Performance of wear resistant MCrAlY coatings with oxide dispersion strengthening
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Abstract

Aiming to devise suitable materials for sliding wear protection at high temperature, aluminium
oxide-dispersion strengthened (ODS) CoNiCrAlY coatings were manufactured by vacuum
plasma spraying (VPS). Feedstock materials were ball-milled powders with 2, 10 and 30 wt.%
Al20s content. The ball-on-disc sliding wear behaviour of the coatings was tested at 750 °C
against an Al,O3 counterpart, and compared to a pure CoNiCrAlY coating (obtained from a
commercial feedstock not subjected to ball milling) and to an uncoated Ni-base superalloy.
Sliding wear rates decrease from the uncoated superalloy (=3x10-> mm?/(N-m)) to the pure
CoNiCrAlY coating (=2x10~ mm?/(N'm)) and to the ODS ones, with the notable exception of the
10 wt.% AlOs-containing sample.

Analyses of worn samples indicate that pure CoNiCrAlY is subject to severe adhesive wear,
mitigated by the formation of a thick (>1 um) “glaze” layer via compaction and (probable)
sintering of tribo-oxidized debris particles. Addition of Al2O3 particles to the CoNiCrAlY matrix

can either enhance or worsen the “glaze” stability. Specifically, a coating strengthened with 30



wt.% Al>,Os provides an especially good mechanical support to the “glaze”. This produces

beneficial effects resulting in a particularly low wear rate of =3x10% mm?/(N'm).
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1. Introduction

Gas turbine components need to resist high thermal and mechanical loads due to fuel combustion
at high temperatures. Engine parts made of superalloys offer a wide range of service temperature
and load capabilities [1]. However, in areas such as the combustion chamber or first-stage blades
and vanes, gas temperatures are well above the service limits of Ni-based superalloys (i.e. >1000
°C) [2]. In order to enable the use of superalloys even beyond the service temperature limits,
parts are coated by thermally sprayed thermal barriers to protect them against high temperatures
and oxidation [3,4]. To merge the ceramic top coat of a thermal barrier system with the substrate,
an interconnecting bond coat layer is necessary: it enhances the adhesion of the ceramic top coat
and provides oxidation protection to the substrate material. MCrAlYs, where M stands for Co or
Ni, are the state of the art thermally-sprayed bond-coat materials used in turbine engine
applications [3.,4].

In sections of the gas turbine where the thermal loads are lower, the ceramic top coat layer can be
saved [5]. For instance, blades and vanes in later stages of a gas turbine or in the compressor face
gases at lower temperatures (e.g. 750 °C), so for these blades or vanes, wear resistant and
oxidation resistant coatings are commonly used. Wear resistance is especially important at blade
tips, which run into an abradable layer on the inner turbine shroud for perfect sealing. Wear of the
tip can result from hard ceramic phases contained in the abradable layer, and/or from foreign
objects being trapped between the tip and shroud. These might be e.g. sand particles running
through the gas turbine or fractured parts of failed TBCs [6].

Other parts requiring wear protection at high temperature in a gas turbine include oil-free journal
bearings, which operate above 500 °C [7]. Further examples of gas turbine components
experiencing high-temperature sliding contacts are listed in [8]. Among the protective coatings

proposed for such applications are those obtained by plasma spray processing of patented powder



blends with NiCr or NiMoAl matrices, Cr2O3 hard phase and solid lubricants (metallic silver and
fluorides) [7,8]. Those coatings, known as PS304 and PS400, exhibited good performance in lab-
scale tests as well as in test rigs, but also some limits especially at temperatures above ~750 °C.
Other promising coating candidates for the protection of gas turbine parts exposed to wear are
aluminium oxide-dispersion strengthened (ODS) MCrAlY's due to their enhanced oxidation
resistance [9—12] and erosion resistance [13]. In previous publications, some of the present
authors have already explored the high-temperature sliding wear behaviour of NiCrAlY alloy
coatings strengthened with fine A1,O3 [14] or Al,O3 + hexagonal boron nitride (h-BN) [15]. The
coatings were obtained by a “hybrid” plasma spraying process, whereby the torch was
simultaneously fed with a dry NiCrAlY powder and water-based suspensions of sub-micrometric
Al203 and h-BN particles. Sliding wear losses in ball-on-disc tests at 700 °C approached the
values obtained with high Velocity Oxygen-Fuel (HVOF) sprayed Cr3C,-NiCr. Since the
NiCrAlY matrix also has advantages over Cr3C2-NiCr in terms of better oxidation and hot
corrosion resistance, these coatings are particularly promising, but also reveal some drawbacks.
Separate feeding the NiCrAlY matrix and the ceramic reinforcement allows for flexibility and
lower costs, but bonding strength between these phases is limited. Manufacturing an ODS
material is more expensive because of additional powder processing steps, but reinforcing phases
are finer, more firmly embedded and uniformly dispersed in the matrix. It should also be possible
to add more reinforcing phase than the maximum content of =18 wt.% attained in [15]. The
amount of hard phase can also be higher and its distribution more homogeneous than it can be
achieved with blends, such as it was done in [7,8]. At the same time, using an MCrAlY matrix
should overcome any dimensional stability issues even at the highest temperatures.

In this study, the sliding wear resistance of plasma sprayed ODS CoNiCrAlY coatings

containing up to 30 wt.% reinforcing alumina phase is therefore studied at high temperature.



2. Experimental procedures
2.1 Samples' manufacturing

Four different coatings with similar thickness were applied to single crystal superalloy discs with
30 mm diameter by vacuum plasma spraying. The standard material, hereafter referred to as
“Non-ODS” material or “0 wt.% alumina addition”, was a commercial Co-based bond coat
material (Amdry 9954, Oerlikon Metco, Wohlen, Switzerland: nominal composition Co-32Ni-
21Cr-8Al1-0.5Y, wt.%).

Three different aluminium oxide dispersion strengthened powders, hereafter named “X %-ODS”
according to the alumina concentration ranging from 2 to 30 wt.%, were obtained using Amdry
995 powders with the same Co-32Ni-21Cr-8Al1-0.5Y composition and alumina powder (Martoxid
MR70, Martinswerk, Bergheim, Germany). The ODS powders were produced in several milling
runs performed with a high energy milling facility (Attritor Simoloyer CMO01, ZoZ GmbH,
Wenden, Germany) with a one litre steel milling chamber, 5 mm diameter steel milling balls and
a powder to milling ball ratio of 1:10. Each milling run contained a 120 g mixture of the
mentioned CoNiCrAlY and alumina powders and, on demand, an additional process control
agent (stearic acid). The powder mixture was set to 2 wt.%, 10 wt.% or 30 wt.% alumina
addition: chemical compositions are presented in Table 1. Chemical composition was measured
by inductive coupled plasma optical emission spectroscopy and combustion analysis. Size
distributions (Table 1) were determined by laser diffraction with a Horiba LA-950 V2 analyser
(Horiba Ltd, Kyoto, Japan).

A milling procedure took 4-6 h with a variation in milling speed. One milling speed cycle was

1 min at 500 rpm and 4 min at 870 rpm. In order to compensate the different powder properties,
milling parameters were slightly varied. Thus, in case of 2 wt.% alumina powder mixture, 0.5

wt.% stearic acid was added to the powder mixture as process control agent in order to limit cold



welding (e.g. on the milling chamber wall) during milling (6 h). Cycling the milling speed and
stearic acid addition enabled achieving well embedded alumina in the base material [11,12]. For
10 wt.% and 30 wt.% alumina content, stearic acid addition was not necessary and the milling
time could be reduced to 4 h. The 30 wt. % ODS material was milled at higher milling/mixing
speed (1600/800 rpm) to ensure proper embedding of alumina. All milling parameters are
summarized in Table 2. The pure CoNiCrAlY material (Non-ODS) has no alumina addition and
was not subjected to ball milling. To reach suitable powder quality for thermal spray, milled
powders were sieved to 20-56 um. To obtain a sufficiently large amount of ODS powder for
thermal spraying purposes, the sieved 30 wt.% ODS powder batch was enlarged by some ODS
powder with the same composition and microstructure, but slightly different milling production

parameters.

Table 1. Chemical compositions in weight percent for substrate material ERBO-1 (CMSX-4),
base material Amdry995 and the ODS powders; size distributions are also provided [11].

Do Dso Doo
Material | Ni Co Cr w Re Mo | Al Ti Ta Fe C Y (0]
[pm] | [pm] | [pm]
ERBO1 | Bal | 9 6.5 6 3 0.6 | 5.6 1 6.5 - 0.01 - -
Amdry
34 Bal | 213 | - - - 839 | - - - - 042 | - 21 32 49
995
2%
31.5 | 37.7 | 20.8 | 0.04 | - - 87 | - 0.01 | 0.28 | 0.32 | 0.46 | 1.13 21 34 52
ODS
10 %
298 | 356 | 19.7 | 0.02 | - - 12.7 | - 0.01 | 0.12 | 0.03 | 042 | 4.62 | 25 37 53
ODS
30 %
224 1272|149 | 007 | - - 20.1 | - 0.02 | 1.56 | 0.05 | 0.28 | 13.04 | 12 29 49
ODS




Table 2. Oxide dispersion strengthened powders' milling parameters for producing 120 g powder
mixture per milling run.

Alumina Process Milling speed Mixing Total
content control (4 min/cycle) speed milling/mixing
[wt. %] agent [rpm] (1 min/cycle) time
[rpm] [h]
2% 0.5 wt % 870 500 6
10 % - 870 500 4
30 % - 1600 800 4
NonODS | - no milling - -
Table 3. Process parameters for vacuum plasma spray.
System Plasma | Current Voltage | Ar/H, | Feeding | Powder | Chamber | Spray Robot
Torch | [A] [V] flow Gas (Ar) | feed pressure | distance | speed
rates flow rate | rate [mm] [mm/s]
[slpm] | [slpm] [g/min]
Vacuum F4 640 70 50/9 1.7 60-49 | 60 mbar | 275 440
plasma (Non-ODS)
spraying /680 (ODS)

All coatings were sprayed on substrates made of Ni-based single crystal turbine blade material

ERBO 1 (chemical composition similar to CMSX-4: see Table 1), which was cast by the service

project Z01 of the SFB Transregio 103 allocated at Friedrich-Alexander University Erlangen

Niirnberg. Spark erosion was used to cut the substrate into discs with 30 mm diameter and

thicknesses from 5 to 8 mm. Substrate discs were cleaned by grit blasting (F36 silicon oxide)

resulting in a constant roughness Ra = 2.734+0.22 pm, measured by a CT350 profilometer with a

CHR100 confocal white light sensor (CyberTECHNOLOGIES GmbH, Ingolstadt, Germany).

Coatings with a thickness of 360 um to 440 pum (measured by a micrometre screw) were sprayed



by vacuum plasma spraying using an F4 gun (Oerlikon Metco, Wohlen, Switzerland). Detailed
spraying parameters are presented in Table 3. The volumetric powder feeder was set at 15% of its
maximum rotation speed. Powder feed rate varies due to the different densities of the feedstock
powders.

Roughness values of the as-sprayed ODS coatings were presented in previous studies [11].

2.2 Microstructure and materials characterization

Grit blasted steel samples (35x40x10 mm) were coated in the same spray run as the single-crystal
superalloy disks. Embedded cross sections of the steel samples were ground to P4000 SiC paper
and polished with diamond suspensions (3 um, 1 pm, 50 nm). For microstructure analysis a
scanning electron microscope (SEM: Phenom, Phenomworld B.V., Eindhoven, The Netherlands)
was used. Coating thicknesses were measured by the AnalySIS software (Olympus Soft imaging
solutions GmbH) with 20 measurement points per sample on a total of 10 images. The errors
correspond to the standard deviation of the mean thickness values for each image.

Hardness measurements were done by a DuraminA300 (Struers GmbH, Willich, Germany),
where the hardness values were extracted by optical measurement of the indent dimensions.
Indents were performed with a 500 gf load on 1 mm-thick, 2 mm-wide, 1 pm-polished surfaces.
For all measurements, the results of 10 indents were averaged and the errors correspond to the

standard deviation of these hardness values.

2.3 High temperature wear testing

The sliding wear resistance of the ODS samples deposited onto the ERBO-1 single-crystal
superalloy discs was characterized by ball-on-disc testing (High Temperature Tribometer, Anton

Paar TriTec, Peseux, Switzerland) under unidirectional rotation configuration, at a temperature of



750 °C in air. These conditions mimic the service conditions typical of a high-temperature sliding
process, and the temperature approaches the operational limit of the CoNiCrAlY matrix
according to the manufacturer's specifications [16]. Counterparts were Al2O3 spheres of 6 mm
diameter. Tested surfaces were ground with SiC papers (from 320 mesh to 2500 mesh) and
polished with 3 um polycrystalline diamond suspension, down to a final roughness R, < 0.1 um.
AL O3 retains high hot hardness; therefore, as previously stated in [14], its usage approaches a
service condition that involves contact with a hard counterpart (e.g. a ceramic or ceramic-coated
surface) or a hard phase-containing counterpart. This is pertinent to both blade tips sliding against
abradable seals, and foil bearings, as listed in the Introduction. Although dedicated test rigs exist
to simulate the specific operating conditions in each of these applications [8,17], a simpler, lab-
scale test can be preferable for a preliminary assessment of the viability of the proposed ODS
coatings. Al,O3 is also chemically inert; therefore, it does not introduce additional tribochemical
interactions, which would complicate the interpretation of the results and reduce the generality of
the findings. Test conditions also include 5 N normal load, 0.20 m/s relative sliding speed,

2500 m sliding distance, 9 mm wear track radius. These conditions ensure comparability with the
published results of other high-temperature sliding wear tests performed by the authors on
metallic and composite coating systems, including similar MCrAlY+AlO; composites obtained
by “hybrid” plasma spraying [14,15,18,19]. The system was inductively heated from the base
plate and sample temperature was monitored with a thermocouple in contact with its rear face.
Heating lasted 1 h and the system was then left in isothermal conditions for 40 min before the test
commenced, in order to ensure temperature homogeneity.

Two specimens were tested for each sample type. The friction coefficient was recorded during
the test by measuring the tangential force with a load cell attached to the ball holder. The wear

volume loss of the samples was measured using a non-contact, structured-light profilometer



(ConfoCam, Confovis GmbH, Jena, Germany) attached to an optical microscope (Nikon Eclipse
LV150N) operated with a 20 objective. The volume loss of the counterpart was assessed by
measuring the diameter of the circular wear track left on the ball and calculating the volume of
the corresponding spherical cap. All volume loss data was converted to dimensional wear
coefficient K according to the relation K = V/(P-s), where V' = volume loss, P = normal load, s =
relative sliding distance.

Top surfaces and cross-sections of the wear tracks were inspected by scanning electron
microscopy (SEM: Nova NanoSEM 450, FEI — ThermoFisher Scientific) and energy-dispersive
X-ray (EDX) spectroscopy (Quantax-200, Bruker). In order to prevent artificial pull-out damage
of surface tribofilms, cross-sections were prepared by cold-mounting the worn samples in epoxy
resin before metallographic cutting and grinding/polishing with SiC papers (up to 2500 mesh),

3 um polycrystalline diamond paste and colloidal silica. The phase composition of oxide layers
and tribo-layers developed outside and inside the wear tracks was investigated by micro-Raman
spectroscopy (LabRam spectrometer, Horiba Jobin-Yvon, Longjumeau, France) using a 532 nm-
wavelength laser focused through a 100x objective. The phase evolution of the coatings after
exposure to high temperatures was assessed by X-ray diffraction (XRD: X'Pert PRO,
PANAlytical, Almelo, The Netherlands) outside the wear track, using Cu-Ka radiation emitted
from a source operated at 40 kV, 40 mA and detected with a 1D array of solid-state detectors
(X'Celerator, PANAlytical). The microhardness of the coatings after high-temperature wear
testing was measured on the polished cross-sections using a Vickers indenter (Micro-Combi

Tester, Anton-Paar) under a 5 N (=500 gf) load (at least 15 indents per sample).



3. Results and discussion

3.1 Structure and microstructure of as-deposited coatings

0 vol% Al O, 2 wt% Al O,

100 ym

10 wt% ALO, 30 wt% ALO,

Figure 1. Cross sections of vacuum plasma sprayed oxide dispersion strengthened coatings with
different alumina contents on steel substrates.
Cross sections of the untreated “as-sprayed” coatings show a homogeneous alumina distribution
and a good link between the coating and the substrate (Figure 1). Coatings are thick to minimize
the influence of the substrate material on the wear test. Thicknesses range from 344 um to

257 um (Table 4). The roughness of the coatings is in the R. = 8 — 9 um range: roughness



variation might occur through the different particle size distributions of the ODS powders (Table

D [11].

Table 4. Coating and substrate thicknesses [pum].

Sample Non-ODS | ODS 2% ODS 10% | ODS 30% | Substrate
Coating thickness | 344+8 291+7 257+12 308+13 5-7 mm (no coating)
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Figure 2. Vickers Hardness values of vacuum plasma sprayed oxide dispersion strengthened
materials with different alumina additions measured in as-deposited condition and after
isothermal exposure at 750 °C for =4 h during the ball-on-disc wear test.
The hardness of the coating material increases by a maximum of 8% through alumina addition

(Figure 2). ODS materials with 10% and 30% alumina additions show comparable hardness

values. Specifically, with high Al2O3 content, the as-deposited ODS coatings could suffer from



some brittleness. Crack opening during indenter penetration would explain why hardness does
not increase in the as-deposited 30% ODS sample, and why its results are comparatively more

scattered than in all other cases (Figure 2).

3.2 Sliding wear behaviour at 750 °C

Sliding wear rates decrease continuously when passing from the uncoated ERBO-1 substrate to
MCrAlY coatings containing increasing amounts of Al2Os, with the notable exception of the 10%
ODS sample, which, to the contrary, suffered the highest wear rate (Figure 3). Especially, the
30% ODS sample reveals a wear rate of =3x10° mm?3/(N-m), one order of magnitude lower than
that of the uncoated substrate (=3x10~ mm?/(N-m)). The 30% ODS coating therefore appears
particularly promising for high-temperature applications. For instance, its wear rate is within the
typical range of HVOF-sprayed Cr3C>-NiCr coatings tested at a slightly lower temperature of 700
°C (=34 x10° mm?/(N'm) [19,20]). Slightly higher wear rates of =5 x10"° mm?/(N-m) were
obtained at 700 °C from similar NiCrAlY + Al>O3 coatings with or without the addition of h-BN,
produced by a “hybrid” plasma spray process whereby a dry NiCrAlY powder was co-injected
together with suspensions of fine Al>O3 and hexagonal-BN powders [15]. A NiMoAI-Cr2O3-Ag-
(Ca,Ba)F, plasma-sprayed coating (PS400) exhibited higher specific wear rates of approx. 1x10
mm?/(N-m) at a nearly identical temperature of 760 °C [8]. Sliding tests in the cited reference
were, however, carried out under conditions that differ significantly from the present ones;
therefore, results might not be fully comparable.

The average friction coefficient, on the other hand, increases continuously from ~0.36 for the
uncoated substrate to =~0.57 for the 30 % ODS sample (Figure 3). The latter value might not be
well suited to dry sliding applications. Ball wear rates, though orders of magnitude lower than

coating wear rates, are also higher when sliding against ODS samples than they are against



uncoated ERBO-1 (Figure 3: note the different scales on the two distinct y-axes respectively
showing coating and ball wear rates). Of all the coated samples, however, the 30 % ODS one

inflicts the lowest wear to the ball.
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Figure 3. Quantitative results from ball-on-disc wear testing at 750 °C: wear rates of coatings and
counterparts, and average friction coefficients.

An analysis of worn samples can clarify the different trends in sample and ball wear rates and
friction coefficients. The uncoated substrate exhibits clear evidence of ductile abrasive grooving
as its main wear mechanism (Figure 4A, B), whereas no adhesive tearing is seen even in a
magnified view (Figure 4B). Asperities on the much harder Al,O3 counterpart can easily

penetrate the comparatively soft metal surface at 750 °C and plough or, more probably, cut

through it while encountering limited resistance.
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Figure 4. SEM micrographs of ball-on-disc wear scars produced at 750 °C on the substrate (A, B)
and on samples Non-ODS (C, D), 2% ODS (E, F), 10% ODS (G, H), 30% ODS (LJ). Arrows

indicate evidence of plastic flow and adhesive tearing.



This explains the high sample wear rate and low ball wear rate. The limited adhesive contribution
to friction [21] also accounts for the comparatively low friction coefficient.

Cross-sectional views (Figure 5A, B) show that, as a consequence of abrasive grooving by the
asperities on the counterpart, a plastically deformed region, =10 um deep, is developed (Figure
5A: white arrows). It can further be told into two areas: next to the surface, up to a depth of few
micrometres, the typical y/y' texture of the superalloy (with y' cubes within the brighter y matrix)
is completely lost (Figure 5B: black arrow). Below this most severely deformed area, the y/y'
microstructure is still recognizable, yet distorted.

The detailed views of Figure 4B, C also show the presence of dark patches of tribo-oxidized
debris smeared onto the sample surface. By comparing the very broad Raman peaks of this debris
to reference spectra from the RRUFF project database [22] (Figure 6), the presence of NiO and
some Cr203 can be identified. The debris, therefore, consists primarily of tribo-oxidized
constituents of the ERBO-1 alloy. The inset of Figure 6 shows the spectral region where the
fluorescence emission of Al2O3 occurs: the presence of a distinguishable signal indicates the
existence of alumina within the tribofilm. It is more likely that alumina originates from oxidation
of Al contained in the metallic debris released by the worn alloy, rather than from inclusion of
ball fragments. The volume loss of the alumina ball is, indeed, one order of magnitude lower than
the coating loss.

The tribofilm onto the substrate seems to be particularly thin and, therefore, not much protective
against abrasion from the counterpart (Figure 4A). Cross-sectional views (Figure SA-C) indeed
show that the tribofilm can barely fill in some of the abrasive grooves on the sample surface,
while other parts are left entirely uncovered, hence unprotected. This results in the observed low

wear resistance.



Figure 5. SEM micrographs of the polished cross-section of a ball-on-disc wear scar produced at
750 °C on the substrate: overview (A) and details at increasingly high magnification (B,C).
Arrows indicate plastically deformed areas.
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Figure 6. Micro-Raman spectra of the tribofilm layers formed on the substrate and the various

Non-ODS and ODS coatings after ball-on-disc testing at 750 °C, compared to reference spectra
of NiO, Cr203 and Co304 taken from the RRUFF database [22]. The inset shows the fluorescence
peak of AlLOs.

Adhesive/delaminative wear, rather than abrasive wear, seems to be the main degradation
mechanism of coated samples. In fact, although scratches are visible on worn coating surfaces at
low magnification (Figure 4C, E, G), magnified details reveal evidence of plastic shearing. It
shows up in the form of quite distinctive “lips”, consisting of material that has been plastically
dragged in the direction of motion (Figure 4D, F, H: arrows). The accumulation of plastic strain
eventually leads to failure, which appears in the form of fragmentation at the tips of those “lips”.

The damage accumulated through repeated plastic deformation causes the uplifting of platelets of

coating material, as seen on cross-sections (Figure 7C, Figure 8B: circles).
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Figure 7. SEM micrographs of the polished cross-section of a ball-on-disc wear scar produced at
750 °C on the Non-ODS coating: overview (A) and details at increasingly high magnification
(B,C). Arrows in panel B indicate a re-crystallized area, the circle in panel C indicates the
formation of a platelet-like debris by adhesive wear.
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Figure 8. SEM micrographs of the polished cross-section of a ball-on-disc wear scar produced at
750 °C on the 2% ODS coating: overview (A) and details at increasingly high magnification
(B,C). Arrows in panel C indicate a re-crystallized area, the circle in panel B indicates the
formation of a platelet-like debris by adhesive wear.




Figure 9. SEM micrographs of the polished cross-s
750 °C on the 10% ODS coating: overview (A) and details at increasingly high magnification
(B,0).



Figure 10. SEM micro

gfaphs of té polished cross-section of a ball-on-disc wear scar produced at
750 °C on the 30% ODS coating: overview (A) and details at increasingly high magnification
(B,C).



Lamellar fragments are eventually detached from the coating surface. If expelled from the contact
area, they can be subsequently found in the loose debris at the end of the test (Figure 11A,B). The
detail of the large fragment from the 10% ODS sample in Figure 11B, in particular, shows visible
AL O3 particles, confirming that it is indeed a platelet of plastically deformed coating material.
Apart from the large platelet, the debris in Figure 11A and C contains numerous, tiny fragments:
based on EDX spectra, they mainly consist of oxides. This indicates the occurrence of tribo-
oxidation; the fine size and rounded morphology of the fragments is indeed typical of such
mechanism [21]. Specifically, fine oxidized fragments come from the comminution and oxidation
of the larger platelets of coating material that are not expelled from the contact area.

At the same time, the worn coated surfaces are irregularly covered by an oxidized tribofilm
(Figure 4C,E,G,I). On all coatings (cross-sectional views in Figure 7 — Figure 10), and especially
on the 10 and 30 wt% ODS (Figure 9B-C, Figure 10B-C), the tribofilm is much thicker than it is
on the uncoated substrate. Such very thick, oxidized tribofilm is also called a “glaze” layer in the
pertinent literature [23-29]. Hence, the term “glaze” will be hereafter employed to differentiate it
from the thinner and non-protective tribofilm previously described on the uncoated ERBO-1
substrate. The thick “glaze” plays a key role in limiting the wear loss of the coatings, which
would otherwise be very severe, based on the extent of adhesive/delaminative damage seen in the
uncovered areas. Because of the glaze, the wear resistance of the coated samples is higher than
that of the substrate. One exeption is the 10% ODS sample, which will be discussed later in this
section.

Figure 9B and Figure 10B show two examples of areas where the “glaze” has been fractured and
is being reformed through the incipient compaction of the fine, oxidized fragments described
previously. Loose oxidized fragments (Figure 11C) and particles in non-compacted portions of

the “glaze” (Figure 11D) are, indeed, substantially identical. Consistent with the available



literature [24,27], the “glaze” layer is therefore the result of smearing, compaction and sintering

of tribo-oxidized debris produced during the wear process itself.

Figure 11. SEM microgaps of the wear debris 'producéd by ball-on-disc sliding wear testing of
sample 10% ODS (A,B) and Non-ODS (C) at 750 °C, compared to non-sintered particles in the
“glaze” layer (D: sample 2% ODS).

The detail of Figure 12 specifically shows debris particles as they are being compacted into new
“glaze”. Particles are subjected to contact forces acting in the normal and tangential directions, as
well as to contact temperatures that are presumably in excess of 750 °C, due to the flash heating

phenomenon [30]. When the compaction process is complete, individual particles become

undistinguishable, as is visible especially in the magnified micrographs of Figure 9C and Figure

10C. Once the “glaze” is formed, however, it does not remain in a “static” condition during the



wear test. It experiences a cyclic process of cracking, spallation, and reformation through the
compaction of new debris particles, as evidenced by cross-sections (Figure 9B and Figure 10B,

Figure 11D, Figure 12) and top-surface views (Figure 4J).

Figure 12. Detail of an almost fully sintered layer of debris particles in the “glaze” layer of
sample 30% ODS.

The composition of the “glaze” on the coated samples is profoundly different from that of the
thin and irregular tribofilm formed on the uncoated substrate (Figure 6). The Raman peaks of the
“glaze” layer indeed match with the reference spectrum of Co30O4 (from the RRUFF database
[22]) and with literature spectra of other Co-based spinel oxides, such as CoAl>O4 [31,32] and
CoCr204 [31,33,34]. As anticipated previously, the metallic debris fragments released by the
coating alloy are fully oxidized, and such fully oxidized debris makes up the “glaze” by being
smeared and compacted onto the worn surface.
The difference between the type of tribo-oxides found on the ERBO-1 substrate and the
CoNiCrAlY matrix clearly follows from the specific compositions of the two alloys. It is

probably the reason why tribo-oxidized fragments from the CoNiCrAlY-based coatings are able



to build into a thick “glaze”, unlike those from the substrate. Different alloys are indeed known to
have much different ability to develop such “glazes” [23].

The inset in Figure 6 shows that the Al>O3 content in the “glaze” is closely linked to that in the
coating. In particular, the “glaze” formed on the pure MCrAlY coating contains no Al,O3,
suggesting that, as metallic aluminium in the MCrAlY debris reacts with oxygen, it enters the Co-
based spinels previously detected by Raman spectroscopy (e.g. CoAl>O4). This is yet another
difference between the tribo-oxidation behaviour of the coatings and the substrate, where Al
formed a pure oxide phase instead. All of the alumina phase in the “glaze” originates from the
release of reinforcing particles in the coating. It does not originate from the embedment of
counterbody fragments, if not for an undetectably small amount. Compared to the coating, the
wear loss of the counterbody is lower by more than one order of magnitude. The volume of
debris coming from the counterbody is, therefore, more than 10 times lower than that coming
from the coating.

Wear resistance of the coatings depends primarily on their ability to restrain “glaze” failure: the
more the “glaze” tends to spall off, the more severe is the adhesive wear on the unprotected
coating surface. AO; in the coating can affect this behaviour in various, favourable or
unfavourable ways:

1) The dispersion of Al>Os3 particles enhances the strength/hardness of the MCrAlY coatings at
high temperature. The coating therefore provides better mechanical support to the “glaze” and
mitigates its tendency to spall, enhancing the wear resistance of the system. This is conceptually
similar to the case of a harder substrate enhancing the adhesion of thin-film coatings (such as
PVD nitride films), as reported in the literature [35].

Cross-sectional views of worn samples provide direct evidence to the different mechanical

behaviour of unreinforced and reinforced CoNiCrAlY. Indeed, directly below the worn surface of



MCrALY coatings that contain little or no Al>O3, a thin layer exists, where the B-NiAl phase is re-
structured into a fine, equiaxed morphology (Figure 7B and Figure 8C: arrows; detail in Figure
13: arrows). This can be interpreted as re-crystallization of a plastically deformed region

developed through the adhesive/delaminative wear phenomena described previously.
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Figure 13. SEM ;nicrogr"éph showihg a detail of the cross-section of the wear scar on sample
“Non-ODS”. Arrows show a recrystallized “skin” layer directly beneath the worn surface.

The tendency of the MCrAlY alloy towards re-crystallization is witnessed by the fact that, even
outside the wear track, the amount of B-NiAl phase increased relative to that of the y/y' phase
after the sample was kept at 750 °C during the wear test (see XRD patterns in Figure 14). The -
NiAl phase, which was partly lost by the melt-quenching phenomenon in plasma-sprayed splats,
was indeed restored as the alloy recovered its thermodynamic equilibrium structure at 750 °C.
Likewise, it is reasonable to expect that, each time a plastic shearing event occurs on the metal
surface at 750 °C, the altered crystalline structure readily undergoes recovery and re-

crystallization. The CoNiCrAlY surface, therefore, is not expected to work-harden appreciably



during high-temperature sliding, and continues to experience renewed adhesive/delaminative

wear whenever it is left uncovered.
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This fact stresses the importance of the “glaze” in order to restrain an otherwise very severe wear
of the metallic alloy. It also means the non-reinforced MCrAlY coating surface never develops
enough hardness to support a “glaze” film.

In the 30% ODS sample (Figure 10B,C), by contrast, the re-crystallized “skin” is not visible,
because the numerous Al>O3 particles limit the plastic flow of the metal matrix. The whole
system probably possesses higher hot hardness compared to all other ODS and non-ODS
materials, thus providing better mechanical support to the “glaze”. This can be easily understood
by referring to the literature concerning the mechanical behaviour of conceptually similar
systems comprising a hard PVD or CVD layer onto plastic substrates [35—37]. Experiments and
finite element calculations have shown that, when a ductile surface (in the present case, the VPS
coating) underneath a much harder layer (the oxide “glaze”) starts deforming plastically, the
surface layer is subjected to significant tensile stress peaks [36]. This leads to cracking and
spallation of the layer. A harder underlying surface cooperates more effectively with the layer to
carry the contact stresses, avoiding dangerous stress concentrations in the layer itself and at the
interface [35,37].

It should be remarked that hardness measured at room temperature in as-deposited condition, as
shown in Figure 2, is probably not representative of hot hardness. As noted in Section 3.1, the
high content of Al2O3 in the 30% ODS material probably causes it to crack during indentation at
room temperature. Brittleness, however, is most likely overcome at 750 °C; indeed, there is no
visible sub-surface crack in the cross-section of the worn 30% ODS sample (Figure 10).
High-temperature hardness measurements could not be carried out in this research to provide
additional support to the above considerations. Hardness values measured at room temperature
after wear testing are quite similar to those measured in as-deposited condition (Figure 2).

Differences between average values might not be statistically significant as they are smaller than



the associated error ranges. Nonetheless, those differences would suggest that hardness values at
low ALO; content decrease very slightly after isothermal exposure at 750 °C. This could follow
from the recovery of the highly strained, supersaturated structure of the as-deposited samples, as
discussed previously. The hardness of the 30% ODS sample, by contrast, would seem to increase
slightly after exposure at 750 °C, so that the overall trend of the wear-tested samples is that of a
slight, continuous increase in hardness with increasing Al,O3 content. This might suggest a
mitigation of brittleness. It is likely that brittleness is further mitigated when the material is at 750
°C, and that the increase in hardness with increasing Al,O3 content is even more marked.

2) AbOs3 particles or fragments thereof can also be released from the coating during the wear
process and are entrained in the “glaze” layer. This is seen in Figure 9C and Figure 10C and in
the Raman spectra of Figure 6. They probably act as a reinforcement; hence, they favour wear
resistance by enhancing the hardness of the glaze.

3) On the other hand, tribo-oxidized debris particles from the metal alloy (not Al>O3 fragments)
are primarily responsible for the formation of the “glaze”, and the latter probably adheres much
better to the ductile MCrAlY surface than to hard and chemically inert Al2O3 particles. Therefore,
breaking the continuity of the metal surface through the dispersion of Al,O; particles might
unfavourably impair its ability to develop a uniform “glaze”, like it is visible for the 10%-ODS

material.

At every Al,Os3 content, a balance is established between effects 1 (enhancing “glaze” stability by
hardening the coating through alumina addition) and 2 (enhancing “glaze” hardness by alumina
transport in the “glaze’), which are favourable to the formation of a stable, continuous “glaze”,
and effect 3 (alumina breaking the continuity of the “glaze’), which is instead detrimental. It is

therefore inferable that 10% Al>O3 content elicits an especially unfavourable combination, which



indeed leads to a largely spalled “glaze” and severe adhesive wear of the unprotected metal
surface (Figure 4G, H). To the contrary, 30% Al2Os content is particularly favourable, probably
because the coating is strengthened enough to provide conspicuously improved mechanical
support to the tribofilm. Moreover, in case the “glaze” is spalled, adhesive wear of the exposed
metal surface is somewhat limited by the same strengthening phenomenon, as testified by the

previously noted absence of a clear re-crystallized “skin” under the worn surface of this sample.

4. Conclusions

This paper aimed to characterize the high-temperature sliding wear resistance of aluminium
oxide-dispersion strengthened (ODS) CoNiCrAlY coatings obtained by vacuum plasma spraying
of ball milled powders, compared to a pure CoNiCrAlY coating and to an uncoated ERBO-1
(CMSX-4) superalloy.

It is found that the pure CoNiCrAlY coating is subject to severe adhesive/delaminative wear by
plastic shearing. Plastically deformed areas near the worn surface are seen to re-crystallize at 750
°C, which also suggests that the material cannot work-harden during sliding, leaving it vulnerable
to further adhesive wear. Nonetheless, the sliding wear rate of the pure CoNiCrAlY coating is
lower than that of the uncoated ERBO-1 superalloy substrate. Key to such result is the formation
of a thick (>1 um) “glaze” layer via compaction and (probable) sintering of tribo-oxidized debris
particles onto the wear scar of the CoNiCrAlY coating. The “glaze” layer reduces the damage
due to adhesive wear by limiting the surface area in direct contact with the AI>O3 counterbody.
The ERBO-1 substrate is incapable of forming a comparable “glaze” and, even though it does not
experience as much adhesive wear, it suffers from continuous abrasive wear from the

counterbody.



The “glaze” developed onto the CoNiCrAlY coating experiences dynamic conditions of
spallation and re-formation during sliding. Limited “glaze” spallation is therefore essential for
improved wear resistance. A fine dispersion of Al>O;3 particles can have multiple effects that are
either favourable or unfavourable to this end.

Specifically:

- AlLOs particles can enter the “glaze” layer and enhance its strength;

- Although hot hardness was not measured, evidence from the surfaces and cross-section of the
worn samples suggests that Al,Os3 particles increase the hot hardness of the coating.
Therefore, it provides better mechanical support to the “glaze” layer, avoiding stress
concentrations that are probably the main reason of its periodic spallation;

- ALOs particles can break the continuity of the metallic surface to which the “glaze” can
attach, thus favouring spallation of the latter during sliding. This effect clearly goes contrary
to the previous one.

Based on the balance among these phenomena, the wear resistance of ODS CoNiCrAlY coatings

does not vary linearly with Al>O3 content. There can be Al,O3 contents that lead to unfavourable

balances, resulting in increased wear. For example, in the present system, an addition of 10 wt.%

AL O3 did cause severe impairment of the wear resistance because of frequent and extensive

spallation of the “glaze” during sliding. The 10% Al2Os-containing ODS coating experiences

higher sliding wear rate than both the unreinforced CoNiCrAlY and the uncoated superalloy.

With the addition of 2 wt.% Al,O3, moderate improvement over the wear resistance of

unreinforced CoNiCrAlY is instead observed, whilst a conspicuous enhancement is achieved

with 30 wt.% Al2Os. The absence of any sub-surface plastic flow (and subsequent
recrystallization) and, at the same time, of any sub-surface crack means that the coating has high

hot hardness and good toughness, so that it provides good support to the “glaze”. The latter thus



covers most of the worn surface; moreover, the reinforced coating resists adhesive wear in the
infrequent case the “glaze” spalls off.

On the downside, the ODS coatings produced higher friction coefficient than the uncoated
superalloy under the present test conditions. This means a possible future development of this

work might encompass the addition of high-temperature solid lubricants to the formulation.
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