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a b s t r a c t

Thanks to their thermal stability, resistance to oxidation and mechanical strength, cobalt-

chrome molybdenum alloys are considered an ideal alloy for high temperature applica-

tions. The surface oxide layer evolves as a function of time and temperature, changing its

chemical structure and increasing its thickness from a few nanometers to various microns.

Making use of various diffractographic and spectroscopic techniques, namely X-ray

diffraction, X-ray photoelectron spectroscopy, Raman spectroscopy and glow-discharge

optical emission spectroscopy, coupled with complementary analysis, this work gives

new insights on the chemical bonding, crystallographic structure, thickness and elemental

composition of the oxide layers as a function of both time and temperature of oxidation.

Results show that the initial nanometric passive layer of Co3O4 evolves into a metastable,

sub-micrometric CoCrO4 structure and finally stabilizes into a micrometric Cr2O3 at the

highest temperatures. This paper fills a fundamental gap in the understanding of the

chemistry and stability of Cobalt-based alloys used for high temperature applications, such

as in poppet or exhaust valves, aerospace components or hot gas turbines. Once calibrated,

this innovative, complete surface characterization approach can be ideally extended to

other metallic alloys.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
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1. Introduction

The first scientist to produce an alloy by mixing Cobalt and

Chrome was Elwood Haynes, back at the beginning of the XX

century [1]. Haynes objective was to produce a material

“which would not only resist oxidation and other harmful

influences, but would also possess valuable physical proper-

ties, which would render them fit for special services”. In 1907

and 1908, Haynes made series of different, innovative alloys

by combining cobalt and chromium with tungsten and mo-

lybdenum, and then adding other elements such as zirco-

nium, tantalum, thorium, titanium, vanadium, carbon, silicon

and boron.

As he expected, his discoveries were able to resist for long

time in extremely aggressive environments, as for example in

boiling nitric acid, without even exhibiting signs of tarnishing

[2].

One groupof alloys in particular soongained great scientific

and industrial interest: trademarked byUnion Carbide, Stellite

Division under the name “Stellite” [3], these alloys found

application in various fields where high wear-resistance was

needed including aerospace industry [4], cutlery [5], bearings

[6], blades [7], etc.

Despite displaying an array of impressive technological

properties industrial uses of cobalt chrome alloys have been

somehow limited to a niche of specific applications, mainly

because of their costs [8], their limited machinability [9] and

the impressive specific weight [10].

Cobalt-chrome alloys started to receive more attention

when their true potential for biomedical applications was

discovered, in the late 1950s. The use of stellite for orthopedic

applications, in particular to repair bone fractures, has been
Fig. 1 e Schematic of the research: (a) thermal oxidation param

techniques, (c) schematic representation of the probe depth for

the impedance testing.
actually proposed by Adalbert Zierold back in the 1920s [11],

soon followed by the studies of AlbertW. Merrick on Vitallium

as a substitute for gold dental implants [12] and by the Vital-

lium femoral head resurfacing proposed by Smith-Petersen

[12]. But it is not until the femoral prosthesis developed by

Frederick R. Thompson, in the late 1950s, that the potential of

cobalt-chrome as a structural biomaterial was fully under-

stood [13].

The development of new cobalt chrome alloys over the

years has been somehow limited: about 50 alloys are

commonly used in industry today, still chemically quite

similar to their ancestors developed more than one century

ago, in particular for the biomedical field [14].

Despite their high technological importance, the under-

standing of the structure and evolution of cobalt chrome

surface oxides is still somehow limited. When testing the

Haynes 25 alloy high temperature tribological properties,

Scharf et al. [6] reported the formation of a (Co,Cr),O layer, but

were unable to identify which specific phase was formed.

Some further insights were provided by Milo�sev and Streh-

blow using XPS and electrochemistry [15], who concluded that

“The alloy passivates spontaneously in air resulting in the formation

of a thin oxide film containing mainly Cr2O3, with a minor contri-

bution from Co- and Mo-oxides”. By using XPS on oxygen io

bombarded CoCrMo, Badovinac et al. [16] were able to observe

the formation of CoO, Cr2O3, MoO2, MoO3, Mo2O5 CoMoO4,

showing that the chemical structure of the surface oxides of

CoCrMo alloys are more complex than previously reported.

The number of technological fields in which these alloys

are used, such as biomedical, sensor technology or heteroge-

neous catalysis [17e19], is constantly growing, but despite

this, the study of their surface chemistry and oxide formation

is still very limited [16].
eters (time and temperature), (b) list of experimental

each different spectroscopic technique and (d) schematic of
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Fig. 2 e Surface morphology and roughness for the different samples. (a) evolution of the surface morphology for samples

treated at 950 �C (same area in each image) and (b) surface Ra roughness as a function of time and temperature.
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This study can help understand the mechanisms of oxide

formation and how each metal affects the other within the

alloy. This, in turn, can help improve the performance and

increase the life-span of devices built with these alloys

[15,20e25].

The objective of this research is to build up on previous

literature results [26] by using a combination of four different

spectroscopic techniques, namely X-ray diffraction (XRD),
Fig. 3 e Electrical resistance as a function of time and temperat

configured in Fig. 1(d), as a function of temperature and time.
Glow Discharge Optical Emission Spectroscopy (GDOES),

Raman spectroscopy (RS) and X-ray Photoelectron Spectros-

copy (XPS), together capable of providing a high-resolution

chemical and structural characterization of the surface

oxides.

Between the metallic alloys of industrial interest, CoCrMo

represent an ideal candidate for this pilot study as most oxide

phases consisting of Co, Cr and Mo are Raman active, with a
ure. As measured between the two platinum electrodes as
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high relative intensity. The contents of this research and the

experimental procedures are summarized in Fig. 1.
2. Results

Fig. 2(a) shows the surface morphology of the samples treated

at 950 �C, at all-time intervals. The polished pristine surface

becomes coarser with increasing treatment times. After

60 min of treatment, the marker scratch at the center of the

image (with an initial depth of about 2 mm) is barely visible and

it completely disappears after 360min due to the formation of

a thick oxide layer.

Samples treated at the two lowest temperatures (400 �C
and 600 �C) maintain their surface morphologies up to

2160 min of thermal treatment, while for the intermediate

temperature of 800 �C the roughness started to increase after

about 10 min of treatment.

Fig. 2(b) shows the arithmetical average surface roughness

(Ra) as measured after thermal treatment. It can be observed

that roughness values are independent from temperature and

time up to 600 �C and 2160 min of treatment, but then sharply

increase after 10 min of treatment at higher temperatures.
Fig. 4 e Cross sections and compositional analyses. SEM cross s

cross sectioned samples tested at 400 �C, 600 �C, 800 �C, 950 �C
These results indicate that a possible temperature threshold

for rapid surface deterioration (arbitrarily defined as an in-

crease of one order of magnitude in Ra in 10min or less) might

be located between 600 and 800 �C.
Fig. 3 shows the electrical impedance measured on the

sample surfaces as a function of temperature and time of

treatment. It can be observed that, as expected, the graph trend

is comparable with that of the surface roughness (Fig. 2) and

thus oxide thickness, but with an important difference: unlike

roughness, impedancealready starts to rise at 600 �Cand60min

of treatment. These results suggest that chemical changes, ox-

ygen diffusion in particular, are already happening in the oxide

layer even without noticeable variations in roughness.

Samples cross section after 2160 min of treatment are

resumed in Fig. 4.

The micrographs clearly show the presence of an oxide

layer (above the dotted white line) in samples tested at 600 �C,
800 �C and 950 �C. The oxide seems to be composed by Cr and

Co, although this signal is not so clearly visible in themap. The

role of Mo is also not clear from these micrographs, due to the

relatively low intensity. Further insights on the presence and

role of Mo will be discussed along with the spectroscopic

results.
ections and EDXS maps for O, Cr and Co as obtained on the

after 2160 min of treatment.
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Fig. 5 e Microstructural observation of the samples cross sections. Presented as a function of temperature, after 2160 min of

thermal treatment.
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Light microscope analyses of the underneath material

were performed in order to determine possible microstruc-

tural evolution of material during the oxidation tests, as pre-

sented in Fig. 5.

Themicrostructure is stable, under oxidation conditions, up

to 600 �C. At 800 �C the microstructure decomposes and forms

an additional phase that is the s phase, richer in Cr respect the

other phases. At 800 �C this phase if finer and randomly

distributed in thematerial, while at 900 �C this phase becomes

coarser and preferential displaced at grain boundaries.

The X-ray diffraction patterns obtained on the different

samples after thermal treatment for 2160 min are resumed in

Fig. 6. Both the pristine reference and the sample treated at

400 �C appear to be formed by two phases: a face-centered

cubic structure (FCC), g, and a hexagonal close-packed struc-

ture (HCP), ε [28]. The martensitic transformation g / ε is

usually the result of a fast cooling process, such as in the case

of air cooling. The XRD measurements are confirmed by the

microstructural characterization previously presented.

New peaks related to Cr2O3 (*) and CoCr2O4 (�) [29] and

Co0.8Cr0.2 (x) [30] ]start to appear when the temperature is

raised to 600 �C, CoCr2O4 being the strongest secondary phase

signal.

At 800 �C, peaks related to the hexagonal ε structure are no

more visible on the diffraction pattern, while the peaks related

to CoCr2O4 and Co0.8Cr0.2 reach the maximum intensity. The

Cr2O3 signal also increase in intensity, and secondary peaks

start to appear in the region between 20 and 40 2q.

At 950 �C the peaks related to the Cr2O3 reach the

maximum intensity, but bands associated with the face-

centered cubic structure g also reappear.
Fig. 6 e XRD diffraction patterns for the different samples. Pres

longest time (2160 min), as compared to the pristine reference.
Raman imaging maps could be acquired on the same lo-

cations by using a grid of Vickers indentation as amarker. The

results are shown in Fig. 7 as a function of both time and

temperature. Cobalt chrome alloys are naturally protected

from corrosion by a spontaneously formed layer of mixed

oxides [15]. The layer itself is initially too thin to be detected by

Raman spectroscopy, but even at temperature as low as 400 �C
bands related to oxides can be detected on the Raman

spectrum.

In Fig. 7, the red signal is related to the band located at

560 cm�1 produced by Cr2O3 [31], while the green signal is

related to the band located at 690 cm�1 and produced by

CoCrO4 [32]. It can be observed that the results obtained after

2160 min of thermal treatment are in line with the diffraction

patterns presented in Fig. 6, and in particular Cr2O3 can be

predominantly observed at high temperature, while CoCr2O4

is stable at lower temperatures.

It is interesting to observe that the sample treated at 800 �C
has an inhomogeneous distribution, with both regions at high

Cr2O3 or at high CoCr2O4 content, the two apparently being

mutually exclusive.

When treated at 950 �C for long time spans, the surface of

the cobalt alloy starts to delaminate, resulting in the exposure

of the underlying material, which appears green in Fig. 7,

meaning that those regions are preferentially covered by

CoCr2O4.

The average Raman spectra as a function of both time and

temperature are presented in Fig. 8. Different phases are

markedbyusingcoloredbars, green forCo3O4 [33], red forCr2O3

[31] and blue for the intermediate CoCr2O4 [32]. For each phase,

the spectral deconvolution is resumed in Table I.
ented as a function of temperatures and acquired at the

https://doi.org/10.1016/j.jmrt.2022.08.071
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Fig. 7 e Raman imaging maps. As obtained at different heat treatment time steps on the same region of specimen treated at

400, 600, 800 and 950 �C. Red color for Cr2O3 and Green for CoCrO4.
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Due to the Fermi's sea of electrons effect, no Raman signal

was expected to appear on the untreated samples [34]. Still,

the Raman spectra of the pristine sample features a list of

Raman bands at specific locations: 300 cm�1, 680 cm�1,

760 cm�1, 995 cm�1, 1400 cm�1, 1740 cm�1, 2125 cm�1 and

2250 cm�1. A possible interpretation for some of these unex-

pected and not previously reported bands will be discussed in

more detail the next chapter.

At the lowest treatment temperatures, Raman peaks are

mainly related to the presence of Co3O4, and the intensity

seems to increase with increasing the treatment time. At

temperatures of 600 �C and 800 �C, after 10 min of treatment

another phase appears, identified as CoCr2O4. Unlike Co3O4,

CoCr2O4 appears to be metastable and disappears for longer

treatment time in favor of themore thermodynamically stable

Cr2O3.

At a temperature of 950 �C, a stable, relatively thick layer of

Cr2O3 appears after only 10 min of treatment, with a relative

intensity comparable to 360 min of treatment at 850 �C.
Further insights on the microstructure of the surface oxide

layers were obtained by XPS. Fig. 9(aec) shows the bands
related to Oxygen, Chrome and Cobalt, respectively, as a

function of the treatment temperature, for a thermal treat-

ment time of 2160 min. The amount of OeH bonds on the

surface of the samples is about constant and independent

from the treatment temperature, as hydroxides are sponta-

neously formed on the surface of the alloy as a consequence of

the exposure to humid air. M�O bonds, on the other hand,

increase moving from the pristine material to the thermal

treated specimen.

Surface chrome is initially present in two different

forms: as metallic chrome and as Cr(III) (as in Cr2O3). After

thermal treatment, the metallic chrome is reduced to zero,

while the amount of Cr(III) increases to a value which ap-

pears to be independent from the treatment temperature

[35,36].

As for chrome, cobalt is also initially present in two forms,

metallic and Co(III) [35,36] and, as the metallic form disap-

pearswith thermal treatment, it is substituted by Co(II) [35,36],

confirming the interpretation of the spectra obtained by

Raman spectroscopy and XRD and related to the presence of

CoCr2O4. The total amount of cobalt at the samples surface

https://doi.org/10.1016/j.jmrt.2022.08.071
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Fig. 8 e Average Raman spectra acquired on the surface of the samples. Results are presented as a function of time and

temperature. Red color for Cr2O3, green for Co3O4 and blue for CoCrO4. (a) treatment at 400 �C, (b) treatment at 600 �C, (c)
treatment at 800 �C, (d) treatment at 950 �C.
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seems to reach a maximum for a treatment temperature of

400 �C and decreases for higher temperature, to the point of

being undetectable after treatments at 950 �C.
Unlike XRD, Raman Spectroscopy and XPS, by calibrating

intensity signals and the rate of Argon sputtering GDOES can

be used to obtain an in-depth compositional profile of the al-

loys. Results for samples treated for 2160min are presented in
Table 1 e Assignation of the main Raman bands
appearing in Fig. 8

Position [cm�1] Assignment Phase Reference

482 Co3O4 [33]

522 Co3O4 [33]

618 Co3O4 [33]

691 Co3O4 [33]

305 Eg Cr2O3 [31]

360 Eg Cr2O3 [31]

530 Eg Cr2O3 [31]

560 A1g Cr2O3 [31]

620 Fg Cr2O3 [31]

195 F2g CoCr2O4 [32]

460 E2g CoCr2O4 [32]

517 F2g CoCr2O4 [32]

685 A1g CoCr2O4 [32]
Fig. 10. In his pristine conditions, the CoCrMo alloy possesses

a slightly higher concentration of oxygen and cobalt on its

outer surface, at the expenses of molybdenum. After treat-

ment at 400 �C, the concentration of chrome andmolybdenum

increase for a few nanometers, at the expenses of cobalt. This

layer is then followed by a thicker cobalt-enriched phase.

Increasing the temperature to 600 �C leads to the formation of

a superficial chrome oxide layer with a thickness of around

150 nm, followed by a cobalt-enriched layer with a thickness

of about 300 nm. Further increases in temperature result in an

increase the thickness of the chrome oxide layer, preventing

the formation of the sub-superficial cobalt enriched layer.

The microhardness results obtained on the oxidized sam-

ples are shown in Fig. 11. It is observed an increase of hardness

at the increase of the oxidation temperature, and thus to the

oxide thickness. The main differences are observed for sam-

ples tested above 600 �C.
3. Discussion

New insights on the composition of the surface oxides formed

by thermal treatment on CoCrMo alloys could be acquired by

combining together four different spectroscopic techniques.

https://doi.org/10.1016/j.jmrt.2022.08.071
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Fig. 9 e XPS results obtained on the samples treated at different temperatures for 2160min. Blue for Oxygen, orange for

Chromium and green for Cobalt.
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Three main phases could be identified: Co3O4, CoCr2O4

and Cr2O3, each one showing a different range of thermal

stability, CoCr2O4 being the intermediate phase between the

other two. In-depth compositional profiles acquired by

GDOES (Fig. 10) clearly showed that the results obtained by

all other techniques are actually the result of the super-
Fig. 10 e GDOES profiles of the four main elements as a function

(a) cobalt, (b) chromium, (c) molybdenum, (d) oxygen.
imposition of various stacked layers of oxides with

different compositions.

Additionally, Raman spectroscopy results showed that, at a

treatment temperature of 800 �C, two different stoichiome-

tries of oxides are simultaneously formed on the surface of the

samples, depending on the location.
of temperature, for time of thermal treatment of 2160min.

https://doi.org/10.1016/j.jmrt.2022.08.071
https://doi.org/10.1016/j.jmrt.2022.08.071


Fig. 11 e Microhardness results obtained on samples

treated for 2160 min at different temperatures.
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To better understand the oxide stratification, Fig. 12 shows

the ratio between the signal of molybdenum (a) and cobalt (b)

respect to the signal of chrome, and molybdenum respect to

cobalt (c).
Fig. 12 e Relationship between the elements amount as a funct

chromium, (b) cobalt over chromium and (c) molybdenum over
At each treatment temperature, the peak intensity of the

Mo/Cr ratio (a) is more shallow with respect to the peak in-

tensity of the Co/Cr ratio (b), meaning that two different

phases, one containing relatively higher amounts of molyb-

denum and one containing relatively higher amounts of co-

balt, can be found at different sputtering depths.

By considering the ratio between the molybdenum and

the cobalt (c) and the signal of chrome and oxygen (Fig. 10(b)

and (d)), a total of up to four different layers can be observed,

at 950 �C: an initial spike in chrome and molybdenum (from

0 to a few nm), followed by chrome oxide (up to about 1 mm),

then a cobalt enriched layer with lower levels of oxide (up to

about 4 mm) and finally the bulk. Additionally, the lower ratio

values up to about 300 nm in Fig. 12 (c) suggest that the

solubility of cobalt in Cr2O3 is higher with respect to

molybdenum.

At 400 and 600 �C, the GDOES signal of cobalt has a sub-

superficial peak, which appears to be sharper at lower temper-

atures. The peak is caused by the presence of Co3O4, as evi-

denced both by Raman spectroscopy (Fig. 8(a)) and XPS (Fig. 9).

The molybdenum peaks visible on the GDOES spectrum of

the sample treated at 400 �C give some possible insights on the

interpretation of the unknown Raman bands in Fig. 8(a): Mo(II)

oxides [37] or even more complex phases containing both

chrome and molybdenum [38] can be responsible for the
ion of depth, for each temperature. (a) molybdenum over

cobalt.
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bands located at about 800 and 1000 cm�1. As the relative in-

tensity of these phases is usually quite low, they can only be

observed when the thickness of the surface oxide layer is low,

before other, more intense bands appear.

4. Conclusions

Various diffractographic and spectroscopic techniques were

combined in order to investigate the composition and struc-

ture of the oxides formed after thermal treatment of CoCrMo

alloys.

Three main phases were identified: Co3O4, stable at lower

treatment temperatures, Cr2O3, stable at higher temperatures

and the intermediate CoCr2O4 phase.

GDOES results proved that the three phases can coexist in

form of stratified layers, with Cr2O3 being the one exposed to

the external environment and the Co-rich phases lying

underneath.

A forth potential phase has been identified as a molybde-

num or a chromium-molybdenum oxide, but its presence

could only be detected by Raman spectroscopy or as a nano-

metric spike in the GDOES profiles.

Using Raman imaging, the contemporary growth of Cr

and Co-rich oxides could be observed at intermediate treat-

ment temperatures, following a preferential distribution

potentially associated with the underlying metallographic

structure.
5. Experimental procedures

5.1. Resource availability

5.1.1. Lead contact
Further information and requests for resources and reagents

should be directed to and will be fulfilled by the lead contact,

Elia Marin (elia-marin@kit.ac.jp).

5.1.2. Materials availability
All protocols describing the synthesis of the materials used in

this research are provided in the manuscript.

5.1.3. Data and code availability
The authors declare that the data supporting the findings of

this study are available within the paper. The authors declare

that there was no code generated during the study.

5.2. Materials

ASTM F75 Cobalt Chrome Molybdenum discs (diameter

14 mm, thickness 3 mm) were obtained from an industrial

producer (Sandvik, Stockholm, Sweden). Discs were then

treated at different temperatures (0, 400, 600, 800 and 950 �C)
for different time intervals (10, 60, 360, 2160 min), as also

briefly summarized in Fig. 1. The initial surface roughness of

the specimen was 25 nm Ra. Before testing and thermal

treatments the samples were washed in ethanol using an ul-

trasonic bath.
5.3. Characterization

5.3.1. Laser microscopy
A VKX200K series laser microscope (Keyence, Osaka, Japan)

was used to obtain low magnification images of large areas of

the samples. The instrument could obtain both optical and

topographical information on the surface morphology, with

magnifications ranging from 10 � to 150 � and a numerical

aperture between 0.30 and 0.95. The stage positioning could be

controlled using by two step motors, while the autofocus

function controlled the distance between the lenses and the

surface of the sample, in the z range, allowing to perform

automated focus stacking.

5.3.2. Electrical impedance
Electrical impedance measurements were performed using a

AUTOLAB PGSTAT12 (Metrohm, Herisau, Switzerland) with a

frequency response analyzer. The system consisted of two

squared platinum electrodes (2� 2mm) at a constant distance

of 2 mm that were pressed against the oxidized surface. The

measurement was repeated at various randomized locations

to obtain a statistically significant value.

5.3.3. Scanning electron microscopy
High magnification images of the samples cross section were

acquired by using a EVO-40 (Carl Zeiss, Jena, Germany)with an

acceleration voltage of 20 kV, a probe current of 5 nA, and

operating at a fixed working distance of 10 mm. Before

observation, the samples were cut using a low speed diamond

blade and polished until obtaining a surface roughness of

about 15 nm.

5.3.4. X-ray diffraction
XRD analyses were performed on a Rigaku Miniflex 60 system

(Rigaku Corporation, Tokyo, Japan). The data were recorded at

30 mA and 40 kV generator settings, using Cu Ka radiation

(l ¼ 0.154178 nm). Diffraction spectra were acquired in the

range between 10� and 80� with a step size of 0.0158 at a rate of

1.5 s/step. The diffraction patterns were then matched with

the ICCD/ICSD database after applying elemental database

restrictions.

5.3.5. Raman imaging
Raman imaging was obtained using a dedicated Raman mi-

croscope coupled with a spectrometer (RAMANtouch, Nano-

photon Co., Ltd., Osaka, Japan). The excitation source was a

green light with a wavelength of 532 nm, produced by a diode

laser. The instrument operated at amaximumnominal power

of 200 mW. The power was set to an appropriate value by

preliminary adjustment of neutral density filter. The micro-

probe used lenses ranging from5x to 100xmagnificationswith

numerical apertures from to 0.5 to 0.23.

5.3.6. Glow discharge optical emission spectroscopy
Glow discharge optical emission spectroscopy (GDOES) in-

depth compositional profiles were acquired using a Horiba

Jobin Yvon Rf-GD-profiler (Horiba Ltd., Kyoto, Japan). The in-

strument was equipped with a standard 4-mm-diameter

anode and a poly-chromator equipped 28 different channels,
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an Rf generator (13.6 MHz), and controlled by a Quantum XP

software. Quantitative composition profiles were obtained

with a calibration procedure using certified reference mate-

rials in order to estimate oxide thickness and composition.

5.3.7. X-ray photoelectron spectroscopy
XPS experiments were carried out using a photoelectron

spectrometer (JPS-9010MC; JEOLLtd., Tokyo, Japan)with aMgK

X-ray monochromatic source (output 10 kV, 10 mA). All mea-

surementswere conducted in a vacuumchamber at a pressure

of about 1.5� 10�7 Pa, upon setting the analyser pass energy to

10 eV and the voltage step size to 0.1 eV. For all samples, awide

scan was performed before acquiring 10 scan repetitions on

each investigated regionandspecifically: Cobalt (Co2p, 785 eV),

Chrome (Cr2p, 580 eV), Molybdenum (Mo3d, 232 eV) and Oxy-

gen (O1s, 530 eV). TheX-ray angle of incidence and the take-off

angle were 34� and 90�, respectively.

5.3.8. Light microscope analysis
The samples, tested for 1 h at different temperatures, were

cross sectioned with a refrigerated abrasive wheel, embedded

in epoxy resin, grinded with water refrigerated SiC abrasive

papers and finally polished with fabric discs and diamond

suspension to obtain a mirror like surface. The samples were

then etched, with a procedure described in other papers [35],

and then themicrostructurewas analysed by lightmicroscope

underneath the high temperature oxide, to observe possible

microstructural alterations of material due to both oxidative

process and thermal effect on material.

5.3.9. Microindentations
Micro-hardness measurements at several loads (1.0 N, 2.0 N,

3 N, 4.9 N, 9.81 N and 19.6 N) were performed on samples’ heat

treated for 1 h in top view in order to determine the me-

chanical properties of the oxide, by using a procedure typical

of thin films [27].

5.4. Statistical significance

For statistical purposes, all spectra have been acquired in 3

different locations on 3 different samples (n ¼ 9). Statistical

significance has been addressed by two-way ANOVA analysis

of variance. Where possible, statistically significant results

(p < 0.05) have been marked with an “*“.
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