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RESUMO

A transformacao direta de polimeros precursoresceramicas
covalentes, via termdlise no estado sélido, foppeta hd mais de 30 anos
e desde entdo permitiu avancgos tecnolégicos sighifos na ciéncia e
tecnologia cerAmica. Entre eles, a reducéo doaieefe de atrito (i) de
substratos metdlicos e ceramicos com o uso detireeesos amorfos de
carbonitreto de silicio (SiCN), produzidos por male ceramicas
derivadas de polimeros (PDC). Porém, através de dat processamento
tecnologicamente sofisticadas, enquanto nestelti@laaviabilidade de
processamento desses revestimentos sobre um aedigaisinterizado,
por pulverizacdo de suspensofes e pirdlise em fdonexplorada. Para
compensar a retragdo do polimero precursor, eviiammacao de trincas
e produzir revestimentos auto-lubrificantes paraliagdes triboldgicas
de deslizamento alternado a seco, cargas inertam fadicionadas a
solucéo do poli(organo)silazano, especificamerttetoide silicio (SN4,
30 ou 65% em volume) e nitreto de boro hexagond&Nh 9% em
volume). O SiNa em po6 foi utilizado para refor¢ar a matriz (SiCN)
reduzir o desgaste, pela formacdo de uma rede atagoela fase do
ligante precursor e, h-BN para gerar um efeitoifighinte na interface
reduzindo o atrito, o desgaste e o aquecimentoapdp. A fim de
acomodar as diferencas de propriedades, origingelasnatureza das
ligagbes quimicas do substrato metélico e revestoneeramico, a
tecnologia de plasma de corrente continua (DC)utdizada para
modificar as superficies do aco sinterizado. A etditdo ou o
enriguecimento de superficie com Mo seguido detaigdo, tinham o
intuito de gerar uma camada de compostos na scipedti substrato com
uma zona de difusédo gradiente abaixo, de modo artamo suporte de
carga e evitar a fratura do revestimento pelo gamento do contra
corpo. A nitretagdo resultou em um aumento na dudzz superficie
(600HV) do ago por precipitacdo de nitretos deofemetaestaveis,
enquanto cenriquecimento com Mo resultou em carbetosNIEeC)
dispersos na superficie do substrato. Os Ultimosgrde anitretagcéo
evoluem para uma camada descontinua de carbor(ietdos(C,N)),
gue contribuiram para o aumento da dureza na $cipef800HV). Foi
possivel produzir revestimentos PDC em amostraergadas com
espessura de até 10um e cadequado preenchimento dos poros na
superficie, independente dos teores de carga daglg® ou 74 vol.%).
Além disso, a combinac¢éo de 65% em volume gd.% 9% em volume
de h-BN resultou em revestimentos ceramicos honamgrsem macro
trincas ou falhas coesivas apds o processamente sato sinterizado,



independente das modificacdes de superficie. Coefprojetado para o
estudo, apés o tratamento térmico de pirdlise oscipitados
FesMo3(C,N) ndo foram totalmente decompostos como ogto#rde
ferro, apesar da auséncia do endurecimento defmigpe® controle da
microestrutura e composi¢ao quimica finais sdoagens inerentes aos
processos de manufatura utilizados e foram expbsrgéra projetar a
microestrutura final dos compésitos. Porém, apeaartilizacdo de um
teor aumentado de cargas passivas ter possibilisadibtencdo de
revestimentos ceramicos sem trincas sobre substsatterizados, o0s
compoésitos ndo apresentaram uma resposta tribalégatisfatoria,
quando avaliados nas condi¢Bes testadas. No regarmeanente, o
coeficiente de atrito médio (0,4 a 0,5) dos contpéglermaneceu acima
do regime de lubricidade (u<0,2), independente d@posicdo do
revestimento ou modificagdo de superficie. A pressdxima de contato
(0,53GPa) causou a falha dos revestimentos, qaefsequencialmente
deformados, cominuidos e oxidados pelo substredntea corpo durante
0 deslizamento, revelando um desgaste de cardlberquimico. A
principal contribuicdo para o comportamento do icg&ite de atrito foi
do substrato, mas controlado pela tribocamada fdmmeomposta de
oxigénio e elementos quimicos do substrato, rewestios e contra
corpo. A presenca dessa tribocamada, indiretamemtieada pela
resisténcia elétrica de contato, aumentou a taxadelgaste dos
compésitos (1,5 a 4,2xEmm?.N-~.nmrY) e contra corpos (7,0 a 8,7x10
5.mmE.NL.nmt) em relagdo ao ago sinterizado e sem revestinm@neo
0,1x10*.mn?.N-2.nmr? respectivamente) ensaiado nas mesmas condicoes.
As taxas de desgaste dos compésitos foram ainderdadas com o
aumento do teor de $Bls na composicdo do revestimento e com a
presenca de carbonitretos ternarios e duros naf&ipelo substrato.

Palavras chave:precursores poliorganosilazanos, revestimento

PDC, modificacdes de superficie assistidas pornm@Eascompdsitos
tribol6gicos
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ABSTRACT

The directly transformation of organosilicon pobtsinto covalent
ceramics, via solid-state thermolysis, was propasezt 30 years ago,
and since then enabled significant technologiaskthroughs in ceramic
science and technology. Among them, the frictioreficient (u)
reduction of metallic and ceramic substrates witie wf amorphous
silicon carbonitride (SiCN) coatings, produced bg polymer derived
ceramic route (PDC). Nevertheless, technologicadlgphisticated
processing steps are used to produce them, whildnisnwork, the
possibility to process such coatings onto sintéredalloy steel samples
by simple spraying of poly(organo)silazane susmerssiand oven
pyrolysis was explored. In order to compensateptieeursor shrinkage,
avoid crack formation and produce hard and selfidating coatings for
reciprocating dry sliding evaluations, inert fikenamely silicon nitride
(30 or 65 vol.%) and hexagonal-boron nitride (9%g)Iwere added to the
polymer precursor. PowderedlSi was used to strengthen the matrix and
reduce wear, by formation of a network aggregatgdhle precursor
binder phase, and h-BN to generate a lubricatifecebn the interface
reducing friction, wear and friction heating. To cammodate
dissimilarities of properties, originated from e@ifént chemical bonds of
the metallic substrate and ceramic coating, trectizurrent (DC) plasma
technology was utilized to modify the surface o€ thintered steel.
Nitriding or surface enrichment with Mo followed hyitriding was
expected to generate a compound layer at the susfabe substrate with
a gradient diffusion region below, in order to ease the load support
and avoid coating fracture from the counterfacel |ddtriding led to an
increase in surface hardness of steel (600HV) duprecipitation of
metastable iron nitrides, while surface enrichnrestlted in dispersed
carbides (FeMosC) onto the substrate surface. The latter evoleed t
discontinuous carbonitride layer @03(C,N)) during nitriding, which
increased the surface hardness (800HV). It wadigegs produce PDC
coatings with thickness below 10pum and with prditlérg into substrate
surface pores, regardless of total filler amouai@ated (39 or 74 vol.%).
Moreover, the combination of 65 vol.% ofslSi and 9vol% of h-BN
resulted in homogeneous ceramic coatings, free adroncracks and
cohesive failure after processing onto sinteredtsates, independent of
surface modification. As desired for evaluatingteafpyrolysis the
FesMos(C,N) precipitates were not totally decomposed las iron
nitrides, despite the surface hardening absenceehigh control of final
microstructure and chemical composition are cortigetiadvantages



inherent to cited manufacturing processes, expltwegtroject the final
microstructures of the steel, interfaces and cearasoatings involved.
However; despite the use of an increased amouffitief (74 vol.%)
allowed the successful obtainment of homogeneous @ack-free
ceramic coatings, the composites did not presemtedatisfactory
tribological response when evaluated under testamoditons. The
average steady state friction coefficient of conitpes(0.4 to 0.5) were
above the lubricious regime (u<0.2), regardlessoafting composition
or surface madification. The maximum contact press(0.53GPa)
caused failure of coatings, which were in sequemsformed,
comminuted and oxidized by substrate and countdy-blarring sliding,
revealing a tribo-chemical wear character. The magmtribution to the
friction coefficient behavior was from the subsgraut controlled by the
formed third-body, composed of oxygen and chemiaments from
substrate, coatings and counter-body. The thirdtippesence, indirectly
indicated by the contact electrical resistancegiased the wear rates of
composites (1.5 to 4.2x¥nm*.N-L.m!) and counter-bodies (7.0 to
8.7x10°.mn¥P.N-2.nr1) in relation to the sintered steel tested underesa
conditions (1 and 0.1x¥0Omn®.N-1.m! respectively). The wear rates of
composites were further increased with the raisBigdfs amount in the
coating composition, and with the presence of hemdary carbonitrides
at the substrate surface.

Keywords: polyorganosilazanes precursors, PDC coatings,
plasma assisted surface modifications, tribologicahposites

Xiv



FIGURES

Figure 1: Polymer to ceramic transformation of PDCs................... 28
Figure 2: Polymer to ceramic conversion of a chlonganosilicon
Starting COMPOUNG. ...t trrrrre e e e e e e e e e e e e e e e e e e e e s e e e e 28
Figure 3: Organosilicon polymer suitable as polyprexcursor. ......... 29
Figure 4: Most representative classes of polymecymsors................ 30
Figure 5: Weight and density changes of polymercymsors, during
thermal decomposition in inert atmosphere. .oueeooeeeiiiiiieeiccccennes 31

Figure 6: Top view of SiCN coatings pyrolyzed aDQ4C under inert
atmosphere, without filler (a), containing 4.2 %6lof Al.O3 (b) and 50

VOL% Of ABLO3(C). vovvveeeiieeeeeeee e 32
Figure 7: Methods of processing preceramic precsrso.................. 32
Figure 8: Filler and polysiloxane precursor inti@es. ...................... 33
Figure 9: Emerging fields for PDC ceramics and cosites............... 34
Figure 10: Historical development of tribologicabatings and solid
UBFICANT FIIMS. ..o 37
Figure 11: Friction coefficient of bulk and film$ SiCN. ................... 40
Figure 12: Evolution of friction in tests of SiCN hormal air............. 42
Figure 13: Friction and wear of samples pyrolyzetio®C0cC. ............ 42
Figure 14: Composition regimes for SIOC and SiCNCBD............... 43
Figure 15: Typical plots of u versus sliding distapand wear track of
sample D after test in both type of regimes...........cvvveeveeveveeieeeeennn. 44
Figure 16: Schematic of interrelation among trilgadal properties and
nanostructure of polymer derived ceramics. ....cceecvvvvvvvevieeveeennennee. 45

Figure 17: ABSE based coatings on steel after TAbeaser Test...... 46
Figure 18: Results of tribological tests of ABSBM- coatings applied

ON AIST 304 SEEEL. ...ttt e AT.
Figure 19: Basic chemical structure of Durazanel800.................. 49
Figure 20: Flowchart of composites production.................c.vveeeee.. 50
Figure 21: Linear trendlines and R-squared valuesemted beside
cooling curve, acquired from 907 up t0 136°C...ccervvevreeereieereeeeeee. 52
Figure 22: Schematic electrodes configuration durgintering/Mo
enrichment (a) and nitriding (D). .......oov e, 54
Figure 23: Cooling curves obtained after enrichnagmt nitriding. ..... 54
Figure 24: Painting cabin. ........cccoooiiiiiiiiie e 56

Figure 25: Schema of performed reciprocating lirsdiding tests. ...... 58
Figure 26:Friction coefficient behavior and eletriesistance during
SHAING TEST. i 59

Figure 27: Schema for volume loss evaluation ohtedbodies ........ 60
Figure 28: Average profile of the worn track of -8®% sample......... 61



Figure 29: Non-etched cross section of the sintesathple under
observed under OM (right), and surface top vieweur8EM (SE). .... 62
Figure 30:Typical microstructures observed, withriemesite regions
indicated in higher magnification (15kV-15mmWD-SE)................ 63
Figure 31:As produced sintered-S (a), nitrided-&), enriched and
nitrided-SEN (c) surfaces, revealed in detailstfeg regions indicated

(SEM-15KV-15MMWD-SE). ..cccoitiiiiiiiiieeiieeeeeiiee e 64
Figure 32: Diffraction patterns of surface modifioas. ..................... 65
Figure 33: Color mapping of precipitates on thdame of SE samples,
(SEM-20KV-13MMWD-BSE). ......ccccuuiieiiiiiiiiniiiee i 67
Figure 34: Precipitates in detail, after SE (a) S&iN (b), .................. 68
Figure 35:Etched cross section of nitrided surfaS&ga), SEN(b). ... 69
Figure 36: Thickness of produced surface layerS.........ccccceevvvnnnns 69
Figure 37: Passive fillers;SizN4 () and h-BN (D). ........ovvvviivvvivnnneeee. 70
Figure 38: Comparative thermogravimetric analysesoray pure
precursor and with the presence of passives fillers...........cccceuee.... 72

Figure 39: Mass loss after pyrolysis at 1000°Craufi hour (N). ..... 72
Figure 40: Samples (SN) with coating containing&8%nd 74% of fillers
(b) before and after pyrolysis. ..., 73
Figure 41: Detail of coating spalling after pyrag/ssample SN-39. ... 73
Figure 42: Average coating thickness of produceatings over sintered

(S) and modified surfaces (SN and SEN). ....cecccemivirriiiniiinnnnennnnne.. 74
Figure 43: Pores and crack, indicated in pyrolyzeatings. ............... 74
Figure 44: Micrographs comparison of filled coatingrrows indicate
cracks or unfilled spots (SEM-15kV-10-13mmWD-BSE).............. 75
Figure 45: Coatings with 74% of fillers, appliedeowifferent interfaces,
afer pyrolysis (SEM-15kV-10-24mmWD-SE). ......cccccmrvvvvrrrrnnninnnnnns 75
Figure 46: Diffraction patterns of coated samplésrgyrolisis. ........ 76
Figure 47:Diffraction pattern of SEN-74 composdéer pyrolysis.... 77
Figure 48: Peaks of carbonitrides indicated on $&é&lfaces. ........... 77
Figure 49: Micrographs comparison of interfacesrgftyrolysis, (SEM-
10-15mmWD-SE on left and BSE on right Side)...u....evveevveeeenenn. 78
Figure 50: Comparative of all coating elementsa@mgosites, SN-74 and
SEN-74, after pyrolysis (SEM-20kV-15mmWD-SE)................. 79
Figure 51: Comparative of all interface elementscomposites SN-74
and SEN-74 after pyrolysis, (SEM-20kV-15mmWD-SE)............... 81
Figure 52: Detail of SEN interfaces after pyrolydiSEM-20kV-
I5MMWD-SE). oot 82
Figure 53: Vickers microhardness profiles of SN &&N samples, as a
function of depth from samples surface. ....cccceeeeeeeel. 82

Figure 54: Cross section of substrates after pgroly..........ccccvvvennes 83



Figure 55: Vickers microhardness profiles of siatersamples after

pyrolysis, as function of depth from samples swefac...................... 84
Figure 56: Friction coefficient and contact elestiresistance behavior
of uncoated sintered SAMPIES. ...........uucmmmmmmneiiiiiieeeeeeee 85
Figure 57: Friction evolution of coated sampleshwigher filler amount,
as a function of sliding diStancCe. ..........ccovveeiiiciiiiiieeee 86
Figure 58: Average friction coefficient, calculatedthe steady state
L= To 1031 TSP 86
Figure 59:Composites and sintered steel aftemgjitist. ................... 87
Figure 60: Friction and electrical resistance etiofuof coated samples,
S-39(a), SEN-39(b) and SEN-74(C). ....uuuuureemmeeerreeereeeeereeeeeeeeeeeeeens 89
Figure 61: Average contact electrical resistanci&kutated in the
PEIMANENT FEGIME. ..iiiii i 90
Figure 62: Average wear rate of composites as fomadf coatings
composition and surface modification. .......cccceeivvviiviiiiiiiiieeeieeeeee, 91
Figure 63: Average wear rate of counter-bodies. ......ccevveeeeeeenen. 91
Figure 64: Wear tracks of sintered sample withaatting, SEM-15kV-
21mmWD-SE(a) and BSE (D). ...........cooo o comme v 92
Figure 65: Wear track comparison of coated sampkefynction of filler
amount and interface (SEM-15kV-12-21mmWD-BSE)................. 93
Figure 66: Wear track details analyzed with seconétectrons signal
(SEM-15KV-12-21MMWD). ...cetiiiiiiiiiiiiiieaieeeae et 94
Figure 67: Wear track details analyzed with baciteoed electrons signal
(SEM-15KV-12-21mMMWD). ...cciiiiiiiiiiiiiieiaaeeeae et 95
Figure 68: Characteristic regions (A, B C and Dygar tracks, (SEM-
15KV-16-21MMWD-BSE). .....coviiiiiiiiiiiiiiiceee e 96
Figure 69: Characteristic regions observed in weacks of coated
samples (SEM-12-21mMMWD)...........uuuurrrerimmmmmmreeeesrnesesresnereeeeereeeen 98
Figure 70: Bragecrim participating research insons in 2015. ...... 113
Figure 71: Color mapping of all elements on comgoSi79. ........... 114
Figure 72: Comparative of some elements on comgmosiN-79 and
SEN-T79. ittt e e 115

Figure 73: Mo and O distribution on SN-79 and SENs@mples. .... 116
Figure 74: Wear track comparison of coated sampkefynction of filler
amount and interface (SEM-15kV-12-21mmWD-SE).................. 117






TABLES

Table 1: Processing parameters of thermochemigatrtrents. ....... 53
Table 2: Coating architecture after pyrolySiS. ceee..ccvvveveeeeeereennenn. 55
Table 3: Passive fillers information from produetasheet. ............ 55
Table 4: Parameters of data acquisition. . .. 60

Table 5: Comparison of CTE and density of selenﬂaﬁsnals ...... 71
Table 6: Data used for contact pressure estimaition,

http://www.tribology-abc.com/sub10.htm.. .. 88
Table 7: Original chemical elements present wt:tibeloglcal system

before sSliding. .....coooieee e 97
Table 8: Region A, in wear tracks of coated ancbated

SAMPIES. e, 118
Table 9: Region B, also common in wear tracks eted and

UNCOAted SAMPIES. ....uuueirreiiiiiiiiriiereerrrees s neanrenaeeenerne 118

Table 10: Region C, present only in wear tracksoaited
SAMPIES. e 119






ABBREVIATIONS, ACRONYMS AND SYMBOLS

ABSE - bis(dichloromehyl)silylethane

Al>03 — Aluminum oxide or alumina

Bragecrim — Brazilian-German collaborative initiatin advanced
manufacturing

BET —BrunauerEmmett eTeller — Specific surface area analysis
through determination of gas volume physically aed in the sample
surface

BSE — Backscattered electrons

CAPES - Coordenacédo de Aperfeicoamento de Pessddivel
Superior

¢-BN — Cubic boron nitride

CME - Ceramic Material Engineering Department

CTE - Coefficient of thermal expansion

CV — Chemical vapor deposition

cv — Coefficient of variation

DC - Direct current

DCP — Dicumyl peroxide

DFG — Deutsche Forschungsgemeinschaft

EDX — Energy dispersive X-ray spectroscopy

EDX — Energy dispersive X-ray spectrometer

Fn— Normal force

F — Friction force

HB — Brinell hardness

h-BN — Hexagonal boron nitride

HIP — Hot isostatic pressing

HRTEM — High-resolution transmission electron mgzopy

HV — Vickers hardness

IBAD — lon beam-assisted deposition

Kic — Plain strain fracture toughness

kV — 1C electron Volt

L — Total sliding distance

LabMat — Interdisciplinary Materials Laboratory

m — meter

Me-Al;O. - Spinel metal aluminate

MEMS — Microelectromechanical systems

MoS, _Molybdenum bisulfide

OM - Optical microscope

PCSZ - Poly(carbo)silazane

PDC — Polymer-derived ceramic



PECVD - Plasma-enhanced chemical vapor deposition
PHPS — (Perhydro)polysilazane

PMMA — Poly(methyl)methacrylate

PSZ — Polysilazane

PTFE — Polytetrafluorethylene

PUMVS - Poly(ureamethylvinyl)silazane

PVD — Physical vapor deposition

RH — Relative humidity

Rq — Root mean squared parameter of roughness

S — Sintered interface

SN — Nitrided interface

SEN — Enriched with molybdenum and nitrided inteefa
SE — Secondary electrons

SEM — Scanning electron microscopy

SEM — Scanning electron microscope

SEM-FEG — Field emission gun scanning electron osimope
SiC — Silicon carbide

SisN4 — Silicon nitride

TGA — Thermogravimetric analysis

UBT — University of Bayreuth

UFSC - Federal University of Santa Catarina

UV — Ultraviolet

YSZ - Yttria-stabilized zirconia

W — Applied normal load

WD — Working distance

ZrO, — Zirconia

a — Ferrite crystalline phase

e-Feo-3N — Hexagonal iron nitride

vy — Austenite crystalline phase

v -F&N — Cubic iron nitride

W - Friction coefficient

AV —Volume loss of tested specimen
AT —Temperature rise



CONTENTS

L. INtrOAUCHION ... 25
2. Literature background ..., 27
2.1. What are Polymer-derived ceramics (PDCS)?..........cccce.... 27

2.1.1. A novel processing technique, the PDC route........... 27
2.1.2. PDC COALINGS ..eetviieiiiiiiiiiiiiiisie et eeeee e e aaeaaeeaae e 34
2.2. Tribology, the modern name of an ancient issue................ 36
2.2.1. Solid lUDFICANS ... s 36
A O - 1] o 37
2.2.3. Surface modificatioNS............occveeeeeeeiiiiiiiiieee e 38
2.2.4. Plasma assisted Nitriding ...........ccceeeeriiieiiiiiiiiniinnnns 39
2.3. Tribology of SiCN produced from the PDC raute............... 39

2.3.1. Filled SiCN coatings applied onto surfaceliined
sintered steel: the proposed study ........ccccceeevvvvvvnnnnn.. 47

3. ExXperimental ProCEAUIE .............eeees e nnennnnnnnneennennnnennnnnn 50
3.1. COMPOSItES PrOAUCTION ......uuueereeeet e e e e e e e e e s e eeseeesaeaaaseasens 50
3.1.1. Substrate produced by powder metallurgy................ 51
3.1.2. Interfaces generated by plasma treatments.............. 52
3.1.3. Coatings prepared by the PDC route.............ccec....... 54
3.2. Characterization ............uveiiieeiiieeeeee et 56
3.2. 1. SUDSHIALE ...eeiiiiiiii it s et 56
3.2.2. INtErfaCeS ..ot 57
TG T O T- 1 1] o PP 57
3.2.4. Tribological characterization........cooeeeeeeoeeeiiienennnn. 58
3.2.5. Statistical analySesS..........uuuvireeeeeeeeeieiiiieieieeeeeeeeeeeeenn, 61
4. Results and diSCUSSION.............oiiiiecccceriiiiieee e 62
4.1. Sintered SUDSIrate...........eviiiiiiiii e 62
4.2. Plasma modified Surfaces ...........ccoeeeeciiiiiiiiieiiiiiiieeeeeee 63
4.3. Filled PDC COALINGS .. uuuuueiiiiiiiiiiiarrrre e e eeeeeeeaeeeeaeeeaeeeaeaeeeeeeens 70
4.4, COMPOSITES ..vvveveiiiiieiiieeiieieit e e ittt e e et e e e e e e e aaeaaeaaaaeaaaaeeas 72
4.4.1. Coatings and interfaces after pyrolysis..................... 72
4.4.2. Heat treated SUbSHrate .............coocceevieeeieeeniiiiiinieeeenn, 83
4.4.3. Substrate friction behavior ..........cceeeiiiiiiiiiiiiennn, 84
4.4.4. Composites friction behavior .............ccooeeiiiiiiiiiicinnns 85
4.4.5. Contact electrical resisStance .......ccecceeeeeeeeeniiiiieeneenn. 88

4.4.6. Composites and counter-bodies wear rate................ 90
4.4.7. Composites wear tracks investigation........................ 92
4.4.7.1. Elemental analySiS................weemmeeeerverrmrrrmrsnmeennnnen 97
4.4.8. Final tribological considerations ........c......ccccceviinnnnes 98
5. CONCIUSIONS ...ttt on



B. FULUIE WOTKS ... oieiiiii it eemeee et e et e e e s e e eas 310

7. References



25

1. INTRODUCTION

Friction is a dissipative phenomenon and one of mhast
significant source of irreversibility in thermodyne processes. It is not
a material property, as commonly thought, but desgsresponse with
important practical consequences in daily life anthlistrial applications.
Friction allow several and fundamental activities vaalking, writing,
picking objects, using automobile tires on a roagvtlae manufacturing
process of machine components, among others inhwigisistance to
motion is desired.

However, as a source of irreversibility, friction combination
with wear are responsible for energy and matevigdds estimated to cost
up to 7% of gross national product in the most gtdalized nations
(ERDEMIR; MARTIN, 2007). In addition to the energyasted, heat
generated by friction affects negatively the perfance of mechanical
systems and is responsible by hazardous emissioosrtenvironment
(HOLMBERG; ANDERSSON; ERDEMIR, 2012). Many achievemts
were already reached in the development of compsress susceptible
to friction and wear, but still optimized energetiticiency is pursued by
scientific and industrial communities (BHUSHAN, 2)0

In a recent review, concerning the last forty yeairsPolymer
Derived Ceramics (PDCs) developments, a few sieriisues were
highlighted for advanced PDCs research, and, artiarg the discussion
and presentation of possible real-life applicabbepecial characteristics
of such materials (COLOMBO et al., 2010). Aimeddim in a synergic
way existing knowledge and infrastructure of therab@c Material
Engineering group (CME) from the Bayreuth UnivergldBT), and the
Interdisciplinary Materials Laboratory team (Labl)ktcated at UFSC,
the research groups became partners within a BrafBerman
collaborative initiative in manufacturing, calledagecrint. Within this
framework, the research groups initiated in 201praject entitled
Development of wear resistant and dry self-lubiicgtcoatings on
sintered steels from polymer-derived ceramics

It is possible to conclude from literature thatypoér derived
ceramic coatings, namely SiCN films from poly(orggilazanes, can
serve to improve tribological properties of metalland ceramic
substrates. Nevertheless, high technological psiegsroutes, which
include steps of UV exposure, hot isostatic cro&slg and pyrolysis,
surface finishing, among others were developedrtalyrce them. The

! More information in Appendix
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primary interest in this work was the investigatiohprocessing such
films on sintered low alloy steel samples, for dliging evaluations, by
simple spraying and oven pyrolysis.

To compensate polymer shrinkage and avoid crackdton the
use of inert fillers, added to the precursor (HTE®)thetized from a
commercial liquid precursor (Durazane 1800, Meralgs an interesting
alternative, since a suitable combination could vigl® tailored
tribological properties for coatings during applioa (GREIL, 2012).
Aiming to produce hard and self-lubricating coasingased on previously
developed composites (BARROSO et al., 2016; CARRAANO;
GOMES; SILVA, 2002; CHEN et al., 2010), siliconnde was used to
strengthen the matrix (GREIL, 2000, 2003) and redweear, by
formation of a network aggregated by the precupswder phase. While
hexagonal boron nitride, due to layered structacklaw shear strength,
added to generate a lubricating effect on the fimterreducing friction,
wear and friction heating (ERDEMIR, 2000).

The high performance and low environmental impdctlicect
current (DC) plasma technology, specifically whepleed to powder
metallurgy (PM) parts (KLEIN et al., 2013), becarsaitable for
generating interfaces by surface modifications. Blgn surface
enrichment and nitriding, capable of accommodatifigsimilarities
between metallic substrate and ceramic coatingditiddal reductions in
wear and friction of the composite were expectegltdisurface hardness
enhance of the sintered steel, which due to ineckbmad support, avoid
fracture of the brittle coating from the counteddoad (HOLMBERG;
MATTHEWS; RONKAINEN, 1998).

Given the context, this work present the outcomésan
exploratory development of graded composites, predun sequence
through powder metallurgy, plasma surface modifcet and polymer
derived ceramics, tailored for dry-sliding tribolcgl applications. The
high control of final microstructure and chemicalmposition are
competitive advantages inherent to cited manufaguprocesses and
were used to compare the tribological responseiftédrent interfaces
(sintered, nitrided and enriched with Mo and néddsurface) between
steel and coating, and two coating compositionn(\88 and 74 vol.% of
passive fillers) of graded composites.
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2. LITERATURE BACKGROUND
2.1. WHAT ARE POLYMER-DERIVED CERAMICS (PDCs)?

Silicon-based PDCs are advanced ceramic matenalgich the
transformation of molecular precursor into ceraaucurs via solid-state
thermolysis (RIEDEL et al., 2006). The directly nsformation of
polymers into covalent, oxide or nonoxide cerantigsproper thermal
treatment of organosilicon polymers (curing andrriaysis), was
proposed over 30 years ago and since then, enabigdficant
technological breakthroughs in ceramic science adadhnology
(COLOMBO et al., 2010).

The technique allows unique design of ceramic riaser
properties by tailoring its chemical compositiordanicrostructure, not
possible hitherto by conventional processing rqugash as sintering or
casting. Which in turn, explains the increasingtgrtion for commercial
developments of coatings, fibers, complex shapetpooents, tapes, as
binder of advanced ceramic components and inltfggtorous media in
the fields of chemical engineering, energy, envinental, transportation
and communication technology (GREIL, 2000).

2.1.1.A novel processing technique, the PDC route

In general, manufacturing from polymer precursoistams
comprises the polymer synthesis from precursor camgs, shaping of
product in desired geometries, crosslinking of plaéymer into a non-
meltable thermoset and pyrolysis under controlledoapheres, where
between 400 and 8€D the organic-inorganic transitions occur. The
commonly involved processing temperatures are @tdetin Figure 1.

The complete processing of such inorganic mateaedsdivided
into major steps namely polymerization, or synthesi suitable
monomers to form polymer macromolecules, crossiigkin which such
precursors are transformed into preceramic netwaksmoderate
temperatures, and thermolysis or pyrolysis thatedrthe network into
a covalent ceramic. The concept behind the praedies on generating
preferred structural characteristics during polyizasion  of
organometallic precursors, transforming them iamics by retention
of initially building blocks and release of orgagimups (WEINMANN
et al., 2013).
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Figure 1: Polymer to ceramic transformation of PDCs
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A schema of aforementioned steps, in Figure 2, tairffacilitate
comprehension of molecular and microstructural siteoms during
ceramic manufacturing from a polymer or precerapriecursor. The
most know classes of such materials are the biwagyaternary systems
SisN4, SIC, BN, AIN, SiCN, SiCO, BCN, SiCNO, SiBCN, SiBC
SIAICN, and SIAICO, stable up to 20D concerning decomposition,
crystallization, phase separation and creep (COLOMBal., 2010).

Figure 2: Polymer to ceramic conversion of a chloreorganosilicon
starting compound.
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The production of engineering components by the RD@e
present notorious advantages in comparison withngier conventional
processing or other molecular routes. Firstly,greceramic precursor is
a polymer when is shaped, therefore, can apprefyiahake use of
versatile polymer forming techniques, such as gstiinjection
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moulding, pressing, tape casting, fiber drawing,aticg, rapid
prototyping, among others. Furthermore, do not gareshe drying
difficulties, long processing times nor the needge flammable solvents,
such as sol gel techniques.

In comparison with classical ceramic powder techggl in which
the presence of sintering additives is mandatorg th low atomic
mobility, final composition and microstructure dDEs are additive free
and present enhanced thermochemical properties,exagptional
oxidation and corrosion stability. Besides dispegsadditives, which
constrain technical application, the significantigwer processing
temperatures are of economic interest. CovalesiisSand SiC-based
ceramics commonly sintered at 1700-2@@an be synthetized by the
PDC route between 1000 and 130p moreover, there is no other
approach, so far, to produce SiCN and SiCO bagsadies (COLOMBO
et al., 2010; GREIL, 2000; IONESCU; RIEDEL, 2012EREL et al.,
2006; WEINMANN et al., 2013)

Final composition and microstructure of such cecamaterials,
relies directly on the molecular structure of podymrecursors, therefore,
PDCs macroscopic chemical and physical properaesbe modified by
the design of composition and structure of thesernads.

Polymer precursors

Organosilicon polymer materials are imperativelggant in our
daily life, due to properties combination of low igl#, mechanical
strength and processability (RICHTER et al., 199Videspread used as
ceramic precursor, with oversimplified general fafan presented in
Figure 3, those hybrid materials can have bothggpX of the backbone
and organic substituents Bnd R attached to silicon, modified to design
physical and chemical properties.

Figure 3: Organosilicon polymer suitable as polymeprecursor.
R1

Silicon-Based Polymers: -I-Sli—X*—
Rz "

Source:(COLOMBO et al., 2010)

Different backbone groups result in several claggeSi-based
polymers, while variation of functional groups mfgdchemical and
thermal stability, solubility, beyond electronigptizal and rheological
properties of the polymer. Latter is of particwaimportance, as a
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function of temperature, for the following procegssteps of PDCs. The
main classes of organosilicon precursor systemBRC production are
represented schematically in Figure 4, among theolysjanes,
polycarbosilanes, polysiloxanes, polysilazanes jR®A polysilylcarbo-
diimides are the most investigated as preceramiecypsors
(WEINMANN et al., 2013).

Figure 4: Most representative classes of polymer gtursors.
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Poly(organo)silazanes, are a class of polysilazanestypically
have carbon containing groups appended to silicmhréirogen atoms
within the polymer chain. The also called poly(aggiazanes (PCSZ)
offer combination of properties such as high hasdn@xidation and
corrosion resistance, high temperature and UV lgtabMoreover,
adhere tenaciously to a wide range of substratekjding ferrous and
non-ferrous alloys, therefore, quite used in pridiec coating
formulations with wide utility in the clear-coat mkat segment.

Additionally, such raw materials possess propertigsjoining
chemically, microstructurally and structurally dmgar materials,
including metals and ceramics. For this reason, alag be used as
binders of, among others, ceramic fillers for fahting composite
materials (GREIL, 2000; KROKE et al., 2000; RIED&i.al., 2006). The
impediments of it use in some markets, due to kHcavailability and
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price, has been increasingly overcome with the ceroial availability
of reasonably priced large volumes of polysilazgheiKACS, 2007).

Polymer to ceramic conversion

After shaping, the crosslinking, which takes plagecally below
20C°C, is accomplished mainly to retain shape of ugualv viscous
polymer precursors during the ceramic conversidre Uise of catalysts
can further lower this temperature and increasectiramic yield, by
avoiding evaporation of oligomers and formationbafbbles. Above
400°C, radical reactions and rearrangements lead &vatge of chemical
bonding and detachment of non-functional groupsftiee main polymer
chain, macroscopically observed as gas release.

Amorphous SICyN; ceramics can be obtained after conversion of
poly(organo)silazanes, commonly by oven pyrolysiglar flowing
atmosphere to remove gaseous products (KROKE eP@00). The
organic to inorganic transition, accompanied byhankage over fifty
percent in volume, mass loss and pronounced defsityease, is
completed at 800-1000°C, as indicated in Figuedhsequently, unless
dimension stand under a few hundred micrometera| fhicrostructure
may present large defects as pores and cracksedelss for mechanical
properties. To overcome such drawback, to loagdhgmer with the use
of fillers, has been the main strategy (COLOMBQ@Iegt2010).

Figure 5: Weight and density changes of polymer preursors,
during thermal decomposition in inert atmosphere.
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Fillers addition
Inert or active fillers, with various shapes anahelnsions, are used

to reduce shrinkage, eliminate cracks and largegy@s can be visually
observed in Figure 6. In addition to tailor finalneposition, improving

mechanical, electrical, tribological and magnetioperties of polymer

derived ceramics or composites. In general, PDCgasing occurs
within the routes presented in Figure 7.

Figure 6: Top view of SiCN coatings pyrolyzed at 100°C under
inert atmosphere, without filler (a), containing 42 vol.% of Al203
(b) and 50 vol.% of ALOs (c).

Source: (WEINMANN et al., 2013)

Figure 7: Methods of processing preceramic precurss.
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Metals, intermetallic and ceramics, used as afiliees react with
solid or gaseous residues from polymer precursod #eating
atmosphere. Alternatively, inert fillers, commontgtal carbides, oxides
or nitrides, do not react but provide means of gsdar the gaseous
products derived from thermolysis. The latter dasesvolume shrinkage
according to the decrease of polymer fraction, evhadtive generate new
phases with increased specific volume.

A representation of polymer and fillers interactthuning pyrolysis
is presented in Figure 8. Diffusion bonding by engian of active fillers
can create a rigid network, while passive fillerghweactive surface
create primary bonds with the preceramic matrixspite the physical
bonding depend on residual stresses, resultant fiymer conversion
and thermal expansion mismatches, inert fillerssatenvenient solution
to reduce dimensional scattering, maintaining agagproperties of added
fillers (GREIL, 1995, 2003).

Polymer-derived amorphous ceramics generally ptesew
matrix toughnesgk; . < 2MPa~/m) and, similar to most porous ceramic
materials, directly depend on porosity presenceyoBe, molecular
precursor structure and processing parametersfinhk properties of
PDCs loaded with fillers are also determined byiftteractions among
networks and dispersed phases present in the cdmpBsr example,
mechanical properties increase with filler volunmeoant up to critical
threshold at 40-50%, while higher values lead tengttion of large filler
cluster and excessive porosity for a variety ofeffil containing
polysiloxane (GREIL, 2000).

Figure 8: Filler and polysiloxane precursor interadions.

b) Passive fillers, with
physical bonding

a) Active fillers, with
interparticle reaction
bonding

Source: Adapted from (GREIL, 2003)

c) Passive fillers and
reactive surface, with
chemical bonding

The combination of functional fillers, which proedspecific
properties in combination with increased mechanicaperties, has an
increasingly appeal for transfer into product depeatents and industrial
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processes, summarized in Figure 9. Amorphous aystatine PDC
coatings are of particular interest for protectswgfaces, since several
manufacturing processes based on liquid or vapasebf filled polymer
suspensions, can provide versatile chemical andtstial compositions
(GREIL, 2012).

Figure 9: Emerging fields for PDC ceramics and comesites.
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2.1.2.PDC coatings

Obviously, due to exorbitant energy consumption assbciated
costs worldwide (HAYS, 2010; HOLMBERG et al., 20 HDOLMBERG,;
ANDERSSON; ERDEMIR, 2012), there is a strong irgéren
developments of low cost and effective ways ofgrbihg metal surfaces
against oxidation, corrosion and wear. Coatingstlagemost promising
area for polymer-derived ceramics, since polymegcprsor can be
deposited onto different substrates by low costrigpies, such as dip or
spray coating, in comparison to CVD and PVD meth@BLOMBO et
al., 2010).

Polysiloxanes  (TORREY; BORDIA, 2008a, 2008b),
polycarbosilanes (COLOMBO; PAULSON; PANTANO, 19KRAUS
etal., 2009) or polysilazanes (GREIL, 2000) aeedbmmonly precursors
used for this purpose. Furthermore, the loadingreteramic precursor
with fillers allows modifying desired properties carthe increase of
coating thickness without cracks presence. PaailyulSiCN films,
produced from poly(organo)silazane precursor, patential application
as protective coating formulations in ceramic anetaih matrix
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composites, in situations where high temperatuabilgl, corrosion
resistance or long term durability need to be aereid (RIEDEL et al.,
2006).

Filler loaded polysilazane-based coatings

Motz and coworkers have demonstrated that polysilezoatings,
processed by dip coating and oven thermolysissaitable to protect
steel from oxidation up to 1000°C. Coatings of bgsized
poly(carbo)silazane (ABSE) and (perhydro)polysitez@PHPS, NN120-
20) solutions in solvent were reported to wet weeyl the substrates, with
excellent adhesion (>38N/ndjn attributed to chemical bonds formed
between substrate and coatings (metal-O-Si). Nesleds, the absence
of fillers restricted coatings thickness up to utrb for applications
without high tribological solicitation (GUNTHNER at., 2009a).

Environmental barrier coatings, applied on lowwallalS| A182)
and stainless (AISI 304) steels, composed of argaroc bond coat layer
(PHPS) and poly(organo)silazane (HTT180CClariant Advanced
Materials) composites, were successfully develoged medium
temperatures (700°C) working conditions (GUNTHNERak, 2011).
The critical thickness of polysilazane-based caatiGUNTHNER et al.,
2009b; KRAUS et al., 2009) was increased up to iy the addition
of ZrO; and a glass system as fillers. Such materials, diaracterized
as protective against abrasive wear, withstood wégligible surface
damage, the effect of a scratch applied by a tipgiedhond (radius
0.2mm) using a load of 5N (SCHUTZ et al., 2012).

Using the same approach of a PHPS layer betweestratdand
composite, a top coating was developed for lowrtla¢iconductivity by
combination of passive (YSZ) and active f2) fillers on a
poly(organo)silazane (Durazane 1800, Merck Grougiyisn Despite the
porosity (27%vol), the achievement of a system witherior results was
possible by adjustment of thermal expansion cdeffic (CTE) of
composite coating onto the steel substrate (AISI4BIARROSO,;
KRENKEL; MOTZ, 2015).

On the other hand, without the presence of bond-tmeers,
organic-inorganic PMMA/polysilazane coatings apgplien AISI1006
steel, revealed enhanced substrate corrosion fiostebeyond increase
of hydrophobic coating aspect and adhesion byrttiease of HTT1800
amount (COAN et al., 2015).

2 Presently named Durazane 1800, owned commerbialiye Merck Group.
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2.2. TRIBOLOGY, THE MODERN NAME OF AN ANCIENT ISSUE

The term was introduced exactly 50 years ago, amemlin a
report by the UK Department of Education and Saemmnd back then
defined aghe science and technology of interacting surfaneglative
motion and associated practicd3uring these five decades tribology has
gained global interest and even a new definitibe, physical science-
based generic technology of frictiohowever, the report conclusions
remain relevant nowadays (“50 years of the JosbR¥E[R2016).

Friction is a dissipative phenomenon and one of mhast
significant source of irreversibility in thermodyne processes. It is not
a material property, as commonly thought, but desgsresponse with
important practical consequences in daily life arthlistrial applications.
Friction allow several and fundamental activities vaalking, writing,
picking objects, using automobile tires on a roagvtlae manufacturing
process of machine components, among others inhwigisistance to
motion is desired.

However, as a source of irreversibility, one-thafdthe world's
energy resources is estimated to be spent to averéaction by several
approaches. Friction is also the main cause of weajor origin of
materials wastage and loses in mechanical perfarean
(STACHOWIAK; BATCHELOR, 2014). In addition to thenergy
wasted, heat generated by friction affects neglgtibee performance of
mechanical systems and is responsible by hazarelmissions to our
environment (HOLMBERG; ANDERSSON; ERDEMIR, 2012).

Many achievements were already reached in the dewveint of
components less susceptible to friction and weat, sill optimized
energetic efficiency is pursued by scientific andustrial communities
(BHUSHAN, 2000).

2.2.1.Solid lubricants

Despite liquid lubrication being traditionally usdd reduce
friction and wear, under severe service conditiwhere oils and greases
may decompose, oxidize, solidify, evaporate oragctontaminants like
in food and pharmaceutical-production machinery, ldbrication may
be the only feasible solution (BUSCH, 2007; ERDENM2R00). The use
of solid lubricants is not new, but the lubricaapdsition method, critical
to the efficiency of the lubricating film, have legreatly extended by
new technologies to deposit solid films on wearisgrfaces, as
summarized in Figure 10.
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Figure 10: Historical development of tribological @atings and
solid lubricant films.
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As others lamellar solid lubricants, hexagonal haritride (h-BN)
present a layered crystal structure, weakly bortddaeen the layers and
with atoms on the same layer strongly bonded. Wini¢hrn, enables the
formation of a low shear strength film betweenislidsurfaces and might
reduce friction. Like graphite, h-BN is well knowfor its improved
lubricity effect when in atmospheres with moistarel other condensable
vapors. In addition, h-BN particularly exceeds preeformance of other
solid lubricants with regard to thermal and chemgtability, graphite
and MoS lubricity persist up to 400°C while h-BN can witasd
temperatures up to 1000°C (LANCASTER, 1990; MAREMNI., 1992).

2.2.2.Coatings

Most solid lubricants are produced as thin films tmpdern
deposition methods, which depend on the propedfeplasma in a
moderate vacuum to produce a lubricant film of higiality. However,
are also used as additives to a mechanically stromgterial, forming
self-lubricating composite coatings, tailored imvay that one phase is
responsible for lubrication and another for theffaog resistance of the
tribological system. In general, the formation &rashsfer of a low shear
film at sliding surfaces is responsible for the ré@ase in friction



38

coefficient and long wear lives of solid lubricaiaterfaces (ERDEMIR,
2000).

The durability of such coatings relies directlythe adhesion with
the substrate, which is linked to the chemical cositpn, deposition
method and resulting microstructure of compositéenies (ERDEMIR,
2000, 2005; STACHOWIAK, 2014). Concerning the s aspect of
PDCs and the inherent surface porosity of sintendastrates, despite
considering a possible mechanical bonding (physieahesion)
(WACHTMAN; HABER, 1993), factors as chemical affipi elastic
modulus differences and Poisson’s ratio should Ibe eonsidered. In
order to enhance adhesion, surface engineeringitees enable the
production of substrates with graded compositionsl @roperties,
improving the match of materials.

The presence of porosity in a sintered substrataces namely
strength and ductility of the material (BOCHINNB&6), but the actual
effect of porosity on the wear behavior of suchermats is not clearly
understood (DUBRUJEAUD; VARDAVOULIAS; JEANDIN, 19%4
Mechanical properties and the load bearing capacdyreduced by the
presence of pores, generally detrimental to therwesistance (DE
MELLO; HUTCHINGS, 2001). But under some conditiomsn also
have a beneficial effect in prevent degradatiothef material (CHEN;
LI; COOK, 2009). Porosity affect the stress disitibn and the metal
deformation of subsurface layers during dry slidiepd can act as
generator and debris sink, removing wear partfctes sliding interfaces
(DUBRUJEAUD; VARDAVOULIAS; JEANDIN, 1994; SIMCHI;
DANNINGER, 2004). Moreover, pores are reported ¢bas lubricant
reservoirs that can be released during the triicdbgsolicitation
(HAMMES et al., 2014b).

2.2.3.Surface modifications

Concerning coated surfaces, additional reductionsvear and
friction can be achieved by enhancing the hardmdsthe substrate
surface. Which in turn, difficult the deformatiohsubstrate beneath the
coating from the counterface load, and avoid fr&ctaf the brittle
coating, thus, increasing the load support (HOLMBERIATTHEWS;
RONKAINEN, 1998).

Surface modifications involve alteration of cherhicamposition
and/or properties of the surface (BUNSHAH, 1994). ilnprove the
tribological performance of ferrous-alloys compaisesurface treatment
processes commonly used to increase surface hardarsmprove not
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only the wear resistance, but also fatigue andosose resistance.
Thermochemical processes, in which the compositiothe surface is
locally modified, produce a near-surface regiorhvgitoperties differing
from those of the bulk material (HUTCHINGS, 1992).

2.2.4.Plasma assisted nitriding

Plasma nitriding is a well investigated and widabked ferritic
thermochemical treatment based on the diffusionitobgen for surface
hardening and corrosion resistance of steels, icass as well as
refractory metals (PYE, 2003).

The concept of the process, in contrast to nitgdmconventional
furnaces, is based on the ionization of molecutangen to generate very
reactive nascent nitrogen at low temperatures aesspres. During the
plasma discharge species like fast neutrals ordmgingetic electrons and
ions are generated, which, enable the formatiooustomized nitride
layers at comparatively short processing times widduced gas
consumption, very low environmental impact and highocess
reproducibility (ALVES JUNIOR, 2011; CHAPMAN, 198B,YE, 2003).

To obtain even superior results when nitriding esied steels, a
surface enrichment with high nitrogen affinity elems, as Mo and Cr,
can be realized concomitant with plasma assistetéraig. The high
performance of DC plasma technology became suitédnlesurface
enrichment and nitriding of substrates. Generatittgrfaces between
substrate bulk and coating, presumably capable cobramodating
dissimilarities between metallic substrate and PDB&yond reducing
surface porosity and increasing hardness in the sagion (KLEIN et
al., 2013).

2.3.TRIBOLOGY OF SICN PRODUCED FROM THE PDC ROUTE

The first report about friction and wear behavibbolk and thin
films of SICN, processed from a poly(organo)silezéy the PDC route
(CROSS; PRASAD; RAJ, 2005), aimed further developtsef high
temperature MEMS devices (CROSS et al., 2002; LIewal., 2001,
2002). In which, bulk 10mm squared samples weredymed by
photopolymerization of a poly(urea-methyl-vinylggihne (PUMVS,
KiON). Solid polymers were obtained by adding atphiaitiator to the
precursor followed by UV photolithographic pattemmi(CROSS et al.,
2002), hot isostatic crosslinking and pyrolysis.
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To obtain thin films, dilute solutions of the presor were spun
cast onto Si and synthetic sapphire (Me&) substrates, UV cured in
air, crosslinked and pyrolyzed inside a conventiorfarnace.
Crosslinking and pyrolysis atmosphere: (ldnd NH), temperature
(260/400C and 900/100@), time (1 and 1.5hr) beyond heating rates,
were systematically varied to evaluate friction fioent and wear
through reciprocate $\s ball-on-disk linear tests, varying contact
pressures, environment and humidity. The frictioehdvior under
nitrogen atmosphere and contact pressure of 0.44&GRgroduced in
Figure 11.

Figure 11: Friction coefficient of bulk and films of SiCN.
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Bulk SiCN (A), accordingly to authors, consisting graphitic
nanoclusters surrounded by complex Si, O, C andmding, presented
low p values (0.13-0.2) and minimal wear. Pyrolysfishin films under
N2 resulted in highly ordered graphitic phases withi-O matrix, while
under NH, led to less ordered graphene phases in a Si-Worlet
probably due to increased nitrogen availabilitye Thction coefficient
was directly affected by such structures, higheB)(@or nitrogen-
pyrolyzed films (B and C) and decreased when filmese pyrolyzed
under ammonia (D and E). The smallest value (0wi&8 achieved for
films deposited onto silicon (D), and, cylindricalls were found on wear
track and counterface of Nhyyrolyzed films.

Right after these first results, a comprehensiibolwgical
investigation (KLAFFKE et al., 2006) was publishggcribing friction
and wear of fully dense homogeneous SiCN ceramiitkin a range of
structures and prepared by a casting technique fatsn PUMVS
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(Ceraset, KiON). Ceramic discs, with 10-12mm disgnand 0.4-0.5mm

thickness, were obtained by casting and sealingotheursor inside a
PTFE mold, thermal cross-linking at 2@0during 5h and pyrolysis under
argon at temperatures from 800 to 1°ID0

Characterization of such materials, described disesv
(JANAKIRAMAN; ALDINGER, 2009), revealed an open meirk
structure of mixed Si@xNx tetrahedra, containing methyl or hydrogen
terminations, beyond oxygen and moisture contaneinaturing samples
handling in air. The increase in pyrolysis tempamtled to further
depletion of hydrogen, higher network connectivaiyiong SiG.-xNx
units and consequently raise of density, elastiduhes and hardness of
final material. Furthermore, aggregation of-sprbon into graphitic
clusters detected in all fully amorphous ceramm®sented amount,
distribution and organization dependent upon pwislyemperature.

The oscillating (20Hz) sliding (0.2mm) tribologicalaluations
were carried under air, with an AlS152100 ball 3ppy 10N of normal
force on the surface of polished discs glued omia. AAfter samples
pyrolysis at progressively higher temperaturesttifrg tests under
medium relative humidity exhibited a significanttdease (150 to 6x10
Smm®/Nm) of wear rate and steady state p (>0.4 to qisented in
Figure 12. Such results were dependent on contifeéséon, contact
fatigue and tribo-oxidation mechanisms, furthermodensification,
mechanical properties and stiffness of such madseriereases with
pyrolysis temperature, as its resistance agaimgacbdamage.

Large fractions of remaining organic groups for tBeCC
pyrolyzed samples together with wear scar analggsated aspect of
friction curve and high wear rate, suggested aghesiear and tribo-
oxidation. Specimens processed ID@bove, also indicated formation of
an unstable tribo-oxidation layer (friction curveitiw oscillations
regularly spaced), but, followed by a stabilizatiohwear evolution.
Steady state friction coefficient decreased shghtlith the further
increase of pyrolysis temperature.

Wear scars comparison revealed a smooth surfacapmumdciably
smaller wear of ceramics pyrolyzed at 1100°C, tpialely indicating a
better deformability of debris, spread and showethé scar edges. In
addition to Raman and HRTEM analysis, authors assimat graphite
was formed in situ during sliding of such sampfesijlitated from the
clusters in the amorphous matrix, and forming derface of low shear
resistance between surfaces reducing friction aeetw
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Figure 12: Evolution of friction in tests of SICN h normal air.
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Relative humidity indicated a major influence oe tiehavior of
studied tribo-systems, since plays an importarg molthe formation of
low friction carbon films on the interface. Dry tegmospheres resulted
in higher friction coefficients (0.8-0.6) and weates, as indicated in
Figure 13. Further enhances in pyrolysis tempegatli®00-1108C) did
not influenced friction and slightly decreased wear dry test
environments, while in moist air, steady state lpieaed 0.1 after a short
running period and wear was reduced by nearly oder@f magnitude.

Figure 13: Friction and wear of samples pyrolyzed 81000°C.
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Moreover, the evolution oft and wear of SICN pyrolyzed at
1000C tested against an A); counter-body revealed similar trends with
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moisture presence, however, smaller wear anddniatoefficient (0.28-
0.1) than against the steel ball. In all caseswtbar of counter-bodies
were much smaller than the samples tested.

The high carbon content of investigated PDCs, wbarhapproach
one third molar, raised their tribological behavinterest since these
initial studies. But, concerning the fact that maids in the SICN system
produced by the PDC route nearly always contairgery another study
(CROSS et al., 2006) indicated the significancé¢hef nitrogen/oxygen
molar ratio on tribological properties of calledC3DyN, compounds.

For the discussion of results, the understandingtrefctures in
polymer-derived SiCN, previously modelled as audall network of
graphene sheets filled with nanodomains of SiC %iglds anchored by
mixed bonds of Si, C, N and O (MERA et al., 2018H2 et al., 2005;
SAHA; RAJ; WILLIAMSON, 2006), is schematically prasted with
their typical compositions in Figure 14.

Figure 14: Composition regimes for SiOC and SiCN PDs.
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Specimen production, also from PUMVS, was initialgd UV
polymerization as already described in the firstspnted work. Thermal
cross-linking (400°C, 340min), pyrolysis (700°CQf8n) and annealing
(800(A)-1400°C(E), 500min) steps were carried undetrogen
overpressure (HIP). For tribological evaluation ples were polished
(Rg=3nm), and sliding (3.3mm/s) of al$i ball over a track distance of
1.6mm during 1000 cycles occurred under varyingtned humidity
(RH:0-80%) and Hertzian contact stresses (0.29GFG9.

The increase in the density of amorphous matesiglsannealing
temperature was linked to higher N/O ratios, amdngly influenced
hardness and elastic modulus. Estimated Was 2.56 MPa.H? after
pyrolysis at 1000°C, but a relation with temperatwas not statistically
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possible to report. Friction behavior under dry @gphere for distinct
pyrolysis temperatures, presented in Figure 15¢aked two regimes.
One with low friction and negligible wear and aretlith high friction
and wear (average of 3.7x4@m*(N.m)?* at 0.97GPa).

Figure 15: Typical plots of u versus sliding distane, and wear
track of sample D after test in both type of regims.
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High Friction, High Wear

All samples presented a sharp transition, which esmov
systematically from the lower (A) to the higher aaling temperature (E)
when the contact stress was slightly increasedfriction coefficient of
condition C abruptly changed from 0.2 to 0.7 byréasing the contact
stress in 0.04GPa. In contrast, when tested in dhaiti and despite
contact stress, only low friction coefficient (~p&nd negligible wear
were observed. Further results indicated thatidrictoefficient remains
independent of RH under constant contact stress, independent of
contact stress for experiments conducted at 50%RH.

Authors suggest a critical applied stress for thetfire initiation
of PDCs, and an increase in work to fracture th€ Riith presence of
water molecules in the crack tip, providing a cracklging effect. The
fracture delay seemed to increase such critical bEyond the range of
cited experiments, which were limited to a contsgtss of about 1GPa.

A conceptual model was presented to explain subblagical
results, in which the composition of nanodomaimeisponsible for the
elastic modulus and critical stress for fracturefarthe load support,
while surrounding graphene sheets reduce friction.this model,
presented in Figure 16, Si-N-O domains and grapfemne an interface
by mixed bond of Si-C-O-N. In comparison with pneteel results,
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authors suggest that higher friction values andrwates reported by
Klaffke, discussed previously, were result of tesiaducted above the
threshold stress for fracture.

Figure 16: Schematic of interrelation among tribolaical properties
and nanostructure of polymer derived ceramics.
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To understand the role of carbon in the SICN contiposwith
respect to strength, friction and wear, an intégrgsstudy (BAKUMOV
etal., 2012) produced ceramic discs (0.2mm thisghom polysilazane
(Ceraset 20) and/or poly(carbo)silane precursdh an additional source
of non-crystalline carbon (tri-phenyl-vinyl-siland,PVS). Discs and
counter-bodies with hemisphere form were producgddsting, after
degassing, into previously produced poly(di-mesiljdkane forms and
applying drops directly on PTFE support, crosslihke75°C, overnight)
and pyrolyzed in furnace under flowing nitrogeracgon (1130-1370°C,
2h).

In comparison with pure polysilazane, introductioh cited
additives lead to more ordered “free” carbon sgegeedominantly $p
form in nano-crystalline graphite clusters, withinovalent SiCN matrix.
The poly(carbo)silane presence resulted in SiCcbad samples, and
carbon enriched SiC in standing atmospheres, dueexpelled
hydrocarbons during pyrolysis. Microstructures rafigyrolysis of
precursors mixture (~6:4wt %), resultedfr8iC nano-crystallites in a
mixed matrix of amorphous and turbostratic grapiidition of carbon
by TPVS, led to increase in number PiSIiC crystallites beyond
additional tiny soft inclusions of graphitic carbonto the matrix,
significantly improving tribological properties ofaterials (1<0.1).
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Tribological evaluation, by application of normakt (1N) and
with sliding velocity of 5mm/s, revealed lower titn coefficients for
PDC counter-bodies in comparison with alumina. Buoted with
increasing load (5N), such behavior was attribui@chigher carbon
amount on the contact zone and/or reduced Henrtoatact stress, due to
Young's Modulus differences of counter-bodies. 8iCiched samples
presented lower friction coefficient, explainedterms of faster heat
dissipation by the SiC crystallites. Decrease @fgs achieved by both
increase of carbon and SiC phases in final mianostes, moreover,
absence of soft graphite and the excellent lubriggiroperties of such
amorphous carbon were highlighted.

Lastly and very recently, the development of pddzsine-based
coatings using inert fillers was reported withie tontext (BARROSO
et al.,, 2016). Suspensions, homogenized by stirsiaguences, were
produced by adding h-BN or c-BN fillers and polyfa)silazane
(ABSE) precursor in solvent. In sequence, appliedip coating on AISI
304 substrates and pyrolyzed in a chamber furr&@@°C-1h) under air.
After pyrolysis, the coatings containing solid liglant fillers consisted of
67% h-BN and 33% of the amorphous SiCNO ceramicsg@havith
average thickness ofif1 and increased porosity of approximately 10%,
in comparison with 3% achieved by the ABSE/c-BN position.

Adhesion of coatings, analyzed by the cross-cu¢ tegst, was
characterized in the best class and explained bgtsate-O-Si bonds
formed between polysilazane and steel (AMOUZOU kt 2014;
GUNTHNER et al., 2009a). However, the ABSE/h-BN toug was
completely removed after less than 50 cycles, WRB&E/c-BN coating
initiated substrate exposure only after 750 cydesng abrasion tests
(ASTM D 4060), carried with force of 5N and rubl¥dgOs wheels.
Results, reproduced in Figure 17, were explainederms of fillers
hardness and coatings porosity, which decreasesanieal stability of
such materials.

Figure 17: ABSE based coatings on steel after Tabekbraser Test.
ABSEMBN fi | Steel AlsI 304

After 50 cycles After 760 cycles

Source:(BARROSO et al., 2016)
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Friction analysis, by ring-on-disk configurationdea SiC counter-
body, performed under ambient temperature and aistare of 30%,
investigated the pressure (0.05 and 0.4 MPa) aloditie(1 and 5 m:3)
influence. The ABSE/h-BN performed poorly and witdtsl only 600m
before failure, at lower pressure and velocityyfrich friction coefficient
varied between 0.1 and 0.35. The superior perfocenaf ABSE/c-BN
coating confirmed the major influence of pressarnedarformance change,
presented in Figure 18, in which p increased alyrbpfore failure (glide
path).

Figure 18: Results of tribological tests of ABSE/®BN coatings
applied on AISI 304 steel.

Test Parameters Glide path [m] COF

(a) 0.05MPa and 1ms " 35000 <0.18
(b) 0.4MPa and 1ms™! 1300 0.1-0.3
(©) 0.05MPa and 5ms " 27500 <0.18
(d) 0.4MPa and 5ms™! 1200 0.2-0.3

Source:(BARROSO et al., 2016)

In addition to SiC counter bodies analysis, autlumrsclude that
coatings performed well until debris, from body amdinter-body, lead
to U increase and coating failure. Moreover, sugtieg polysilazane-
based coating containing c-BN and small amountdNhray present
improved tribological performance, due to combioif fillers hardness
and lubricating properties.

2.3.1.Filled SiCN coatings applied onto surface modified
sintered steel: the proposed study

Given the context, in this work, novel compositesisisting of
sintered low-alloy steel with surface propertiesdified by plasma and
coated with amorphous SICN coatings filled with N-Bnd SiN4, were
tailored and produced for unlubricated tribologiséting evaluations
and discussion.

The substrate, prepared with mass proportions of
97.4%(Fel.5%Mo) + 2%Ni + 0.6%C, was designed twigeothe load
bearing capacity of the composite and was shaegowder metallurgy
(PM), an economic and high volume production tegheilargely used
for producing ferrous net-shape mechanical padeifa mass of dry
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powders (THUMMLER; OBERACKER, 1993). Low alloy ste@resent
up to 5 wt.% of alloying elements and are used pdor processing
components in which the mechanical support is tlagnrfactor to be
considered, supporting medium to high mechanicga@sses when in
work, without excessive deformation or rupture dgrits lifetime of use
(SOUZA, 1989).

Molybdenum alloyed steels with elemental additioofs Ni
provides sintered steels that are used in strgiares requiring strength,
wear resistance, and impact toughness (GRAHAM et H997;
YOUSEFFI; WRIGHT; JEYACHEYA, 2000). Both alloyingesnents
promote hardenability in PM parts and ferrous niatemwith sufficient
hardenability may develop microstructures, duringling, containing
significant percentages of martensite without néad a secondary
quenching operation. The so called sinter-hardeniffgrs good
manufacturing economy by providing a one step m®@nd a unique
combination of strength, toughness, and hardn@d4E$, 1998; RUTZ;
GRAHAM; DAVALA, 1997).

High performance and low environmental impact of pl@sma
technology, specifically when applied to PM paK&EIN et al., 2013),
became suitable for generating interfaces betwelestisite and coatings.
Presumably capable to accommodate dissimilaritiésproperties,
originated from different chemical bonds on metaliubstrate and
ceramic coating, mainly thermal expansion coeffiti@and elastic
modulus, which might result in residual stressvaremicro cracks in the
interfacial region.

The sintered substrates were plasma assisted editradter the
sintering step on samples with and without surfaméchment with Mo,
sputtered from a molybdenum cathode inside the galasna reactor
during the sintering thermal cycle. The modifiectictical composition
of the enriched surface was expected to form menel land stable
compounds, such as mixed nitrides, carbides, obodcidtrides by
subsequent nitriding (BENDO et al., 2014, 2016; PNATI et al.,
2006), contributing to withstand loads exerted ribdlogical systems
(HOLMBERG; MATTHEWS; RONKAINEN, 1998).

Filled-coatings were prepared through productiosusfpensions,
followed by application over sintered steels androthermal treatment,
for cross-linking and pyrolysis. The poly(organtgsane HTTS used for
the coatings production is synthetized (RICHTERakt 2014) from
crosslinking of a commercially available liquid poesor (Durazane1800,
Merck), with simplified chemical structure presahia Figure 19. The
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PCSZ synthesis, not in the scope of this work jmannderstood in details
elsewhere (FLORES et al., 2013; FLORES; HEYMANN; WK) 2015).

Figure 19: Basic chemical structure of Durazanel18Q0
HTT1800
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Source: (FLORES; HEYMANN; MOTZ, 2015)

The incorporation of fillers in PDC coatings, ovame crack
formation due to polymer shrinkage and allows aolditl functionalities,
as tailored tribological properties. Aiming to puong hard and self-
lubricating coatings, based on previously developeamposites
(BARROSO et al., 2016; CARRAPICHANO; GOMES; SILVA002;
CHEN et al., 2010), silicon nitride was used temsgthen the matrix
(GREIL, 2000, 2003) and reduce wear, by formatidnaonetwork
aggregated by the precursor binder phase. Whilagemal boron nitride,
due to layered structure and low shear strengtiecdo generate a
lubricating effect on the interface reducing fioctj wear and friction
heating (ERDEMIR, 2000).

Particulate hard fillers can nonetheless, lead dss Itough
composites due to decrease of coating continuitymnpting wear by
fatigue and abrasion. Thus, two compositions wemspared to point the
influence of precursor amount on final coating m&tructure, one with
39 vol.% of total fillers amount and another with vol.%, for both
compositions the h-BN amount was fixed at 9 voll¥te high control of
final microstructure and chemical composition arempetitive
advantages inherent to cited manufacturing proseSaeh benefits were
explored to project the final microstructures of tteel, interfaces and
ceramic coatings involved, through the selectiomas? materials and
processing parameters, described in details seaglignt



50

3. EXPERIMENTAL PROCEDURE
3.1.COMPOSITES PRODUCTION

Novel composites, consisting of sintered low-allsigel with
surface properties modified by plasma and coatdll am amorphous
SiCN coating filled with h-BN and S\4, were tailored and produced at
facilities in both universities UFSC and UBT. Figl#0 summarizes the
processing sequences, which enabled such matenatiuction for
unlubricated tribological sliding evaluations ansgcdission.

Figure 20: Flowchart of composites production.

Sintered steel Substrate
Enrichment with
Molybdenum Surface
Nitriding modification

| 39 — Coating with 39vol% of fillers |

| 74 — Coating with 74vol% of fillers | Coatings
| S-39 | | SN-39 | | SEN-39 | Graded
| S-74 | | SN-74 | | SEN-74 | composites

Source: Own authorship

The substrate was designed to provide the loadrgpeapacity of
the composite and was shaped via powder metallamggconomic and
high volume production technique largely used fadpicing ferrous net-
shape mechanical parts. Interfaces between substndt coatings were
produced by plasma assisted surface modificatidnghe steel to
accommodate dissimilarities of properties, orighdatfrom different
chemical bonds on metallic substrate and ceramatirgp Nitriding or
surface enrichment with Mo followed by nitriding svaxpected to
generate a compound layer at the surface of th&rsib with a gradient
diffusion region below.

And coatings were produced from a poly(organo)aitez
precursor (HTTS) with the use of fillers to providglored tribological
properties, using the PDC route. Silicon nitridesticengthen the matrix
and reduce wear, by formation of a network aggeshhay the precursor
binder phase, while hexagonal boron nitride, duayered structure and
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low shear strength, added to generate a lubricafiiegt on the interface
reducing friction, wear and friction heating.

In the first processing path, sintered samples weated with one
or another coating composition and pyrolyzed, gaireg the samples
condition named S-39 and S-74, or sintered sammased with the
coating containing 39 or 74 vol.%. of fillers respeely. Alternatively,
the sintered substrates were nitrided before ogadipplication and
pyrolysis, producing the group of samples SN-39 8hH74. Finally,
samples were surface enriched with Mo during simgenitrided, coated
and pyrolyzed, generating the third group of sasipkemed SEN-39 and
SEN-74.

3.1.1.Substrate produced by powder metallurgy

Molybdenum alloyed steels with elemental additioofs Ni
provides sintered steels that are used in strgiares requiring strength,
wear resistance, and impact toughness. The prepeafithese materials,
like all PM steels, are dependent on density, rsicocture and
composition (GRAHAM et al.,, 1997; YOUSEFFI; WRIGHT,;
JEYACHEYA, 2000).

By using the conventional route of powder metaliicylindrical
specimens (3 20 per 5mm) were produced from powdeures with
mass proportions of 97.4% pre-alloyed Fel.5Mo w{&staloy Mo,
Hbganas), 2.0% elementary nickel (d50=6.06, Epstmip) and 0.6%
graphite (d50=9.88, Nacional de Grafite). Moreo@eB% of amide wax
(Acrawax C, Lonza) was added to assist during theging stage. After
homogenization in a Y-type mixer during 45 minutas;h mixtures were
uniaxial cold pressed at 600 MPa using floatingastid stationary lower
punch, providing a double-sided densification (THMMER;
OBERACKER, 1993).

To ensure samples debinding before sintering, antlestep of
5°C/min up to 500°C during 0.5h was realized urittsving (7.5x10
5md/s) atmosphere of 95%Ar and 5%HS$intering occurred sequentially,
using twice the heating rate and same atmosphef, 58°C during 1
hour. Cooling after sintering was carried withie tiabular oven with an
average rate of 25°C/min up to 430°C, as presentEBdyure 21, where
cooling rates were separated at the end of lowy adteel austenitic
transformation, previously determined by sinteriegts in dilatometer
(JUSTUS, 20186).
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Figure 21: Linear trendlines and R-squared values pesented
beside cooling curve, acquired from 907 up to 136°C
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Source: Own authorship
3.1.2.Interfaces generated by plasma treatments

Beyond sintered two other surface conditions, mgdras the
common boundary between substrate and coatingstenfaces, were
obtained through nitriding of sintered and molyhda®renriched
samples. For producing the second ones (enricheeditided samples),
shaped specimens were sintered and surface enrsimedtaneously,
inside the reactor using the same sintering cye$ebed above. In order
to facilitate comprehension of results during dsston, the three
conditions were named S (sintered), SN (sinterednétnided) and SEN
(sintered, Mo-enriched and nitrided).

Both thermochemical treatments were performed ihyhrid
plasma reactor (BINDER et al., 2009; MACHADO et, a2006),
containing a grounded anode and a cathode connextéw negative
voltage output, besides a resistive heating systeimle the vacuum
chamber. A potential difference was applied betw#en electrodes
through a square waveform DC pulsed power sour@+pP802-SDS
Plasma), under flowing gaseous mixtures restraibgdmass flow
controllers (1179A-MKS) and pressure by a capac#gamanometer
(626C Baratron-MKS). Electron current measured athade and other
processing parameters of the treatments are détailBable 1.

This configuration based on previous works (BENDR@Ig 2014;
KLEIN et al., 2013; MALISKA, 1995; PAVANATI et al.2007), led to
the generation of an abnormal glow discharge, Iskeitéor processing
materials since voltage and current rise followreytain degree of
proportionality, which, enable discharge controldamrompletely
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surrounds the cathode allowing a homogeneous tezdit(@CHAPMAN,
1980; PYE, 2003).

Table 1: Processing parameters of thermochemical éatments.

Sintering/Mo enrichment Nitriding
Electrode material TZM (Plansee) AISI304
Electrodes distance 0.015m 0.040m
Cathode dimensions 16.3x11.4cm 14.5x10cm
Potential difference 600V 500V
Atmosphere 80%Ar+20%H 90%H+10%N
Pressure 2Torricelli 3Torricelli
Gas flow rate 2.5x1fmd¥/s
Current (1.3:0.1)A | (0.50.1)A
Heating rate 5°C/min
Temperature 1150°C 540°C
Time 1lhour 2hours
Samples position Anode/floating potential  Cathode

Source: Own authorship

The use of a pulsed voltage source was employexdlyrtai avoid
a shift from abnormal glow to arc discharge regimbich can lead to
instabilities in generated plasma. The pulse le(i§tm) set as 180 ps in
combination with pulse repetition time of 250us ifF¥doff) leads to a
plasma duty cycle (Ton/(Ton+Toff)) of 72% for batihermochemical
treatments, utilized to increase the period of get&r species collision.
For sintering and enrichment with Mo, shaped spensrwere placed
over AbOs plates in anode to avoid diffusion and bondingweein
samples and electrode. Otherwise, during nitridegmples were
positioned directly on cathode, as exhibited iruFég22.

Temperature was measured using a chromel-alumehticeuple
(type K) coated with Inconel, electrically insuldtand inserted into a
molybdenum or low carbon steel reference samplennsstrically
positioned with the treatment samples. Samples vemraed after
treatments inside the reactor chamber, with plagtiaced duty cycle of
6% and using 1 Torricelli of gaseous mixture presswith average
cooling curves exhibited in Figure 23.
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Figure 22: Schematic electrodes configuration durig sintering/Mo
enrichment (a) and nitriding (b).
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Figure 23: Cooling curves obtained after enrichmentand nitriding.
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3.1.3.Coatings prepared by the PDC route

Filled-coatings were prepared through productiosusfpensions,
followed by application over sintered steels androthermal treatment,
for cross-linking and pyrolysis. The poly(organtgsane HTTS used for
the coatings production is synthetized (RICHTERakt 2014) from
crosslinking of a commercially available liquid puesor (FLORES et al.,
2013; FLORES; HEYMANN; MOTZ, 2015). Based in recevdrks of
the partner institute (BARROSO et al., 2016; GUNTER\et al., 2011,
2012, SEIFERT et al., 2014, 2016), the used raveriads and processing
parameters are described in sequence.

Sequentially, solutions of di-n-butyl-ether (Alfaegar) and a
dispersant agent (Disperbyk-2070, BYK) were mixadrdy 15 minutes
in a magnetic stirrer, before the addition of h-BiN SiN4 particles. The
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dispersion of ceramic fillers was assisted with tise of ZrQ spheres
(@=1mm), through five sequences of stirring (15mémyd ultrasonic
agitation (5min). Lastly, the precursor HTTS anav3% of a radical
initiator (dicumyl peroxide, Aldrich), used to atemte cross-linking,
were added and stirred during at least 2 hours.

Based in previous developments with the precuriwe, total
amount of passive fillers, described in Table 25 weat between 30 and
80 percentage in volume. The hexagonal boron eit@htent was set in
9 vol.%, since a sufficient amount of low shealefd is necessary to
provide lubrication between interfaces, and thesgmee above
approximately 10 vol.% cause a drastic decreasechanical properties
regardless of material matrix (CARRAPICHANO; GOMESILVA,
2002; HAMMES et al., 2014a).

Table 2: Coating architecture after pyrolysis.

(A) 39 30% 9% 61%
(B) 74 65% 9% 26%

Source: Own authorship

Beyond further compensate polymer shrinkage afieolysis,
different amounts of &4, further detailed in Table 3, were planned to
change the phase distribution of composite coati@ye, tailored to
present an amorphous SiCN matrix containing digue&N4(A), and
other SgN4 particles joined by the SiCN binder phase (B)hbaith the
same amount of h-BN particles that act as soliddabt.

Table 3: Passive fillers information from product datasheet.

(x-Si3N4 h-BN
Manufacturer H.C. Starck Henze BN productg
Trade name Alpha-Silicon Nitride | HeBoFill®
Grade B7 410
Particle size (d50) 0.9-1.3um 1.0pm
Specific surface (BET) 4ffy 20nt/g

Source: Own authorship

Before coating, the edges of the substrates wéndegt to avoid
border effects and samples immersed in acetoneclé&@ming in an
ultrasonic bath during 15 minutes. For applicatérthe suspensions on
the substrates, the spray technique was chooseromg the samples
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geometry. The spray gun (Mignon 3, Krautzbergagsented inside the
painting cabin in Figure 24, was used with air pues of 1.5 bar, nozzle
width of % and 5 opening rounds for suspension flmmtrol. The
distance between samples and spray gun was seéicin, to process
coatings with maximum thickness of\ifl covering mainly plateaus over
the surface, parameters based in a previous woikTUS, 2016).

Figure 24: Painting cabin.

Source: Own authors'hip

The conversion of the coatings was carried in allarbfurnace
(RO10/100, Heraeus), with a heating rate of 3K/mjm to 1000°C
maintained during one hour. Performed under flowingrogen
atmosphere (purity 5.0), pyrolysis of pure HTTSvides a ceramic yield
of ~80%, and the behavior during cited thermal tinesat is well
investigated in the literature (SEIFERT et al.,@0Tooling was carried
inside the oven, with cooling rate of approximatey/min under flowing
nitrogen.

3.2.CHARACTERIZATION
3.2.1.Substrate

Dimensions and weight of all samples, acquiredr aftetering
using micrometer and a digital scale, were usedcdttulate the
geometrical density. At least one sample per batak analyzed, for
microstructural characterization, with optical (GEX60, Olympus) and
scanning electron microscopes (SEM - JSM-6390L\)),Jequipped
with an energy dispersive X-ray spectrometer (673BarmoScientific).
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Samples were cross-sectioned using a diamond ogrgaiisc in
a cutting machine (Isomet4000, Buehler), before exiding in bakelite
resin. The metallographic preparation (ASTM E3-XDnsisted in
grinding sequences with abrasive paper (SIC) faldy polishing with
Al,Os suspensions, interleaved with ultrasonic cleamhgamples in
ethanol (99.99% purity). Etching of samples, by enson in a solution
containing ethanol and 2% of nitric acid (Nital 2%eyealed the steel
microstructure. Micro hardness of phases was détedrby measuring
the diagonals of at least ten indentations perghathree samples, after
applying loads from 0.1 to 1.08uring 10 seconds, accordingly to MPIF
Standard 51.

3.2.2.Interfaces

Before the application of coatings and pyrolysis, moduced
samples (one per batch - S, SN and SEN) were dearecetone with
ultrasonic agitation. Surface morphology was aredyzoy SEM
(1540ESB, Zeiss) equipped with field emission cdéhand elemental
composition with EDX (Thermo Noran System 6, Therfaischer
Scientific).

The crystalline structures of the surfaces werestigated by X-
ray diffraction technique (AXS D8, Bruker AXS), ngimonochromatic
CuKa radiation. For data acquisition, parameters weténsangular step
size of 0.01°/2 with 20 varying from 20° to 120°, angular step time of
0.5 seconds, applied voltage of 40kV, 40mA of aurrand sample
spinning (15 rotations per minute). The acquiretd dzas evaluated with
the third version of software Diffrac.Eva softwarnd the phases
identified using PDF-4+ 2012 structural database.

For the cross section analyses, samples were caldnted
(EpoFix, Struers) one day before sectioning witliezenond wire (Ebner
6800, Well), in order to retain the modified sudacAfter metallographic
preparation, carried as already described, invatstigs of layers
microstructures and effective case depth (MPIF&teh52), with at least
three samples of each condition, were conductetguUSEM (Vega 3,
Tescan) equipped with EDX (X act, Oxford), beyonitroscopes and
micro-hardness tester described in section 3.2.1.

3.2.3.Coatings

A field emission gun scanning electron microscaojf&M-6701F,
Jeol) was used for fillers aspect characterizatiming acceleration of
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10kV and 6mm of working distance. Thermogravimednelysis (JUpiter
F3, Netzsch) of pure and filled precursor wereiedrrunder flowing &,
using a heating rate of 3K/min up to 1000°C andnta&ed during 1
hour, in order to accompany pyrolysis behavior giags loss of coatings.

After pyrolysis, all coatings were investigated asdjng
homogeneity, cracks or pores presence by visuallightimicroscope
evaluations (Axiotech 100, Zeiss). Thickness charamation of all
samples was realized by magnetic induction, usiBgi@scope FMP40
(Helmut Fischer) through a standard method for remmmatic coatings on
magnetic basis metal (ASTM B499-09).

Crystalline structures of composites surface gitgplysis were
also investigated by X-ray diffraction (PhilippsPé€rt), with parameters
previously described, evaluated using the softwaRert Highscore Plus
2.0 and PDF-2+ 2004 structural database. Cros@osemalyses were
carried as explained in section 3.2.2., and costlimgar coefficient of
thermal expansion estimated by the rule of mixtures

3.2.4.Tribological characterization

The tribological behavior of graded composites wagstigated
under air by reciprocating linear, pin-on-flat tggometry (BHUSHAN,
2013), schematically presented in Figure 25, uginGETR-UMT 4
tribometer. In order to isolate the lubricatioreetfof h-BN, experiments
were conducted without the use of lubricants andeumoom relative
humidity (44-52%).

Figure 25: Schema of performed reciprocating linearsliding tests.
F

gt ¥
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(AISI 52100)
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Source: (FURLAN, 2016)




59

Surface regions to be tested, were aligned withcthanter-body
sphere (AISI 52100 - @10mm) in order to maintairtaia parallelism of
surfaces during the reciprocating test (2Hz). Waitmnstant load of 4N,
controlled with a load cell (100N), was appliedtive sphere holder
against composite, the friction coefficient of gyatwas obtained during
sliding by monitoring normal and tangential fordg®ftware version
1.136257.F05). The electric resistance, throughrthelogical pair, was
simultaneously acquired to indicate coating failor¢he formation of an
electrically isolating tribo-layer between surfaces

Both mean friction coefficient and electrical résice were
calculated using data acquired (averaging filtedtiviof 100 samples)
during the steady state sliding, indicated in Fég2®, set experimentally
in this work as the sliding distance from 30 tom&ters (criteria based
on the stabilization of the electrical resistanéd)least three samples of
each condition, concerning coating compositioniatetface were tested
with maximum of three analysis per specimen. Fangarison, non-
coated sintered samples were also evaluated.

Figure 26:Friction coefficient behavior and eletricresistance
during sliding test.
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AV

Q=m

Equation 1

After testing, bodies and counter-bodies were @dan acetone
and ultrasonic bath during 15 minutes. Specific wedes (Q) were
calculated accordingly to Equation 1, from the dtad method test for
linearly reciprocating ball-on-flat sliding wear $¢AM G133-05). In



60

which, AV is the volume loss of the tested specimen, Liohal sliding
distance (48m) andyRhe normal load (4N) applied to the samples.

The volume loss of counter-bodies was characteragdthe
volume of worn spherical cap, Equation 2, scheraliyiqoresented in
Figure 27. Both diameters were measured, usingnigtroscopy (200x),
with half of the mean value considered the radfuspberical cap.

Figure 27: Schema for volume loss evaluation of coter-bodies

h=(r-d)

d =TT

Source: Own authorship

AV = n—6h (3a®? + h?) Equation 2

All composites wear tracks were analyzed using evhight
interferometry (Zygo NewView 7200), acquiring topaghic data at least
three times per wear track by a stitch functiorff2tverlap), as detailed
in Table 4.

Table 4: Parameters of data acquisition.
Software Scan lenght| Camera mode | Objective| Zoom

640x480 SX 0.5
MetroPro 150pum pixels-210Hz

Source: Own authorship

The software Mountains Map Universal (3.0.11) wsaduto treat
acquired data, initially to fill non-measured psinbased in a smooth
shape calculated from surrounding data. In sequentavel the surface
and to select the region containing the wear beiteting initial and final
edges of the track (7mm height per 1.5mm widthjeAbbtainment and
treatment, such surface was converted into seifiedDoprofiles by
extracting west-east profiles, from which it wassgible to obtain an
average profile, as presented in Figure 28. Thenwborn volume could
be calculated by multiplying the average worn greatrack distance.

After tribological sliding evaluations, the wornriace of a
representative sample for each condition, was tigeged by SEM (JSM-
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6390LV, Jeol) using secondary and backscatteredtrefes signals
(sample inclined 39, beyond EDX microanalysis (6733a,
ThermoScientific).

Figure 28: Average profile of the worn track of a $S39% sample.

pm

Maximum depth : 477 pm Area of the hole 3388 pm2
Maximum height 108 nm  Ares outside : 268 pm2

Source: Own authorship
3.2.5. Statistical analyses

A statistical two-stage analysis was adopted ttueta differences
among mean values of friction coefficient, electriesistance, wear rates
and other measured properties, using the Origitwaoé. Assuming
normal distribution and same variance, ANOVA (as&yof variance)
indicated if means were equal, if unequal, thenéelisktest indicated by
how much (MONTGOMERY; RUNGER, 2003).
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4. RESULTS AND DISCUSSION
4.1.SINTERED SUBSTRATE

The sintered steel, common substrate among theeamadvorks
developed within the project context, was alreadigracterized and the
outcomes (JUSTUS, 2016) briefly summarized in segeeThe low
alloy steel presented an average density of +D.08g/cni with low
dispersion (cv<1%) of results among batches. Therame value
represent 89.6% of the theoretical density, or,r@pmately 10% of
porosity calculated by the rule of mixtures, preésdngualitatively in
Figure 29.

Figure 29: Non-etched cross section of the sintereshmple under

ogserveg under OM (rlght) azd surface to V|ew uner SEM (SE).

Source Own éuthorshlp

As expected, due to use of pre-alloyed and elemeptavders,
the sintered steel presented a heterogeneous timse, regions
identified as original Fel.5Mo particles, origimatkel particles and an
interdiffusion region among them. Such distributipresented in Figure
30, resulted in regions with micro constituentdainite (B) and perlite
(P) at original Fel.5Mo particles and interdiffusicegions, moreover
austenite (A) and martensite (M) at original and@unding location of
nickel particles.

The steel composition is estimated to present ptiege of
approximately 500MPa of Yield strength and 675MPaltimate tensile
strength (HOGANAS, 1999). The linear coefficientioérmal expansion
(CTE) of sintered steel does not depend on porgsitge is an intensive
property, data from wrought steels could be assucoederning some
slightly composition differences (DANNINGER; GIERUAYER,
2013; THUMMLER; OBERACKER, 1993). For this work,etlx value
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12.8x1C°/K (GALE; TOTEMEIER, 1992) was assumed as the ayera
linear coefficient of thermal expansion.

Figure 30:Typical microstructures observed, with matensite
regions indicated in higher magnification (15kV-15nmWD-SE).

Source: (JUSTUS, 2016)
4.2.PLASMA MODIFIED SURFACES

When observed under optical microscope, the pratisoefaces
for subsequent coating presented a metallic sHiieesantering, modified
to a matte appearance after thermochemical treasnEop view surfaces
analysis revealed neck formation among adjacenticles and pore
rounding, indicated in Figure 31(a). Neck formatemmd pore rounding
are known stages from the sintering process, frgarticle agglomerate
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to a coherent body, in which the driving force asntinimize the free
surface enthalpyAG surface<0) (THUMMLER; OBERACKER, 1993;
UPADHYAYA, 1997).

After nitriding, Figure 31(b), despite the presentéine granular
precipitates on the surface of sintered partictekiato the pores, it was
still possible to identify the original sinteredtwerk. However, after the
double thermochemical treatment of enrichment aitridimg (c), the
morphology evolved to a coalesced crystals aspaleted mainly to the
simultaneous Mo enrichment during sintering of aektcontaining
carbon, explained in sequence.

Figure 31:As produced sintered-S (a), nitrided-SNK), enriched
and nitrided-SEN (c) surfaces, revealed in detailfor the regions
indicated (SEM-15kV-15mmWD-SE).

X

Source: Own authorship
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In accordance, X-ray analyses revealed the presaindiferent
precipitates on samples after surface modificghimtesses, indicated in
Figure 32. Ferrite was identified for all condit®ras the single structure
after sintering and with reduced peak intensiterafiitriding, due to
precipitation ofy"-FesN ande-Fe2-3)N, as also concluded by other author,
when plasma nitriding a sintered Fel.5Mo wt.% a(lB£REIRA et al.,
1995). However, the presence of carbon as an atiogiement into the
substrate, led to identification of the secondgatis ar-Feo-3(C,N),
with prevalence of the -phase, as reported by other authors using
treatment atmospheres with increased nitrogenst@ii®OLINARI et al.,
1993; PINASCO et al., 1995).

Figure 32: Diffraction patterns of surface modificaions.
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During sintering and enrichment, Mo atoms are gpeitt from the
cathode due to ion and neutral atoms bombardmémthvdiffuse to the
atmosphere and sample, promoting the surface emeich Due to atoms
preference for concave surfaces, because of tieeddsapor pressure in
relation to a non-tensioned plane surface, the [Emeious treatment is
reported to reduce presence of smaller surfacespgralso due to
stabilization of alpha iron phase (PAVANATI et &Q07).

The concomitant treatment in the low alloy steelduis this work,
resulted in the precipitation of a bimetallic caldi(FeMosC), reported
in the literature to be distributed as precipitateas a pure surface layer,
depending on the carbon amount into the iron mM@RXVANATI et al.,
2006). SEM and EDS analysis, shown in Figure 3&aked the angular
morphology of agglomerated carbides on SE surfagéth increased
amount of Mo and reduced Fe content in relatiothéomatrix in which
were precipitated, accordingly to stoichiometrycbéracterized phase.
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Figure 33: Color mapping of precipitates on the suface of SE
samples, (SEM-20kV-13mmWD-BSE).

Original micrograph (SE)
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Source: Own authorship

Subsequent nitriding of these samples (SEN) leda ttayer
outgrowth, assumed to evolve from sM®3C precipitates, which
hindered visualization of grain boundaries and pated into the pores,
as presented in Figure 34. Furthermore, in accarlaith the decreased
ferrite peak intensity when compared to the (SE)Xamn in Figure 32,
the phase was characterized by diffraction pattermisFeMosC or
FesMosN, given the treatment to which the samples webenittied.

Based on reported topotactic synthesis of terngfg§Mo3z(C,N))
interstitial carbides and nitrides (ALCONCHEL et .,al1998;
ALCONCHEL; SAPINA; MARTINEZ, 2004). In which, nitgen and
carbon atoms exchange their interstitial positiovisije the structure of
metallic atoms remains unaffected during reactidretyeen oxide or
nitrided precursors and flowing gaseous mixturestedver, considering
that solid solution of Mo enhances the solubilifynitrogen into the
ferrite matrix and interferes on nitrides precipga (BENDO et al.,
2014, 2016), it is believed that a mixture ot¥es(N,C) was formed
during nitriding from carbides agglomerates. HoweWarther analyses
are required to confirm the hypothesis.
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Figure 34: Precipitates in detail, after SE (a) andSEN (b),
) - (SEM-Z?kV-lemWD-BSE). .
[(2) 8 \ X /

Source: Own authorship

Cross section optical micrographs revealed theasimncture of
nitrided samples after sintering (a) and Mo enriehtn(b), in distinct
surface regions in Figure 35. Both presented aewhiter, continuous in
(&) and related to the compound layer, while dioaous in (b)
correlated to the surface outgrowth aspect, preslyquesented in Figure
31(c) and Figure 34(b).

Moreover, two distinct regions can be observed a#ndhe
FesMos(C,N) layer in Figure 35(b). The first (I) probabiglated to the
Mo enrichment that stabilizes tleFe, when reaches a certain amount,
and results in earlier formation of alpha phaséngréPAVANATI et al.,
2007), in which fine nitrides and carbides might peecipitated
(PAVANATI et al., 2006). Below the interface, indied schematically
(I in Figure 35(b), another microstructure wagett) corresponding
presumably to bainite, since solid solution of Macarbon steels favors
such structure formation at the used cooling rates.

The average thickness of discussed regions, obtdigieoptical
micrographs evaluating a minimum of five distinegions of at least
three samples in each condition, revealed layetts v dispersion of
measurements as presented in Figure 36. Due tedtxed size, it was
not possible to evaluate separately the microhasiref observed
carbonitride layers in SEN specimens. However etedas carried in
regions closest to the surface as possible, reyeate increase of
microhardness from 5&88 in SN samples to 8274(HV0.01) for Mo
enriched samples. As already expected at this sksmu point, due to
hardening by precipitation of interstitial bimetaltarbides and nitrides.
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Fi(.Jure 35:Etched cross section of nitrided surfacesSN(a), SEN(b).
| R ‘_ ’ i‘- b, 2 " ¥

Figure 36: Thickness of produced surface layers.

25
T 20 @White layer 17.30
= Mo enriched layer
n 15
3
2 10 6.65
Q
TE 1.31

SN SEN

Surface modification

Source: Own authorship



70

Concerning the presence of Ni, Mo and C as allogiegients, the
reduced nitrogen content on used nitriding atmospaed their influence
on the formation of such layers, thickness and shiardness results are
in accordance with previously published data (BEN&@I., 2014, 2016;
MOLINARI et al., 1993; PAVANATI et al., 2006; PEREA et al., 1995;
PINASCO et al., 1995).

4.3.FILLED PDC COATINGS

Fillers were observed under SEM with field emissijpm (FEG)
before coating production, the angular aspectlicbsi nitride, as well as
the lamellar characteristic and increased spedificface area of
hexagonal boron nitride, are presented in Figurd3assive fillers do not
react with polymer, gaseous products or pyrolysisoaphere during set
thermal treatment, thus, maintaining original nsss material properties
indicated in Table 5.

Source: Own authorship
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Table 5: Comparison of CTE and density of selectedhaterials.

Coating | Coating
a-SizNg h-BN SICN(O) | with 39% | with 74%
of fillers of fillers
CTEa
(10°/K) 25-35| 35-4.0| 3.0-4.( 29-3/3 39-40
Density | 5, 23 2.4 26 2.4
(g/lcmd)

Source: (BARROSO et al., 2016; BARROSO; KRENKEL; Q) 2015;
COLOMBO et al., 2010; GUNTHNER et al., 2011)

Linear CTE values of pure materials were used tonate the
coefficient for the produced coatings, but theat#hces between them
were considerably smaller if compared with the assiivalue for the
substrate. For this reason, no inferences abouh#renal compatibility
behavior of coatings over produced surfaces wessiple.

The pyrolysis behavior of pure precursor (HTTS) dilled
coatings, occurs into well-defined steps, and wberacterized by TGA
analysis. The slight mass loss from about 110 @985C, observed more
pronouncedly for the HTTS (solid line) in Figure, 38related to release
of non-crosslinked oligomers and ammonia duringritoplastic-
thermoset precursor evolution (FLORES; HEYMANN; MO R015). In
comparison with literature, the decreased initiatoss-linking
temperatures are explained due to the presendewhy peroxide, the
radical initiator used to accelerate the crossitigkof filled coatings
(SEIFERT et al., 2014).

The largest mass shrinkage occurred up to approgiynd00°C,
due to conversion of used precursor into an amarpi$CN ceramic by
degradation and release of organic substituentsinlynavolatile
hydrocarbons (CkJ, decomposition products containing S, ahd NH.
(FLORES et al., 2013) As expected, the mass loabriest complete at
700°C, and, the increase of filler amount monotalhicdecreased the
mass loss of composite coatings to the values piedén Figure 39. The
obtained ceramic yield of about 80% for the purecprsor is in
accordance with reported values for HTTS pyrolyzad nitrogen
(FLORES et al., 2013).
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Figure 38: Comparative thermogravimetric analyses emong pure
precursor and with the presence of passives fillers
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Figure 39: Mass loss after pyrolysis at 1000°C dunig 1 hour (N2).
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4.4. COMPOSITES

4.4.1.Coatings and interfaces after pyrolysis

Visually, the increase of filler amount decreasedatings

heterogeneity, specifically the border effect obedrin samples before
and after thermal treatment, presented in Figureetfardless of substrate
modification. Additionally, avoided spalling of dags in such regions
as occurred with the composition containing leflerfi, observed as
bright points inside the dark border of pyrolyzgebk@mens in Figure

40(a), zoomed and presented in Figure 41.
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Figure 40: Samples (SN) with coating containing 39a) and 74% of
fillers (b) before and after pyrolysis.
Before pyrolysis After pyrolysis

Source: Own authorship

Figure 41: Detail of coating spalling after pyrolyss, sample SN-39.

Source: Own authorship

Processing parameters used in the PDC route lecoating
thicknesses below 10um, as presented graphicafigimre 42. Averages
were not considered statistically different at &98&vel of confidence.

Top view light microscopy evaluations, supporteel tiorrelation
between filler amount and coating homogeneity,hasve in Figure 43.
Furthermore, revealed the presence of pores (itedicdy arrows)
independent on surface modification or coating cositpn, beyond the
presence of macro-cracks (dotted circle) in ledkedfi coatings.
Additionally, the increase of 4 filler amount visually indicated
smaller and rounder pores.
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Figure 42: Average coating thickness of produced @atings over
sintered (S) and modified surfaces (SN and SEN).
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d in pyrolyzectoatings.

Figure 43: Pores and crack, indicate

Source: Own authorship

The fulfillment of cracks with mounting resin, obatings cross
section analysis as in Figure 44, confirmed it wasa defect produced
during the metallographic preparation. Regionsaiomg deeper surface
porosity, purposely presented, revealed a few ledfispots for both
coatings compositions at the bottom of larger pabege to elimination
of gaseous products formed during coating pyrolyaisd absence of
further processing steps to produce dense cerapuocss were already
expected. However, cracks indicated that the fédlerount of 39 vol.%
was not sufficient to compensate the precursonklge, or, produce a
crack-free PDC coating over the sintered steel miodified surfaces
using the presented processing route.

The coating with only 26 vol.% of SiCN (or 74 vol.8t fillers)
visually presented a proper filling into substratgardless of interface,
as observed in Figure 45 at different magnificatido cohesive cracks,
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large pores, filler agglomeration nor interfacelui@ were observed,
suggesting a successful obtainment of homogenamwisfree of macro
cracks, ceramic coatings over sintered substrates.

Figure 44: Micrographs comparison of filled coatings, arrows
indicate cracks or unfilled spots (SEM-15kV-10-13mdVD-BSE).

Figure 45: Coatings with 74% of fillers, applied ower different
interfaces, afer pyrolysis (SEM-15kV-10-24mmWD-SE).

Suré: Own authorship

After pyrolysis of carbon rich PCSZ precursor systdike HTTS,
the derived ceramics are generally amorphous, ceeth@f mixed
SIGNy (x+y=4) tetrahedral and SiQunits (GREGORI et al., 2005;
SEIFERT et al., 2016; TRASS et al., 2000). Beyoificca carbon phase,
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which amount strongly depends upon molecular psscuarchitecture
(TRASSL et al., 2002).

Nevertheless, X-ray diffraction analysis of pyrayzcoatings did
not revealed the typical halo, with one or two lbk@aaxima expected
from amorphous structures (CULLITY, 1978), as prése
comparatively in Figure 46. Presumably, due tokiéss and reduced
precursor amount of produced coatings, however, ircreased
background noise noted up to approximately 58P f#ight be associated
to the SICN amorphous phase.

Figure 46: Diffraction patterns of coated samples fier pyrolisis.
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The peaks, characterized in Figure 47, originatenfadded fillers,
hexagonal boron and silicon nitride, beyond bodytexd cubic iron
from substrate. Observed small variations of peaensity among
composites were correlated with filler amount amdtimg thickness
variations, e.g., in Figure 46 increased peak®yd? of SEN-74 sample
(9.45:0.83um) in comparison with the SEN-39 sample (&1L.8 lum).

Regarding surface modifications, no significanfediénces were
observed in diffraction patterns between sinteredi rdtrided interfaces,
indicating the decomposition (diffusion of nitrogiemo substrate and or
coating) of previously characterized nitridég~esN ande-Fe>.aN during
pyrolysis. Results in accordance with literatureatthindicates, at
temperatures above 580°C, an evolutiorz-oftride intoy -phase with
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thermal stability up to 650°C (ALVES JUNIOR, 20RIGUEIREDO,
R., 1991).

Figure 47:Diffraction pattern of SEN-74 composite after pyrolysis.
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Notwithstanding, interfaces containing mixed caibaes
revealed maintenance of phase sff@C and/or FeMosN),
characterized mainly due to exclusive peaks preseribe region around
40°, when compared with SN or S interfaces, regamed in Figure 48.

Figure 48: Peaks of carbonitrides indicated on SENnterfaces.
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Cross section analysis under SEM corroborated seshlts,
revealing the presence of Mo-rich precipitates émall depth below the
coatings of SEN samples, indicated in Figure 48amless of coating
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composition. Due to its reduced size, it was naisfimle to determine the
microhardness of the discussed phase, constitutathlymby iron

(~50wt.%), molybdenum (~30wt.%) and carbon (~20Wtetcordingly
to EDS results.

Figure 49: Micrographs comparison of interfaces afer pyrolysis,
(SEM-10-15mmWD-SE on left and BSE on right side).

Chemical analysis, carried by EDS on coatings lof@hposites,
identified essentially silicon, carbon, nitrogemaxygen. The first were
expected from coating and fillers chemical compasit beyond
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suggesting oxygen incorporation, as reported ierdiure due to
processing handling (SEIFERT et al., 2016).

Aforementioned results, corroborated by comparagismental
maps of coatings suggest that after pyrolysis no considerablyugifin
of elements from substrate and surface modificatamturred to coatings
and vice versa. The nitrogen distribution, pointed the absence of
previously observed nitrided layer on SN compositeaccordance with
already discussed X-ray diffraction results aftgofysis

Also revealed a micro constituent evidenced by tixggen
distribution, clearly observed for sintered andidéd interfaces (S and
SN) and presented in Figure 50, indicating a cotnaBan between
coating and substrate. The trend can be relatedpmssible iron oxide
formation at the surface during pyrolysis, duetschigh negative Gibbs
energy (GALE; TOTEMEIER, 1992), also observed oterifaces
between coatings and substrates in Figure 44(&+89Figure 49(SN-39)
previously presented.

Figure 50: Comparative of all coating elements onamposites, SN-
74 and SEN-74, after pyrolysis (SEM-20kV-15mmWD-SE)

3 Presented in detail in Appendix, Figure 71 to 73.
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Source: Own authorship

Similar analyses concerning the substrate, predemteigure 51,
revealed a good homogenization of substrate allEepents (Fe, Ni and
Mo). Except for enriched and nitrided samples (SBEMjich presented
concentrated Mo spots inside a distinct surfacéhd@pesumably related
to partial conservation of Fe-Mo carbonitrides ghas

Another microstructural feature observed on SEMrfates after
pyrolysis is presented in Figure 52. Presumablyitéegrains stabilized
by Mo, the element was more concentrated aboveohdife grains and
on precipitates, as indicated in Figure 73 in agpen
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Figure 51: Comparative of all interface elements orromposites SN-
74 and SEN-74 after pyrolysis, (SEM-20kV-15mmWD-SE)

Source: Own authorship
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Figure 52: Detail of SEN interfaces after pyrolysiqfSEM-20kV-
15mmWD-SE).

Source: Own authorship

Comparison of microhardness profiles of SN and Sgétimens
after pyrolysis suggest absence of the surfaceeharg effect, plainly
observed after thermochemical surface modification&igure 53. In
accordance with microstructural evolution of thigided interface (SN),
but not expected for the enriched and nitrided o(®EN). After
pyrolysis, the SEN condition revealed slightly dexed values up to a
depth of approximately 10n, in accordance with microhardness results
of ferrite regions enriched with Mo.

Figure 53: Vickers microhardness profiles of SN andSEN samples,
as a function of depth from samples surface.
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Furthermore, it was not possible to evaluate widuequipment
the microhardness of mixed carbides or carbongrigeesent mainly as
a top layer of the substrate after pyrolysis, duigstreduced size.

4.4.2.Heat treated substrate

Concerning the material core and not the interfaibessequential
post sintering treatments (namely surface modifioat and pyrolysis)
mainly when carried above the austenitic tempeeat679°C during
heating after sintering (JUSTUS, 2016), also led ntetallurgical
transformations of the substrate, with averagel fim&rohardness of
224+17(HV0.10) and hardness of 144+7HB.

The solid solution of Mo and C into iron retards flormation of
pearlite and increases the alloy hardenabilitypeesvely. Combined
with used pyrolysis cooling rate, presumably alldvlee precipitation of
upper bainites, non-lamellar aggregates of featité carbides, and some
ferrite grains, indicated in Figure 54. Furthermonéckel remained
concentrated around the areas of original Ni pagjcdue to the low
diffusion rate of Niinto iron (GALE; TOTEMEIER, B2), and since was
not previously pre alloyed as the iron molybdenuwger, for
comparison.

Concentrated Ni region

Ferrite grain

Source Owh éuthorshlb B

Nickel is a stabilizer of iron austenite, and tlaebon present in
regions where the amount of nickel is not high gtoto form austenite
generates small amounts of martensite, even whealingadown rate is
not high (HOGANAS, 1999). A better homogenizatioh mickel
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presumably decreases the austenite and increasensatttensite phase
amount, which is in accordance with the microhassneise of such
phases from 410+56 to 530+46 (HV0.01) on sampldésrbeand after

pyrolysis, respectively.

Microhardness profiles of sintered, coated andlggenl samples,
presented in Figure 55, revealed a dispersionsofiteaccordingly to the
phases characterized on samples substrate aftdysgr(ferrite, bainite,
austenite and martensite). As expected, the coetingosition indicates
no influence on such results.

Figure 55: Vickers microhardness profiles of sinteed samples
after pyrolysis, as function of depth from samplesurface.
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4.4.3.Substrate friction behavior

In order to evaluate friction behavior changes, daethe
metallurgical evolving of sintered steel, slidingstis were carried on
uncoated substrates after sintering and after ansethermal treatment,
which reproduced the pyrolysis parameters. The eoisgn presented in
Figure 56 indicates two distinct sliding regimegtion increasing in the
initial period and ranging around an average vdluring the steady state
regime, regardless of sample processing path.

During initial regime, the slight difference noteds related to the
systemic character of surface interactions, negl#is, the average
friction coefficient calculated on the second regiiwas the same,
0.38%0.01, after sintering and second thermalneat.

Observed average wear rates of substrates (1.6%103
mne/N.m) and counter-bodies (1.15-1.33®1énm*N.m) were not
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considered different at a 95% level of confiden&eslight increase of
electrical resistance, also observed for both satestconditions, was
associated to the formation of an oxide tribo-lageithe interface of
sintered substrate and the AISI52100 counter-body.

Figure 56: Friction coefficient and contact electrcal resistance
behavior of uncoated sintered samples.
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4.4.4.Composites friction behavior

The friction behavior of all composites were veimitar under the
tested sliding condition and revealed a transitiom an initial to a steady
state regime. But, with increased averages whenpawed with the
uncoated steel, as presented in Figure 57, whenpasites with highly
loaded coatings (74vol.% of fillers) and modifieteirfaces are compared
with an uncoated sintered steel.
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Figure 57: Friction evolution of coated samples, wh higher filler
amount, as a function of sliding distance.
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The average steady state friction coefficient afposites and
uncoated samples were above the lubricious regjw@.2), despite
coating composition or surface modification. Furthere, the friction
averages, presented in Figure 58, when analyz@dhbya tests were not
considered different at a 95% level of confidence.

Figure 58: Average friction coefficient, calculatedin the steady
state regime.
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The typical aspect of composites and uncoated afesl sliding
tests, in Figure 59, contains an important inforamato understand the
friction results. At the end of the tribologicalogess, a metallic aspect
was visually revealed inside all wear tracks. Whircturn, pointed to the
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complete wear of both coatings (with 39 and 74 %obf fillers),
regardless of surface modification.

Therefore, coating failure occurred during the $rant regime,
caused presumably by loading above a critical Hulelsvalue (CROSS
et al., 2006), due to repeated surface interactiomg surface and
subsurface stresses developed at the interface NHBERG,;
MATTHEWS; RONKAINEN, 1998).

Figure 59:Composites and sintered steel after slidg test.
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The fracture toughness is an important materiapgnty in the
friction of such ceramic coatings, with mechanigadperties compared
to brittle glasses and:K estimated in 0.7 MPa:H%, but dependent upon
precursor, processing route and fine microstructlgwils (ROUXEL,
2010). Similar to most porous ceramic materialactfire toughness of
PDCs directly depend on porosity, and in the presagse, also on the
adhesion among patrticulate fillers and the SiCNsph&eyond fillers
agglomeration in coatings microstructure, undeidtas discontinuities
in the ceramic matrix.

Properties values of fully dense SiCN ceramicsfable 6, were
used to estimate a maximum contact pressure ofSBP&3etween the
plane-sphere sliding geometry (coated surfacesnsigallSl 52100
sphere). Even considering the differences among oshere
environments and final microstructures, the vaki@bove the contact
stress of 0.45GPa, associated to high frictionsmvere wear behavior of
fully dense SiCN ceramic, pyrolyzed under similanditions, but tested
under N atmosphere (CROSS et al., 2006).
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The critical applied stress, achieved during loptesumably
resulted in premature coating failure followed byengration,
comminution and oxidation of wear particles frondpand counter-body
during sliding, forming an eventual tribo-layer. cBu supposition,
explains the similar friction average obtained fall composites,
controlled by the substrate in combination with wearticles and
environmental parameters.

Table 6: Data used for contact pressure estimationin
http://www.tribology-abc.com/sub10.htm

Elasticity modulus | Poisson ratio ~enll s oiflaed)
geometry
AISI 52100 | 207GPa 0.29 5mm
PDC coating| 97GPa 0.22 0

Source:(CROSS et al., 2006; JANAKIRAMAN; ALDINGERQO9;
MATWEB)

4.4.5,Contact electrical resistance

Differences on contact electrical resistance apeddent on the
real contact area, and related to phenomenologietdlils of contact
mechanisms, not evaluated in the scope of this wtek observed trends
are presented to complement the discussion ofib@dgical composites
behavior during sliding.

Results showed two distinct behavior directly rsdiio the coating
filler amount, indicated in Figure 60. The elecificesistance raised to a
maximum value (<10ak) before decreasing, during the sliding of less
filled coatings (a and b). In addition, startedrareased values, before
decreasing, when the surface was coated with niégesf(c). In both
cases, it was indirectly possible to indicate tlemftion and/or
degradation of a third body, which electrically utees substrate and
counter-body.

The differences observed mainly at the beginningsis between
coating composition, might be attributed to an éased load bearing
capacity of the coating with higher filler amoumdéor the presence of
cracks in the less filled coatings, but as alreawsntioned, further
investigations are necessary to infer causes. Hemveuring the steady
state regime, defined by the stabilization of eleal resistance among
composites, the averages differences were signifitar coated and
uncoated samples, indicated in Figure 61.
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Figure 60: Friction and electrical resistance evoltion of coated
samples, S-39(a), SEN-39(b) and SEN-74(c).
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The presence of the coating on surfaces incredseeléctrical
resistance of the contact, presumably due to thsepice of a tribo-layer
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formed from wear and comminution of insulating aogs by the counter-
body against the steel, under the testing atmospher

Figure 61: Average contact electrical resistance t¢eulated in the
permanent regime.
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4.4.6.Composites and counter-bodies wear rate

The drawback of precursor-derived ceramics is theftle nature
leading to a deterioration of their mechanical rtips. The
incorporation of fillers to form composites is ggpeoach to reinforce the
brittle ceramics, but in this work, led to an irese of composite wear
rate, indicated in Figure 62. Statistically, themages differences showed
significance, when coated and uncoated samples eoating
compositions were compared.

The increased wear rate of coated samples is eepldiy coating
failure, accompanied by a third-body formation Hesu from the
removal and chemical reaction from the surfacescamtact and
atmosphere, explained in sequence. The influencgzNi amount on
coating composites, can be related presumablyetéotimation of a more
abrasive third-body (due to increased amount ohsibe particles).
Metallic and nonmetallic wear debris may act alwelgiand roughen the
contacting surfaces, but formation of protectiviedslayers may lead to
smoother surfaces again (ZUM GAHR, 1987).

The wear rate, among surface modifications, redealeerage
differences only for SEN composites, with higheraweates, possibly
related to the presence of hard carbonitrides obides, previously
characterized, on the interface.



91

Figure 62: Average wear rate of composites as funian of coatings
composition and surface modification.
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On the other hand, concerning the associated wehe @ounter-
bodies presented in Figure 63, averages differamaese only significant
when sintered steel and coated samples were codhpHne increased
wear rate of the counter-bodies tested againstedoaamples was
explained due to the presence of comminuted coatinthe contact,
acting as debris during sliding. Furthermore, adistical influence of the
SisN4 coating amount on the wear rate of counter-bodias observed
(for the described tests parameters), presumatdytadhe higher wear
resistance of the AISI52100 when compared to theed low alloy
steel.

Figure 63: Average wear rate of counter-bodies.
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4.4.7.Composites wear tracks investigation

Visually all wear tracks presented similar metalippearance,
suggesting the complete wear of coatings at theoénidst. However,
further investigation by SEM revealed particulastibeyond common
features between them. The wear tracks of sinfamddincoated samples,
initially observed, are presented in Figure 64.

Figure 64: Wear tracks of sintered sample without oating, SEM-
15kV-21mmWD-SE(a) and BSE (b).
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Due to plastic deformation, from contact and re&atsliding
between body and counter-body delimited by bragketee closure and
grooves can be observed in the same sphere siitliagtion. Higher
magnification suggested a material accumulatiodicated by arrows,
derived from the plastic flow and counter-body matetransfer. EDX
microanalysis revealed a high degree of oxidatiothese regions, and
corroborated the material transfer from countentmdthe wear track,
mainly due to detection of Cr from counter-bodiethiese regions (Table
8 and 9 in Appendix). Presumably, this tribo-layeas formed from
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oxides removal and ploughing of asperities fromsgualte and sphere,
which, during sliding were further comminuted anddized.

Typical wear tracks of the composites, at diffenegignification
under SEM, are presented in Figures 65 to 68. @tiak analysis
revealed apparently filled pores inside the wesldy observed as dark or
white regions inside the wear track if observeshg$8SE or SE signals,
in contrast to the pore closure on uncoated samplashermore, the
tracks observed with backscattered signal in Figitreindicated more
wide tracks comparative to uncoated samples, imrdeace with the
wear rate results of composites and counter-bodies.

Figure 65: Wear track comparison of coated samplesgs function
of filler amount and interface (SEM-15kV-12-21mmWDBSE).
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Both surface modifications and coatings compositain not
visually modified the smooth aspect of wear or makeéransfer among
the composites, visualized in Figures 66 and 6Fessely.

Figure 66: Wear track details analyzed with seconde electrons
signal (SEM-15kV-12-21mmWD).
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Figure 67: Wear track details analyzed with backsctered
electrons signal (SEM-15kV-12-21mmWD).
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The comparison indicated presence of common regicthe wear
tracks of all samples, named A and B, and alreadlgudsed for the
uncoated substrate. Other, shared only by coateglss, called C, and
another exclusive of SEN composites, called Didahtified in Figure
68.

The spherical microstructural feature indicatedwaitrows, rich in
Ni (~67wt.%) and Fe (~14wt.%), was observed onlyvar tracks of
composites containing the lower amount ofsNi and further
investigations are necessary to clarify its source.
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Figure 68: Characteristic regions (A, B C and D) inwear tracks,
(SEM-15kV-16-21mmWD-BSE).
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4.4.7.1 Elemental analysis

To understand the observed regions in compositesy wacks
were also analyzed by X-ray microanalysis, compaght presented in
Figure 69. To identify material transfer betweendypdcomposite),
counter-body (sphere) beyond tribo-chemical reasti(xidation), the
original chemical elements on the tribological paire identified as
presented in Table 7. After analyses, the main asralements in each
region of every composite, detailed in Table 8 1oirl Appendix, were
classified among elements presented mainly in thstsate, coating or
counter-body.

Table 7: Original chemical elements present in theéribological
system before sliding.
Fe| Ni| Mo| Crl Mn| S| P S ¢ N B

Coating
Substrate
Sphere
Source: Own authorship

As already described, regions A and B were comnwralk
samples, the first was composed mainly by substelEments
(Fe+Ni+Mo) and oxygen, beyond coating elements ¢¥ifor coated
samples. Region B presented a combination of elenfesm substrate
(Fe+Ni), sphere (Fe+Cr) and coating (C+Si), witimparatively higher
oxygen content. Confirming the hypothesis of addfiody formation
from coating failure, comminution and oxidation, ialh contributed to
the increased tribo-chemical wear of compositespmparison with non-
coated samples.

Characterized as original pores filled with coasingegion C was
composed of coating elements (Si+N+C) and oxygemilé/egion D, as
the bimetallic carbonitrides or carbides remainfrgm the sequential
thermochemical treatment of Mo enrichment anddiitg, in accordance
with X-Ray diffraction results. The increased weates of the SEN
composites in combination with observed cracks ciaigid in the
FesMos(C,N) regions, indicate that such hard phase dartid to the
third body formation, also confirmed by the ince@$1o0 amount in the
tribo-layer (region B) of these composites.
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Figure 69: Characteristic regions observed in weatracks of coated
samples (SEM-12-21mmWD).
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4.4.8.Final tribological considerations

When tribological results of the sintered steelexesmpared with
the composites, it was observed:

O No influence on the friction coefficient For the regime where
the averages were calculated the coatings werdgingorn, and
the major contribution to the friction coefficiehehavior was
from the substrate but controlled by the formeditiiody.
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U An increase of wear rate of coated samples and it®unter-
bodies Explained due to the presence of an oxidized uméxof
coating, substrate and counter-body, deformed anmdrgnuted
at the contact during sliding. The third-body wasliiectly
indicated by an increase in contact electrical stasce in
comparison with the sintered steel, even when tatkot during
the permanent regime.

U Maintenance of open porosity inside the wear trackulfilled
with coating and wear with tribo-chemical character
Wear tracks were composed mainly of deformed subsite
(A) and a third body (B), composed of oxygen, elemts from
substrate, coatings and counter-body Furthermore, coated
samples revealed wear tracks with porosity fulfiNeith coating
and carbides presence on SEN composites

On the other hand, comparing the tribological respoof the
composites, it was noted;

U A decrease of contact electrical resistance, duringteady
state, with the increase of coating filler amount Possibly
related to the formation of a more abrasive thiodyy which
might had increased the real contact between tlae tneck and
the sphere.

O An increase of composites wear rate, with the raisef SkN4
amount in coating composition The increased amount of this
filler, after coating fracture, possibly suppliedom hard
particles to the contact during sliding. Howevéere were no
influence of the SN4amount on the counter-bodies wear rate
(statistical analysis with 95% of confidence leyefrtainly due
to higher wear resistance of AISI52100 in comparigdth the
sintered steel.

U Increased wear rates of SEN interface®ue to the presence of
hard ternary carbonitrides or carbides at the fiater, acting as
another debris source, incorporated to the thimybduring
sliding, after fracture and comminution againstabenter-body.

Therefore; despite the use of an increased amdufilen (74
vol.%) allowed the successful obtainment of homegeis and crack-free
ceramic coatings onto sintered substrates, sudingealid not presented
a satisfactory tribological response when evaluatedier tested
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conditions. The author’s perception after the dgwelent of this work
indicates two possible ways to give research caityin

a)

b)

Development of composite coatings using the sameessing
route for other applications, loaded poly(orgarda¥sine
coatings might present potential tribological ré&suin
situations of lower contact pressure, as in coniiognsontact
applications or even under compression solicitation

In view of the results obtained with the plasmaistsd
pyrolysis (PAP) technology (SEIFERT et al.,, 2016)¢
development of composite coatings for tribological
applications with active fillers to promote adhesiamong
SICN matrix and fillers, making use of PAP techmyldor

pyrolysis.
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5. CONCLUSIONS
About the thermochemical surface modificationsiofesed steel:

U Plasma assisted nitriding resulted in the formatbra white
layer, with thickness of ifn, composed mainly by -FeN and
e-Feo-3(C,N) and hardness of approximately 600HV;

U Simultaneous plasma assisted sintering and Mo hengaot
resulted in the formation of bimetallic carbideses;#0sC)
dispersed on the surface of the substrate;

O Subsequent nitriding of sintered and surface eadckamples
led to the formation of a discontinuous carbondrid
(FesMo3(C,N)) layer (~1um), with increased surface hardening
effect in comparison with formed iron nitrides (980/);

O The iron nitrides were thermally decomposed aftgolysis,
unlike FeMos(C,N) despite the surface hardening absence;

Concerning the coating development and processiagsintered
substrates:

O The increase of filler amount monotonically deceshthe mass
loss of composite coatings, decreased coatingsdgeteeity and
avoided the spalling

U Processing parameters used in the PDC route lezbadting
thicknesses below 10um;

Both coatings presented pores and a proper fillitg the
substrate, but the coating with 39 vol.% of fillggeesented
cracks;

U The increased filler addition allowed the succdsshiainment
of homogeneous, free of macro and cohesive cragkamic
coatings over sintered substrates.

And the tribological evaluation of composites:

U The average steady state friction coefficient ahposites were
above the lubricious regime (u<0.2), despite cgatin
composition or surface modification;

U Sliding tests with maximum contact pressure of GBa&, under
dry environment, caused failure of both coatingkjctv were
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deformed and comminuted by substrate and countdy;lvehile
oxidized by atmosphere, during sliding;

Composites formed tribo-layers during sliding, weoenposed
of oxygen, elements from substrate, coatings andteo-body;
Formed tribo-layers increased wear rates of congmsind
counter-bodies in relation to the uncoated sintstedl;

The interface enriched with molybdenum and nitridenteased
the wear rate of composites, by providing carbidas
carbonitrides particles, to the contact duringistd
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6. FUTURE WORKS

a

a

a

Investigation of abrasive resistance of develogedposites;

Tribological investigation of plasma generated weband
carbonitride layers over the sintered steel;

Development of composite coating with active fillerpromote
adhesion among SiCN matrix and fillers, making a&AP
technology (SEIFERT et al., 2016);

Deposition and pyrolysis of pure polysilazane prsots on
metallic surfaces, for tribological evaluations, the use of
plasma technology.
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APPENDIX
Introduction - The Bragecrim initiative

BRAGECRIM is the acronym for the Brazilian-German
collaborative research initiative in manufacturibgtween CAPES and
DFG, which fund and support projects in partnersiofpresearch groups
from both countries in the field of advanced mantifeng technologies.
The program primary aim is to develop fundamengdhhological
knowledge for innovative solutions to improve protiity, quality and
sustainability of industrial companies from Bramild Germany (CAPES,
2008). The exchange of knowledge is another impbuéhjective from
the initiative, through work and study missionsstfdents, researchers
and professors, as schematically presented in é&igdrand understood
as a powerful mean. Over 300 researchers from mausemiversities and
research organizations, have been investigatingidseies affecting all
stages of the production cycle within its frameworhich comprises
materials science, industrial engineering, metrplagd logistics (DFG,
2015).

Figure 70: Bragecrim participating research institutions in 2015.
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Results and discussion — Coatings and interfacegaf pyrolysis

Comparative elemental maps of coatings and intesfaafter

pyrolysis are presented from Figure 71 to 73 (SEMM215-16mmWD-
SE).
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| elements on compote S-79.

Figure 71: Color mapping of al
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Source: Own authorship
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Figure 72: Comparative of some elements on composi& SN-79 and
SEN-79.




Source: Own authorship

Figure 73: Mo and O distribution on SN-79 and SEN-8 samples.
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Source: Own authorship
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Results and discussion — Wear tracks

The typical aspect of composites, observed unddf, fer the
tribological sliding tests is presented in Figude 7

Figure 74: Wear track comparison of coated samplesgs function
of filler amount and interface (SEM-15kV-12-21mmWD-SE).
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Results and discussion — Wear tracks — elemental alysis

The chemical analyses carried on characteristiomsg using a
15kV voltage, observed in wear tracks, named A, Bar@ D and
discussed in section 4.4.7.1, are presented ine$ablto 11. The EDS
analyses were carried, among others, in the regicesented in Figures

66 and 67.

Table 8: Region A, in wear tracks of coated and urmzated samples.

Region A Mass percentage
Composite Fe Nif Mg Si| C 0
Sintered steelt| 79,7| 2,6 1,5| 0,3] 12,7| 3,2
S-39 66,6| 6,3|1,7| 4,4]95 | 11,5
88,5|2,4]1,7|1 0,4]59 | 1,1
S-74 80,7| 3,6/1,2| 0,5/ 88 | 5,2
84,1|5,211,3| 04|16 | 7,4
89,1 - 14| 06|65 | 24
SN-39 e o1~ 1,0/ 0,667 | 2.5
84,0| 3,3|1,3| 0,5/ 6,0 | 49
SN-74 - a8~ |17/ 0.6]6.1 | 0.8
SEN-39 86,4|3,0/29] 05|49 | 2,3
SEN-74 88,3| 3,9 - 0,752 | 1,9

Source: Own authorship

Table 9: Region B, also common in wear tracks of aied and

uncoated samples.

Region B Mass percentage
Composite Fe Nif Crf Mo Si|i C O]
Sintered steel| 57,1 1,1 | 0,4] - 0,2 7,0 | 34,2
61,6/ - - - 1,2 5,7 | 31,5
S-39 596|- |0,7]- 15[9,1 [ 29,1
S.74 475/ - 0,8] - 15| 16,8 33,4
i 62,2 - - 09| 1,1] 6,4 | 29,4
76,9 3,9 - 1,3] 0,6/ 7,5 | 9,8
SN-39 =86 2T- To08|- |o07]88 [295
64,2 16] - - 1,1 5,6 | 27,5
SN-74 8001~ [08|- |35]108]24.9
70,3 - - 52| 06| 7,0 | 16,9
SEN-39 79,3( 56/ - 18] 0,484 |45
SEN-74 67,3( 2,71 - 38| 0,8 8,6 | 16,8
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| [555]- Jo0,.8[13]08]75 [341]
Source: Own authorship

Table 10: Region C, present only in wear tracks ofoated samples.

Region C | Mass percentage
Composite| Fe Si C @) N B Zr A
S-39 2,3 |133,5]|13,7| 23,9 26,6] - - -
18 |249]154|135(21,8|21,1|1,1(0,4
S74 15 [339(17,9|13,4| 30,0] - 29|04
1,7 [ 35997 [124(292|78 | 2,4] 0,9
SN-39 15 |34,5]| 18,4| 18,1| 25,8 - 1,410,3
14 | 27,6] 19,6| 23,5| 24,6 - 3,31 -
sn7a = 40,5] 13,3| 10,9| 31,5] - 3,404
15,2] 25,9 13,9| 19,7 | 23,0] - 2,010,3
1,9 | 357|21,5| 22,7| 18,2] - - -
SEN-39 2,2 130,8|185] 22,0 24,3] - 1,21 1,0
14 [24,0f133[9,2 [30,0]205]|1,4]|0,2
SEN-74 175 130,0[23,0] 189|258 - | 0.8/ 0,3

Source: Own authorship

Table 11: Region D, only present in wear tracks o€omposites with
enriched and nitrided interface (SEN).

Region D | Mass percentage

Composite| Fe Nifl Mo| Si| C @)
29,5] - 49412,71129]| 5,5

SEN-39 =55 51,5| 1,7 14,6] -
34,6|2,3]|47,3]| 10| 14,8] -

SEN-74 =23~ (42,0 2,0 11,0] 10,7

Source: Own authorship



