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Abstract

Two different AbO3 coatings manufactured by plasma spraying process were tested under
dry sliding contact conditions at high temperatures in order to determine their tribological
behavior. At higher temperature than 800 °C, wear rate and mechanismgdgcastings

have not yet been reported. The results obtained were compared with those from both: an
electro-melted AIO; refractory used as reference and a pressed & sintered silico-aluminous
refractory used as substrate, which were tested under the same conditions. The reference
was chosen due to the high performance against wear that this material shows, and the
substrate was chosen due to the high potential that this material with low properties against

wear shows when it is coated. Crystallographic phases, micro-hardness, Young's modulus
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and fracture toughness were measured before agrdladt wear tests, obtaining as results
that both A}O5 coatings showed better wear performance thanrgesed & sintered
silico-aluminous refractory used as substrate,emsh than the electro-melted.®%

refractory used as reference. Additionally, inpleesma sprayed coatings, as well as, in the
electro-melted AlO;refractory, the wear mechanism was controlled tra@sformation
produced by the increasing in temperature fromilbudeformation to brittle deformation,
for finally returning to ductile deformation agaifhe high performance of plasma sprayed
coatings was mainly due to the high values of toegk, as well as due to the increasing of
thea-Al,Os levels and therefore, the hardness during the tes#s because of the high
temperature, allowing to these ceramic coatindseta possible way to protect the
conventional pressed & sintered silico-aluminodsaories to replace the expensive non-
structural electro-melted ones currently exposeabtasive wear in glass, cement and other

primary industries.
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1. INTRODUCTION

Atmospheric Plasma Sprayed (APS) alumina coatihgazggood performance against
abrasive, corrosive and erosive wear at extremdittons of temperature, oxidation and
pressure [1-3]. This is the reason why they haenlvadely used in applications of high
exigency such as automotive, aeronautic and primnaystry [4-6]. Specifically, alumina
coatings are commonly used for wear resistancealtheir high hardness at room
temperature [7]. However, the hardness of alumiatenals decreases at high temperatures
as a result of micro-structural slips activatedhy temperature and developed with the
applied stresses [8], which is more accentuatethdypresence of other oxides [9], which

in turn could affect the tribological performandeatumina coatings exposed at high

temperature.

Glass and cement industries use refractories geljéc extreme conditions of wear
(sliding, abrasion, erosion, etc.) at high tempees (>1000 °C), which require the
employment of expensive electro-melted@y refractories [10]. In order to decrease the
wear of the materials involved with a lower cosffedlent solutions have been proposed [5-
6, 11-14]. Among these, thermally sprayed coatowgd be an alternative solution to
protect the cheap pressed & sintered refractogasat tribological failures produced at
high temperature. Previous studies have indicdtatdpiasma sprayed ceramic coatings
have been manufactured onto pressed & sinterimgatefy substrates, increasing their
useful life when they are exposed to corrosive rmvnents at high temperature and

increasing the wear resistance of substrates at temperature [5-6, 14].



The tribological performance of polycrystallineAl ,O3 bulk materials has been studied
indicating that untik 800 °C, the wear is produced by brittle deformrmafih-17]. This last
one is developed when the speed and the load dpplithe material overcome its
mechanical resistance, generating detachmentge# Emd sharp particles, which acts as a
third body resulting in high wear rate [18-19]. @we other hand, at higher temperatures, a
plastic flux is produced in the material and thétle rounded particles are detached from
the surface, producing a protective layer, whictupes the wear rate of the material and is

known as ductile deformation [17-19].

The tribological performance of these materialsid¢de related to the microstructure, the
phases and their mechanical properties, and im@laprayed coatings, these properties are
usually different to those in bulk materials dughe fast heating and quenching during the

manufacturing of coatings.

The goal of this work is to evaluate the tribol@dibehavior at different temperatures of
two thermally sprayed AD; coatings, with different structures and phase asitipns,
comparing the results with those obtained from pathelectro-melted AD3 bulk

refractory used as reference, and a conventioeabkpd & sintered silico-aluminous
refractory used as substrate, which were testedrihd same conditions that the coatings.
The first comparison is justified because theditere about wear performance of thermally
sprayed AJO; coatings for temperatures as high as those usdsiwork is poor, and
therefore, only there is available information abalyO3; bulk materials. And the second
comparison aims to determine the potential apptinatf the ALO3; coatings as a possible

way to protect the cheap pressed & sintered refrast, to replace the expensive electro-
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melted ones subjected to extreme abrasive condjtlmrt without structural requirements,
commonly used in high exigency applications suclgiss, cement and other primary

industries.

Wear tests were performed using a ball-on-diskueder dry sliding conditions from room
temperature until 1000 °C, and changes in cryamliihases, porosity, micro-hardness,
Young’s modulus and fracture toughness experiebgetie materials due to their heating

during tribological tests were also evaluated.

2. MATERIALS AND METHODS

A Sulzer-Metco PTF4" plasma torch was used to spray the alumina caatingording to
the parameters listed in Table 1. Two differeniQAlfeedstock powders were used, the first
one was constituted by submicrometric agglomerpéeticles, and the second one was
constituted by fused & crushed patrticles. The sabestvas a commercial pressed &
sintered silico-aluminous refractory brick, whiclaswut in shape of discs 25 mm in
diameter and 7 mm in height. The arithmetic aveddbe surface roughness (Ra) was 12
+ 1.1um for the substrates, and for this reason, it vedsiacessary to apply a jet of
abrasive patrticles to give them greater roughnésscefore, only an air jet 6 bar of

pressure was applied to remove particles detacgbedthe surface.



The chemical composition and the crystallographiases of the feedstock powders, as
well as of both, the silico-aluminous refractorgdss substrate and the electro-melted
alumina refractory used as reference were detednisagg a Thermo Fisher SCIENTIFIC
ARL™ OPTIM’X Wavelength-Dispersive X-Ray FluorescenceldMXRF) spectrometer

and a Bruker D8 ADVANCE X-Ray Cu1 radiation (DRX) Diffractometer

respectively, using the Rietveld method for thergifiaation of the phases. The particle
size distribution of feedstock powders was deteeahiwith a Horiba PARTICA LA-950V2
Laser Diffraction (LD) equipment. The shape of pagticles, the cross sections, the surface
of both coatings and the refractories, as welhasaear tracks were analyzed by Scanning
Electronic Microscopy (SEM) using a JEOL JSM IT-300 equipment. The cross sections
and surfaces of the coatings, as well as the tefiias were grinded and polished according
to the ASTM E1920 standard [20] in order to obtainarithmetic average roughness (Ra)
lower than 0.2um. The porosity was measured on the cross seatiathe coatings and
refractories from images taken by SEM accordingrnhéations of the ASTM E2109
standard [21] and using Image J software. Meclahpioperties before and after the wear
tests of all samples were determined from indemnatcarried out on the polished surface
using a Shimadzu HMV-G 20 equipment, according WithASTM C-1327 [22] and

ASTM E-384 [23] standards. The Vickers micro-hasiehe Young’'s modulus and the
fracture toughness from the Anstis model were dated according to the Eq. (1-3)

respectively:

P
HV = 0.0018544d—’§ Eq. (1)



WhereHv is the Vickers micro-hardness [GPA], is the applied normal load on the

indenter [N] andd is the average length of the two diagonals produkeing the

indentation [mm].

F= —aHyg -
~ b b\ Eq. (2
@2 !

WhereE is the Young’'s modulus [GPa},is a constanta = 0.45), H, is the Knoop
micro-hardness [Pa§’andb’are the longer and shorter diagonals respectivelgyced by

the indentation [um], and andb are the geometric constants of the inde(ign =

1/7.11).

E Py
Kic = 0.0016 |~—7 Eq. (3)

Wherek, is the fracture toughness [MPd'H E is the Young's modulus [GP&j, is the
Vickers micro-hardness [GPd]y is the applied normal load on the indenter [N] ahds

the longest radial crack produced during the inagort [mm].

The wear tests were performed at 25, 500, 750 804 9C with a ball-on-disk tribometer,
under a dry sliding contact, without eliminating ttormed debris. The wear test conditions

are shown in Table 2 following some of recommermfetiof ASTM G-99 standard [24].



Then, the physical features of the wear trackdhersamples and the morphology of the
debris produced in the wear tests were analyzesEi using the same equipment
aforementioned, equipped with an Energy DisperSe@nning (EDS) with an Oxford
Instruments SDD X-MaxN 8@etector, which was used to determine the chemical
elemental composition of these debris. Finally, wear rate was calculated from the
profile curves of wear tracks measured on the sasnyding a Surtronic S125 profilometer,

as well the Eqg. (4).

As

WR=— 1>
1000Py N,

Eq. (4)

WhereWR is the wear rate [mffiN.m], A, is the wear track cross section area {1y is

the applied normal load [N] ant. is the total cycle number.

After tribological tests, the porosity, the cry$ited phases, the micro-hardness, the
Young’s modulus and the fracture toughness ofaatiges (coatings and refractories) were
evaluated again with the same equipments, standadisquations aforementioned, in
order to compare the values with those obtainedrbehe wear tests. Each measured
property was determined before and after the wests bver 3 samples, 10 times over each
sample, guaranteeing statistical reproducibilitgt egpeatability for all measurements

respectively.



3. RESULTS AND DISCUSSION

The chemical composition, the particle size distiitn and the crystallographic phases of
the feedstock powders used to manufacture thengsadire shown in Table 3. The
chemical composition results indicate that mainlyOA constitute these materials, with
particle size distributions betweer21 um and= 64 um. The main phase in theth
feedstock powders wasAl,0O3 and additionally, in the fused & crushed one a tpantity
of y-Al,Oswas also detected. The morphological analysis atdicthat the agglomerated
powder shows rounded particles constituted by sbhwaltled sub-micrometrical particles
(Figure 1 a), evidencing that this powder was maciuired by agglomeration processes,
while all particles of the fused & crushed powdearsvirregular with fracture marks in their
surface (Figure 1 b), evidencing that this powdas wanufactured by fusing and crushing

processes.

On the other hand, the chemical analyses carrietbdaoth, the silico-aluminous

refractory used as substrate and the electro-maAltg€dk refractory used as reference are
shown in Table 4. The silico-aluminous refractagonstituted mainly by Sicand ALOs,
while in the electro-melted one the 8% is the predominant oxide, which is combined with
SiO, and ZrQ. The surface analysis of the silico-aluminousaetory suggests irregular
grains with low sintering degree and therefore, temsity and high porosity, 2.16 to

2.26 g/cmi and 16 to 20% respectively, (Figure 2 a, Tableygical of pressing and

sintering processes of manufacturing. While thecstire of the electro-melted A);



refractory shows low porosity (less than 2%) aretefore high density (3.4 g/én

(Figure 2 b, Table 4) characteristic of electro4mel processes of manufacturing.

The surface analysis of as-sprayed®lcoatings (Figures 3 a-b) evidenced the continuous
stacking of micrometrical splats typical of thermsptayed coatings, indicating that these
layers seal the pores of the silico-aluminous oefry. Additionally, on the surface coating
sprayed from the agglomerated powder feedstockpsatbmetrical particles were
identified into some splats. (Figure 3 a). Furthemen the cross-section analysis (Figures 3
c-d) allowed to establish that the thickness ohlmatatings was similar, 370 £ 20 pm for
the coating sprayed from the agglomerated powaststeck and 355 + 20 um for that
made from the fused & crushed powder feedstockc@ming the porosity (Table 5), it is
possible to see that the values before and afewdar tests for all materials and all
temperatures evaluated are statistically the sathp-falues are > 0.05), evidencing that

there were no sintering processes.

The XRD results indicated that in both alumina ougs, a-Al 03, y-Al,03 [25-28] and
amorphous phase were the predominant phases (Hguie Table 6). In the electro-
melted AbO; reference refractory used as referenea|,O3; was the main phase (Figure 4
c, Table 6). In the uncoated silico-aluminous retfsey used as substrate, mullite and silica
phases were prevalent (Figure 4 d, Table 6).ilhgortant to notice that after the spraying
process for both AD; coatings, the-Al O3 from the powder feedstock became mainly in
v-Al,03 in the as-sprayed coatings. This behavior is dubkd initial features of feedstock
powders (Table 3) and the spraying parameters €THbds it was previously mentioned by

other authors [26-28]. From statistical p-valuesas established that in A); coatings the



guantity of amorphous phaseAl,0O3 andy-Al ;O3 has a significant change in samples
tribologically tested at 1000°C (p-values < 0.0 its part, the mullite and silica phases
percentage in the uncoated silico-aluminous raefrgathange significantly in the
specimens tested from 750 °C. Being of all thesgemelevant the increasing @fAl .03,
from the decreasing gfAl,O3; and amorphous phases produced in alumina codgated

at 1000 °C.

Concerning the mechanical properties (Table 7)piloeo-indentation results allowed
establishing that the micro-hardness of the aluroosings manufactured from the
agglomerated powder feedstock is slightly lowenttiat of the alumina coating
manufactured from thused & crushed powder feedstock. For both coatithgsvalues of
micro-hardness before and after the wear testeqeed at 25, 500 and 750°C are
statistically the same (p-values are > 0.05). Wail&000°C, there are differences
statistically significant (p-value are < 0.05), doghese hardness significantly increased
after their heating at 1000 °C during the wearstésable 7), which, could be related with

the increasing in the-Al,0O3 level produced (Table 6, Figure 4 a-b) [4, 29-30].

Particularly, for both coatings the quantitiesxeAl ;O3 detected are obtained by two ways:
1) Keeping the corundum phase of powder feedstadkgl thermal spraying process and
2) Promoting the formation of more corundum phaseng the wear tests. The first way is
explained through the presence of un-melted pasdiiito the coating, which allow keeping
the initial features of the alumina powders. Regaydhe second way, the high temperature

of wear tests (1000°C), the longtime during pretihgg~ 2 h), the wear tests: @ h) and
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the cooling € 2 h) of the coatings into the furnace allow toduee the thermodynamic
conditions that promote the formationewefl,O3 phase [31-32] as it is shown in Table 6

and Figure 4 a-b.

In the same way, the electro-melted@{ refractory used as reference showed that the
hardness after wear test at 1000 °C, is slightihéi than the hardness before the test (p-
value < 0.05) (Table 7). This result could be httted to the percentage decrease of m-
ZrO, and amorphous secondary phases during the heatirigd out for tribological test
(Figure 4 c, Table 6). The m-Zs@hase is a polymorph of Zs@vith low density and in
general with low mechanical [33-35] and tribologdipeoperties. Regarding the silico-
aluminous refractory used as substrate, althougletrels of mullite phase increased and
the amorphous phase decreased during wear tefgtdcaut at 1000 °C (Figure 4 d, Table
6), the hardness and fracture toughness valuesaaat (Table 7). This could be due to

cohesive failures producing in highly porous matsrdue to their heating.

Some of the Young’s modulus and the fracture toeghivalues measured before and after
the wear tests carried out for all materials, pnessk change statistically significantly,

however these may not be relevant to their tribiclgerformance.

The tribological analysis carried out to both®d coatings has evidenced the development
of different wear mechanisms as a function of #s temperature. In both samples
evaluated at 25 °C (Figure 5 a), were identifiectin marks produced by plastic flow of
the asperities in their surface due to sliding aontvith the alumina ball. While in those

tested at 500 °C and 750 °C (Figure 5 b) high &wéparticle detachments produced by
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the propagation of cracks in the coatings, wereoiesl, as well as fine and rounded
particles which join forming small as island-shapegers, that in some cases plug the wear
tracks produced by the detachment. On the othat, hiarthe both coatings tested at 1000
°C (Figure 5c) a continuous layer was formed onatbar track, consisting of fine particles,

on which was observed a plastic flow.

X. Donget al. [17] previously studied the change in the tribadaggmechanism of bulk-
Al,O3 as a function of temperature. They indicated tihatwvear was low at the beginning
of the tests, with temperatures below 200 °C ampdyap a normal contact stress greater
than 260 MPa at 1.4 mm/s. This was due to the teffethe environmental humidity.
Whereas, from this temperature and up to 800 ¥ wtar suffered by the material was
severe due to the fracture of the material in threezof contact with the counter-body.
Finally, from this last temperature, the wear ted become moderate again due to the
formation of a protective layer. The normal stragplied at the beginning of the
tribological tests carried out in this work was 2MPa, however, there is a similarity in the
morphological characteristics observed in the weaks of the samples tested at 25 °C
(plastic flow), at 500 °C and 750 °C (cracks arattiures), as well as, at 1000 °C
(formation of a protective layer), with those rejedrby X. Donget al. [17]. Therefore, the
wear stages developed in both®@d coatings are similar to those established by this
researcher for bulk-Al ;O3 materials, despite the fact that the stress applees lower.
This can be related to the higher sliding speath@ball on the coating (10 cm/s)
compared to that of the bulk material (1.4 mm/s)wall as the predominant presence of

they-Al,O3 phase in the coatings compared to predominanepcesof ther-Al ,O3 phase
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in the bulk material. It is important to notice thiae hardness afAl,O; is lower than that

of a-Al,03 [36].

G. W. Stachowiaket al. [19] have studied the tribological behavior depeld in ceramic
materials from applied wear conditions (mainly spaad load) by the sliding contact with
a counter-body also ceramic. They found that ifrttaerial was able to withstand the
stress mechanically applied through the counteybadar by ductile deformation through
plastic flow in the track was produced. While ie tase of the material did not have
sufficient mechanical strength to withstand thesges, the wear was produced by brittle
deformation. In consequence, cracks and an exeedsbtachment of the particles were
produced. In accordance with that established byptachowiaket al. [19], both types of
coatings studied exhibited wear by ductile deforamatvhen they have been tested at 25 °C
and 1000 °C. But, when they were tested at 50nUC7&80 °C, the tribological behavior is
governed by brittle deformation with higher weaesdue to excessive detachment of the

particles.

Despite the fact that the sliding speed (0.1 niig)the applied load (5 N) were the same
for all tests, a transition from ductile to britdeformation was detected in the samples
evaluated at 25 °C and 500 °C. This result is maglhted the gradual decrease in
hardness experienced by alumina as a functioneohitrease in temperature as previously
described [8-9], promoting the detachment of plasicThis behavior is more severe in the
samples tested at 750 °C, plugging the wear tito&k.gradual increase of the particles
detachment with the temperature has favored thedtion of a continuous layer which has

protected the wear track of the tested sample8G@Q 1C, producing in this case, a wear
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transition from brittle to ductile deformation,hich it has been again observed plastic
flow (Figure 5 c). It has been previously reportiealt the presence of wear debris in the
friction track can reduce the contact stressederstirface of coatings, modifying the
tribological conditions and therefore the wearstsice [37]. Additionally, the increase in
a-Al,O3 detected after the wear tests carried out at 2G0Figure 4a-b, Table 4), may
have had a contribution in the wear transition ffoagile to ductile deformation, thanks to

the fact that this phase is the hardest of the ialamaterials.

Concerning the wear track of the electro-meltegDArefractory used as reference, it was
detected the same change aforementioned from etatitagile for returning to ductile
deformation again when the temperature increasgdr@6). A bigger quantity of debris
was detected despite the fact that the tests ¢onsiapplied were the same than those for
the coatings. this could be due to the low fractatghness of this material (Table 7),
increasing the wear rate compared to the coatkmysits part, the pressed & sintered
silico-aluminous refractory used as substrate skdomear by brittle deformation in all
cases (Figure 7). This is due to the low mechamicgberties of this material shown in

Table 7.

The results of wear rate calculated from the tgafiles produced in each sample are
shown in Table 8. For both types of coatings, thar rate at 25 °C was of the same order
of magnitude as that measured at 1000 °C, beingrltvan that determined at 500 °C and
750 °C, this due to the ductile-fragile-ductilensaion in the tribological behavior
previously explained. In addition, at the differéegmperatures used, the coating sprayed

from the agglomerated powder showed slightly lowear rates than those manufactured
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from the fused & crushed powder, as well as, thanetectro-melted refractory. This could
be related to the superior resistance to crackggaipon of this material and the
detachment of nanometric particles from un-meliggl@merated grains, in accordance

with the results of Y. Anet al. [38].

Regarding to the electro-melted refractory, althoiidnas a hardness especially higher than
that of the alumina coatings, its wear resistaraseldeen lower. This result could be related,
on the one hand to the excessive presence of ebmabris between the surface and the
counter-body. These debris have been analyzed MtEES, evidencing that they are
angular and are composed of Al, Si, Zr and O el¢sneom AbOs, the SiQ and ZrQ

phases which constitute the refractory, obtaingg aesult, a third abrasive body into the
system. On the other hand, the presence of &@ m-ZrQ can significantly reduce the

high-temperature hardness of alumina-based mat¢éaB3-35].

About the pressed & sintered refractory, it showiggher wear rates than all other materials
evaluated, which is basically due to the poor mewah properties of this material.

In addition, the values of friction coefficient ([@la 8) measured during the high
temperature tribological tests show a downwarddneith respect to the temperature for all
samples, which could be related to the detachnfdimieparticles, resulting in the
formation of layers that can be protective at Hgyhperatures. It is important to mention
that the values obtained from the coefficient aftion are classic compared to the

literature, between 0.7 and 0.9 for the aluminaregalumina test [19].
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4. CONCLUSIONS

In this work, the tribological behavior at high teenature was evaluated for two
different structures and phase compositions gDAtoatings manufactured by APS
onto a pressed and sintered silico-aluminous refracised as substrate. The results
were compared with those from an electro-meltechada refractory used as
reference and they were correlated with the phas®ositions, porosities and
mechanical properties measured before and aftavéhe tests. The tests were
performed using a ball-on-disk test under dry slidtonditions from room

temperature until 1000 °C.

From the results and discussion, it was possibt®talude that the tribological
behavior of both plasma sprayed®4 coatings was governed by transitions
ductile-fragile-ductile similar to those showedthg electro-melted refractory used

as reference and those reported by X. Dengl. [17] for Al,O3 bulk materials.

The ALO3coatings improved the wear performance of the cotweal pressed &
sintered silico-aluminous refractory used as sabsteven achieving the wear
performance at high temperatures of the electraende\L,O; bulk refractory used
as reference, despite le fact that thgQAlcoatings were mainly constituted y
Al,Os, while the electro-melted refractory was maininstituted bya-Al,Os3,

which indicates that the higher fracture toughnedbe coatings contribute to their

good wear resistance.
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» The possible replacement of electro-melted refreeddy coated pressed and
sintered refractories commonly used in glass antece industries is only
recommended in places subjected to extreme abresiditions, but without

structural requirements like the combustion ponts$ the entries of raw materials.
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TABLES

Table 1. Plasma spraying parameters.

Parameter Agglomerated Fused & crushed
Erlikon — Metco 6103™  Erlikon — Metco 6062
Current intensity [A] 400 650
Ar-H, flow rate [L/min] 45-15
Nozzle internal diameter [mm] 7
Feeder type Screw Praxair
Powder flow rate [g/min] 18
Ar carrier gas pressure [bar] 5.0
Ar carrier gas flow rate [L/min] 4.5
Spray distance [mm] 100
Sample translation speed [mm/s] 24
Sample rotation speed [rpm] 124
Surface substrate roughness (Raj] 8-10
Cooling air distance [mm] 12
Surface substrate preheating temperature [°C] 300
Surface substrate preheating passes 18 12
Projection time [min] 4
Number of spraying passes 98 96
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Table 2. Wear test conditions.

Counter-body material
Counter-body hardness [GPa]
Counter-body diameter [mm]

Normal load [N]
Linear speed of the sample [m/s]
Rotation speed of the sample [rpm]
Total number of cycles
Total distance of tests [m]
Temperature of tests [°C]

Alumina
18.0+0.5
6
5
0.1
18,8
20 000
628
25, 500, 750 and 1000
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Table 3. Main physical-chemical features of thelféeck powders.

Properties _ Agglomerated o _Fused & crushed o
(Erlikon — Metco 6103 (Erlikon — Metco 6062
Al,O3 99.9+£0.3 97.6+ 0.3
Chemical SiIO, e 1.0+ 0.1
composition Na,O e 0.3+0.0
[wt%o] Ca0 e 0.3+0.0
Others Balance Balance
Particle size dig 21.1 25.5
distribution dsg 33.3 36.8
[um] dog 63.6 54.2
Phase a-Al,03 100.0+2.8 98.8+1.8
analysis .\ o M — 1.2+0.2

[wt%6]




Table 4. Main physical-chemical features of theaetbries used as substrate and as reference.

Silico-aluminous

Electro-melted alumina

Properties refractory substrate refractory
Erecos ER-40" RHI AG Monofrax M ™
. SiO, 52.0x0.1 59+01
Cgrﬂzg"s'ﬁﬂn A0, 435 +0.2 83.8 % 0.2
[Wt%] 41 © Y — 5.1+0.1
Others Balance Balance
a-Al,Oq 23+0.2 92.2+8.3
11174 £ © Y ——— 53+0.8
Phase C-Zr0;  emememeemememeeeee- 05+0.1
composition Cristobalite 179+x08 e
[Wt%6] Mullite 45424 e
Sillimanite 20815 -
Amorphous 13.6 £3.9 2005
Apparent porosity [%] 16 - 20 <2
Apparent density [g/cth 2.16 - 2.26 3.40
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Table 5. Porosity measured before and after the tests for all materials evaluated.

Wear tests Porosity before Porosity after ANOVA
Material temperature wear tests wear tests _value
] [%] [%] P
: 25 54+0.8 1.000
Al ?O3 c?ﬁtmg 500 54408 5.4+0.7 1.000
rom the 750 40 5.3+0.9 0.796
agglomerated powder 1000 53407 0770
Al,O3 coating 25 45+0.; 1.00(
from the 500 45+0.4 1.000
fused & crushed 750 45+07 44£05 0.718
powder 1000 44+06 0.736
Electro-melted 25 0.58 +0.05 0.331
AlLO, 500 0.57 +0.05 0.513
refractory used as 750 0.550.08 052+0.08 0413
reference 1000 0.56 + 0.05 0.742
Pressed & sintered 25 112+1.1 0.585
silico-aluminous 500 11.3+0.7 0.675
refractory used as 750 1150 £1.30 11.1£0.9 0.435
substrate 1000 11.0+1.3 0.401
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Table 6. Crystallographic phases detected befaleaftar the wear tests for all materials evaluated.

Wear tests

Before

After

. . ANOVA
Material Variable temperature wear tests wear tests _value
[°C] [wt %] [wt %] P
25 14.81 +2.43 0.935
50C 14.99+1.7 0.77¢
a-Al ;05 750 1472 +241 13.84 +2.81 0.463
) 1000 20.76 + 3.92 0.001
Al ;05 coating 25 70.33+5.72 0.956
from the 500 71.32+6.71 0.685
agglomerated Y_Al 203 750 7019 £5.45 72.88 +7.02 0.353
powder 1000 68.44 + 4.39 0.440
25 14.86 £ 3.82 0.886
500 13.69 +4.02 0.462
Amorphous 750 15.09 + 3.22 13.28 + 3.25 0.228
1000 10.80 + 3.36 0.010
25 5.63 +0.7' 0.82¢
500 5.23 +0.58 0.325
a-Al20s 750 555+0.81 5.44+0.72 0.752
. 100( 15.13+1.4 0.00¢
Al;0; coating 25 84.02 % 6.65 0.992
from the 500 84.02+3.42 0.990
fused & crushed 1-Al0;5 150 84.05x6.70 83.21 £ 557 0764
1 75.13 + 6. )
powder 25 10.35 £ 0.83 0.894
500 10.75+1.11 0.436
Amorphous 750 10.40 +0.79 11.35 + 0.83 0020
1000 9.74 +0.52 0.050
25 93.58 + 6.42 0.690
500 93.54 +5.98 0.692
a-Al20s 75¢ 9323+8.34 93.28 8.1 0.77¢
1000 94.17 + 7.14 0.584
25 5.29 + 0.83 0.307
50C 5.42 +0.2¢ 0.37C
m-Zr 5.68 + 0.83
Electro-melted AlO, © 170580 2?553 :—: g-ii g-‘iig
r(;efractc}ry 25 0.44 +0.03 1.000
usea as rererence 500 0.42 +0.09 0.625
c-Zr0, 750 044 £0.09 0.49 +0.05 0.147
1000 0.45 +0.07 0.785
25 0,69 +0.09 0.333
Amorphous % 0.65+0.09 002 o Qa2
1000 0.20 +0.02 0.000
25 2.30£0.2 0.764
500 2.37+0.13 0.616
a-Al20; 750 233£0.21 2334018 1.000
1000 2.83+0.21 0.000
25 17.95 £ 0.80 0.787
. . 500 18.27 +1.26 0.651
Cristobalite 750 18.05 + 0.83 19.06 £ 1.44 0.075
1000 19.45 + 1.62 0.030
25 20.76 £ 1.49 0.242
. - . 500 18.48 + 1.30 0.000
Pressed & sintered Sillimanite 750 21.61 +1.64 18,01+ 051 0.000
silico-aluminous 1000 17.03 + 1.67 0.000
refractory used as 52050 156-?;?; 2,24334 0-32543
. . +2. .
substrate Mullite 750 4537 £2.12 47654271 0051
100( 48.12 +2.7 0.02¢
25
I 500 0.40 +0.05
Trydimite 750 T 0,98 +0.15
1000 2.40 +0.75
25 13.60 £ 3.92 0.585
500 13.75+1.18 0.398
Amorphous 750 12.64 +3.80 11973272 0.656
1000 10.17 £ 2.04 0.093




Table 7. Mechanical properties measured beforeaftedthe wear tests for all materials evaluated.

Wear tests

. . Before After ANOVA
Material Variable temperature
°C] wear tests wear tests p-value
25 10.04 + 0.39 0.884
500 10.08 £ 0.38 0.657
Hardness [GPa] 750 10.02+0.17 10.15 £ 0.34 0.299
1000 12.72+0.35 0.000
Al,O3 coating 25 245.0+11.8 0.367
sprayed from the Young’'s modulus 500 249.4 +9.3 246.0+9.1 0.419
agglomerated [GPa] 750 e 253.5+125 0.418
powder 1000 251.7 +7.4 0.549
25 3.76 +0.18 0.894
Toughness 500 3.78£0.14 0.650
[MPa.m"9 750 375015 3.77+0.16 0.777
1000 3.75+0.19 1.000
25 10.38 +0.12 0.860
500 10.32+0.14 0.419
Hardness [GPa] 750 10.37 £0.13 10.40 + 0.23 0725
1000 12.26 £ 0.24 0.000
Al,O3 coating 25 272.9+20.1 0.887
from the Young's Modulus 500 27434233 278.8+21.0 0.656
fused & crushed [GPa] 750 D 278.9+18.7 0.633
powder 1000 274.4+18.1 0.992
25 3.71+0.33 0.945
Toughness 500 3.74+0.26 0.878
[MPa.m"9 750 372031 3.75+0.23 0.809
1000 3.47+0.29 0.040
25 13.18 +0.43 0.359
500 13.08 £ 0.40 0.716
Hardness [GPa] 750 13.02£0.32 12.98 £ 0 15 0727
1000 13.31+0.17 0.025
Electro-melted 25 213.7+30.6 0.952
Al,O; refractory  Young's Modulus 500 9145 +973 226.4+26.0 0.332
used as reference [GPa] 750 221.0+35.1 0.650
1000 219.3+35.2 0.738
25 2.55+0.40 0.664
Toughne/,-ss 500 562 +0.30 2.58 +0.36 0.797
[MPa.n?| 750 253+0.35 0.545
1000 253+0.32 0.525
25 4,06 +0.41 0.929
500 4.04+0.51 0.871
Hardness [GPa] 750 4.08+0.57 4.07+0.35 0.963
1000 3.48+0.32 0.012
, 25 25.7+4.6 0.099
Pressed & sintered y g ng's modulus 500 26140 0.114
silico-aluminous [GPa] 750 28.9+3.5 259424 0015
refractory used as 1000 268429 0.162
substrate 25 1.48+0.20 0.908
Toughn?ss 500 147 +0.18 1.37+£0.27 0.345
[MPa.nt?| 750 1.35+0.29 0.284
1000 1.15+0.26 0.006
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Table 8. Wear rate and friction coefficient for mterials evaluated.

. Wear tests Wear rate Friction .
Material temperature 3 . Wear mechanism
°C] [mMm*/N.m] coefficient

Al,05 coating 25 2.73x10 +9.74x10° 0.80+0.10  Ductile deformation
sprayed from the 500 2.90x10 + 4.48x1F 0.80 +0.05  Brittle deformation
agglomerated 750 1.03x10 £ 1.96x10" 0.80+0.03  Brittle deformation
powder 1000 2.32x10+8.49x1¢F 0.75+0.04  Ductile deformation
Al,O5 coating 25 3.33x10+7.11x1F 0.97 +0.01  Ductile deformation
sprayed from the 500 6.45x10 + 1.48x10"  0.92 +0.02 Brittle deformation
fused & crushed 750 1.25x10 +3.18x10"  0.88+0.02  Brittle deformation
powder 1000 3.50x10+4.37x1¢° 0.72+0.03  Ductile deformation
Electro-melted AD 25 2.55x10 + 8.30x10° 0.85+0.05 Ductile deformation
3 500 1.75x10 + 2.32x10¢" 0.83+0.03  Brittle deformation

refractory used as 750 3.90x10 +5.88x1F°  0.77 +0.03  Brittle deformation

reference 1000 6.00x10+2.34x1F  0.74+0.04 Ductile deformation

Pressed & sintered 25 107x16 + 661x1§ 0.80 £0.10 Brittle deformation

silico-aluminous 500 1.59x16 +1.19x10°  0.84 +0.04 Brittle deformation

refractory used as 750 2.41x18 +£9.05x10° 0.75+0.06 Brittle deformation

substrate 1000 2.31x18+9.28x10° 0.70+0.10 Brittle deformation
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LIST OF FIGURE CAPTIONS

Figure 1. Morphology of feedstock powders: a) Agggvated and jused & crushed.

Figure 2. Surface structure of: a) Pressed & sadltesilico-aluminous refractory used as

substrate and b) Electro-melted,®4 refractory used as reference.

Figure 3. As-sprayed structures obtained: a-b)&8erbf the AIO; coatings manufactured
from the agglomerated and the fused & crushed feekispowders respectively. c-d)
Cross-section of the ADs coatings manufactured from the agglomerated aadubved &

crushed feedstock powders respectively.

Figure 4. XRD patterns at 25, 500, 750 and 1000PCap Al,O; coating from the
agglomerated powder, b) A); coating from the fused & crushed powder, c) Etectr
melted AbO; refractory used as reference and d) Pressed &rethtsilico-aluminous

refractory used as substrate.

Figure 5. Characteristics identified on the surfateolished A}O; coatings tribologically

tested at: a) 25 °C, b) 500 and 750 °C et ¢) 2G00

Figure 6. Characteristics identified on the surfatelectromelted refractory tribologically

tested at: a) 25 °C, b) 500 and 750 °C et ¢) 2G00
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Figure 7. Characteristics identified on the surfafepressed and sintered refractory

evaluated from room temperature until 2000 °C.
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