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Abstract
Modification of the chemomechanical behaviour of the surface of sapphire by ion implantation to improve its near-surface
mechanical properties has been investigated. 300 keV Ti+ ions at various doses were implanted and the concentration and
damage profiles characterised using Rutherford Backscattering (RBS). At high doses (≥ 3 × 1016 Ti+ cm−2), a surface amorphous layer is formed due to implantation-induced damage. Nanoindentation was used to determine the hardness behaviour
of the ion-implanted layer. Hardness increases at low implantation doses, associated with implantation-induced damage, but
it is also observed that chemomechanical softening of the surface is reduced due to the removal of adsorbed water. In situ
Raman scattering measurements demonstrate this removal at low doses and the re-establishment of the adsorbed water layer
at high doses. The adsorption process is changed due to the introduction of carbon into the sapphire surface during implantation. For the optimum-implanted dose, the water readsorption does not recur even several years after the implantation
treatment was first carried out. The loss of water adsorption is related to the formation of a non-polar carbonaceous layer on
the sapphire surface by cracking of back-streamed diffusion pump oil deposited on the sample surface by inelastic collisions
with the ion beam. Based on this study, it is concluded that ion implantation with an appropriate ion species and dose can
control the chemomechanical effect and improve the hardness of ceramics, such as sapphire.
Keywords Chemomechanical effects · Implantation · Mechanical properties · Sapphire

1 Introduction
Chemomechanical effects due to long-term environmental
exposure are known to exert a considerable influence on
the mechanical properties of ceramic surfaces [1–5]. Over
past few decades studies have consistently reported that the
mechanical properties, such as creep, fracture and fatigue
have significant changes due to the test environment [6]. In
particular, more recent studies have shown that the chemomechanical effect has significant influence on hardness in
small-scale tests on various ceramic surfaces measured by
high-resolution techniques, such as Nanoindentation [7–10].
This chemomechanical effect can be prevented by modifying
the surface layer by ion implantation which is also expected
to improve the surface mechanical properties under certain treatment conditions [11, 12]. Surface modification of
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ceramic surfaces by ion implantation has been investigated
to tailor the mechanical properties of the thin surface layers for tribological applications [11–13]. However, there are
several important issues, such as the introduction of radiation damage, amorphisation and surface stress generation
which operate independent of the any chemomechanical
effects and can affect the tribological properties. Thus, to
optimise a ceramic surface for tribological performance it
is essential to consider both the treatment conditions and the
operating environment.
Although the existence of chemomechanical effects in
ceramic materials has been widely reported in the literature
[14–16], less work has been done on the mechanisms by
which environment-induced changes in near-surface region
affect the mechanical properties of ceramics. Recently Bull
et al. [9] studied the environmental effects on several ceramic
materials using nanoindentation and atomic force microscopy and they observed a very thin adsorbate-modified
layer (~ 1 nm) appears in almost all the ceramic materials.
In some crystalline materials, a second adsorbate-modified
layer was observed with greater thickness (about 10 nm in
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crystalline materials like sapphire and ZnO), which leads to
noticeable softening of the surface in nanoindentation tests.
The softening effect is associated with changes in surface
charge and electronic structure due to adsorption that result
in an increase in near-surface dislocation mobility [9, 11]. It
has been reported that ion implantation reduces the chemomechanical effect as it modifies the band structure of the
surface by the introduction of point defects and implanted
atoms. This occurs at doses well below when radiation hardening is observed in oxide ceramics [12].
Ion implantation is a surface treatment process whereby
energetic ions are accelerated through 50 to 500 keV and
penetrate the surface of a target material [11, 12, 17]. Therefore, this process changes both the composition and microstructure of the near-surface region and results in changes of
chemical and physical properties [18]. Ion implantation has
been used to improve the adherence of coatings on ceramic
surfaces [19]. The typical layer thickness for ion implantation in ceramics is usually less than 1 µm and therefore
it is an attractive process to control the surface mechanical properties when wear processes generate a low surface
removal rate with wear depth and surface penetration of less
than half a micron. It has been reported that low dose ion
implantation increases the hardness of a crystalline material
by reducing dislocation mobility due to the presence of both
implanted atoms and defects created as the implanted ions
come to rest in the material (radiation hardening). However,
ion implantation of ceramic materials can lead to either nearsurface hardening or softening [19, 20]. The hardening is
attributed to combination of radiation hardening and solid
solution effects as above whilst the softening is usually a
consequence of amorphization.
In this work, we systematically investigated how the chemomechanical behaviour of sapphire changes after T
 i+ ion
+
implantation. 300 keV Ti ions have been implanted into
single crystal sapphire with a range of doses. The nanoindentation hardness is highly dependent on the implanted
dose and the environment is only important in a critical dose
range where removal of adsorbed water layer has occurred.
Thus, treating the surface with appropriate ion implanted
species can control the near-surface hardness and reduce
the chemomechanical effect which is required for optimum
tribological performance.

alcohol. The specimens were implanted with titanium
(300 keV) to doses in the range from 2 × l016 to 1.5 × l017 Ti+
cm−2 in the Cockcroft–Walton facility at UKAEA Harwell.
All implantations were carried out at room temperature with
a beam current of few microamps per centimetre squared;
beam heating was estimated to be about 250 °C. Under these
conditions the ion range is 159 nm and its straggle is 43 nm
according to calculations using the SRIM program [21]. The
depth of maximum damage is at 126 nm and the sputtering
yield is 2.6.

2 Methodology

It is known that chemomechanical effects arise from the
presence of surface adsorbates and the magnitude of the
effect is directly proportional to the adsorbate concentration. To evaluate the surface water concentration for single
crystal sapphire, Raman spectroscopy was used. Raman
analyses were performed using a confocal microscope (Horiba HR800) with 632 nm excitation. The calibration of the
wavelength was done prior to the experiment with a silicon

2.1 Sample Preparation
−

The single crystal sapphire (10 1 2) substrates were
obtained from GEC and cleaved into smaller sizes of
10 × 10 × 0.5 mm. Prior to implantation, the specimens
were carefully ultrasonically cleaned degreased in isopropyl
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2.2 Rutherford Backscattered (RBS)
The ion depth profiles were evaluated using 2.0 meV
α-particle Rutherford Backscattering (RBS) spectra measurements with the sample normal oriented at about 7° to
the analysis beam direction. This generates the spectrum
from a “randomly oriented” sample. Channelled RBS was
then used to determine the profile of damage caused by the
implantation. In this case, the [0001] channel at about 58°
to the surface normal was aligned with the beam direction.
In this orientation, the open channels in the crystallographic
structure are aligned with the analysis beam and penetration
of the beam is increased and backscattering is reduced. Only
when damage disrupts the channel will the backscattered
signal increase.

2.3 Nanoindentation
To characterise the near-surface mechanical properties of the
sapphire with different doses of implantation, nanoindentation experiments were performed in the displacement-controlled mode using a Hysitron Triboindenter nanoindentation
system fitted with a sharp Berkovich indenter (tip end radius
100 nm). To investigate the environment effects that influence the hardness, the nanoindentation tests were performed
on the same sapphire sample after soaking the surface in
ethanol or water for 24 h. After the samples were removed
from the liquids, they were dried immediately at 50 °C using
a hot air blower. Indentation tests were performed immediately after drying. An array of twenty indents was created
on every sample.

2.4 Raman Spectroscopy
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standard. Raman spectra of all the samples were measured
in situ in air, ethanol and water. The laser beam was focussed
on the samples with the 50 × objective in all cases. First, a
Raman spectrum was measured for all the samples in air.
Then, the samples were then placed in a shallow container
(petri dish) with ethanol for 24 h and the Raman experiments were repeated with the samples still in the ethanol
(i.e. under liquid). After that the samples were removed and
rinsed several times with de-ionised (DI) water. Following
this the samples were placed in DI water in a petri dish for
24 h and then Raman experiments were repeated under this
new liquid. The same area was selected in each case and nine
(3 × 3) spectra were collected in the wavenumber range of
2500–3500 cm−1 where peaks due to water are observed.
All experiments were conducted at room temperature. The
nanoindentation results were correlated with the structural
changes measured by Rutherford backscattering and in-situ
Raman.

2.5 X‑Ray Photoelectron Spectroscopy (XPS)
After implantation and prior to soaking in water or ethanol,
the chemical compositions and valence states of sapphire
and sapphire implanted with Ti were studied by X-ray photoelectron spectroscopy measurements (XPS). All the spectra
were acquired with a Kratos Axis Nova spectrometer. The
samples were mounted on a clean Al platen and immobilised with carbon tape and copper clips. The largest analysis
area available in the instrument (300 × 700 µm) was used
in all the measurements. All measurements were repeated
on three different analysis positions with non-overlapping
analysis areas on each sample. Charge compensation was
used throughout the measurement. The XPS spectra were
analysed using the Casa XPS software.

2.6 Water Contact Angle
Surface polarity and changes to surface energy after implantation were investigated using water drop contact angles
measured using an optical tensiometer. Prior to testing surfaces were cleaned with isopropyl alcohol and a 10 μL drop
of deionised water was used for measurement in each case.
Five drops were measured on different areas of each surface
tested, and the results were averaged.

3 Results and Discussion
3.1 Characterisation of the Implant Profiles
and Damage
RBS was used in order to determine both the depth distribution of the implanted ions and the damage created as
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they come to rest [21]. The channelled RBS was used to
ascertain if the implanted sapphire surfaces had been rendered amorphous (due to the accumulation of radiation
damage). To achieve this RBS is used to determine both
random and channelled profiles. When these coincide, the
crystallographic channel is destroyed and amorphisation has
occurred.
Figure 1 shows the typical RBS spectra (2-meV, 4He+)
from unimplanted single crystal sapphire and surfaces
implanted with Ti+ ions to doses of 3.2 × l016 Ti+ cm−2,
6.3 × l016 Ti+ cm−2 and 1.5 × l017 Ti+ cm−2. The random and
channelled spectra from both the unimplanted and implanted
surfaces are displayed as a function of the counts (yield) of
back scattered particles with respect to the energy channel
of the detector. The energy scale has been converted to a
depth scale for Ti, Al and O in sapphire using the RUMP
software [22]. Because the mass differences between Ti, Al
and O are very large, the kinematics of the RBS process
produce characteristic steps in the yield of particles that are
scattered from the matrix elements (Al and O) and also a
separate peak for scattering from the −implanted titanium.
Figure 1a presents the random and (10 1 2) channelled RBS
spectra from the unimplanted sapphire surface. It can be
observed that the random spectrum does not coincide with
channelled spectrum. In the channelled spectrum, peaks due
to scattering from Al and O atoms in the near-surface region
are observed at about energy channels 300 and 180, respectively. The crystal quality of the starting material can be
determined from the ratio of the channelled scattering yield
to the random scattering yield just below the two surface
peaks. In this case, for Al the aligned yield is ~ 50% of the
random yield and for O ~ 55%, which indicate that the single
crystalline sapphire surface is almost damage free as might
be expected for semiconductor-grade material. The effect of
implanting Ti+ (to 3.2 × l016 Ti+ cm−2) into the sapphire is
shown in Fig. 1b. Comparing the (0001) channelled yields
from the implanted and unimplanted regions, a substantial
disorder has been introduced in both the Al and O subarrays.
The amorphisation dose in this material is estimated to be
2 × l016 Ti+ cm−2 [19]. Amorphisation usually starts below
the surface at the peak of damage caused by implantation
and then spreads to the surface as the ion dose increases.
When implanting 3.2 × l016 Ti+ cm−2, the random and channelled spectra do not coincide and there is also no significant
change in the damage distribution. This indicates that the
near-surface region has not become amorphous as the channelled yield after implantation does not reach the random
yield value. In addition, it should be noted that the channelled spectrum shows a much lower yield than the random
spectrum which is essentially indicating that the specimen is
undamaged. The fact that sapphire is not turned completely
amorphous at these implantation doses may be due to the
existence of a reordering process during implantation [17,
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Fig. 1  A sequence of channelled and random RBS spectra obtained from sapphire a unimplanted, b implanted with 3.2 × 1016 Ti+ cm−2, c
implanted with 6.3 × 1016 Ti+ cm−2 and d implanted with 1.5 × 1017 Ti+ cm−2

19] as a consequence of the temperature rise of the sapphire
sample during the treatment.
Figure 1c shows the random and channelled spectra for
the implantation dose of 6.3 × l016 Ti+ cm−2 in sapphire. The
peak in the titanium concentration profile occurs at a greater
depth which is evidence that amorphisation has occurred
(ions travel a greater distance in amorphous material with
lower density). At this dose, the surface peaks from Al and
O are considerably larger than in the case of previous doses.
The near-surface region (just behind the surface peak) is
damaged and shows complete amorphisation. The increased
dose is found to broaden the damage profile to greater depths
with very minimal or no increase in the magnitude of the
damage levels. The depth at which the damage saturates in
the Al subarray corresponds reasonably well with the peak
of the Ti distribution. The implanted Ti shows a small channelling effect (the channelled yield is ~ 88% of the random
yield). In addition, the implanted peak (for an ion of mass
greater than the target) may also show a reduced yield for the
channelled spectrum if the ions occupy preferred structural
sites [21]. An RBS spectrum from sapphire implanted with
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 i+ ions to a dose of 1.5 × l017Ti+ cm−2 is shown in Fig. 1d.
T
It is observed that both the random and channelled spectra
coincide with each other and significant disorder in both the
Al and O subarrays is observed. Ti becomes highly substitutional in the lattice. The near-surface region is completely
damaged. The damage is visible in the Al and O subarrays
and there is no evidence of a peak of O concentration below
the surface. Nevertheless, the Ti peak is found to be still
Gaussian. Thus with increasing dose more and more damage is produced.
To summarise, at the low doses both the random and
channelled spectra do not coincide whereas for the higher
doses they coincide which implies that an amorphous layer
has been formed at high doses. None of the specimens
had been rendered amorphous at low doses, this being in
agreement with earlier work [17]. The damaged regions
become more predominant as the dose increases. For all the
implanted species, we have not observed a completely disordered surface region up to doses of 6.3 × l016 Ti+ cm−2,
whereas doses of 1.5 × l017 Ti+ cm−2 would be sufficient to
turn the near-surface region completely amorphous. In all
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cases a little damage is visible in the Al and O subarrays
and the Ti implanted peak remains approximately Gaussian. As the implantation doses are increased the implanted
profile moves away from the surface which is due to the
transformation from crystalline to amorphous surface with
lower density [23].

3.2 Nanoindentation Measurements
In our previous studies we have shown that the near-surface
hardness of sapphire for both micro- and nanoindentation
is reduced after exposure to water and this reduction in
hardness was consistent in both techniques. In contrast, the
hardness is found to increase after exposure to ethanol or
methanol as the contact depth is reduced. This is the result of
the normal “indentation size effect” which is usually found
when testing across different length scales in ceramics [23,
24]. However, the reduction in surface hardness after exposure to the water was directly associated with a soft water
adsorbate-affected surface layer [24]. The indentation size

Fig. 2  Hardness of sapphire measured using nanoindentation as
received and after exposure to methanol and water for 24 h
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effect hardening can be completely removed or even reversed
due to this chemomechanical effect.
Figure 2 shows the hardness of single crystal sapphire
measured using nanoindentation on as received samples and
after soaking in methanol for 24 h, followed by immersing in
water for 24 h. It is observed that in all three cases (i.e. air,
ethanol and water), initially hardness is relatively low and
increases with contact depth and saturates after the contact
depth of about 40 nm. This clearly indicates that the surface
has become soft which is likely due to water adsorption on
the surface. From the figure, it is seen that there is a significant increase in hardness at low contact depth below 40 nm
when exposed to ethanol whereas the hardness is less when
exposed to water. The hardness after soaking in water for
24 h is found to be even lower than the as received samples
which have been exposed to humid air for many months. At
the contact depth of ~ 10 nm, the hardness was ~ 23 GPa for
ethanol exposure, but for water exposure it was ~ 21 GPa.
Such time-dependent changes in hardness and plasticity are
associated with water adsorption [9]. A significant drop in
the hardness after soaking in water for 24 h, indicates the
formation of a soft adsorbate-affected layer on the sapphire
surface of a few nanometres in thickness.
The comparisons between the hardness of sapphire after
exposure to ethanol and water for samples implanted with
the doses of 1 × 1016 Ti+cm−2 and 2.5 × 1016 Ti+cm−2 are
shown in Fig. 3. The hardness at the high dose (2.5 × 1016
Ti+cm−2) is higher than that from samples implanted with
low dose (1 × 1016 Ti+cm−2). Furthermore, from the figure,
it is observed that there is a significant drop in hardness after
exposure to water whereas this is not seen in the case of the
2.5 × 1016 Ti+cm−2 dose (Fig. 3a, b). This suggests that the
adsorbed water is removed at a dose of 2.5 × 1016 Ti+cm−2
and adsorbate-induced increases in dislocation mobility are
hence reduced. The effect of removal of any chemomechanical softening at low doses is much greater than any solid
solution or radiation damage hardening from the implantation process. At high doses, the specimen surface is rendered
amorphous and such dislocation-based mechanisms cannot

Fig. 3  Comparison in hardness vs contact depth after
ethanol and water exposure for
sapphire samples implanted
with a 1 × 1016 Ti+cm−2 and b
2.5 × 1016 Ti+cm−2
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operate. Also, a thick water adsorbate layer can form on the
sample due to the long-term effect of the environment.
As we have seen from the above (Figs. 2, 3) the hardness
changes only below the contact depth of 40 nm. Therefore,
we have compared the hardness at this threshold contact
depth (40 nm) for samples with different T
 i+ ion implantation doses (Fig. 4) after ethanol and water exposure. The
hardness at low doses (< 3 × 1016 Ti+ cm−2) is higher and
starts decreasing as the implantation dose increases which
is associated with the onset of amorphisation (subsurface
amorphous). It decreases further as the implantation dose
reaches 1017 Ti+cm−2 and eventually it becomes almost constant which is the regime of complete surface amorphisation.
In water, after low dose T
 i+ ion implantation the hardness
of the implanted sapphire is increased in comparison to
unimplanted sapphire. This is to be expected mainly due to
the reduction in the chemomechanical softening effect after
implantation although a relatively small radiation damage
hardening contribution might also contribute.

3.3 Changes in Adsorbate Concentration After
Implantation
Many studies have proposed mechanisms for chemomechanical effects [5, 14, 22, 25]. Although several possible explanations of the phenomenon have been suggested, it is still
not certain which mechanisms are valid or determine behaviour in any particular case. Even so, the chemomechanical
effect is significant and it affects the mechanical properties
of ceramic materials as we have reported previously [9, 26].
In our pervious study we have postulated that a thick water

Fig. 4  Hardness at the contact depth 40 nm with respect to dose of
various Ti+ ion implantations in sapphire after water and ethanol
exposure
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adsorbate-affected layer occurs on the surface of crystalline oxide materials of thickness up to 5–30 nm depending
on the material and test environment [9]. This adsorbate
softened layer is perhaps enhancing the crystal plasticity at
near-surface region by increasing dislocation mobility which
results in low hardness. In this study, our results show that
after Ti implantation, the hardness is improved as compared
to unimplanted sapphire and the chemomechanical effect is
reduced. We postulate that this is due to the reduction in the
amount of adsorbed water as previously seen for titaniumimplanted MgO [12].
To determine if a similar mechanism applies for ion
implanted sapphire and if any substantial adsorbate-related
phases are formed that are responsible for reducing the environmental sensitivity observed after exposure to water and
ethanol, Raman spectroscopy can be utilised. To study the
changes after titanium implantation into the surface, we kept
the samples first in ethanol and then water for about 24 h.
The surface adsorption behaviour is obtained from in situ
Raman in the same medium, i.e. there is a layer of water or
ethanol covering the surface through which the Raman laser
beam penetrates to analyse the surface so there will be a
contribution to the measured spectrum from the liquid. The
Raman spectra accumulated for all the samples in the range
of 2500–3500 cm−1 are shown in Fig. 5.
Figure 5a shows the Raman spectrum in the range about
2500–3500 cm−1, performed in air on unimplanted and
implanted sapphire surfaces. The spectra have all been plotted to the same scale but have been displaced on the vertical
axis for clarity. In this range the presence of a broad peak
around 2950 cm−1, associated with vibrations of water molecules, is evidence of the presence of hydrogen-bonded OH
groups. In the unimplanted sapphire, this peak is complicated, with two sharper peaks at 2857 cm−1 and 2920 cm−1.
In the literature, there are suggestions that these peaks are
due to the fact that the material may contain some internal
hydrogen impurities in the form of OH due to its production
method. The majority of this OH is expected to have diffused
in from the outside physisorbed water molecules and; thus,
it resides at or near the surface. The physisorbed water layer
is hydrogen bonded to a thin layer of chemisorbed OH at
the sapphire surface [9]. There are two other sharp peaks at
about 2708 cm−1 and 2730 cm−1, corresponding to CH and
CC stretching modes which are probably due to the presence of organic contamination on the surface. In contrast,
implantation to the dose of 2 × 1016 Ti+ cm−2, removes the
sharp peaks including the OH peak due to the surface sputtering in the implantation process. As the dose is increased
(2.5 × 1016 Ti+ cm−2), a broad OH peak begins to appear.
At both of these doses, the two other contamination peaks
present in unimplanted sample spectra at about 2708 cm−1
and 2730 cm−1 are not observed. However, as the dose is
increased further (3.2 × 1016 Ti+ cm−2), the spectrum shows
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Fig. 5  Raman spectra of unimplanted and Ti-implanted sapphire in a air and after exposure to b ethanol and c water

the same behaviour as the unimplanted case except that
the areas of the peaks are reduced. This occurs due to the
presence of the water on the surface and indicates the physisorbed water is removed only at doses below 2.5 × 1016 Ti+
cm−2. The most important point to note that the peak areas
significantly change for small changes in T
 i+ ion implantation dose.
Figure 5b shows the Raman spectrum in the range about
2500–3500 cm−1, performed in ethanol on unimplanted and
Ti- implanted sapphire surfaces whilst Fig. 5c shows the
spectra from the same samples under water. From Fig. 5b
it is clear that three sharp peaks from the liquid and surface
species are visible around 2950 cm−1 (from adsorbed ethanol) and that physisorbed water is displaced and anything
that remains produces a very broad shallow peak between
3100 and 3400 cm−1. In the unimplanted case, the ethanol
peaks show relatively high intensity which is due to the
high adsorbed ethanol concentration on the surface but this
intensity is reduced after implantation. This implies that the
implanted surface shows less propensity of adsorb ethanol as
well as water. For implanted surfaces in the presence of ethanol at the dose of 2 × 1016 Ti+ cm−2 only a small peak from
adsorbed water exists. At the dose of 2.5 × 1016 Ti+ cm−2,
this water peak becomes slightly broader than at the dose
of 2 × 1016 Ti+ cm−2 but the area of the peak is unchanged
(Fig. 6). Here further dose increases (3.2 × 1016 Ti+ cm−2)
show similar behaviour to the unimplanted specimens even
after the exposure to ethanol (Fig. 5b). Thus, between these
two doses (2 × 1016 Ti+ cm−2 and 2.5 × 1016 Ti+ cm−2) the
broad peak at 3100–3400 cm−1 obtained in the presence of
ethanol shows evidence of ethanol displacing water; the

Fig. 6  Water peak area (3000–3400 cm−1) of unimplanted and Tiimplanted sapphire

reduced adsorbed water from the environment does not
change appreciably with dose (Fig. 6).
Furthermore, in this dose range, the Raman data obtained
for adsorbed water under water show similar behaviour
(Fig. 5c); in comparison to unimplanted samples the intensity and the peak area are considerably reduced for the
implanted samples in the dose range 2–2.5 × 1016 Ti+ cm−2.
This indicates the physisorbed water or ethanol layer is either
completely removed or reduced after the implantation which
is responsible for the increase in hardness. The fact that both
ethanol and water adsorbates are affected indicates that this
is not due to a specific chemical interaction but is a more
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general consequence of the implantation process. Indeed,
we have found that implantation with a range of elements in
the same ion implantation facility generates a similar result.

3.4 Mechanism of Implantation‑Induced Changes
in Adsorbate Concentration
Ion implantation creates defects by atomic collisions in the
material and it is possible that these may contribute to the
desorption process. The single crystal sapphire may contain
a significant amount of dissolved water depending on how
it is made and processed and this could create a partially
compensated cation vacancy [12]. In this case, a single proton is associated with one oxygen ion surrounding a cation
vacancy. Similar defects can occur where several O
 H− ions
are associated with the vacancy, resulting in fully compensated (neutrally charged) and over compensated (negatively
charged) defects, which inhibit the chemisorption process.
However, at the high implantation energies used in this
study the surface implanted ion and defect concentration
is relatively low and sputtering processes will remove the
surface of the implanted region including such defects so
this mechanism is unlikely.
Significance difference in hardness of sapphire surface
before implantation was observed when the contact depth
was below 40 nm (Fig. 2), signifying chemomechanical
softening as hardness is low because the surface become
softer which is due to water adsorption layer on the surface.
After implantation, hardness increases, associated that the
chemomechanical softening of the surface is reduced after
implantation and no adsorbed water layer was formed. For
the physisorption to take place, a chemisorbed OH layer
is required, the extent of which is partially reduced during
implantation process and which is probably due to the formation of a stable, charge–neutral, surface structure during
the implantation process itself. However, when implantation doses increase, hardness decreased that revealing the
re-establishment of the adsorbed water layer when implanted
by high doses. In this case, near-surface structural changes
mainly driven by radiation damage in particular amorphization which enable the chemomechanical softening.
The localised charges needed for water chemisorption
might have decreased by the surface segregation of the T
 i+
implanted ions; the presence of transition metals can reduce
OH− ions to molecular hydrogen and O2− ions [12]. The
reduction in O
 H− ions would reduce the amount of hydrogen bonding between surface OH and water molecules and
therefore the amount of hydrogen bonded water would be
dramatically reduced. This behaviour could explain why
the reduction in both molecular water and OH seen in the
Raman at dose of 2 × 1016 Ti+ cm−2. This reduction in the
water readsorption leads to a reduction of the chemomechanical effect. The removal of the chemomechanical effect
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is observed in the dose range of 2 × 1016 Ti+ cm−2–2.5 × 1016
Ti+ cm−2. Above these doses range (2.5 × 1016 Ti+ cm−2), the
chemomechanical effect is again seen but to a much smaller
extent which is likely due to the near-surface structural
changes driven by radiation damage, such as amorphisation.
The water drop contact angles were measured for unimplanted sapphire and the titanium implanted sapphire at
three two different implantation doses. For unimplanted sapphire the contact angle was 67 ± 3° which is in the expected
range for sapphire surfaces cleaned in water or alcohol. After
implantation to 2.5 × 1016 Ti+ cm−2, where the sapphire nearsurface layer is damaged but crystalline the contact angle
increases to 95 ± 5o and the surface is clearly more hydrophobic. By the time that the amorphous layer has reached
the surface, at a dose of 1.5 × 1017 Ti+ cm−2 the contact angle
has fallen to 79 ± 3° indicating an increase in hydrophilicity
compared to the lose dose implantation but not to the same
extent as the unimplanted sapphire. This mirrors the results
for the changes in surface adsorbates in the previous section.
The charge state of implanted titanium in sapphire has
been reported to be close to 3+ under the conditions used
here but between 3+ and 4+ [20]. There is also a tendency
for titanium 3+ and 4+ ions to segregate to the surface in
sapphire [27]. To identify the doping sites of Ti, XPS was
carried out to characterise the surface chemical composition
(Fig. 7).
The C 1S and Ti 2P spectrum were fitted using Gaussian
functions superimposed on a Shirley and linear background,
respectively. A significant difference was observed in the
C 1S core level peaks comparing the implanted and unimplanted sapphire samples. The C1s spectrum for adventitious
carbon contamination typically has C=C, C-O and C=O
components. Measurements for the unimplanted material
were obtained on regions of the sapphire which had not been
in the ion beam, but had been processed through the same
vacuum cycle. For unimplanted sapphire the C1S peaks at
284.7 eV 285.41 and 286.1 eV can be assigned to C=C, C–C
and C-O, respectively (Fig. 7e).
For the Ti implanted samples, the C 1S peaks observed at
the binding energy of 284.9 eV and 286.42 eV corresponding to C–C and C–O bonds are shown in Fig. 7a and c. In
addition, there are peaks at around 286 eV and 289 eV which
can be assigned to C=O and C–O–(OH) which are not present in the unimplanted sample spectra. Because the samples
were kept in the same conditions between implantation and
analysis it is unlikely that this is contamination issue and
the changed surface chemistry arises from the implantation
process. The Ti 2P peaks from the samples are summarised
in Fig. 7b, d and f. The Ti 2P spectra of the 1 × 1017 Ti+
cm−2 showed the Ti 2 P3/2 and Ti 2 P1/2 intensity maxima at
458.86 eV and 464.54 eV, respectively (Fig. 7b), whereas the
Ti 2P spectra of the 3.2 × 1016 Ti+ cm−2 has low intensity as
the surface concentration is too small to observe (Fig. 7d).
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Fig. 7  a C 1S and b Ti 2P XPS
spectra of sapphire implanted
with 1 × 1017 Ti+ cm−2, c C 1S
and d Ti 2P XPS spectra of sapphire implanted with 3.2 × 1016
Ti+ cm−2 and e C 1S and f Ti 2P
XPS spectra of sapphire

All the data indicate that it is the carbon at the surface which
controls the surface adsorbate and chemomechanical behaviour rather than the defect state of the sapphire or the surface
titanium concentration or charge state.
The chemomechanical effect due to long-term environmental sensitivity of the near-surface mechanical properties of various materials have studied from few decades [1,
9, 28, 29]. For instance, properties, such as creep, fracture
and fatigue are known to be susceptible to changes in environment [30, 31]. Also, in the context of bio-tribocorrosion
studies, the degradation of Ti-based biomedical devices,
such as wear and corrosion synergistic effect of are well
known and widely studied [32–35]. The body fluid environment may also decrease the fatigue strength and Wear
performance of the devices. Ion implantation has been used
to reduce the friction and increase the wear resistance of a
range of metallic and ceramic materials and has been used
to improve the life of titanium metallic implants. It has the
advantage that it is not a coating process and does not suffer issues of coating detachment in these applications. In

this study we found the near-surfaces hardness is highly
dependent on the Ti implanted dose and the environment
is only important in a critical dose range. In addition, carbon impurity formation occurs due to a small amount of
recoil- implantation and ion beam mixing that resulted in
a highly stable carbonaceous layer at low doses [36, 37].
Thus, treating the surface with appropriate ion implanted
species can control the near-surface hardness and reduce
the chemomechanical effect which is required for optimum
tribological performance. Implantation with a distinctive
combination of ions to produce chemically-controlled, stable high strength surfaces is, as yet, unexplored and may
offer a fruitful area for future studies.
The origin of the carbon is due to the interaction of the
ion beam with carbon species depositing on the sapphire
surface in the vacuum chamber. The sample chamber used
in the Cockcroft–Walton facility was pumped by a diffusion
pump to a base pressure of 1 0–6 Torr. Back-streaming of diffusion pump oil (Santovac 5—a five ring polyphenyl ether)
leads to the deposition of carbon and oxygen containing
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species on the surface of the samples with an estimated
layer thickness of a few nanometres. The ion beam deposits energy in inelastic collisions in the near-surface region
resulting in bond breakage and structural rearrangement in
the adsorbed layers. TRIM calculations for a 5 nm layer of
diffusion pump oil on a sapphire surface irradiated with a
300 keV titanium ion beam (Fig. 8) show considerable recoil
damage in the oil layer (mainly carbon and hydrogen) and
preferential sputtering of hydrogen. A small amount of recoil
implantation and ion beam mixing occur introducing carbon
into the top 1 nm of the sapphire surface. The highly reactive
damaged material forms new bonds between the carbon in
the surface layer and oxygen from the sapphire and contains
only a small amount of implanted titanium. The result is a
highly stable, non-polar, carbonaceous surface layer on top
of a thin layer of carbon mixed into the sapphire which is
created during the implantation process itself. The stability
of the surface layer is evidenced by the fact that no change in
properties or composition was observed even several years
after the implantation.
The presence of Ti4+ in sapphire may also promote the
formation of neutral defects at the surface which require no
OH to be bonded to them in order to maintain the charge
neutrality of the crystal [12], but this is a relatively small
effect given the low surface titanium concentration at doses
where the reduction in adsorbate concentration is most pronounced. The presence of a non-polar carbon layer on the
sapphire surface will; thus, reduce adsorbate concentration and result in high hardness. High surface hardness is
observed more for low doses (Figs. 3, 4) because the concentration of defects is not high enough to cause amorphisation
but a non-polar surface is produced. In case of higher doses
(above ~ 3 × 1016 Ti+ cm−2) amorphisation occurs. The surface hardness is less above these doses because amorphous
material is softer than crystalline material, but does not show
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chemomechanical effects because such amorphous material
does not support dislocation-based deformation mechanisms. The hardness is therefore highly dependent on the
structural changes occurring at or near the surface due to
radiation damage and amorphisation.
One implication of these results is that the effectiveness
of any ion implantation treatment will depend on the ion
implantation system used since the back-streamed carbon,
a feature of the older machines used in this study, is much
less in modern turbomolecular or cryo-pumped systems. If
the major reason for use of the implantation treatment is to
remove or reduce chemomechanical effects then this will
no longer be as effective in modern treatment systems. The
surface carbon doping due to the implantation process can
be optimised to deliver the best performance and carbon-rich
alumina surfaces produced by other techniques might be a
good avenue of future development.

4 Conclusions
The removal of environmentally softened layers on the sapphire surface after low dose T
 i+ ion implantation has been
demonstrated. It has been shown to result in improving nearsurface hardness by reducing chemomechanical effects. The
low load hardness of sapphire is influenced by the dose of
Ti+ ion implantation in a complex manner. Implantation is
found to increase the hardness up to the onset of amorphisation (~ 3 × 1016 Ti+ cm−2) whilst at higher doses hardness
is reduced. The increase in near-surface hardness is partly
due to the removal of physisorbed water which promotes
chemomechanical softening of the sapphire substrate. In situ
Raman scattering measurement has revealed the removal of
the water adsorbate layer at low doses and existence of the
readsorbed water after surface amorphisation at high doses.
The removal of the adsorbed water layer is due to the formation of a non-polar, carbonaceous layer on the sapphire
surface by ion beam cracking of adsorbed diffusion pup oil.
Based on this study, it is concluded that the ion implantation with an appropriate ion species can control the chemomechanical effects and therefore can control the surface
mechanical properties of sapphire.
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Fig. 8  TRIM calculation of the damage created by 300 keV Titanium
implantation of a 5 nm thick layer of Santovac 5 diffusion pump oil
on sapphire. Considerable recoil damage of the oil layer is observed
but the sapphire substrate remains substantially undamaged
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