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Abstract This study investigated the effect of two different

activation methods on the surface chemical composition of a

CoCrMo-alloy. The activation was performed with oxygen

plasma (OP) or nitric acid (NA). The surface physical–

chemical properties were thoroughly characterized by means

of several analytical techniques: X-ray photoelectron spec-

troscopy (XPS), time-of-flight secondary ion mass spec-

trometry (ToF-SIMS), zinc-complex substitution technique,

contact angle, and interferometry. The surface modification

was evaluated by assessing contamination removal, the

‘‘active’’ hydroxyl groups (OH-act) present at the surface, the

metal oxide ratio (CoyOx
-/CryOx

-) and changes in the chem-

ical composition and topography of the oxide layer. XPS

experimental data showed for both methods (OP and NA) a

significant decrease of the carbon contents (C 1s) associated

with contaminants and at the same time changes in the atomic

composition of the oxide layer (O 1s). In addition, the O

1s XPS spectra showed differences between the percentage of

OH- before and after OP or NA treatment, leading to the

conclusion that both methods are effective for surface

‘‘cleaning’’ and activation. These results were further inves-

tigated and corroborated by ToF-SIMS analysis and zinc

complex substitution technique. The general conclusion was

that NA is more efficient in terms of contaminants removal

and generation of accessible OH-act present at the surface and

without altering the native metal oxide ratio (CoyOx
-/CryOx

-)

considered to be essential for biocompatibility.

1 Introduction

CoCr alloys, stainless steel, titanium and its alloys are the

most commonly used metals for the manufacture of

implants for hard tissue replacement. CoCr alloys have

been widely used in surgical implant applications because

of its excellent resistance to biodegradation, corrosion

resistance and their good mechanical properties [1, 2],

including high ultimate tensile and fatigue strength com-

bined with sufficient elongation after fracture [3, 4]. It is

well known that materials used in medical devices are

subjected to high stresses and high cycle loading. These

very demanding conditions coupled with the aggressive

body environment could lead to fatigue failure of CrCo

implants.

Several studies have demonstrated the negligible degree

of toxicity of CoCr implants [5]. In fact, the measured Cr

and Co ion levels in serum, plasma, red cells, and the

whole blood stream in each patient demonstrated that most

of Cr and Co are associated with the serum/plasma and

only very small amounts are associated with red blood

cells. Indeed, corrosion resistance in CoCr metal devices is

due to a native protective oxide film that plays a key role

for biocompatibility. In addition, not only the oxide layer

but also the hydroxyl groups present at the surface play
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another essential function for compatibility. These hydro-

xyl groups when in contact with the body fluids influence

the interactions with the approaching biological molecules,

such as proteins and amino acids, by providing electrostatic

forces, ionic interactions, van der Wall forces and hydro-

gen bonding. Therefore, the presence of these hydroxyl

groups will affect the strength of interaction, the amount

and orientation of the surface-bound biological molecules

and consequently will influence other biological events

such as cell adhesion and cell response.

Nowadays current trends aim to enhance biomaterials

osteointegration by often modifying the surface and/or

incorporating molecules capable to trigger specific bio-

logical events with the objective to achieve improved

implants. These modifications usually require a preliminary

‘‘cleaning’’ and/or activation step that normally changes

the surface properties and chemical composition.

In the literature, different studies of biochemical modi-

fication on these alloys are reported: Chye et al. [6]

investigated the effects of BMP peptide covalently grafted

to CoCr alloy on osteogenesis. The functionalized surfaces

showed a twofold increase in ALP activity after 2 weeks

incubation and a fourfold increase in calcium content after

3 weeks incubation compared to the control sample. In this

case, the surface activation consisted in chemically etching

with 40 % HNO3 for 40 min for surface passivation.

Müller et al. [7] studied coatings with layers of fibrillar

type-I collagen on cobalt alloy to improve initial osteoblast

adhesion and implant–tissue integration. Different surface

activation methods as electrochemical oxidation or chem-

ical etching, with 32.5 % nitric acid (NA) solution, were

used. These authors demonstrated that the application of

different oxidation techniques to the metallic substrates

resulted in surfaces containing different concentrations of

hydroxyl groups, which directly influenced the amount of

immobilized silane coupling agents. On the other hand,

with the aim of reducing the wear and developing a novel

artificial hip-joint system, Masayuki et al. [8] created a

highly lubricious metal-bearing material by a 2-methacry-

loyloxyethyl phosphorylcholine (MPC) polymer coating

grafted onto the surface of the CoCrMo alloy. In this study,

two surface activation methods were used: NA etching and

O2 plasma technique.

In the cardiovascular field, Castellanos et al. [9] carried

out immobilization of bioactive molecules on CoCr stents

surface to modulate endothelial cells and recover artery

structure. In this case, CoCr alloy were activated with

oxygen plasma (OP) to activate the surface, previous to

silanization.

Müller [7] estimated the hydroxyl group contents of the

oxide layers in two ways: nuclear reaction analysis where

nitrogen isotopes 15N react with hydrogen atoms of the

surface and the second method, where the oxidized metals

are incubated with gaseous trifluoroacetic anhydride for

30 min according to a protocol published by Puleo [10].

Nevertheless, the main disadvantage of these methods is

that they are not cost effective.

Activation methods employed to generate a surface with

a high density of hydroxyl groups have been mainly two:

chemical etching by NA or by OP technique. However,

very few works in the literature report detailed information

on how the different activation methods for the CrCo alloy

surface may affect the chemical modification (e.g. con-

tamination removal, generation of hydroxyl groups at the

surface formation of different metal oxide species) and

many aspects remain still unclear.

Therefore, further investigation of these activation

methods is needed in order to enhance the understanding

on how these treatments remove impurities, activate the

surface and modify the metal surface oxide layer compo-

sition [11].

The objective of this study was to investigate how OP

and NA etching modify the CrCo alloy (ASTM F1537).

For this purpose, several techniques [X-ray photoelectron

spectroscopy (XPS), time-of-flight secondary ion mass

spectrometry (ToF-SIMS), contact angle (CA), zinc-com-

plex substitution] were used to characterize the treated

surfaces in order to select the best process in terms of

surface cleaning and formation of active hydroxyl groups.

The criteria that were taken into account were surface

carbon removal, percentage of hydroxyl groups formed

(ratio OH-/O2-) [12, 13] and nature of the oxide species.

This study provides important information on the potential

reactivity of the activated surface for further chemical

modification, for instance, silanization and/or biomolecule

immobilization. In principle, the higher the ratio OH-/O2-,

the higher the reactivity and the higher the amount of the

anchored molecules at the surface.

2 Materials and experimental methods

2.1 Materials

The CrCo (ASTM F1537) alloy was purchased from

Technalloy Company. The chemical composition is shown

in Table 1. The material was cut into disks of 12 mm

diameter with 2 mm of thickness. Each sample was pol-

ished using 600 and 1,200 grit silicon carbide (SiC)

Table 1 Chemical composition for CoCr alloy as provided by the

manufacturer

Element Co Cr Mo Mn Fe Si Ni

%weight 61.63 31.84 5.42 0.38 0.32 0.26 0.15
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abrasive papers and finally, they were further polished with

napped polishing pads with a colloidal alumina polishing

abrasive (1 and 0.05 lm).

Disks were degreased from macroscopic contamination

by ultrasonication in acetone, water and ethanol, and then

dried with compressed air. Before the activation process a

chemical cleaning was made by ultrasonication in cyclo-

hexane, isopropanol, ethanol, deionized water and acetone.

2.2 Surface modifications methods

Surface modification was carried out by means of two

different processes, samples treated with OP and samples

chemical etched with NA. Control sample refers to CoCr

polished and ultrasonicated in cyclohexane, isopropanol,

ethanol, deionized water and acetone.

2.2.1 Oxygen plasma technique (OP)

Oxygen plasma technique allows to modify surfaces by

attachment or adsorption of functional groups to tailor

surface properties for specific applications. In particular, it

removes organic contaminants by chemical reaction with

highly reactive oxygen radicals and it promotes surface

oxidation and hydroxylation (OH groups) increasing its

surface wettability. Plasma’s activated species include

atoms, molecules, ions, electrons, free radicals, metasta-

bles, and photons in the short wave ultraviolet (vacuum

UV, or VUV for short) range [14].

Surface cleaning and activation were carried out by

means of plasma cleaning (Harrick Scientific Corporation,

model PDC-002). After oxygen purging and high vacuum

(3 times) the samples were exposed at low electromagnetic

radiofrequency radiation (between 8 and 12 MHz) for

2 min.

2.2.2 Chemical etching by nitric acid (NA)

Samples were chemical etched in 20 % NA for 30 min at

room temperature. Afterwards, the samples were rinsed

with distilled water and dried under a stream of nitrogen

[15–18].

2.3 Surface characterization

The CoCr alloys before and after surface modification were

characterized using contact angle goniometry (CA), X-ray

photoelectron spectroscopy (XPS), angle resolved X-ray

photoelectron spectroscopy (ARXPS), time-of-flight sec-

ondary ion mass spectrometry (ToF-SIMS) and zinc-com-

plex substitution technique (ZC).

2.3.1 Contact angle (CA)

Wettability study was performed by sessile drop method,

using a 1 lL with a deposition rate of 1 lL/s, working at

constant room temperature (22 �C) and under controlled

atmosphere. The measurements were performed using a

Goniometer OCA 15? (Dataphysics, Germany). For the

characterization three samples of each type were used, and

three drops of each liquid (distilled water, diiodomethane)

for each surface, having a total of nine measurements per

sample. Analysis was carried out by SCA20 software to

determine the surface energy (SE) following the method of

Owens Wend.

2.3.2 X-ray photoelectron spectroscopy (XPS)

XPS measurements were obtained with an ESCA 5701

(Physical Electronics, PHI 10) instrument equipped with

monochromatic Mg Ka X-ray source (E = 1,253.6 eV,

300.0 W). Survey spectra were collected with pass energy

of 190 eV and high-resolution spectra were collected with

pass energy of 24.95 eV (O 1s, C 1s, Cr 2p and Co

2p spectra). The binding energies were corrected by ref-

erencing the adventitious C 1s peak maximum at 284.8 eV

for all the specimens used in this study. Multipak spectrum

data analysis software was used to deconvolute the spectra

and to calculate the elemental and component composition

from the peak areas. Such analyses are believed to be

accurate to ±10 %. All binding energies reported have an

error in the range of ±0.1 eV. [19, 20].

Angle resolved X-ray photoelectron spectroscopy (AR-

XPS) was applied at photoelectron take-off angles of 158,
308, 458, 608 y 758, where the take-off angle is defined as

the angle between the direction of the photoelectron path to

the electron spectrometer and surface.

2.3.3 Interferometry

Surface roughness was determined by using a white light

interferometer Wyko NT 9300, with a scanning speed of

25 lm/s. The data were acquired using the measurement

method made use VSI and Vision 32 software for pro-

cessing the images obtained, thus eliminating ripple optical

effects produced by the technique. To correct the ripple

effect the optical filter and slope curvature (curvature and

tilt) were used, by adding the notch filter, the scanning area

for each sample was 736 nm 9 480 nm.

For the characterization triplicates of each kind of

samples were used, and were performed at least three

measurements taken at random points. The parameters

measured were: Ra (quantifies the magnitude ‘‘absolute’’ of

the surface height and it is insensitive to the spatial dis-

tribution), Rq (is indicative of the standard deviation of the
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height distribution, it is also insensitive to the spatial hence

two peaks very high contribute the same information as the

peaks are close to each other and/or separated by the

measuring field) and Rku [provides a measure of the dis-

persion or concentration data in a distribution (kurtosis)].

2.3.4 Time-of-flight secondary ion mass spectrometry

(ToF-SIMS)

An ION-TOF time-of-flight secondary ion mass spectrom-

eter (ToF-SIMS IV, Germany) was used to obtain the ToF-

SIMS depth profiles. Samples were bombarded with a pulsed

bismuth liquid metal ion source (Bi3?), at energy of 25 keV.

The gun was operated with a 20 ns pulse width, 0.3 pA

pulsed ion current for a dosage lower than 5 9 1011 ions/

cm2, well below the threshold level of 1 9 1013 ions/cm2

generally accepted for static SIMS conditions [21].

2.3.5 Zinc-complex substitution technique (ZC)

The concentration of active hydroxyl groups on the CoCr

surface alloys was determined following the experimental

method reported in the literature [12, 13]. Fifty milliliters

of a 4.0 M ammonium chloride solution and 25 mL of a

0.4 M zinc chloride solution were mixed. Then the solution

obtained was adjusted to pH 6.9 with 30 % aqueous

ammonia. Finally, the volume was adjusted to 100 mL

with deionized water.

In the first place, samples were immersed in this solution

for 5 min forming zinc complexes on the surface oxide

film. Secondly, the samples were rinsed with deionized

water and dried in a desiccator to remove the excess of

zinc. Thirdly, samples were immersed in NA to release

zinc ions from the zinc complex to the solution. Finally, the

concentration of zinc ions released was determined using

an inductively coupled plasma-atomic emission spectrom-

eter. As explained in the literature, the concentration of

active hydroxyl groups COH (number/nm2) was calculated

using the equation:

COH ¼ fðCZn � 10�6 � V� AÞ=ðM� SÞg � 2

being CZn the concentration of zinc ions (ppb), V the

volume of NA, S the surface area of sample (nm2), A the

Avogadro’s number and M the molecular weight of zinc

[12, 13].

3 Experimental results

3.1 Surface contamination

Several studies in the literature have reported the adsorp-

tion of hydrocarbon contaminants on the metal oxide

surface. This occurs even when a material surface is

exposed to atmosphere for a short time. The main chal-

lenge is to find a surface chemical analysis technique that

can be used to analyze the surface chemistry of these

compounds [22–24].

The static contact angle measurement is a simple tech-

nique that is commonly used to determine the degree of

order of monolayer formed on a metal substrate. In this

study, wettability assays by means of contact angle tech-

nique, showed that OP treated samples presented a higher

surface energy and higher hydrophilicity than NA treated

specimens. Surface energy prior to treatment is 47.27 mN/m

and reached values of 75.55 mN/m after OP treatment,

while for NA the values found was 68.34 mN/m (Fig. 1).

The decrease in the contact angle values and hence the

increase in the hydrophilicity is associated with surface

contamination removal as well as with the introduction of

hydrophilic groups (OH-, O2
?, O2

-, O?, O-) at the surface.

Therefore, OP treatment seemed to provide the best

method for cleaning and chemically modifying the surface.

However, the contact angle technique did not provide any

information on the chemical composition of the surfaces.

Consequently, a more sophisticated technique capable to

determine the chemical composition was employed with

the aim to evaluate the degree of cleaning and nature of the

surface layer [25, 26].

X-ray photoelectron spectroscopy (XPS) is a quantita-

tive spectroscopic technique that allows to measure the

elemental composition of the surface (about 10 nm usu-

ally) with up to 0.1 % sensitivity, empirical formula,

chemical state and electronic state of the elements that

exist within the material. The XPS surface sensitivity can

be enhanced by reducing the photoelectron take-off angle

Fig. 1 Static contact angle measurements for the control (CoCr) and

treated samples (CoCr ? OP, CoCr ? NA)
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(measured from the sample surface). Namely this tech-

nique, known as angle resolved XPS (AR-XPS), permits to

achieve more sensitive surface analysis for grazing take-off

angles than for angles close to the surface normal [27].

Therefore, more detailed information on the surface

chemical composition can be achieved by recording spectra

at different h angles going from the outer surface layers till

the bulk of the material (usually from 3 to 10 nm).

In this work, CrCo surfaces were examined at different

take-off angles to assess the nature of the contaminants. The

sample was previously cleaned in an ultrasonic bath with three

different solvents (cyclohexane, isopropanol and water) for

5 min each and then dried under a nitrogen stream. The ana-

lysis revealed a high percentage of carbon, traces of nitrogen,

silicon and sulphur as surface contaminants (Fig. 2; Table 2).

The percentage of carbon decreased progressively

(Table 2) as the take-off angle increased (differences sta-

tistically significant for small angles). The presence of

carbon at the metal surface is due to hydrocarbon adsorp-

tion and molecules such as CO2, CO from the atmosphere.

The higher the carbon contents the higher the contamina-

tion at the surface.

As for the oxygen, take off angles between 308 and 758
showed that oxygen concentration was constant except for

the 158 angle. In fact, small take off angles mainly identify

contaminants whereas greater angles detect the oxygen

from oxide layer which is normally formed at the metal

surface. Consequently, all the XPS experiments were per-

formed at 458, because more representative of the whole

surface composition. In addition, previous studies have

demonstrated that this is the optimal take-off angle as for

smaller angles the roughness and morphology of the sam-

ple may affect the results [27, 28].

Therefore, XPS technique will allow to semiquantita-

tively analyze the efficiency of two different cleaning and

activation methods reported in the literature and applied in

this study (OP cleaning or acid etching).

It is well known that ultra-violet light generated in the

plasma is very effective in breaking most organic bonds of

surface contaminants and also the oxygen species created

in the plasma (O2
?, O2

-, O3, O, O?, O-) react with

organic contaminants to form H2O, CO, CO2. These

compounds have relatively high vapour pressures and are

evacuated from the chamber during processing.

On the other hand, NA, being a powerful oxidizing acid,

reacts with many organic materials oxidizing them to their

highest oxidation states and simultaneously produces

nitrogen dioxide or nitric oxide.

The found carbon contents (in atomic concentration %)

for the control, the plasma treated and NA treated surfaces

are reported in Fig. 3 and Table 3. The high-resolution C

1s XPS spectrum of the CrCo alloy was decomposed into

four contributions: the peak at 284.9 eV was assigned to

C–C and –CH2 species and the peaks at 286.2, 287.2 and

289.3 eV were assigned to C–OH/C=O, C–O/N–C=O and

N–O–C=O species, respectively. The high-resolution C

1s XPS spectra were comparable to those obtained by other

authors [12, 13, 22, 29, 30]. The first row of Table 3 dis-

plays the total carbon and below the percentages of the

different carbon species (C1, C2, C3, C4), calculated from

the decomposed high resolution C 1s spectra.

Fig. 2 CoCr atomic surface composition determined by ARXPS

analysis

Table 2 Chemical composition of CoCr alloy by ARXPS

Angle

(8)
C 1s N 1s O 1s Si 2s S 2p Cr 2p Co 2p Mo 3d

15 54 % 2 % 34 % 1 % 1 % 3 % 5 % 0 %

30 40 % 2 % 42 % 1 % 1 % 6 % 7 % 1 %

45 35 % 2 % 43 % 0 % 1 % 8 % 10 % 1 %

60 26 % 2 % 45 % 1 % 1 % 11 % 13 % 1 %

75 26 % 1 % 44 % 1 % 1 % 12 % 14 % 1 %

Fig. 3 Deconvoluted C 1s XPS high resolution spectrum
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The treated CrCo surfaces clearly presented a consid-

erable reduction of the carbon contamination when com-

pared with the control. The differences are statistically

significant thus indicating that both treatments, OP and NA

etching, are capable of surface cleaning being OP more

effective, in terms of carbon contents reduction (from 48 to

22 %). However, if we take into account the ratio between

the oxidized carbon species (C2, C3, C4) and the aliphatic

carbon (C1) both treatments present a similar cleaning

behaviour. In both cases, there is a decrease of the per-

centages of oxidized carbon species.

3.2 Characterization of surface roughness

3.2.1 Interferometry results

The white light interferometry results showed that all

activated samples presented an average roughness (Ra)

\30 nm (Table 4) and therefore, they can be considered as

smooth surfaces. The fact that the roughness increased

slightly with the acid activation could favour the activation

process because it has a higher specific surface. Neverthe-

less, as for bone response, a huge number of the experimental

investigations have demonstrated that smooth surfaces

(Ra \ 500 nm) showed comparable bone responses and at

the same time lower than rougher surfaces [31, 32].

These findings demonstrated that the surface roughness

is not affected by the activation methods employed.

Another valuable parameter is the Rku, when this value is

equal to 3, the sample presents random and uniform dis-

tribution between valleys and peaks. Because both plasma

and NA samples possess a value tending to 3 and much

lower than the control sample, it can be assumed that

contamination was eliminated, or at least significantly

reduced, from the surface.

3.3 Hydroxyl groups at the surface

3.3.1 XPS results

The OP treatment and NA etching, not only eliminated

contaminants at the surface, but also generated chemical

active functional groups (e.g. OH-) useful for further

chemical modifications. Therefore, a higher concentration

of OH- groups at the surface will in principle benefit

further modification processes such as molecule immobi-

lization (e.g. silanization). Both activation methods pro-

duced a conspicuous increase of the superficial oxide film.

Control sample presented 42 % of oxygen whereas the

treated surfaces showed contents of oxygen ranging from

49 up to 56 (Table 5, in bold).

Oxygen plasma seemed to produce a higher atomic

concentration % of oxygen. However, these percentage

values do not provide information on the nature of the

different oxygen species, whether the increase of the

amount of oxygen is due to hydroxyl groups (OH-) or to

metal oxides (O2-). This valuable information can be

extracted from the analysis of the O 1s signal from the high

resolution spectra and by comparing the ratios of the areas

of the different contributions (OH-/O2-) of the studied

samples (Table 5, Fig. 4).

The analysis of the O 1s core level signal permitted to

identify some of the different oxygen containing species

(e.g. H2O, OH-, O2-) and their quantification The detec-

tion of these contributions provides a basic tool for the

quantification of the hydroxyl groups which are formed

under the above mentioned surface treatments.

Table 3 Total (C) and different

(C1, C2, C3) carbon species

present at the CoCr alloy

surface determined from the

deconvolution of the C 1s XPS

high resolution spectrum

Peak Bond CoCr CoCr ? OP CoCr ? NA BE (eV)

C (total) 48 % ± 2.2 22 % ± 0.2 36 % ± 0.4

C1 C–H 29 % 18 % 29 % 284.9 ± 0.4

C2 C=O, C–OH 9 % 2 % 4 % 286.2 ± 0.5

C3 C–O, N–C=O 5 % 0 % 0 % 287.2 ± 0.5

C4 N–O–C=O 5 % 2 % 3 % 289.3 ± 0.5

(C2 ? C3 ? C4)/C1 0.66 0.18 0.24

Table 4 Roughness of the untreated and treated CoCr alloys deter-

mined by interferometry

Parameters CoCr CoCr ? OP CoCr ? NA

Ra (nm) 20.1 ± 4.9 13.6 ± 2.1 24.7 ± 6.6

Rku 25.7 ± 5.9 3.7 ± 0.4 5.5 ± 2.7

Rq (nm) 16.0 ± 14.0 17.2 ± 2.3 30.4 ± 7.9

Table 5 High-resolution O 1s XPS spectrum and atomic percentage

of the oxygen species present at the surface

CoCr CoCr ? OP CoCr ? NA BE (eV)

O 1s

O2-

42 % ± 2.3

15 %

56 % ± 0.4

20 %

49 % ± 0.3

10 %

530.1 ± 0.4

OH- 19 % 27 % 35 % 531.5 ± 0.3

H2O 8 % 9 % 4 % 533.1 ± 0.4

OH-/O2- 1.27 1.33 3.38 –
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The O 1s spectrum showed three contributions. The

peaks at 530.1, 531.1 and 533.5 eV were assigned to metal

oxide (O2-), hydroxide (OH-) and H2O species, respec-

tively (Table 5). The peaks values measured in our study

were in excellent agreement with the literature values [12,

13, 29, 33, 34].

The quantification of O 1s atomic percentages together

with the OH-/O2- ratios demonstrated that although OP

introduced a higher amount of oxygen, the NA activation

generated a greater amount of OH- groups. The found

OH-/O2- ratio for OP was 1.33 while for the NA was 3.38.

Therefore, OP introduced a higher proportion of surface

oxygen but a lower proportion of hydroxyl groups.

3.3.2 Zinc-complex substitution technique results

Some authors differentiate between the ‘‘active hydroxyl

groups’’ as hydroxyl groups located on the surface oxide

film that easily react with some metal ions and form a

metal complex and the ‘‘hydroxyl groups’’ usually refers

to overall hydroxyl groups including inactive hydroxide

inside the oxide film [12, 13].

Conventional techniques as XPS or ToF-SIMS cannot

distinguish the active hydroxyl groups on the surface oxide

film from those inside the surface oxide film as hydroxide.

For that reason, an alternative valid technique is the zinc-

complex substitution in order to determine the concentra-

tion of OH- on the surface oxide film.

Nevertheless, these authors reported that it is difficult to

distinguish precisely between the two hydroxyl groups, but

the results obtained by the zinc-complex substitution

technique are useful for the estimation of the active

hydroxyl groups located on the surface oxide film. In

general, the concentrations of the active hydroxyl groups

determined by the chemical reaction in a solution were

much larger than those detected under an ultrahigh vacuum

(XPS or ToF-SIMS). This result is expected since surface

hydroxyl groups can be easily formed on the surface oxide

film by the adsorption of water molecules. Therefore,

although this technique cannot be directly compared with

the XPS and TOF-SIMS results due to the different

working conditions (solution and ultrahigh vacuum), it can

provide complementary data for a more detailed informa-

tion on the surface reactivity.

Figure 5 shows the concentrations of active hydroxyl

groups, Cactive (OH) per unit area on the surface oxide film

for each kind of sample. As previously explained, this

technique is suitable for comparative evaluation rather than

absolute one. Therefore, each Cactive (OH) values of CrCo

activated by OP and CrCo chemical etched were normal-

ized by that of CrCo without treatment.

Both modification treatments produced surfaces with

higher Cactive (OH) than the control sample (CrCo), due to

the presence of the hydroxyl groups. The calculated dif-

ferences were statistically significant. The concentration of

the hydroxyl groups on and inside the CrCo oxide film

chemical etched were found to be the largest by both

techniques (XPS and zinc complex substitution technique).

3.4 Chemical composition of the surface oxide layer

In addition, this work assessed whether the employed

activation methods altered somehow the surface oxide film.

The XPS spectra were analyzed by separating the Co 2p3/2

and the Cr 2p3/2 photoemission peaks into their metallic

and oxidized constituents. The Co satellites were included

in the analysis and the Co and Cr XPS signals were nor-

malized by their respective photoionization cross sections

to yield atomic concentrations. The peaks values measured

in our study were in excellent agreement with the literature

values [2, 20, 24, 34, 35].

Nitric acid etching did not modify the oxide film (Fig. 6)

whereas OP induced notable changes among the different

oxide species at the surface (Table 6). For NA etching the

Con?/Crn? oxide ratios remained substantially unchanged

Fig. 4 Deconvoluted XPS high resolution spectrum for O 1s

Fig. 5 Normalized concentrations of OH-act. The bars represent

statistically significant differences (P B 0.05)
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when compared with the control sample, 0.36 and 0.32

respectively [14]. By contrast, OP treated samples exhib-

ited a significant increase of cobalt oxide and a decrease in

chromium oxide, thus resulting in Con?/Crn? oxide ratio of

16 (Table 6).

This result was corroborated by ToF-SIMS analysis

where a comparison of the peak intensities ratios (cobalt

oxide/chromium oxide) indicated the same tendency 0.32

for the control, 0.30 for the NA etching and 0.63 for OP

treatment (Table 7).

Similar outcomes were reported by some workers when

attempting to improve the tribological properties of a CrCo

alloy and while oxidizing the surface by using oxygen and

temperature treatments. For instance, Fowler et al. [38]

found that the oxidation at all temperatures up to 400 �C

tended toward the growth of an outer oxide layer, rich in

Co compared to Cr, once the initial oxide layer is formed.

They found that the oxidation at 25 �C showed a contin-

uous decrease in the near-surface Cr content from the bulk

value of 14 % to a value of the order of 5 % after 1,200 L

of O2.

Although the mechanism of formation of layered mix-

ture of oxides is not clear some authors suggested that the

observed oxide structure is proposed to be a consequence

of the competition between the preference for Cr to oxidize

because of its higher oxidation potential relative to Co and

the relative supply of Co available for oxidation compared

to the supply of Cr due to the different diffusivities of Co

and Cr in the oxide structure (Fig. 7).

Fig. 6 Example of deconvoluted Co 2p, Cr 2p high resolution XPS spectra obtained from NA chemical etched CoCr alloys

Table 6 Chemical composition

of Co 2p, Cr 2p XPS spectra

obtained from CoCr alloys

untreated and treated with

oxygen plasma and chemical

etched

Reference Plasma (OP) Nitric acid BE (eV)

Cr 2p3/2 4 % ± 0.0 1 % ± 0.0 6 % ? 0.2 – –

0.4 % Cr 0.1 % Cr 0.6 % Cr 575.2 573.7

3.6 % Cr2O3 0.9 % Cr2O3 5.4 % Cr2O3 576.9 576.1

Co 2p3/2 3 % ± 0.2 16 % ± 0.2 3 % ± 0.0 – –

1.7 % Co 0 % Co 1.3 % Co 777.4 777.4

1.3 % Co2O3 16 % Co2O3 1.7 % Co2O3 780.7 779.0

CoxOy/CrxOy 0.36 16 0.32 –

Table 7 Peak intensity of CryOx
- and CoyOx

- ion species present in

the negative region of ToF-SIMS spectra [36, 37]

CoCr CoCr ? OP CoCr ? NA m/z

CrO- 2768 193 2412 68

CoO- 7705 4071 3617 75

CrO2
- 31525 2720 11192 84

CoO2
- 5942 6362 1243 91

CrO3
- 48664 18417 22358 100

CoO2
- 6112 1561 1700 134

Co2O2
- 4873 1204 1446 150

Cr2O3
- 4665 838 1208 152

Co2O3
- 3466 765 3114 166

P
CryOx

- 87622 22168 37170 –
P

CoyOx
- 28098 13963 11120 –

P
CoyOx

-/
P

CryOx
- 0.32 0.63 0.30 –
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4 Conclusions

ARXPS analysis demonstrated that both methods (OP, NA

etching) removed surface contaminants and simultaneously

activated the surface, being OP treatment more effective.

XPS results also revealed that both treatments increased

oxygen concentration at the surface, however, the OH-/O2-

ratios proved that NA etching introduced a higher amount of

hydroxyl groups in the metal oxide film. The zinc complex

substitution technique corroborated that NA etching pre-

sented a higher surface reactivity due to the OH- groups.

Interferometry studies showed that OP and NA did not

modify the surface roughness and that the Rku value of the

treated surfaces tending to 3, is indicative of random and

uniform distribution between valleys and peaks and con-

sistent with contamination surface removal. Both analytical

techniques, XPS and ToF-SIMS, confirmed that OP treat-

ment substantially modified the ratio among the different

metal oxide species present at the surface, being significantly

enriched in Co oxide. By contrast, for NA etching, such a

ratio did not vary when compared to the control sample.
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