of friction
will increase even if the interfacial shear strength re-
mains unchanged. Thus it might be expected that the
friction would continue to increase after amorphiz-
ation which is not observed. However, as the contact
area increases the mean pressure on the contacting
asperities of a real surface will be reduced. The
strength of the junction between the asperities on the
implanted flat and the slider will depend on the surface
chemistry of each and the magnitude of this contact
pressure. High pressures can generate strong bonds by
squeezing and disruption of contaminant films which
tend to separate the sliding surfaces. In the case of the
sapphire slider on the implanted sapphire flat, such
large pressures are maintained right up to the moment
the amorphous layer extends to the surface. However,
for the steel and WC/Co sliders there are relatively
soft phases present in the near-surface microstructures
of the stylus which can plastically deform to reduce the
contact pressure. The chances of squeezing contami-
nation out and forming intimate contacts between
asperities on the implanted flat and these materials are
thus lower and anything which reduces the contact
pressure will lead to a reduction in the strength of
interfacial junctions and hence the adhesion compon-
ent of friction. It is for this reason that sub-surface
amorphization leads to a reduction in the measured
friction for these sliders.

4.4. Evidence for adhesion:
material transfer

From the previous observations it can be seen that it is
the nature of the contact between the slider and the
flat which is important in determining the friction
between the two materials. In this study three different
slider materials have been used, sapphire, steel, and
WC/Co, all of which are expected to have different
contact properties. To understand the in-service wear
properties of a material it is necessary to look at the
material transport between flats and sliders after sev-
eral passes. In order to investigate this, the spheres
were used to make multiple passes on 5x 107 Y ions
cm 2 and 5 x 10'7 Ti ions cm ~? implanted sapphire
on the hope that these high doses should enable ma-
terial transfer to be detected by EDX in the SEM
(though if this transfer is related to the adhesion be-
tween the slider and the flat, it should be more impor-
tant at low doses). Twenty passes were performed with
each sphere on the implanted flats, and the debris
adhering to the spheres and left around the tracks was
examined. EDX is not sensitive enough to pick up the
atomic-scale material transfer over the whole contact
area — Auger analysis would be better for this but the
technique was beyond the scope of the present study.

In the case of titanium-implanted sapphire, debris
could be found adhering to the sapphire sphere, but
not to either the steel sphere or the WC/Co sphere.
EDX revealed that this debris was titanium-rich and
thus some bond formation between the titanium-im-
planted sapphire and the sapphire sphere must have
occurred during the test. The debris is bound strongly
enough to survive after prolonged ultrasonic cleaning



but may be removed by brushing with a soft cloth. For
the yttrium-implanted flat, no debris was found to
adhere to the steel sphere, though debris was found to
adhere to both the WC/Co and sapphire spheres. This
debris was found to be yttrium-rich by EDX in the
SEM. This is similar to the titanium case and implies
that the adhesion between the sphere and the im-
planted flat will be important in any wear mechanism
that operates. For these materials the soft, plastically
deformed debris adheres to the slider and flat and is
not removed during the wear process. This may be
important if ion-implanted ceramic components are to
be used for tribological applications.

4.5. Dependence of adhesion on ploughing
Calculated shear strengths for the sapphire spheres
sliding on titanium- implanted and yttrium-implanted
sapphire are shown in Fig. 13. According to the model
of Bowden and Tabor the shear strength increases
from around 36 MPa in the unimplanted material to
93 MPa in the 1 x 10!7 ion cm ™2 implanted case for
both ions (because the maximum friction is the same
in both cases). A similar increase is obtained using the
model of Goddard and Willman. The decrease in
shear strength on amorphization is small compared to
the increase before.

The increase in adhesion up to the dose at whichi the
amorphous material reaches the surface is linear with
dose for these materials. This implies that the change
is dependent on the concentration of implanted atoms
(or the damage they cause) in the surface region of the
material. Chemical bonding between the sphere and
the flat is important in the adhesion processes as well
as any removal of adsorbates produced by ion im-
plantation [33,37]. This will depend on the precise
surface chemistry produced by ion implantation.

For the scratches with the diamond indentors de-
scribed in Section 4.2, the effects of adhesion on fric-
tion will be masked by the fact that considerable shear
deformation of the implanted material will occur dur-
ing the scratch test. In this case the interfacial shear
strength must be replaced by the shear strength of the
softer material (i.e. the implanted layer) and it is thus
expected that p will vary as the hardness of the im-
planted layer.

Using the model of Goddard and Willman (Equa-
tions 12) it is possible to calculate the shear stresses
for the sapphire specimens scratched with diamond
cones discussed in the previous section. In this case
the adhesion friction was calculated by subtracting
the calculated ploughing friction from the measured
friction. From this the interfacial shear stress, T,
was calculated using Equation 12. The results are
shown in Fig. 14. It is immediately obvious that the
shear stresses are much larger than those calculated
for the sapphire spheres. Indeed the shear stress
increases closely mirror the observed hardness behav-
iour for these materials (see, for example, Fig. 6) for
both titanium and yttrium implantation. This is
further evidence that it is shear within the implanted
layer which is controlling the adhesion friction
properties.
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Figure 13 Dose variation of the calculated interfacial shear
strengths, S, for sapphire spheres sliding on (a) titanium-implanted
and (b) yttrium-implanted (107 2) sapphire flats. The values were
calculated according to the models of (], O) Bowden and Tabor
and (M, ®) Goddard and Willman. Though the values calculated
from the Goddard and Willman model are somewhat higher, both
models predict the same trends; the shear stress increases up to the
dose when the amorphous layer extends to the surface and is slightly
reduced above this dose (it is still larger than for the unimplanted
material). (3, @) 25 g, (O, @) 50 g.

For the scratch diamond, the maximum shear
stresses generated by the implantation of titanium or
yttrium into sapphire are different, whereas they were
more comparable for the spheres. Indeed the shear
strength of 2 x 10*® Y ions cm ™2 is larger than the
bulk shear stress of unimplanted sapphire (usually it is
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Figure 14 Variation of the interfacial shear strength with dose for
(a) yttrium-implanted (1012) sapphire, (b) titanium-implanted
(10712) sapphire scratched with a diamond cone. In this case, where
plastic deformation (i.e. scratch track formation) has occurred, the
interfacial shear strengths are larger than for the spheres sliding on
implanted flats. The shear strength increases upto the dose at which
the diamond contacts amorphous material below the surface and is
then reduced. These shear strengths were calculated from the model
of Goddard and Willman [30]. (@) 25 g, (W) 50 g.

assumed that for an ideal material T = P/6, see Sec-
tion 3, which for a 50 g load gives t = 5 GPa). This
implies that the interface is stronger than the im-
planted material next to it and the failure would be
expected to occur in the implanted material rather
than at the interface. This is known to occur for
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Figure 15 Secondary scanning electron micrograph (30 kV) of
a 500 g scratch in 1 x 10'® Y ions cm ™2 implanted (1 0T 2) sapphire.
A region of surface has adhered to the scratch diamond and has
been pulled out of the specimen surface as the diamond passes,
because the interfacial shear strength is larger than the shear
strength of sapphire.

atomically clean ceramics sliding against metal pins in
vacuum [39]. Fig. 15 shows a 500 g scratch track in
1 x 10'® Y ions cm ™~ ? implanted sapphire. An area of
material has been pulled out of the scratch track
during the scratch and become adhered to the inden-
tor. The pit left in the track does not look like the pit
left when a lateral crack breaks out and a chip is
formed beside the scratch. Thus it seems that the
origin of this pit is in the shear failure of the implanted
material, rather than by any visible fracture process.
Lateral chipping is greatly reduced by ion implanta-
tion — the lateral cracks are pushed deeper and do not
tend to break out — and in this specimen no evidence
could be found that lateral cracking had occurred.
Thus it seems that in this material a new wear mecha-
nism can operate. Whereas sapphire normally wears
by brittle fracture of plastic ploughing, some adhesive
wear has occurred which will have important implica-
tions if the material is to be used for tribological
applications.

It is interesting to note that the shear strength of the
amorphous material is much lower than the unim-
planted material. Indeed for the yttrium-implanted
sapphire once the amorphous layer reaches the surface
the shear strength of the surface layer drops virtually
to zero. It is this low shear strength which gives the
amorphized material its good lubricating properties,
leading to very low friction in any contact situation. It
is only when gross ploughing through the soft
amorphous layer occurs at high implantation doses
that the friction begins to increase again.

5. Conclusions

This paper has shown the importance of changes in
indentor/substrate adhesion on the friction behaviour
of ion-implanted ceramics.

For diamond cones sliding on implanted sapphire
flats, the friction increases with dose until the diamond
first contacts amorphous material, when it is reduced.
This has been shown to be a function of shear defor-
mation rather than ploughing. The shear strength of
the amorphous material is much lower than that of a
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Figure 16 Variation of the coefficient of friction with dose for (a)
titanium-implanted and (b) yttrium-implanted {(10712) sapphire
scratched with a sharp diamond cone. (@) 25 g. (¢) Schematic vari-
ation of the coefficient of friction with dose. The friction initially
increases due to the increasing adhesion between the slider and the
implanted flat (Region I). At the onset of subsurface amorphization
the friction is reduced as this adhesion is reduced and the effects of
ploughing through the soft amorphous layer become important
(Region II). At the highest doses, ploughing behaviour dominates
and the thickening surface amorphous layer results in a slight
increase in friction (Region III).

crystalline material. At the very highest doses the
friction increases again with dose, due to the effects of
ploughing through a thickening soft surface layer.
This behaviour is shown schematically in Fig. 16.

For a range of sphere materials sliding on im-
planted sapphire flats, similar increases in friction
were determined with dose. However, in this case,
where the ploughing component of friction is small,
the friction increases up to the dose where amorphiz-
ation occurs below the surface, or where the amorph-
ous layers reach the surface, depending on the nature
of the contact between the materials. This difference in
behaviour has been attributed to differences in asper-
ity deformation between the contacting materials.

From these results a number of conclusions may be
drawn.

1. Ton implantation changes the friction and wear
behaviour of ceramics. The changes depend on the
choice of ion, energy and dose together with the ce-
ramic and slider material.

2. Low-dose ion implantation increases the hard-
ness of alumina and this leads to a reduction in
ploughing friction and abrasive wear.

3. The ploughing friction depends on the cross-sec-
tional area of the scratch track and flow stress of the
material. Whereas increasing hardness will increase
the flow stress and hence increase ploughing friction,
the reduction in the area of the scratch track for the
harder material will more than counteract this and the
ploughing friction is reduced as the ceramic surface is
hardened by ion implantation.

4. At high doses, ion implantation leads to amorph-
ization of alumina and other ceramics leading to sur-
face softening and reduced abrasion resistance.

5. At very high doses, the increase in scratch track
area in the softened amorphous material will greatly
outweigh any reductions in flow stress. For this reason
the ploughing friction increases as surface softening
occurs.

6. Accompanying the increase in hardness at low
implantation doses is an increase in the adhesion
between stylus and the implanted layer. This manifests
itself as an increase in measured friction.

7. The increased friction due to adhesion disap-
pears on amorphization. For some slider materials,
this happens at the onset of amorphisation below the
surface, whereas for others, it occurs when the
amorphous layer extends to the surface.

8. lon implantation leads to increase in adhesion by
the disruption of surface adsorbates [37].

9. If implanted components are to be used for
tribological applications, the presence of the implanta-
tion-induced stresses will reduce the wear due to frac-
ture. The hardened surface layer will also reduce the
plastic abrasive wear at doses below the onset of
amorphization. However, the increase in adhesion/
shear strength at these doses may result in the increase
of adhesive wear and such a change in wear mecha-
nism could affect the use of ion-implanted compo-
nents.
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