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Abstract

The purpose of this study is to investigate the protective glaze layer structure formed during high
temperature fretting wear process. The studied material is a cobalt-based alloy with a Cr-Ni-W solid solution
(HS25) fretted against an alumina sample. It appears that a protective third body is spontaneously created at
the interface for temperatures above 400°C. The excellent tribological properties of the glaze layer leads to a
stabilized friction coefficient of 0.3 and a quasi no-wear regime.

Microstructure observations at the micro- and nanoscale were performed and revealed that the high
temperature glaze layer is not homogeneous but rather composed of three layers with different grain sizes
and chemical compositions. The investigations show that the effective glaze layer, the layer able to resist to
fretting wear, is a thin layer made of nanocrystalline cobalt oxides. However, the chemical analysis reveals
that before the formation of the effective glaze layer, the interface displays a high content of chromium
oxides. Hence, a chemical segregation happens leading to the formation of a cobalt-rich effective glaze layer
on the top of the former chromium-rich layer. In the light of these results, a chemical mechanism involving
the consumption of chromium during the running-in wear stage is proposed to describe the glaze layer
formation.
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1. Introduction

The rheology and nature of debris particles is an important aspect to be consider when describing their
action on tribological systems [1]. When the debris-bed layer is powdered and non-cohesive, it promotes a
severe wear whereas a cohesive debris-bed layer will lead to a mild-wear regime [2]. It is well known that
the high-temperature wear of metals involves the formation of a wear-resistant layer at the interface usually
called « glaze layer » [3]. Many authors agreed with the fact that this tribolayer is made of oxide particles
generated at the beginning of the sliding process which are stuck into the interface, compacted and even
sintered [4,5]. Jiang has showed that the compaction of triboparticulates is promoted by elevated
temperatures and small grain sizes [4]. Moreover, the tribosintering process is also affected by the chemical
nature of the wear debris [6]. The sintering process is driven by the capacity of chemical species to diffuse
from one grain to another. Hence, some authors have pointed the importance of the diffusive properties of
the oxides involved in the formation of a protective oxide layer, such as the glaze layer [6,7]. It has been
shown that the high temperature wear of pure cobalt leads the formation of a glaze layer whereas the glaze
layer does not form for pure chromium. Hence, for a Co-Cr alloy (HS25) the glaze layer formation is due to
the capacity of cobalt to diffuse faster in its own oxide Co3;0, than chromium in Cr,03[7].

According to the literature, the glaze layer is made of nanocrystallized grains [8-10] but some authors
have emphasized the presence of amorphous zones [9,11]. The nanocrystalline materials are known to
present exceptional strength as well as high hardness leading to an increasing use of these materials since
they better resist to wear than microcrystalline materials [12,13]. Some authors have reported that the glaze
layer is harder than the bulk material [14,15], hence it increases the wear resistance at the interface and
limits metal/metal interactions.

This investigation is focused on the morphology and the tribochemical nature of the glaze layer formed
on a cobalt-based alloy (HS25) subjected to fretting wear at 575°C against alumina. Cobalt-based alloys are
commonly used in industry for their good mechanical properties and resistance to corrosion [16,17]. The
Haynes alloy HS25 contains a Cr-Ni-W-C solid solution embedded in a cobalt matrix where chromium
provides strength and corrosion resistance by creating carbides and a protective layer of chromium oxides
Cr,03 [18]. Alumina is chosen for its chemical inertness and its capacity to resist fretting wear [5,19]. Hence,
the present study focus only on the wear mechanism of the cobalt-based alloy. It has been shown that the
wear mechanism below 150°C is driven by a synergistic action of oxidation and abrasion whereas a
protective oxide layer is formed for higher temperatures [5,19].

2. Experiments
2.1. Fretting tests

The high-temperature fretting bench used for this study was previously presented in [19]. The studied
tribocouple was constituted of an alumina and a Haynes 25 rods crossed at 90° as presented in Fig. 1 a). Both
had a radius of 4 mm. A normal force P was applied to the system and a displacement & was imposed. During
fretting, the frequency f and the number of fretting cycles N were fixed and the tangential force Q was



recorded. The temperature T was also controlled and preliminary tests had warranted that the temperature

at the contact point was correct (with no fretting solicitations).
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Fig. 1: a) Alumina/HS25 cross-cylinders configuration and b) fretting loop

Fig. 1 b) shows a typical fretting loop recorded during the tests at high temperature. The sliding
amplitude &, which was defined as the residual displacement measured when Q = 0, well approximated the
effective displacement operating in the interface [19]. A friction coefficient u was also defined for each
fretting cycle as follows:

Q*
= (1)
Where Q* was the maximum tangential force during the cycle. Table 1 presents the tribological

parameters imparted to the tribosystem.

Table 1: Loading parameters

Frequency, f (Hz) 50
Sliding Amplitude, &, (um) +20
Normal force, P (N) 50

Number of fretting cycles, N | 200 000
1. From ambient to 600°C
2. 575°C

3

Contact Temperature, T (°C)




After testing, the samples were cleaned in an ultrasonic bath with ethanol. Wear volumes were
measured by profilometry and were defined by the missing volume in the wear track:

V=v--v* (2)

Where V and V' were respectively the volumes below and above the unworn surface. Alumina was
chosen for its high mechanical resistance and chemical inertness. Previous studies [5,19] demonstrated that
this counterbody did not wear away, and wear was only detected on the HS25 samples. Hence, wear
measurements were only performed on the HS25 rods.

2.2. Haynes 25

The chemical composition of the HS25 is presented in Table 2. The alloying elements are in solid solution
or in the form of carbides in the FCC cobalt lattice.

Table 2: Nominal composition of the Haynes 25 alloy (at. %) measured by SEM-EDX

Co Cr Ni W Fe Mn
53.8+0.07 | 25.8+0.16 | 11.0+0.10 | 5.15+0.01 | 2.41+0.03 | 1.83 +£0.08

The core microstructure of the HS25 is presented in Fig. 2 a). The alloy was heat-treated at 1185°C
during 30 min and water quenched, inducing the presence of large grains of around 66 um in diameter and
including many crystals’ defects such as twins and carbides at the grain boundaries. Fig. 2 b) presents the
microstructure near the surface before the fretting solicitation. Due to machining, a 5 um depth work
hardening is observed. Nano-indentation tests revealed that the hardness is 1.8 times higher near the
surface than in the bulk metal. Hence, the bulk hardness is equal to 251 Hv whereas the surface hardness
increases up to 452 Hv (at ambient temperature). This increase in hardness may be due to the increase in
residual stress and dislocation density as well as the decrease in grain size. By assuming an elastic Hertzian
contact, the maximum contact pressure can be calculated as presented in a previous work [19] and is equal
to 2.3 GPa (at ambient temperature). Then, plastic deformation was activated which was enhanced by the
increase in temperature and the corresponding reduction of the mechanical properties of the Haynes 25
alloy [19].

Finally, Fig. 2 c) shows the morphology of the oxides after 2 h of corrosion at 575°C in air. The cross-
section presented in Fig. 2 b) confirms that the oxide layer was very thin, around 200 nm. A very thin oxide
layer is common for alloys enriched in chromium where its role is to rapidly form Cr,0; oxides able to protect
from further oxidation [18].



Fig. 2: SE-SEM micrographs of : a) the core microstructure after mechanical polishing; b) the cross-section
microstructure of the interface after an exposure at 575°C in air for 2 h (a smooth ionic abrasion was done to reveal the
microstructure); c) the transient oxidation of the alloy in top view after an exposure at 575°C for 2 h.

2.1. Wear track characterizations

The wear tracks were observed with the help of an optical microscope and a SEM (FEG Mira 3 TESCAN)
using an accelerating voltage of 5 kV. The EDX quantifications were performed with an Oxford Instruments
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system at 20 kV. Cross-sections were made mechanically (cutting and grinding) or by FIB machining with a
Dual Beam FEI Helios 600i. A TEM lamella was also machined by FIB with an accelerating voltage of 30 kV
with adapted current values for the shaping step and with an accelerating voltage of 5 kV for the cleaning
step. The final thickness of the lamella was around 90 nm. TEM observations were performed with a JEOL
JEM 2100 equipped with an EDX detector (Oxford Instruments) at an accelerating voltage of 200 kV.

Some wear tracks were also analyzed using XPS (Ulvac-Phi Versaprobe Il) from the top surface. An ionic
etching with Ar” ions accelerated at 500 V was carried out in order to remove the surface contamination. An
aluminum K, X-ray source (1486.6 eV) was used and spectra were calibrated with the C 1s photopeak at
284.8 eV attributed to the adventitious carbon. First, survey spectra were recorded from 0 to 1100 eV with a
pass energy of 187 eV in order to identify all the elements. Then, high resolution spectra were performed
with a low pass energy (23 eV) for the most interesting elements. The high resolution spectra were fitted
and analyzed thanks to the PHI Multipack software. Semi-quantification was performed on high resolution
spectra by considering the sensitivity coefficient of each element. Throughout the experiments, a spot size of
50 um was used.

3. Tribological analysis
3.1. Effect of temperature on friction and wear

Fig. 3 displays the evolution of the wear volume and the corresponding mean friction coefficient as
functions of temperature. As previously shown in [5,19], the involved wear mechanism is strongly
dependent on temperature.

- At low temperature (25°C < T < 150°C), the wear mechanism is oxido-abrasive where both
abrasion and oxidation phenomena lead to a continuous increase in wear. The friction coefficient
varies between 0.55 and 0.3. The associated wear track in Fig. 3 shows the presence of abrasive
grooves covered with an oxidized wear debris-bed layer (black oxides).

- At high temperature (150°C < T < 575°C), the wear volume is much smaller. The associated SEM
image the wear track (Fig. 3) shows the presence of a smooth layer which covers all the interface.
This layer is usually called “glaze layer” and leads to a sharp reduction of wear and a slight reduction
of the friction coefficient (ug, = 0.3).

At high temperature, the glaze layer is formed by a sintering process of the wear particles [6,7]. Hence,
the friction coefficient and the wear volume are stable and low. To better clarify the tribo-sintering process,
the different stages of the glaze layer formation at high temperature are deeply investigated in this study.
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Fig. 3: Evolution of wear and friction coefficient with temperature. Optical micrographs are related to fretting test at
100°C and 575°C, respectively (P =50 N; 65 =+ 20 um; f = 50 Hz; N = 200 000)

3.2. Wear kinetics at high temperature (575°C)

Fig. 4 a) displays the evolution of the friction coefficient and wear with fretting cycles during a fretting
test performed at 575°C. Fig. 4 b) shows some optical images of the wear tracks at 450, 5 000 and 200 000
cycles.

At the very beginning of the test, at 450 cycles (9 s of fretting wear), the friction coefficient is maximum,
around 0.5. The wear volume is very low and the associated optical image reveals that the center of the
wear track is not covered by the black oxides as observed at the border. Then, the access of oxygen is very
limited due to the fretting solicitation and the metal/ceramic interaction promotes a high friction coefficient
[20,21]. After 450 cycles, the friction coefficient starts to decrease until 20 000 cycles. The interrupted
fretting tests show the presence of a homogeneous oxide debris-bed layer over the whole interface as
presented in Fig. 4 b) at 5 000 cycles (100 s of fretting-wear). It is clear that the glaze layer is not yet created
within the interface and hence does not explain the decrease in the friction coefficient, but rather its
stability at a low value (0.35). The wear volume evolution in Fig. 4 a) displays an increased trend until 20 000
cycles and then shows a plateau evolution. The synergistic increase in wear and decrease in friction during
the transient period is probably due to the fact that more and more debris are present inside the contact.
The loose debris-bed layer lowers the friction coefficient via a better shear stress accommodation. On the
other hand, these debris particles are completely evacuated from the wear track during the post-test
cleaning procedure leading to an increase in the measured wear volume. During a long duration test, these
loose particles are compacted and sintered into the glaze layer.
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Fig. 4: a) Evolution of the friction coefficient and the wear volume during fretting at 575°C; b) optical images of the
wear tracks after 450, 5 000 and 200 000 cycles (P = 50 N; 8y = + 20 um; f =50 Hz; T = 575°C)

It can be stated that the glaze layer formation starts around 20 000 cycles since Fig. 4 b) shows that
there is no glaze layer before 20 000 cycles and that there is one after. Moreover, the friction coefficient and
the wear volume remain constant and low starting from 20 000 cycles. Hence, a necessary number of
fretting cycles Ng_ is introduced to capture the glaze layer transition at high temperature. Former
investigations [5,6] show that the Ng. number is directly related to the tribo-sintering process and hence
depends on various tribological parameters such as the operating temperature or the time allowed for
particles to be welded (inverse of the frequency), according to Eg. 3. Then, the evolution of wear at high
temperature can be predicted by considering only the dissipated friction energy when N < Ng,. In that case,
the energetic wear coefficient a is positive. Otherwise, for N 2 Ng,, it is equal to zero. The glaze layer is then
able to completely dissipate the friction energy in some way other than the formation and ejection of debris
particles.

Ngi, = S—_)f (3)

6(2,exp(—R‘;,

Where Sg, is a constant (mm?2.s), R the universal constant, E, the activation energy (J/mol), T the
temperature (K), f the frequency (Hz) and §, the sliding amplitude (mm).



4. Characterization of the tribolayer formed at high temperature (575°C)
4.1. Macroscopic observations

Fig. 5 a) presents some details of the wear track fretted for 5000 cycles at 575°C (N < Ng). Fig 5 b)
presents the same observation but after 200 000 cycles of fretting (N 2 Ng). Figs. 5 a.1) and b.1) show some
details of the fretted interfaces at N = 5 000 and N = 200 000 in top view. Figs. 5 a.2) and b.2) present the
cross-section micrographs of the wear tracks, performed by FIB machining before the glaze layer formation
(N = 5 000) and by mechanical machining and polishing after its formation (N = 200 000). Figs. 5 a.3) and b.3)
compare the EDX linescans performed through the interfaces. In order to better interpret the evolution of
the chemical composition, a ratio method is preferred (Co/Cr, O/M where M is equal to Co+Cr). For the H525
alloy, the Co/Cr ratio is equal to 2 (calculated from Table 2). When the ratio is lower than 2, it means that
there is a cobalt depletion, whereas a depletion of chromium is observed when the ratio is higher than 2.
Hence, the Co/Cr ratio indicates how the chemical elements behave during the wear process.

Fig. 5 a.1) shows that at 5 000 cycles, the interface is covered by a powdered wear debris-bed layer. The
cross-section image presented in Fig. 5 a.2) reveals that the thickness of the debris interface is around 2-3
pum and presents some porosities or cracks. The O/M ratio, displayed in Fig. 5 a.3), shows that the third body
is oxidized. Hence, this oxide layer is called “MOL” for “Mixed Oxide Layer”. Below the mixed oxide layer,
there is a thin layer enriched with chromium, as seen in Fig. 5 a.3), which is referred to as “CRL” for
“Chromium-Rich Layer”. Indeed, the chromium-rich layer presents a lower Co/Cr ratio than the bulk material
which means that there is an enrichment with chromium in this area. The slight depletion of chromium just
below the chromium-rich layer, in the HS25 substrate, indicates a diffusion process of chromium from the
bulk material towards the oxide layer [22]. In the literature, some authors [14,23,24] indicate that the
chromium-rich layer is the result of the diffusion of anions (0*) through the oxide layer which first reacts
with the chromium elements to form the internal Cr,0; oxide layer.

The O/M ratio remains constant which means that there is a constant content in oxygen and metals in
the mixed oxide layer. The Co/Cr ratio variation in the mixed oxide layer confirms the variation of one
metallic element content compared to the other. The ratio is maximum near the surface (Co/Cr = 3) and
tends to decrease towards the initial ratio (Co/Cr = 2), which means that there is a chromium depletion in
the mixed oxide layer. The maximum chromium depletion is observed at the interface, according to the
resolution of the EDX measurements.
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Fig. 5: a) Observation of the wear track before the glaze layer formation (N=5 000) by SEM-SE imaging in top view (a.1), in cross-
section after FIB machining (a.2) and corresponding EDX linescan analysis displaying the O/M and Co/Cr ratios evolution (a.3); b)
observation of the wear track after the glaze layer formation (N=200 000) by SEM-SE imaging in top view (b.1), in cross-section
after mechanical polishing (b.2) and associated EDX linescan analysis (b.3). CoRL stands for “Cobalt-Rich Layer”, MOL for “Mixed
Oxide Layer” and CRL for “Chromium-Rich Layer” (P =50 N; 60 = + 20 um; f = 50 Hz; T =575°C)
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Fig. 5 b.1) confirms the presence of a smooth and protective glaze layer, on the top of the wear track
after being fretted for 200 000 cycles. The cross-section image presented in Fig. 5 b.2) is quite similar to that
of the cross-section interface before the glaze layer formation (Fig. 5 a.2)) with the presence of a chromium-
rich layer (CRL) and a thick mixed oxide layer (MOL). However, above the MOL, a thin top layer displaying a
high cobalt content is observed. This so-called Cobalt-Rich Layer (CoRL) appears to be the effective glaze
layer since it is only observed after the Ng, transition, where the low friction plateau evolution and the no-
wear regime are established (Fig. 4). The EDX measurements displayed in Fig. 5 b.3) shows that the oxygen
content is much higher at 200 000 cycles than at 5 000 cycles, according to the higher value of the O/M ratio.
The mixed oxide layer presents a stable Co/Cr ratio with a slight chromium depletion. The effective glaze
layer displays a more pronounced chromium depletion than at 5 000 cycles (Co/Cr = 4.5 at 200 000 cycles
and Co/Cr = 3 at 5000 cycles). Hence, the effective glaze layer seems to be richer in cobalt than in

chromium.
4.2. Extreme surface chemical analysis

Fig. 6 displays XPS survey spectra acquired for different tribological conditions. First, a survey spectrum
(1) was acquired outside the wear track, where the H525 sample underwent hot corrosion at 575°C for 2h, as
presented in Fig. 2 c). The second spectrum (2) was acquired in the wear track after 5 000 cycles of fretting
at 575°C. The associated wear track is showed in Fig. 5 a.1). Then, two spectra were acquired after 200 000
cycles of high-temperature fretting. The spectrum (3) was acquired in the CoRL (effective glaze layer)
whereas the spectrum (4) was acquired in a mixed oxide layer (MOL) as presented in Fig. 5 b.1). The
topography of the wear track in Fig. 5 b.1 confirms that the cobalt-rich layer is laying on the mixed oxide
layer and thus that some CoRL sheets are sometimes ejected out of the interface revealing the MOL sub-
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Fig. 6: Survey XPS spectra performed in the wear tracks at different number of fretting cycles and without fretting at
575°C. Spot (1) is localized in Fig. 2 and spots (2), (3) and (4) are localized in Fig. 5. The lines with no reference (grey
crosses) are considered as impurities and represents from the low to the high binding energies: Ar 2p; Ca 2p; Ca 2s.
CoRL stands for “Cobalt-Rich Layer” and MOL for “Mixed Oxide Layer”.
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The XPS spectra show that the main elements of the alloy are detected in all cases (Co, Cr, W, Mn) but
with different intensities. In contrast, nickel is scarcely detected (Ni 2ps,;) since this element has bad
oxidation and diffusion properties [7]. Oxygen O 1s and O 2s peaks are also detected in all the spectra, as
well as a small quantity of nitrogen N 1s, around 2% of the global semi-quantification. Even if some authors
[25,26] have emphasized the role of nitrogen in the formation of some tribological transformed structures
on titanium alloy, here it is not the relevant element regarding the glaze layer formation, which is mainly
controlled by an oxidation process. In addition, it is interesting to notice that there is no peak of aluminum
showing that there is no transfer from the alumina counterface.
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Fig. 7: High resolution XPS analysis: a) evolution of Co 2ps/, with fretting cycles; b) equivalent analysis for Cr 2ps,; c)
evolution of the corresponding Co/Cr (at. %). CoRL stands for “Cobalt-Rich Layer” and MOL for “Mixed Oxide Layer”

Figs. 7 a) and b) present respectively the high resolution spectra of Co 2ps;, and Cr 2ps, for the four
zones of interest. Two main chemical environments can be evidenced. The first one corresponds to the zero
oxidation state Co® and Cr° and the other one corresponds to the oxidized form of the species (higher
binding energies). Moreover, the intensities of the peaks are different depending on the analyzed zone. It is
clear that there is almost no chromium at 200 000 cycles. The high intensity of the Cr 2p3/2 peaks outside
the wear tracks and before the glaze layer formation (N < Ng,) confirms the readiness of chromium to be

oxidized and its predominance at the surface. Cobalt seems to be present for the four zones but with
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different intensities. A deconvolution process was performed on high resolution spectra to first distinguish
the percentage of pure metal compared to the oxidized form, as presented in Table 3. According to Table 3,
all the chromium is oxidized in the first 5 nm of the surface after 5 000 cycles of fretting-wear (57%). Outside
the wear track, a great proportion of chromium is also oxidized (66%) even if some traces of metallic
chromium are detected (4%). Outside the wear track, all the cobalt is also oxidized whereas some traces of
metallic cobalt are detected after 5000 cycles of wear (3%). After 200 000 cycles, there is a bigger
proportion of cobalt compared to chromium. In the CoRL and in the MOL, all the cobalt elements are
oxidized (79 and 58%).

A semi-quantitative analysis was extracted from the high resolution XPS spectra. The Co/Cr ratio involves
both oxidized and unoxidized states. Results are summarized in Fig. 7 c). The Co/Cr ratio shows a chromium
depletion in the effective glaze layer (CoRL) whereas a cobalt depletion is observed in the mixed oxide layer
and during hot corrosion. At 5000 cycles and without fretting loading, the ratio is equal to 0.77, which is
slightly more than outside the wear track (0.43). At 200 000 cycles, the mixed oxide layer still presents a
cobalt depletion but less severe than that observed at 5 000 cycles.

Table 3: Contents (at. %) in cobalt and chromium (oxidized or not) in the four zones analyzed by XPS. CoRL refers to the
Cobalt-Rich Layer and MOL to the Mixed Oxide Layer.

Co metallic | Co oxidized | Cr metallic | Cr oxidized
N =200 000 (MOL) 0 58 1 41
N =200 000 (CoRL) 0 79 0 21
N =5 000 (MOL) 3 40 0 57
Without fretting loading | O 30 4 66

4.1. High resolution observations

A TEM lamella was extracted from the glaze layer interface (N=200 000). The lamella was localized at the
center of the wear track where the glaze layer entirely covers the interface, as presented in Fig. 8 a).

Fig. 8 b) is an assembly of TEM bright field micrographs of the lamella where the effective area is around
20 um?®. The lamella presents different layers as seen in Fig. 5, namely the cobalt-rich layer (CoRL), the mixed
oxide layer (MOL), a small portion of the chromium-rich layer (CRL) and the bulk material (HS25). The
transmission microscope reveals that the cobalt-rich layer (effective glaze layer) has a thickness of about 570
nm. The cobalt-rich layer is also homogeneous with a quite constant grain size, evaluated to be between 40
and 50 nm, which thus confirms the nanocrystalline structure of the effective glaze layer [8,9,27]. The mixed
oxide layer is more heterogeneous with a mixture of different grains and with some porosities displaying
white color.
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Fig. 8: a) Location of the TEM lamella extracted in the wear track for N > Ng;; b) TEM observation of the lamella in bright
field. CoRL refers to the Cobalt-Rich Layer, MOL to the Mixed Oxide Layer and CRL to the Chromium-Rich Layer.

Fig. 9 a) presents a high resolution TEM bright field micrograph of the cobalt-rich layer (CoRL) and the
mixed oxide layer (MOL). EDX measurements, presented in Table 4, were performed in both layers and
confirm the higher cobalt content in the cobalt-rich layer compared to chromium. Figs. 9 b) and c) display
the diffraction patterns performed in the mixed oxide layer and the cobalt-rich layer, respectively. Both
diffraction patterns are circular, showing that they are polycrystalline and they do not present preferential
orientation. The indexation of the rings is quite difficult since all the oxides of interest have radii close to
each other. However, it seems that there is, in both patterns, Co;0,4 oxides or spinels (Ni,Cr),C03.,0,. The
main difference between the mixed oxide layer and the cobalt-rich layer is the grain size of the oxides. The
diffraction pattern of the oxide particle layer (Fig. 9 b)) presents continuous rings compared to that of the
cobalt-rich layer (Fig. 9 c)) where the rings are an accumulation of isolated diffraction spots. Hence, the grain
size is smaller in the mixed oxide layer than in the cobalt-rich layer.
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Fig. 9: a) TEM observation of the tribolayer (cobalt-rich layer and mixed oxide layer); b) diffraction pattern performed in
selected area of the mixed oxide layer; c) corresponding diffraction pattern performed in the cobalt-rich layer. CoRL
refers to the Cobalt-Rich Layer and MOL to the Mixed Oxide Layer

Table 4: Chemical composition of the cobalt-rich layer (#1) and the mixed oxide layer (#2) in at. % measured by EDX on
the TEM lamella. CoRL refers to the Cobalt-Rich Layer and MOL to the Mixed Oxide Layer

Zone 0] Co Cr Ni W Mn Fe Co/Cr
#1 CoRL | 67.7+1.7 | 24.08+0.3 | 2.72+0.3 | 2.04+£0.2 |1 0.45+0.0 | 0.21+0.0 | 0.31+£0.1 | 8.85
#2MOL | 665+1.8 | 14.77+0.8 | 891+09 |2.74+0.3|1.86+0.1 | 0.85+0.3|0.79+£0.0| 1.66

Fig. 10 presents a high resolution TEM micrograph of the cobalt-rich layer near the fretted surface. The
CoRL presents an amorphous band near the fretted interface as proved by the FFT pattern (B) which displays
a bright halo with no diffraction spots. On the contrary, below the first 20 nm, the cobalt-rich layer presents
a FFT pattern with spots as seen in (A). Some amorphous zones have been observed by other authors on
cobalt-based glaze layers [11], especially near the fretted interface. In the present study, the lamella was not
thin enough to perform high resolution TEM observations except along the first 100 nm and it is then
impossible to adjudicate on the presence, or not, of amorphous zones in the entire cobalt-rich layer. Finally,
it is interesting to notice that it is highly possible that the XPS measurements were made in an amorphous
zone since the depth of analysis is around 5 nm.
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Fig. 10: High resolution TEM observation of the fretted interface (the yellow lines indicate the interface between the
protective Pt layer and the CoRL). The FFT (B) indicates the presence of an amorphous zone in the first 20 nm of the
CoRL whereas the FFT (A) indicates that below, the CoRL is crystalline. CoRL refers to the Cobalt-Rich Layer

5. Synthesis
5.1. Oxidation mechanism without fretting loading

The HS25 alloy was designed to resist hot corrosion by the presence of a high content of chromium (and
manganese in fewer proportions) in solid solution. As classically observed for chromia-forming alloys, the
present experiments show that after 2 h of hot corrosion at 575°C, the surface is covered by a thin oxide
layer (Fig. 2 b)) of about 200 nm, which prevent further oxidation. The XPS measurements, in Fig. 7, reveal
that the oxide layer is richer in chromium than the bulk metal, displaying a preferential oxidation of
chromium elements compared with cobalt elements. The same results were found for manganese but were
not presented here. This is consistent with the thermodynamic stability of the oxides where the oxygen
affinity of chromium and manganese is higher than that of cobalt, nickel and iron [22]. Buscail et al [18] have
shown on a cobalt-based alloy similar to the Haynes 25 (Phynox) that the oxide layer formed during hot
corrosion at 800°C for 2 h is mainly composed of Cr,0; and Mn; sCry 50,. It is then highly possible that these
oxides were formed at the interface. Moreover, the survey XPS spectra presented in Fig. 6 and previous
Raman analyses [7] show that there are some traces of other elements such as tungsten, cobalt and nickel.
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Hence, the oxide layer is made of mixed oxides with a higher content in chromium and manganese. The alloy
structure not subjected to fretting is illustrated in Fig. 11 a) for N = 0.

5.2. Tribo-oxidation kinetics

The morphology of the oxide layer subjected to tribological testing is quite different from that obtained
in static oxidation. Fig. 2 b) shows that the thickness of the oxide layer after 2 h of static oxidation at 575°C is
much thinner than the tribo-oxide layer formed after 100 s of fretting-wear at 575°C (200 nm against 2-3
um). According to Stott [3], there is an increase of the oxidation reaction during the tribo-oxidation process
due to the plastic deformations and the frictional flash temperatures. First, the plastic deformations induce
some cracks, grain size reduction (and then an increase in the grain boundaries) or porosities which promote
the diffusion of oxygen inside the bulk material [22]. Hence, a tribologically-assisted oxidation process is
activated due to the mechanical loading of the fretted interface.
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Fig. 11: Schematic illustration of the fretting wear interface of the studied HS25/alumina tribosystem generated at
575°C. CoRL refers to the Cobalt-Rich Layer, MOL to the Mixed Oxide Layer and CRL to the Chromium-Rich Layer

Fig. 11 b) displays a schematic illustration of the fretting wear interface before the creation of the glaze
layer (N < Ng,). Before the glaze layer formation, wear increases linearly with the number of fretting cycles so
that the energetic wear coefficient is positive (Fig. 4) [19]. The friction coefficient is decreasing and the wear
volume is increasing, both towards a stable value only achieved when the glaze layer protection is effective
(NgL = 20 000). Hence, there is no glaze layer at 5 000 cycles, but a powdered debris layer. The oxidized third
body is composed of two layers: the mixed oxide layer (MOL) and the deep chromium-rich layer (CRL).
According to Fig. 5 a.3), the mixed oxide layer is oxidized and presents an enhanced chromium depletion
from the chromium-rich layer to the worn surface. This depletion has not been well understood yet.
However, it may be a sign of migration of chromium through the mixed oxide layer towards the interface
(cationic diffusion). Moreover, the XPS measurements, illustrated in Fig. 7 c), indicate an accumulation of
chromium in the first 5 nm of the surface. Hence, the chromium possibly migrates outward and is oxidized.
The Co/Cr ratio calculated from XPS results in Fig. 7 c), indicates that there is slightly more cobalt than
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chromium elements at that stage of the wear process compared to static oxidation, thus confirming an
enhanced diffusion process of metallic element. However, the oxidation process should be the same, namely
a preferential oxidation of chromium.

Fig. 11 c) illustrates the fretted interface at 200 000 cycles, when the glaze layer is effective and when
both friction coefficient and wear volume are stable. The energetic wear coefficient is then equal to zero
(Fig. 4). There is the presence of an additional top layer, the cobalt-rich layer (CoRL), which covers the mixed
oxide layer (MOL) and prevents the contact from further wear. Since the cobalt-rich layer appears when the
wear evolution is stable, it is stated that the CoRL is the effective glaze layer after which there is no more
additional wear. According to Fig. 5 b.3), the oxygen content is much higher at 200 000 cycles than at 5 000
cycles, which underlines the beneficial effect of the mechanical loading on the oxygen diffusion. The
thickness of the entire tribolayer is around 6 um. EDX, TEM and XPS observations (Fig. 5 b.3), Fig. 7 b) and
Table 4) show the large amount of cobalt compared to chromium in the cobalt-rich layer and the diffraction
pattern in Fig. 9 indicates a predominance of Cos;0, (or spinels) oxides. Moreover, the mixed oxide layer
presents a stable Co/Cr ratio with a slight chromium depletion, according to the EDX measurements (Fig. 5
b.3)). TEM (Fig. 9 and Table 4) and XPS analysis (Fig. 7 c)) confirm on the contrary a cobalt depletion at the
extreme surface. It is not clear if the main diffusion process is due to an anionic or cationic mechanism. Stott
showed in [28] that the oxidized sub-layer (called MOL in our study) is due to internal diffusion by a
facilitating access of oxygen into the alloy. His premise is corroborated by the formation of the top layer
(CoRL) before the sub-layer (MOL). In our work, there is no clear evidence of anionic diffusion since the CoRL
is built after the MOL sub-layer. However, the presence of the CRL indicates an anionic diffusion which may
not be the driving process since cationic diffusion is more rapid than anionic diffusion for this kind of
chemical elements (transition elements) [23]. Hence, it is highly possible that both of the mechanisms are
involved in the oxidation process of the mixed oxide layer. However, the cobalt depletion observed just
below the glaze layer may be induced by a cationic diffusion of cobalt in the effective glaze layer. Indeed,
cobalt elements have good auto-diffusion properties and are more willing to diffuse in their oxides than
chromium elements [7].

5.3. Mechanism of the glaze layer formation

Experiments clearly indicate that the surface chemical composition is changing from a cobalt depletion
before the effective glaze layer formation to a chromium depletion when the effective glaze layer is formed.
This chemical displacement has never been observed so clearly before and it is related to the effective glaze
layer formation. Indeed, it seems that chromium needs to be evacuated to form the cobalt-rich effective
glaze layer through a debris sintering process. This observation is corroborated by a previous study [7]
showing that pure cobalt is able to form a glaze layer whereas pure chromium is not able to. It was
attributed to the higher auto-diffusion coefficient of cobalt in Cos;0, than that of chromium in Cr,0s.
Thereafter, a mechanism of the glaze layer formation is proposed and detailed in Fig. 12.
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Fig. 12: Evolution of the third body from the oxide debris layer to the protective lubricant glaze layer

Before fretting solicitation, a transient oxide layer is created at the interface, probably similar to that
formed during hot corrosion, enriched in chromium and manganese.
When the sliding process begins, the passive layer is rapidly ejected by the mechanical action of the
hard alumina counterface and some ceramic/metal interactions take place. Hence, the friction
coefficient is high. Then, the oxygen access is enhanced by the wear track extension, the sharp
reduction of the contact pressure and by the generation of cracks or new grain boundaries. The
diffusion of oxygen in the subsurface may lead to the formation of a mixed oxide layer as well as the
formation of a steady-state chromium-rich layer at the substrate interface. At the same time, the
oxide layer is continuously ejected by the abrasive effect of the hard alumina [5,19], leading to a
continuous process of transient oxidation. Hence, chromium elements seem to diffuse outward and
become oxidized, leading to a chromium-depletion in the mixed oxide layer and a chromium
enrichment at the surface. This diffusion process is promoted by the grain refinement and/or the
plastic deformations. The process goes on until there is no more chromium available to be oxidized.
Following the quasi complete chromium-depletion in the mixed oxide layer, cobalt starts to be
oxidized and thus, cobalt oxides particles are detached from the interface by the abrasive alumina
counterpart. Cobalt diffuses easily in its oxides compared to chromium, and oxide debris start to be
welded to each other, thus changing the rheology of the debris-bed layer. The oxide debris is more
adherent and undergoes further comminution, fracture and welding, leading to a complete sintering
process between nanocrystalline particles (with diameters around 40-50 nm). The protective third
body is formed and is therefore made of a layered structure.
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(d) When the cobalt-rich effective glaze layer is formed, the friction coefficient and the wear volume are
stabilized. Moreover, there is no metallic cobalt left in the effective glaze layer due to the complete
oxidation of particles during the comminution process. The mixed oxide layer is very thick (around 6
pum) but the involved diffusion mechanism is still unclear. The diffraction pattern in the mixed oxide
layer shows the presence Co;0,4 oxides or spinels (Ni, Cr),Cos,04. The adhesion of the glaze layer to
the oxidized substrate might be due to the welding of Co3;0, grains between the cobalt-rich layer
(effective glaze layer) and the mixed oxide layer.

Finally, it is interesting to notice that according to this glaze layer formation scenario, chromium tends to
delay the glaze layer formation and thus promotes severe wear. However, for static oxidation, chromium is a
good alloying element to protect the interface from further corrosion by creating a stable and thin oxide
layer.

5.4. Tribological properties of the glaze layer

The effective glaze layer (CoRL) displays a thickness of about 570 nm with a mean grain size of 45 nm.
The grain size is quite large compared to the literature where it is around 5 — 20 nm [8-10,29] for similar
glaze layers. However, the mechanical loading is more severe in this study which induces a more severe
shear stress gradient. Rupert et al [12] showed that a grain growth can occur in such tribological structures
due to the very high shear stress imposed to the material. Moreover, the thinner grains below the effective
glaze layer as shown in Fig. 9 a) corroborates a grain growth process near the fretted interface. Hence, this
suggests that the effective glaze layer is softer than the mixed oxide layer. Further experiments such as
indentation tests need to be performed to confirm this point.

Conclusion

This research focused on the high-temperature fretting wear response of a cobalt-based alloy containing
chromium, tungsten and nickel. A lubricant and protective glaze layer is formed when temperature is higher
than 400°C and it induces a reduction of the wear volume and the friction coefficient. Cross-section imaging
and chemical analyses outline the following points:

o The glaze layer is not homogeneous as previously depicted in the literature [9,15] but rather
composed of a layered structure with three distinct layers: a deep chromium-rich layer, a mixed
oxide layer and a top cobalt-rich layer. Interrupted fretting tests reveal that the effective glaze
layer, leading to the no-wear regime, is the 570 nm cobalt-rich layer.

o The effective glaze layer is formed from the oxide debris generated at the beginning of the
fretting test. This layer is nanocrystalline and the grains are randomly oriented. Moreover, due
to the tribological process, the presence of an amorphous band is detected at the surface
(thickness of 20 nm). The initial stoichiometry of the alloying elements is not respected and a
chemical diffusion process may happen during the fretting process.

e It is argued that cobalt has better sintering properties than chromium. All the chromium
elements present at the interface need to be consumed by oxidation and abrasion to start the
formation and the sintering of cobalt oxides. Finally, the formation kinetics of the glaze layer is
driven by the chromium depletion process.
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