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1 Podstawowe dane

1.1 Dane personalne

e Imie i nazwisko: Tomasz Suszko
e Data i miejsce urodzenia: —

e Miejsce pracy: Politechnika Koszaliniska, Wydzial Inzynierii Mechanicznej
i Energetyki, Katedra Fizyki Technicznej i Nanotechnologii

e e-mail: tomasz.suszko@tu.koszalin.pl

o tel.: —

e Numer ORCID: 0000-0002-8355-891X

e Dane bibliometryczne (stan na 15.10.2024 r.):

— Indeks Hirsha: Scopus — 14, Web of Science — 14, Google Scholar —
17.

— Ogolna liczba cytowan (w nawiasie liczba bez autocytowari): Scopus
—928(905), Web of Science — 859(837), Google Scholar — 1137.

— Liczba publikacji indeksowanych: Scopus — 23, Web of Science — 20,
Google Scholar — 65, PBN — 80.

— Sumaryczny impact factor: 92.3

1.2 Posiadane dyplomy, stopnie naukowe

e 1982 — Technik elektronik, Technikum Elektroniczne w Koszalinie

e 1990 — Magister fizyki, Uniwersytet Gdanski w Gdansku, Wydziat Mate-
matyki Fizyki i Chemii, kierunek: fizyka do$wiadczalna

e 2005 — Doktor nauk technicznych, Instytut Technologii Materialéw Elek-
tronicznych w Warszawie, dyscyplina: inzynieria materialowa, tytut roz-
prawy doktorskiej: Wysokotemperaturowe wtasciwosct tribologiczne azotku
molibdenu v-Moa N domieszkowanego miedzig

1.3 Informacja o dotychczasowym zatrudnieniu i aktyw-
nosci naukowej

Po ukoriczeniu studiow przez kilka lat pracowalem w szkole jako nauczyciel
fizyki, by w roku 1997 zosta¢ zatrudnionym w Politechnice Koszaliniskiej na
stanowisku asystenta.

Na poczatku pracy na uczelni, oprécz pracy dydaktycznej, uczestniczytem
w pracach badawczych prowadzonych w Katedrze Fizyki, angazujac sie w prace
doswiadczalne i analize danych w dwoch obszarach: azotowania gazowego i tech-
nologii PVD. W pracy dydaktycznej powierzono mi natomiast prowadzenie ¢wi-
czen rachunkowych z fizyki oraz laboratorium z tego przedmiotu.

W pracy badawczej skupilem sie najpierw na analizowaniu i rozwijaniu tech-
nologii azotowania gazowego, bedac aktywnym cztonkiem zespotu realizujacego



grant badawczy wspoélnie z Instytutem Mechaniki Precyzyjnej w Warsza-
wie, ktory to grant obejmowal nowoczesne podejscie do modelowania procesow
cieplno-chemicznych, jak i ich sterowaniem.

Nieco pozniej zaczely mnie takze interesowaé zagadnienia z technologiami
PVD, zwlaszcza ze Politechnika Koszaliniska byta jednym z polskich prekurso-
row tej technologii, a w owym czasie funkcjonowaly w Koszalinie dwie firmy
z tego obszaru: VI'T Techniki i Technologie Prézniowe sp. z 0.0. oraz
Prozniowe Technologie Cienkowarstwowe Czeslaw Szypowski.

Po zdobyciu pewnego doswiadczenia, skupitem sie¢ bardziej na technologii
PVD i materiatach otrzymywanych ta metoda, a w koricowce 2001 r. otworzy-
tem w Instytucie Technologii Materialow Elektronicznych w Warsza-
wie przewdd doktorski na temat syntezy i wlasciwosci cienkich warstw azotku
molibdenu. Roéwnolegle do prac nad tym azotkiem angazowalem si¢ w prace
nad innymi powtokami nanoszonymi metodami PVD, a w szczegblnosci nad
ich wlasciwosciami tribologicznymi. Prace te byly prowadzone we wspolpracy
z Uniwersytetem Sroédziemnomorskim w Marsylii i z Narodowym In-
stytutem Politechnicznym w Grenoble, w ramach programu Polonium.
Program ten umozliwit mi kilkukrotne stazowe wyjazdy do tych o$rodkéw ba-
dawczych i zdobycie cennego doswiadczenia.

Roéwnolegle do prac nad materialami otrzymywanymi technikami PVD zaj-
mowalem si¢ azotowaniem gazowym w konteks$cie kontrolowania i sterowania
procesem, w ramach wspotpracy Politechniki Koszaliniskiej z Instytutem Me-
chaniki Precyzyjnej w Warszawie.

W roku 2005 obronitem z wyr6znieniem prace doktorska, a moje zaintereso-
wania naukowe zwrécily sie ku mozliwosciom rozwoju technologii PVD w kie-
runku wielozrédtowego rozpylania magnetronowego i mozliwosci syntezy meta-
licznych powlok quasi-krystalicznych. Badania te prowadzone byly we wspot-
pracy z przodujacymi naukowymi instytucjami europejskimi skupionymi wo-
kot finansowanego w latach 20052010 projektu Complex Metallic Alloys
— Network of Excellence oraz we wspolpracy z Instytutem Technologii
Eksploatacji w Radomiu.

Kolejne mozliwosci pracy nad rozwojem technologii PVD pojawily sie wraz
z uzyskaniem przez uczelnie duzego grantu na opracowanie technologii modyfika-
¢ji powierzchni narzedzi do obrobki drewna (lata 2009-2012). Praca w projekcie
dala mozliwosé skonfrontowania doswiadczen z pracy naukowej, laboratoryjnej
z wymaganiami proceséw przemyslowych. W ramach realizacji grantu odpowie-
dzialny bylem za opracowanie technologii syntezy pokryé przeciwzuzciowych na
narzedziach do obrébki drewna, na bazie azotku TiAIN.

W miedzyczasie (2007-2008) zaangazowany bylem w prace nad uruchomie-
niem w uczelni kierunku studiéw inzynieria materialowa. Pracowatem nad opra-
cowaniem programu tych studiéw, sylabuséw, materialow dydaktycznych, pro-
mocja, a podzniej takze realizacja prac dyplomowych na tym kierunku.

Wspoélpraca w tamtym czasie z Instytutem Inzynierii Materialowej
Politechniki Szczecinskiej skierowala moje zainteresowania naukowe na tak
zwang faze S, inaczej rozszerzony austenit (ang. expanded austenite). Zagad-
nienie to lezy na styku technologii azotowania i PVD, poniewaz rozszerzony
austenit mozna otrzymac¢ metoda azotowania (gazowego lub plazmowego) lub
metoda rozpylania magnetronowego. To zainteresowanie zaowocowalo wspoél-
nym grantem badawczym, a w rezultacie tez opracowaniem nowego rodzaju
powtloki, FeCrNiC/ a-C:H omawianej doktadniej w p. 2.2. Zapoczatkowane



w projekcie prace kontynuowalem w ramach grantéw uczelnianych.

W latach 2016-2020 zaangazowany bylem we wspolprace z firmg FANAR
z Ciechanowa, producentem narzedzi skrawajacych, ktora jako pierwsza w Pol-
sce wprowadzala w produkcji narzedzi skrawajacych technologie HIPIMS (ang.
High Power Impulse Magnetron Sputtering). Praca naszego zespotu z Poli-
techniki Koszaliniskiej polegala na dostosowaniu technologii do potrzeb firmy,
optymalizacji parametréw, zapewnieniu powtarzalnosci proceséw i ich monito-
rowaniu.

Obecnie kontynuuje wraz z zespotem, oraz we wspotpracy z Centrum Nano
BioMedycznym Uniwersytetu Adama Mickiewicza, Instytutem Fizyki
Doswiadczalnej Uniwersytetu Gdarnskiego oraz Uniwersytetem w Lin-
képing badania nad wlasciwosciami warstw MeMC/a-C:H, opisanych w p. 2,
a glownie nad wtasciwosciami elektrokatalitycznymi tego typu materiatow w ka-
todowej reakcji HER elektrolizy wody (ang. Hydrogen Evolution Reaction).

2 Omowienie cyklu artykuléow pn. ,Nowa klasa
cienkich powlok o kompozytowej strukturze na-
nokolumnowej typu MeMC /a-C:H — wytwarza-
nie oraz wlasciwosci fizykochemiczne”, stano-
wigcego podstawe wniosku o postepowanie ha-
bilitacyjne

Ponizej przedstawiam osiagniecie, o ktorych mowa w art. 219 ust. 1 pkt.
2 ustawy z dnia 20 lipca 2018 r. ,Prawo o szkolnictwie wyzszym i nauce” (Dz. U.
72021 r. poz. 478 z pdzn. zm.) stanowiace podstawe wniosku o nadanie stopnia
doktora habilitowanego. Jest nim cykl pieciu artykuléw wymienionych poni-
zej 1 stanowigcych zatacznik do niniejszego wniosku. Dotycza one nowej klasy
materialow syntetyzowanych w postaci cienkich warstw, posiadajacej charak-
terystyczna kompozytowa strukture nanokolumnowa. Wytworzenie przeze
mnie tych materialéw oraz zbadanie i opisanie ich wybranych wta-
$ciwosci jest w mojej opinii istotnym wkladem w rozwdj inzynierii
materialowej.

e (plik: Annex-5a.pdf) T. Suszko, W. Gulbiriski, J. Morgiel, G. Greczyn-
ski, E. Dobruchowska, P. Dtuzewski, J. Lu, & L. Hultman (2017). Amor-
phous FeCrNi/a-C:H coatings with self-organized nanotubular structure,
Scripta Materialia, 136 (2017), 24-28.
https://doi.org/10.1016/J.SCRIPTAMAT.2017.03.040.

e (plik: Annex-5b.pdf) T. Suszko, W. Gulbiriski, E. Dobruchowska, G. Gre-
czynski, L. Hultman, & J. Morgiel, Quasi-amorphous, nanostructural Co-
CrMoC/a-C:H coatings deposited by reactive magnetron sputtering, Sur-
face € Coatings Technology, 378 (2019), 124910.
https://doi.org/10.1016/J.SURFCOAT.2019.124910

e (plik: Annex-5c.pdf) E. Dobruchowska, T. Suszko, G. Greczynski, D.
Adamczewska, W. Gulbinski, Amorphous/quasi-amorphous CoCrMo-C



coatings for improved electrochemical properties and tribocorrosion re-
sistance of biomedical alloys, Surface & Coatings Technology, 460 (2023),
129398.

https://doi.org/10.1016/j.surfcoat.2023.129398.

e (plik: Annex-5d.pdf) T. Suszko, W. Gulbiriski, K. Zaleski, G. Greczyn-
ski, J. Morgiel, & V. Lapitskaya, Nano-columnar, self-organised NiCrC/a-
C:H thin films deposited by magnetron sputtering, Applied Surface Science,
591 (2022), 153134.
https://doi.org/10.1016/j.apsusc.2022.153134

e (plik: Annex-5e.pdf) T. Suszko, E. Dobruchowska, W. Gulbiniski, G. Gre-
czynski, J. Morgiel, B. Kawczynski, K. Zateski, K. Dorywalski, & S. Po-
gorzelski, NiMo-C coatings synthesised by reactive magnetron sputtering
for application as a catalyst for the hydrogen evolution reaction in an

acidic environment, artykut na etapie recenzji w ACS Applied Materials
& Interfaces (2024).

2.1 Geneza i charakterystyka warstw typu MeMC /a-C:H
na tle aktualnego stanu wiedzy

Wegliki metali przejéciowych, szczegblnie nalezacych do czwartej, piatej i szostej
grupy ukladu okresowego, nanoszone w postaci cienkich warstw, dzieki swoim
wlasciwosciom takim jak wysoka twardos$é, przewodnictwo elektryczne czy tez
odporno$é¢ na korozje, sa przedmiotem licznych prac badawczych. W praktyce
przemystowej stosowane sa one szeroko jako powloki przeciwzuzyciowe na narze-
dziach, powloki antykorozyjne, a takze materialty wysoko obciazonych kontak-
tow elektrycznych czy tez elektrod w uktadach do elektrolitycznego wytwarzania
wodoru. Niektore z tych weglikow sg bio kompatybilne, co czyni je przydatnymi
do zastosowan biomedycznych.

Wykorzystanie, w procesie ich wytwarzania, technik PVD, takich jak reak-
tywne rozpylanie magnetronowe czy tez HiPIMS umozliwia modyfikacje tych
wlasciwosci poprzez odpowiednie zmiany sktadu chemicznego i fazowego. Ist-
nieje przy tym mozliwos¢ uzyskania powlok o specyficznej architekturze war-
stwowej, gradientowej, nanokompozytowej, ktérej nie mozna uzyskaé¢ innymi
metodami.

Wegliki metali, nanoszone w postaci powtok technikami PVD, badane sg od
ponad trzydziestu lat. W Politechnice Koszalinriskiej pierwsze prace dotyczace tej
tematyki pojawity sie pod koniec lat dziewiec¢dziesiatych [1-7]. Posrod publikacji
byty tez artykuly, ktérych wnioskodawca jest wspotautorem [5-8].

Badania nad wytwarzaniem cienkich warstw weglikéw metali dotyczyty po-
czatkowo materialow o sktadzie stechiometrycznym. Dzieki specyfice technik
PVD, umozliwiajacych prowadzenie procesu w atmosferze z nadmiarem gazu
weglonosnego, uzyskano réwniez powloki o sktadzie niestechiometrycznym, za-
wierajace pewien nadmiar wegla [9, 10]. Morfologie tych materialow mozna
opisa¢ jako kompozyt zlozony z nanokrystalitow weglikow (TiC, TaC, MoC)
rozmieszczonych losowo w matrycy amorficznego wegla.

Wiele z tych nanokompozytéw ma znakomite wlasciwosci przeciwzuzyciowe.
Maja one wysoka twardos$é, posiadaja niski wspotczynnik tarcia w kontakcie
z wieloma materiatami oraz charakteryzuja sie podwyzszona odpornoscia koro-



zyjna. Stad tez wynika zastosowanie tych materialéw na powtoki na narzedziach
skrawajacych i na czesciach maszyn.

Jednym z kierunkéw badan bylo poszukiwanie i wyjasnienie korelacji po-
miedzy wlasciwo$ciami powlok, a morfologia tych materialow. Badano relacje
miedzy wielkoscig wydzielen weglikow, gestoscia ich rozmieszczenia, gruboscia
osnowy weglowej), skltadem chemicznym weglikow (TiC [11], VC, ZrC, MoC,
WCQ) oraz rodzajem wiazan weglowych [12, 4]. Badano réwniez powloki o archi-
tekturze warstwowej, uzyskiwanej przez modulacje parametréw procesu w trak-
cie ich nanoszenia (np. [13]).

Wymienione wyzej wegliki grup 4-6 uktadu okresowego charakteryzuja sie
wysoka entalpia tworzenia, co pociaga za soba wysoka ich stabilno$¢ chemiczna,
a wegliki trojsktadnikowe zawierajace pierwiastki z tych grup, takie jak TiV-C,
TiNb-C, VTa-C, moga zawiera¢ metale w dowolnych proporcjach [14].

Entalpia tworzenia weglikow metali z grup kolejnych, a zwlaszcza grup 8-11,
jest znacznie nizsza, a nawet dodatnia, a w badaniach powlok wytwarzanych
technikami PVD na bazie weglikéw metali silnie weglikotwoérczych domieszkowa-
nych metalami stabo weglikotwérczymi zaobserwowano, postepujace w wyniku
tego domieszkowania, rozdrobnienie struktury, i nastepnie amorfizacje depo-
zytu. Im metal silnie weglikotwoczy ma mniejsze powinowactwo do wegla, tym
depozyt latwiej ulega amorfizacji pod wpltywem domieszki [15].

Domieszkowaniu stabilnych weglikéw metalami stabo weglikotwoérczymi to-
warzysza procesy segregacji wegla, ktore to zjawiska badal miedzy innymi zespot
z Universytetu w Upsali [16].

Ten watek polaczylem z moimi badaniami nad wytwarzaniem fazy S na
drodze reaktywnego rozpylania magnetronowego stali austenitycznej w atmos-
ferze zawierajacej azot 1 weglowodor (metan lub acetylen). W rezultacie uzy-
skalem przesycone weglem wielosktadnikowe powloki oznaczone jako
FeCrNi/a-C:H, o nieobserwowanej wczes$niej strukturze nanokolumno-
wej, utworzonej z quasiamorficznych, metalicznych kolumn o $rednicy
kilku nanometréw, otoczonych warstwa amorficznego wegla.

Zainspirowany odkryciem kontynuowatem badania w ramach kilku kolejnych
przedsiewzieé, a specyficzna nanostruktura zostalta otrzymana w jeszcze trzech
uktadach, tworzac nowa klasa materialéw cienkowarstwowych, oznacza-
nych dalej jako MeMC /a-C:H, gdzie Symbole Me i M oznaczaja odpowiednio
metale stabo i silnie weglikotworcze. Symbol a-C:H oznacza natomiast amor-
ficzny uwodorniony wegiel.

2.2 Powloki FeCrNiC/a-C:H — struktura i podstawowe
wlasciwosci

Pierwsze wyniki moich prac nad nalezacymi do tej klasy materialow zostaty
opublikowane w artykule ,,Amorphous FeCrNi/a-C:H coatings with self-
organized nanotubular structure”, pierwszym nalezacym do cyklu przed-
stawianego we wniosku. W artykule przedstawilem opis i wyniki badan nad
pokryciami zawierajacymi od 2 do 60% at. wegla uzyskanymi przez impulsowe
rozpylanie magnetronowe stali austenitycznej w atmosferze Ar/CyHs,.
Oméwilem ewolucje struktury powlok, zmieniajaca sie wraz ze
zwiekszajaca sie zawartoscia wegla — od krystalicznej (faza S), przez nano-
krystaliczna, do amorficznej, nastepnie do kompozytowej nanokolumnowe;j.



W artykule tym przedyskutowalem potencjalne przyczyny formo-
wania sie tej specyficznej nanostruktury, wskazujac na kluczowe zna-
czenie réznic w powinowactwie chemicznym do wegla poszczegolnych
sktadnikéw metalicznych. Nieréwnowagowe termodynamicznie warunki na-
noszenia metoda rozpylania magnetronowego, stosunkowo niska temperatura
podtoza oraz obecnos$¢ metali stabo weglikotworczych, sprzyjaja amorfizacji
depozytu. Metale te, tworza metastabilne dwu- i trojsktadnikowe wegliki typu
Me;_ .M, C, ktore rozpadajac sie uwalniaja atomy wegla tworzace pdzniej ma-
tryce weglowa.

Brak wydzielenn weglikéw weglikbw chromu i molibdenu, ktoérych
pojawienia sie¢ mozna byto oczekiwaé jako termodynamicznie stabilnych w tym
uktadzie, wytlumaczylem wysokim progiem energetycznym aktywacji
dyfuzji atomoéw metali w poréwnaniu do progu aktywacji dyfuzji we-
gla.

Opracowane powloki FeCrNiC/a-C:H przebadalem pod katem wla-
$ciwosci mechanicznych i tribologicznych. Zaobserwowalem skokowsa po-
prawe tych cech, gdy struktura powloki przyjmowata forme omawianego na-
nokompozytu. Powloki zostaly takze przebadane pod katem zjawisk
korozyjnych w 3% roztworze NaCl. Wykazane zostalo przy tym znaczne spo-
wolnienie utleniania metalicznych sktadnikow powloki w stosunku do materiatu
wyjsciowego, przy jednoczesnym wzro$cie odpornosci na korozje wzerowa. Na
powloke i sposob jej wytwarzania uzyskano patent [17].

2.3 Powloki CoCrMoC/a-C:H — struktura i wlasciwosci
mechaniczne

Interesujace rezultaty zainspirowaly mnie do poszukiwania innych uktadéw (sto-
pow), ktore potencjalnie moglyby syntetyzowa¢ w podobnej nanostrukturze.
Na obiekt badan zostal wybrany stop o skladzie Cog4CrzsMoy, sze-
roko stosowany w implantologii. Zawiera on pierwiastki spetniajace okreslone
przeze mnie kryteria doboru skladnikéw powlok do syntezy samo-
organizujacych sie struktur amorficzno nanokolumnowych, a ponadto
ciagle prowadzone sa badania nad poprawa wtasciwosci uzytkowych tego stopu,
co dawalo dodatkowy impuls do podjecia badan.

Moje prace nad synteza powlok na drodze reaktywnego rozpylania
magnetronowego stopu CogsCrzsMo, w atmosferze Ar/CyH, zostaly
podsumowane w artykule ,,Quasi-amorphous, nanostructural CoCrMoC/
a-C:H coatings deposited by reactive magnetron sputtering”, drugim
z cyklu przedstawianego do oceny.

W pracy przedstawilem w szczegolach ewolucje struktury powtoki
wraz z rosnaca zawartoscig wegla. Ze wzgledu na fakt, ze stop wyjsciowy jest
dwufazowy, to poczatkowe zmiany struktury prowadzace do rozdrabniania kry-
stalitow (do ok. 10% at.) sa dos$¢ zlozone. W zaproponowanej interpre-
tacji uwzglednilem rézny sklad fazowy w zaleznosci od glebokosci,
obecno$¢ mikronaprezen, a takze mozliwosé wystapienia przemiany
martenzytycznej pod wplywem naprezen.

Powloki zawierajace powyzej 10% at. wegla stajg sie amorficzne, by dla
jeszcze wiekszej zawartosdci przejsé w kompozytowa strukture nanokolumnows.
Dzieki analizie wynikéw z pomiaréw XPS okreslitem prog zawartosci
wegla powyzej ktoérego nastepuje jego segregacja, tj. ok. 20% at.



Obrazowanie TEM i HRTEM umozliwilo mi stwierdzié, ze kom-
pozytowa struktura nanokolumnowa powloki wystepuje w szerokim
zakresie zawartosci wegla; od 30 do ponad 50% at., przy czym dla za-
wartosci wegla 53% obserwuje si¢ juz pewne ,zalamywanie si¢” struktury.

Artykul zawiera ponadto wyniki moich badan nad podstawowymi
wlasciwo$ciami mechanicznymi warstw, takimi jak adhezja do podloza,
twardo$é, odpornosé na odksztatcenia plastyczne i wspodlczynnik tarcia w kon-
takcie z ceramika alundowa. Podobnie jak w przypadku warstw FeCrNiC/a-C:H,
powloki CoCrMoC/a-C:H charakteryzuja sie bardzo dobrymi wlasciwosciami
mechanicznymi i tribologicznymi.

2.4 Powloki CoCrMoC/a-C:H — odporno$é korozyjna i tri-
bokorozyjna w sztucznym plynie ustrojowym

Kolejnym krokiem w badaniach nad powlokami CoCrMoC/a-C:H byla ocena
odpornoéci korozyjnej tego materialu jako powtoki na stali AIST 316L, w $ro-
dowisku symulatora ptynow ustrojowych; HBSS (ang. Hanks’ Balanced Salt
Solution), ktory to elektrolit zostal wybrany ze wzgledu na wspomniane zasto-
sowanie stopu gtéwnie w implantologii.

Raport z tych badan badan przedstawiony zostal w artykule ,,Amorphous/
quasiamorphous CoCrMo-C coatings for improved electrochemical
properties and tribocorrosion resistance of biomedical alloys”, beda-
cym trzecim z cyklu przedstawianego do oceny.

W artykule przedstawione zostaly wyniki badan cienkich warstw zawiera-
jacych od 0 do 65% atomowych wegla, majacych strukture zmieniajaca sie od
nanokrystalicznej przez amorficzna do nanokolumnowej. Oprocz oceny odporno-
$ci korozyjnej w oparciu o elektrochemiczne testy polaryzacyjne, przedstawione
zostalty wyniki badan metoda impedancyjnej spektroskopii elektrochemicznej
(ang. Elektrochemical Impedance Spectroscopy, EIS) oraz rezultaty szeregu te-
stow tribokorozyjnych.

Na podstawie rezultatéw przeprowadzonych przeze mnie pomia-
row impedancyjnych pokazalem, ze wszystkie badane powloki sa bar-
dziej stabilne niz masywny stop CoCrMo — szybciej ulegaja one pasywa-
cji, a powstajaca warstwa tlenkowa ma wieksza zdolnosé blokowania penetracji
przez jony niz to mam miejsce w przypadku stopu.

Testy polaryzacyjne wykazaly natomiast wyrazny wzrost poten-
cjalu korozyjnego dla prébek amorficznych i kompozytowych o struk-
turze nanokolumnowej, a takze wysoka odporno$é na korozje wze-
rowa. Analiza wynikow testow wykazala, ze reakcje chemiczne zachodza jedynie
na powierzchni, bez penetracji jonéw na wskros powtoki.

Istotna czescia artykutu sa wyniki testéow tribokorozyjnych na skonstruo-
wanym i wykonanym przeze mnie tribotesterze. Urzadzenie umozliwia
prowadzenie testéw tarcia z jednoczesnym prowadzeniem pomiaréw elektroche-
micznych przy zadanym potencjale lub w warunkach obwodu otwartego.

Na podstawie uzyskanych wynikow i analizy zjawisk zachodzacych w ob-
szarze kontaktu podczas testow tribokorozyjnych opracowalem elektryczny
model zastepczy ukladu powloka-podloze-elektrolit, ktéry umozliwia
powiagzanie wielkosSci elektrycznych z rezultatami pomiaréw tribolo-
gicznych.



Wykazalem, ze nanokopozytowe pokrycia CoCrMoC/a-C:H dzieki swojej od-
pornosci na utlenianie oraz obecnosci wolnego wegla charakteryzuja sie niskim
wspolczynnikiem tarcia i zuzycia. Zaobserwowalem tez bardzo silng kore-
lacje miedzy natezeniem pradu anodowego i wspolczynnikiem zuzycia
probek, co $§wiadczy o utlenianiu i mechanicznym usuwaniu tlenkow,
jako o dominujacym mechanizmie zuzycia.

2.5 Powloki NiCrC/a-C:H — struktura i wlasciwosci ma-
gnetyczne

Struktura nanokolumnowa badanych powlok, powstajaca w wyniku opisanych
wczesnie] procesOw samoorganizacji, ma z natury swojej charakter anizotro-
powy. Tak wiec celem kolejnych krokéw badawczych byla weryfikacja tezy, ze
obserwowane uporzadkowanie przeklada sie na anizotropie wybranych wtasci-
wosci powtok.

Celowi temu stuzyty badania powlok NiCrC/a-C:H, wytwarzanych na drodze
reaktywnego rozpylania magnetronowego stopu NigyCryg. Sklad stopu wypet-
nia sformutowane wczesniej kryteria doboru sktadnikéw sprzyjajacych tworze-
niu sie badanych nanostruktur. Rezultaty przedstawilem w artykule ,,Nano-
columnar, self-organised NiCrC/a-C:H thin films deposited by ma-
gnetron sputtering”, bedacym czwartym z cyklu przedstawianego do oceny.

Zgodnie z oczekiwaniami uzyskalem powloki nanokrystliczne, amor-
ficzne, oraz kompozytowe o nanokolumnowej. W pracy okreslilem prog
zawartosci wegla, powyzej ktorego wystepuja jego wydzielenia ze struktury
amorficznej, a do badan wlasciwosci magnetycznych wybratem prébki amor-
ficzne (20% at. wegla) oraz probki o zawartosci 38 i 63% at. C, wykazujace
charakterystyczng strukture nanokolumnowa.

Dzieki pomiarom metoda mikroskopii sil atomowych w modzie topogra-
ficznym oraz kontrastu magnetycznego (AFM/MPM) udatlo sie wykazac, ze na-
nokolumny rozciagaja sie¢ do samej powierzchni probki, a ich wierzchotki sg
widoczne na obrazie z kontrastem magnetycznym. W artykule wykazalem
tez, ze wlasciwos$ci magnetyczne powlok zalezg od zawartosci wegla
i w konsekwencji od nanostruktury materiatu.

Wyniki pomiaréw magnetyzacji i koercji magnetycznej, wykonane w kie-
runku rownolegltym do powierzchni probki (prostopadle do osi kolumn) i prosto-
padlym (réwnolegle do osi kolumn), umozliwily sformutowanie kilku wnioskow:
W wiekszosci pomiaréw probki wykazaly staby ferromagnetyzm. Przy
czym jednak probka amorficzna w obrazie TEM byta takze anizotropowa magne-
tycznie. Probka o zawartosci 38% wegla w kierunku prostopadlym do
osi kolumn wykazala superparamagnetyzm, a tym samym najwieksza
anizotropie. Dla probki najwiekszej zawartosci wegla efekt anizotropii zmniej-
szal sie, co zwigzane bylo zapewne z mniejsza Srednica metalicznych kolumn jak
i by¢ moze z utrata ich ciagtosci.

Jest interesujacym, ze magnetyzacja nasyceniowa rosnie wraz z zawartoscia
wegla. W artykule zaproponowalem wyjasnienie tego zjawiska ,wy-
chwytywaniem” coraz wiekszej liczby atoméw chromu przez wegiel
i zwiekszajaca sie iloScia nanowydzieleii ferromagnetycznego niklu.
Wynik modelowania krzywych M—H (namagnesowania w funkcji natezenia pola
magnetycznego) dal rezultaty zgodne z danymi do$wiadczalnymi, a mediana roz-
ktadu wielkosci nanoczastek niklu, dajaca najlepsze dopasowanie, miata wartosé



okolo 8 nm, co okazuje sie by¢ bliskie obserwowanej srednicy nanokolumn.

2.6 Powloki NiMoC/a-C:H — struktura i wlasciwosci elek-
trokatalityczne w reakcji HER

Analizujac potencjalne mozliwosci aplikacyjne pokry¢ o omawianej nanostruktu-
rze, zwrdcilem uwage na mozliwo$é zastosowania niklu i stopéw niklu
jako katalizatora w elektrolizie wody, a dokladniej w reakcji wytwarzania
wodoru (ang. hydrogen evolution reaction — HER).

Pod katem tego zastosowania na obiekt badan wybralem powloki uzy-
skiwane przez reaktywne rozpylanie, z udzialem acetylenu, stopu
NiggMosg. Material wyjsciowy spetnia kryteria opisane wczesniej, wymagane
do uzyskania obserwowanej na innych opisanych materiatach nanokompozyto-
wej struktury amorficzno kolumnowej oraz jest paramagnetyczny, co umozliwia
jego efektywne rozpylanie magnetronowe.

Nikiel jest znanym i uzywanym na skale przemystowsa katalizatorem reakcji
HER zastepujacym drogie katalizatory oparte na metalach grupy platyny. Jesz-
cze wyzsza zdolnosé katalityczna wykazuje stop NiggMogg bedacy tez odrebna
faza. Waznym jest jednak, ze mimo dobrej zdolnosci katalitycznej
mozna je stosowaé tylko w srodowisku zasadowym, poniewaz nikiel, jak
i NiggpMosgg nie sa odporne na dziatanie kwaséow. W srodowisku kwasnym nato-
miast reakcja przebiega znacznie wydajniej niz w zasadowym.

Warstwy NiMo-C o odpowiedniej zawartosci wegla dzieki amorficznej struk-
turze oraz wydzieleniom wegla powinny byé znaczaco odporniejsze na dziatanie
kwaséw niz czysty stop. Wyniki badann ukierunkowanych na te zagadnienia
zamiescitem w artykule ,,NiMo-C coatings synthesised by reactive ma-
gnetron sputtering for application as a catalyst for the hydrogen evo-
lution reaction in an acidic environment”, bedacej piata z cyklu przedsta-
wianego do oceny.

Podobnie jak w przypadku pozostalych badanych do tej pory materiatow,
opisalem ewolucje struktury wraz ze zwiekszajaca sie zawartoscia we-
gla. W ogélnym zarysie zmiany struktury przebiegaly jak w przypadku innych
opisywanych materialéw; od nanokrystalicznej, przez amorficzng, do nanokolu-
mMNowe;.

W pracy pokazalem, ze i w tym ukladzie pierwiastkow, przy udziale
wegla wiekszym niz okolo 40% at., powloki syntetyzuja w formie kom-
pozytowej struktury nanokolumnowej, a ponadto warstwy o zawarto-
§ci wegla ok. 23% at. i wiecej wyrdznialy sie wysoka odpornoscia
korozyjna w 0,1M H,SO,.

Na potrzeby oceny zdolnosci elektrokatalitycznej wykonalem szereg po-
miaréw potencjodynamicznych, a nastepnie przeanalizowalem wyniki
pod katem nachylenia Tafela krzywych polaryzacyjnych i charaktery-
stycznych nadpotencjaléw. Probki o najmniejszej zawartosci wegla okazaly
sie najaktywniejsze elektrokatalitycznie, ale nie byly odporne na korozje. W ar-
tykule wykazalem, ze probki kompozytowe nanokolumnowe o Sredniej
zawartosci wegla mialy wlasciwosci optymalne; dobra odpornosé ko-
rozyjna, dobra aktywno$é¢ elektrokatalityczna, a takze najlepsza sta-
bilno$§é w pomiarach cyklicznych.

Istotnym takze wynikiem badan jest stwierdzenie, ze prébki nawet o naj-
wiekszej zawartosci wegla wykazywaly dobra zdolnosé katalityczna,
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duzo lepsza niz grafit. Za przyczyne tego stanu rzeczy uznalem fakt wyste-
powania metalicznych centréw katalitycznych (,zwieniczeri” nanoko-
lumn) na powierzchni prébek , a wiec jednej z konsekwencji charak-
terystycznej budowy nanokompozytowej. Obecnosé tych centrow zostala
potwierdzona za pomocg mikroskopu AFM, pracujacego w modzie przewodno-
sciowym (C-AFM).

2.7 Posumowanie

W punktach 2.2-2.6 przedstawitem opis szeregu wtasciwosci nowej klasy powtok
typu MeMC /a-C:H, o specyficznej kompozytowej strukturze nanokolu-
mnowej.

Wytworzenie ich bylo rezultatem prowadzonych wedtug mojej koncepcji ba-
dan nad wielosktadnikowymi powlokami weglikowymi. W wyniku tych poczat-
kowych badan zsyntetyzowalem opatentowang pozniej [17] powloke FeCrNiC/a-
C:H [18], a rezultatem kilku nastepnych przedsiewzieé byta synteza innych nano-
kolumnowych powtok: CoCrMoC/a-C:H [19, 20], NiCr-C/a-C:H [21] i NiMoC/ a-
C:H [22]. Wszystkie opracowane pokrycia zostaly przebadane pod katem wy-
branych wtasciwosci, a ich wyboér wynikal z potencjalnych zastosowari.

Na etapie publikacji rezultatéow prac badawczych, odpowiedzialny bytem za
koncepcje badan, gromadzenie, analize i prezentacje danych, opisy stanu wiedzy,
dyskusje wynikéw i konkluzje. We wszystkich przedstawionych do oceny pra-
cach bytem autorem korespondencyjnym odpowiedzialnym takze za poprawki
i uzupelnienia zwiazane z recenzjami manuskryptow.

Obecnie kontynuuje wraz z zespolem badania nad wlasciwosciami
warstw MeMC/a-C:H, a w szczego6lnosci nad wlasciwos$ciami elektro-
katalitycznymi. Obiektem biezacych badan sg powloki otrzymywane
na bazie stopu NiW.

3 Informacja o osiagnieciach zwigzanych z opra-
cowaniem modeli wzrostu warstwy azotowanej,
pod katem sterowania procesem azotowania ga-
ZOowego

Glowna tematyka mojej pracy naukowej zwigzana jest z badaniami i wytwarza-
niem cienkich warstw metodami PVD, znaczaca jednak czes$é aktywnosci,
tak przed jak i po doktoracie (do ok. 2009 r.), poswiecilem pracy nad
analizg procesu azotowania gazowego; jednej z powszechnie stosowanych
obrébek cieplno-chemicznych na mocno obciazone elementy maszyn i narzedzi.

Od czasu wynalezienia azotowania w latach dziesiatych XX w. stopniowo
pojawiala sie potrzeba precyzyjnej kontroli procesu azotowania w celu uzyska-
nia stosownej efektywnej grubosci warstwy azotowanej i odpowiedniej grubosci
strefy azotkow. Z ta tematyka wiazala sie moja praca nad technologia azo-
towania. Oprocz gléwnego osiagniecia opisanego w p. 2 wyniki prac nad
azotowaniem stanowig w mojej opinii pewien istotny wklad w rozwéj
inzynierii materialowej. Z tego powodu informacje na ten temat zamiesz-
czam w autoreferacie, cho¢ osiagniecia z tego zakresu badain nie mozna zaliczy¢
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do kategorii wymienionych w ustawie jak ,monografia’, ,cykl artykutow” lub
»osiagniecie projektowe”.

3.1 Opis prac i osiggnietych wynikow

W badaniach procesu azotowania gazowego bytem aktywnym czlonkiem zespotu
zajmujacego sie zagadnieniami zwigzanymi ze sterowaniem procesem,
czujnikami stuzacymi temu celowi, oraz modelowaniem kinetyki wzro-
stu warstwy naazotowanej. Prace te bytly realizowane miedzy innymi w ra-
mach nastepujacych przedsiewzieé, w ktérych uczestniczytem jako jeden z gtow-
nych wykonawcow:

1. Projekt badawczy KBN T08C 008 10 ,Opracowanie podstaw projekto-
wania automatycznie sterowanych proceséw azotowania gazowego”, 1996—
1998.

2. Projekt badawczy KBN T08C 039 19 ,Wplyw przypowierzchniowej war-
stwy azotkow (wegloazotkow) zelaza na ksztaltowanie sie kinetyki wzrostu
warstwy azotowanej”, 2000-2003.

3. Projekt badawczy Nr PW 004/ITE/04/2006 ,Opracowanie czujnika ma-
gnetycznego do pomiaru in situ wzrostu warstwy azotowanej w systemach
monitorowania proceséw azotowania gazowego”, 2007-2008.

Jednym z efektow trzeciego z wymienionych przedsiewzie¢ bylo stworze-
nie aplikacji komputerowej, sluzacej do symulacji kinetyki wzrostu
warstwy azotowanej i projektowania procesu. Moja rola w zespole obej-
mowala opracowanie modeli matematycznych, ktore stanowily podstawe
do przeprowadzania symulacji przebiegu procesu azotowania i przewidywania
jego rezultatow.

Punktem wyjscia w moich pracach byly fizyczne podstawy zjawisk i modele
analityczne oparte glownie na réwnaniach dyfuzji Ficka. To podejscie wraz
z pracami do$wiadczalnymi umozliwia na przykiad wyznaczenie wspodlczynni-
kéw dyfuzji w zelazie i stalach niskostopowych w warunkach stalego potencjatu
azotowego i temperatury. Umozliwia tez, w pewnym zakresie, dob6r parame-
tréw procesu w celu uzyskania pozadanej grubosci warstwy. Dodatkowo pewne
wnioski wynikajace z rozwiazan analitycznych rownar, jak koncepcja tzw. stalej
parabolicznego wzrostu, umozliwia obliczanie grubosci poszczegolnych monofa-
zowych stref warstwy azotkdéw tworzacych sie na powierzchni w trakcie procesu.

Na bazie modeli analitycznych zbudowalem szereg bardziej zlozonych
modeli, obejmujacych reakcje wigzania azotu z pierwiastkami sto-
powymi, dyfuzje i wzrost zewnetrznej warstwy azotkéw. Takie uktady
roéwnain staja sie mozliwe do rozwiazania jedynie metodami komputerowymi,
i tworza wraz z algorytmami obliczeniowymi oraz z ustrukturyzowanymi da-
nymi modele numeryczne. W oparciu o dane doswiadczalne zostala przea-
nalizowana ich wiarygodnos$é, a potem stluzyly one do symulacji ksztaltu
profili stezen azotu, zaré6wno tego zwigzanego w azotki pierwiastkéw
stopowych, jak i rozpuszczonego w sieci ferrytu, Te profile stezenn azotu
sa kluczowe dla okreslenia rozkladu twardodci w warstwie azotowanej.

Ponadto, dzigki dyskretyzacji czasu, podzialowi symulowanego procesu na
etapy, mozliwe stalto sie uwzglednienie zmiennosci czasie parametrow, takich jak
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temperatura i sktad atmosfery azotujacej. Opracowany przeze mnie model
do$é precyzyjnie odwzorowuje zaréwno proces dyfuzji jak i reakcje
wigzania azotu z pierwiastkami stopowymi, realistyczne odwzorowujac
zachowanie materialu w trakcie procesu. Parametrami wejsciowymi modelu sg
czasowe zaleznosci temperatury i potencjatu azotowego (lub sktadu atmosfery)
oraz pewne umowne parametry zalezne od rodzaju azotowanej stali. Rozwiaza-
nie daje w wyniku czasowe zaleznosci grubosci warstw azotkow, profile stezenia
azotu w strefie dyfuzyjnej oraz profile azotu zwiazanego z pierwiastkami stopo-
wymi.

Analiza kinetyki wzrostu warstwy azotowanej na stalach stopowych za po-
moca tego rodzaju modeli umozliwila réwniez sformulowanie istotnych
wnioskéw dotyczacych projektowania proceséw technologicznych, a ich
uzyteczno$é wykazano w kilku pracach, jak na przykltad [23, 24].

W stosowaniu modelu rézniczkowego pojawiaja sie trudnosci zwiazane ze
wspomnianymi umownymi parametrami materialowymi, ktore wymagaja wy-
znaczenia eksperymentalnego, jak na przyklad: i) wspotczynnik szybkosci wia-
zania azotu z pierwiastkami stopowymi, ktéry w sposéb usredniony opisuje
wplyw pierwiastkow o roznym powinowactwie do azotu, czy tez ii) wspolczynnik
przenikania azotu przez granice gaz/powierzchnia azotowana.

Jednak, gdy fizyczny model zjawisk jest niepelny, lub gdy parametry takiego
modelu sa nieokreslone lub niepelne, to dysponujac dostatecznie obszerng baza
danych parametréw procesow (rodzaj materiatlu, temperatura i sktad atmos-
fery azotujacej w poszczegdlnych etapach) oraz efektow azotowania (grubosci
warstw azotkow, profile twardosci, grubosci efektywne), mozna szukaé rozwia-
zania w modelach opartych na sztucznych sieciach neuronowych.

Korzystajac z danych doswiadczalnych zgromadzonych przez ze-
spoly z Politechniki Koszalinskiej i Instytutu Mechaniki Precyzyjnej
utworzylem obszerng baze danych, ktéra postuzyta do trenowania opra-
cowanych przez zesp6t sztucznych sieci neuronowych, wyznaczajacych zalezno-
$ci miedzy parametrami procesu a wlasciwosciami finalnej warstwy azotowa-
nej. Zastosowanie tego podejScia zaprezentowane zostalo w pracach
[25, 26], a wspomniany wyzej model rézniczkowy stuzyl jako jeden z elementow
weryfikacji otrzymanych rezultatow.

Uzupekniajaca role w tym kontekscie miat sposéb poszukiwania optymalnych
parametréw procesu azotowania oparty o algorytmy genetyczne. Algorytm
taki umozliwia szybkie, efektywne przeszukanie obszaru zmiennosci parametrow
procesu w celu uzyskania zalozonej budowy warstwy azotowanej (albo zalozo-
nych wlasciwosci). Model numeryczny (rézniczkowy) lub wytrenowana sztuczna
sie¢ neuronowa stuzyla za rodzaj ,generatora” wtasciwosci warstwy azotowa-
nej. Zastosowanie tego powstalego przy moim udziale, kompleksowego
podejscia do symulacji i optymalizacji procesu azotowania przedsta-
wiono w pracach [27, 28|.

3.2 Posumowanie

Moja praca nad modelowaniem procesu azotowania znalazta swoje praktyczne
odzwierciedlenie w zespolowo zaprojektowanej w ramach programu PW 004/
ITE/04,/2006 aplikacji komputerowej ,,Symulator procesu azotowania”, be-
dacej uzytecznym narzedziem stuzacym w technologii azotowania gazowego do
doboru zmiennych w czasie parametrow procesu, tj. temperatury i potencjalu
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azotowego w celu otrzymania zalozonych efektéw tego procesu. Niestety nalezy
w tym miejscu wspomnieé¢, ze aplikacja w pewnym momencie przestata byé¢ roz-
wijana, gltownie ze wzgledu na $mieré¢ tworcy kodu programu. Niektore jednak
jej elementy, jak méj rézniczkowy model wzrostu warstwy na stalach
stopowych nadal jest stosowany.

4 Informacja aktywnosci naukowej realizowanej
w innych o$rodkach

Od poczatku mojej pracy na uczelni moja dziatalnosé naukowa byta $cisle zwia-
zana ze wspolpraca z innymi osrodkami, tak w ramach stazy, jak i wspoélpracy
biezacej z zespolami innych osrodkéw badawczych. Chcialbym przy tym
podkreslié, ze praktycznie kazda taka wspoélpraca zaowocowala publi-
kacjami bedacymi potwierdzeniem efektywnosci wspéldziatania. Po-
nizej zamieszczam zwiezly opis aktywnosci wraz z odnosnikami do publikacji.

2001-2007 Pierwsza instytucja, o ktérej nalezy wspomnieé jest Instytut Techno-
logii Materialéw Elektronicznych w Warszawie (obecnie Sie¢ Ba-
dawcza Lukasiewicz Instytut Mikroelektroniki i Fotoniki), w ktorym to
instytucie prowadzilem cze$¢ badainn do doktoratu w latach 2001-2005,
i gdzie stopieil doktorski otrzymatem. Praca nad nim wiazalta sie takze
z realizacja grantu badawczego tzw. promotorskiego, realizowanego w tym
instytucie. Oprdcz samej rozprawy, efektem wspotpracy sa trzy publika-
cje: dwie dotyczace syntezy i wlasciwosci warstw azotku molibdenu (takze
domieszkowanego miedzia) [29, 30] oraz praca na temat tribologicznych
wladciwosci implantowanej ceramiki alundowej testowanej w warunkach
prozniowych [31].

2003 Ostatni wymieniony w poprzednim akapicie artykul [31] powstal tez dzieki
pracy w innym osrodku; Austrian Research Center w Seibersdorf
(Austria). Bedac tam na miesiecznym stazu zdobywatem doswiadczenie
w badaniach tribologicznych prowadzonych w kontrolowanej atmosferze
(takze w prozni) oraz w technikach analizowania stanu powierzchni.

2000-2005 Kolejnym osrodkiem, w ktérym zdobytem duzo do$wiadczenia jest Uni-
wersytet Srodziemnomorski w Marsylii (obecnie Aix-Marseille Uni-
versity), gdzie kilkukrotnie wyjezdzalem na kilkutygodniowe pobyty, naj-
czeSciej w ramach programu ,Polonium”. Efektem wspoélpracy sa mie-
dzy innymi publikacje dotyczace wtasciwosci tribologicznych w nanoskali,
okreslanych z wykorzystaniem mikroskopii sit atomowych (AFM) [32-34].

2003 Instytucja, gdzie mialem mozliwos$é rozszerzyé swoj warsztat o nowocze-
sne metody badan wlasciwosci mechanicznych materiatow litych i w po-
staci powtok byt Leibniz Institute of New Materials, Saarbruecken,
gdzie takze przebywatem na kilkutygodniowym stazu. Efektem pracy bylo
oczywiscie zdobyte do$wiadczenie ale i pozniejsza publikacja dotyczaca
struktury i wlasciwosci warstw nanokompozytu TiC/a-C:H [6].

1998-2009 Waznym oérodkiem w mojej pracy naukowej byl Instytut Mechaniki
Precyzyjnej w Warszawie (obecnie Warszawski Instytut Technologicz-
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2008-2013

2005-2008

2012-2015

2016-2024

ny). Moja praca po§wiecona procesowi azotowania gazowego byta w wiek-
szoscl wykonana we wspoltpracy z IMP — poczawszy od prac [35, 36] do
[24, 26]. W tematyce azotowania istotna tez byta dodatkowa wspotpraca
z Instytutem Technologii Eksploatacji w Radomiu (obecnie Sie¢
Badawcza Lukasiewicz — Instytut Technologii Eksploatacji). Rezultatem
tej trojstronnej wspolpracy sa publikacje [37, 38, 25, 39-42, 27, 26].

Istotnym takze osrodkiem z punktu mojej aktywnosci zawodowej jest
Zachodniopomorski Uniwersytet Technologiczny w Szczecinie,
a w szczegblnosci Katedra Technologii Materialowych. Wspoétpracy z ze-
spotem katedry zawdzieczam zainteresowanie faza S [43-46], a wspol-
nemu projektowi badawczemu 2011/03/B/ ST8/06 wytworzenie pierw-
szego z materialow opisywanej w p. 2 specyficznej nanostrukturze.

Cenne doswiadczenia zebratem takze podczas realizacji projektu Euro-
pean Network of Excellence — Complex Metallic Alloys. Wizyty w labora-
toriach renomowanych osrodkéw europejskich jak: University of Stut-
tgart w Stuttgarcie (Niemcy), University of Toulouse w Tuluzie
(Francja), Fritz Haber Institute w Berlinie (Niemcy), Josef Stefan
Institute w Lublianie (Stowenia), University of Greifswald w Gre-
ifswaldzie (Niemcy) umozliwily mi zapoznanie sie z dostepnym sprzetem,
metodyka badan i podobnymi aspektami, co wzbogacito obraz aktualnych
kierunkow badain w interesujacej mnie wtedy dziedzinie.

Praca w tym projekcie i dwoch kolejnych (PW-004/ITE/03/2006 oraz
PW-004/ITE/ 04/2006) zaowocowala opracowaniem i zbudowaniem sys-
temu kontroli i sterowania procesem wielozrédlowego rozpylania magne-
tronowego oraz zestawu zroédel magnetronowych wraz zasilaczami do na-
noszenia powlok wielosktadnikowych i wielowarstwowych [47].

Nalezy tu tez wspomnie¢ o wspoltpracy z Technical University of Libe-
rec, ktéra z mojej strony polegala na pracy z doktorantka tamtej uczelni,
prowadzaca badania w Koszalinie, w ramach projektu NCN 2011/03/B/
ST8/06130. Efektem tej wspolpracy byta publikacja nt. zastosowania
spektroskopii optycznej do sterowania procesem nanoszenia fazy S [48].

Prace opisane w p. 2, dotyczace warstw nanokompozytowych MeMC/a-~
C:H, nie bytby mozliwe bez wspolpracy z innymi osrodkami; LinkGping
University (Thin Film Physics Division) i Instytutem Metalurgii i In-
zynierii Materialowej Polskiej Akademii Nauk w Krakowie. Dzieki
tej wspolpracy mozliwe bylo okreslenie morfologii nanokompozytow , pro-
gow segregacji wegla jak i dokonanie analizy wiazari chemicznych.

Nalezy tu tez wspomnieé¢ o Centrum NanoBioMedycznym Uniwer-
sytetu Adama Mickiewicza z Poznania a takze z Instytutem Fi-
zyki Doswiadczalnej Uniwersytetu Gdarskiego. Dzieki wspotpracy
z tym laboratorium mozliwe stalo sie opisanie wlasciwosci magnetycz-
nych jednego z opracowanych nanokompozytéw, map przewodnictwa po-
wierzchniowego pokry¢ oraz zwilzalno$ci powierzchni materialéw. Wspol-
praca z wymienionymi w tym akapicie instytucjami trwa nadal i planowana
jest publikacja wynikéw kolejnych wspoélnych badari.
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5 Informacja o osiggnieciach dydaktycznych, or-
ganizacyjnych oraz popularyzujacych nauke

Od poczatku swojej pracy na uczelni prowadze zajecia dydaktyczne z fizyki,
najpierw w formie ¢éwiczen i laboratoriow, potem takze w formie wyktadow.
Zajecia te prowadzone sg dla kierunkéw: mechanika i budowa maszyn, mecha-
tronika, energetyka, budownictwo, sieci i instalacje budowlane, ochrona klimatu,
i innych. Niektore z wyktadéow maja charakter bardziej specjalistyczny jak na
przyktad wyktady z podstaw fizycznych nauk o zywnosci, fizyki atmosfery, czy
podstaw fizyki kwantowej.

Na potrzeby zaje¢ dydaktycznych wydano trzy skrypty, ktérych jestem wspol-
autorem [49-51], obejmujace materialy pomocnicze do laboratorium fizyki oraz
do ¢éwiczenn rachunkowych z tego przedmiotu. Réwnolegle prowadze strone in-
ternetowa w formie wiki do wlasnych zajeé¢, zawierajaca takze materiaty multi-
medialne, symulacje i animacje.

Odpowiadam za merytoryczng strone laboratorium fizyki, opracowujac in-
strukcje do ¢éwiczenl, utrzymujac jego witryne internetowa. Laboratorium to
stuzy studentom Wydzialu Inzynierii Mechanicznej i Energetyki oraz Wydziatu
Inzynierii Ladowej, Srodowiska i Geodezji.

W ramach transgranicznego projektu Sie¢ BalticNet-PlasmaTec odpowia-
dalem za popularyzacje zagadnien zwiazanych z technologiami prézniowo pla-
zmowymi w regionie koszaliniskim. Opracowalem w celu realizacji tego zadania
wyklady z demonstracjami oraz zajecia praktyczne, ktére zostaly przeprowa-
dzone przeze mnie dla uczniéw wielu szkot z Koszalina oraz blizszych i dalszych
jego okolic. W ramach projektu zorganizowane zostalo przedsiewziecie Inter-
national Student’s Summer School ,Nanotechnologies in Materials Engineering”
2006-2008, w ktorym uczestniczyltem z wlasnymi zajeciami.

Systematycznie prowadze zajecia dla szkol srednich z Koszalina i okolic.
Najczesciej maja one forme wyktadow typu ,fizyka na scenie” i sg bogato ilu-
strowane demonstracjami, takie jak: ,Natura vacuum abhorret?”, ,Swiat drga
i faluje”, ,,O!$éwiecenie”, ,,Plazma — czwarty stan skupienia” i inne. Oprocz tego
dla mlodziezy prowadze takze zajecia laboratoryjne z fizyki, modyfikujac é¢wi-
czenia studenckie do potrzeb i poziomu szkolnego.

W roku 2009 wspoélorganizowalem na uczelni wystawe Fusion Expo, ktéra
powstata dzieki funduszom europejskim i miala za zadanie szerzy¢ wiedze na
temat syntezy termojadrowej jako przysztosciowego zrodla energii elektryczne;j.

W latach 20102011 zaangazowany bytem w projekcie ,,Odkrywaé¢ nieznane,
tworzy¢ nowe — program rozwijania zainteresowania fizyka” w ramach POKL.
Przygotowalem i prowadzilem seri¢ zaje¢ wyktadowych i laboratoryjnych dla
klasy akademickiej w I LO im. Ksieznej Elzbiety, w Szczecinku.

W ramach projektu ,Wirtualna fizyka, wiedza prawdziwa” (POKL.03.03.04-
00-032/10), realizowanego w Politechnice Koszaliniskiej w latach 2010-2013 opra-
cowalem koncepcje i scenariusze do stu interaktywnych filméw-zadan, wydanych
na plytach blue-ray. Jest to spojny zbiér materialéw dydaktycznych dla kursu
fizyki w szkotach srednich. W tworzeniu tych materialéw korzystalem z wia-
snego doswiadczenia dydaktycznego nie tylko na uczelni, czy tez w szkole (na
poczatku kariery zawodowej), ale tez dos§wiadczenia zdobytego na zajeciach dla
szkot prowadzonych w ramach wspotpracy placowek oswiatowych z uczelnia. Do
takich mozna zaliczy¢ wspomniane wyklady dla szkél, ale tez zajecia z fizyki
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dla autorskiej klasy politechnicznej (2008-2010) w V LO w Koszalinie , czy tez
zajecia z podstaw wiedzy technicznej uczniow I LO z Koszalina.

Od 2009 pracuje w komitecie konkursu ,Bieg po indeks”, ktory organizowany
jest od prawie trzydziestu lat w Politechnice Koszaliniskiej. Odpowiadam w nim
za, opracowanie zadan z fizyki w kazdym z trzech etapow konkursu, a takze za
sprawdzanie rozwiazan. Na potrzeby konkursu zostal wydany skrypt mojego
autorstwa pt. ,,«Bieg po Indeks» — zadania z fizyki z rozwiazaniami i komenta-
rzem” [52]

Wtasciwym wydaje mi sie tez wspomnie¢, ze od wielu lat prowadze na klub
zeglarski po nazwa Yacht Club Politechniki Koszaliniskiej zrzeszajacy studentow,
absolwentow i pracownikéw uczelni. Oprocz pracy organizacyjnej prowadze tez
szkolenia zeglarskie oraz zajecia z budowy, obstugi i konserwacji sprzetu pty-
wajacego. Na przecieciu natomiast moich zainteresowan zawodowych i hobby-
stycznych bylo nauczanie fizyki i informatyki w miesiecznym rejsie "Niebieskiej
Szkoly” na zaglowcu Fryderyk Chopin.

Tomasz Suszko
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1 Basic data

1.1

1.2

1.3

Personal data

Name: Tomasz Suszko
Birth date and place: —

Workplace: Koszaln University of Technology, Faculty of Mechanical and
Power Engineering

E-mail: tomasz.suszko@tu.koszalin.pl
Phone.: —
ORCID No.: 0000-0002-8355-891X
Bibliometric data (15th October 2024 r.):
— H-index: Scopus — 14, Web of Science — 14, Google Scholar — 17.

— Number of citations (in parenthesis the number without self-citations):
Scopus — 928(905), Web of Science — 859(837), Google Scholar — 1137.

— Number of indexed publications: Scopus — 23, Web of Science — 20,
Google Scholar — 65, PBN — 80.

— Total impact factor: 92.3

Diplomas, degrees conferred in specific areas of sci-
ence including the name of the institution which con-
ferred the degree, year of degree conferment, title of
the PhD dissertation

1982 — Electronics technician, Electronics Technical School in Koszalin

1990 — Master of Science in Physics, University of Gdarsk, Faculty of
Mathematics, Physics and Chemistry

2005 — PhD in Technical Sciences. Discipline: Materials Engineering.
Institution: Institute of Electronic Materials Technology in Warsaw. Title
of the doctoral dissertation: ‘High Temperature Tribological Properties of
Copper-Doped v-MosN Molybdenum Nitride ’

Information on employment in research institutes or
faculties /departments or school of arts

After graduating, I worked at school as a physics teacher for several years, and
in 1997 I was employed at the Koszalin University of Technology as an assistant.

At the beginning of my work at the university, in addition to teaching, I
participated in research work conducted at the Department of Physics, engaging
in experimental work and data analysis in two areas: gas nitriding and PVD
technology. In my teaching work, I was entrusted with conducting exercises in
physics and a laboratory in this subject.



In my research work, I focused initially on analysing and developing gas
nitriding technology as an active member of the team implementing a research
project together with the Institute of Precision Mechanics in Warsaw.
The project covered a modern approach to modelling thermochemical processes
and their control.

A little later I also became interested in issues related to PVD technologies,
especially since the Koszalin University of Technology was one of the Polish
forerunners of this technology. At that time, there were also two companies
in Koszalin operating in this area: VIT'T Techniki i Technologie Prézowe
sp. z o.0. and Prézniowe Technologie Cienkowarstwowe Czestaw Szy-
powski.

After gaining some experience, I focused more on PVD technology and ma-
terials obtained by this method, and at the end of 2001 I started a doctoral
dissertation at the Institute of Electronic Materials Technology in War-
saw on the synthesis and properties of thin films based on doped molybdenum
nitrides. In parallel to the work on this nitride, I was involved in work on other
coatings deposited using PVD methods, and in particular on their tribologi-
cal properties. This work was carried out in cooperation with the Mediter-
ranean University in Marseille and the National Polytechnic Institute
in Grenoble, as part of the Polonium program. This program allowed me to
travel to these research centers several times for internships and gain valuable
experience.

In 2005, I defended my doctoral thesis, and my scientific interests turned to
the possibilities of developing PVD technology towards multi-source magnetron
sputtering and the possibility of synthesizing quasicrystalline metallic coatings.
This research was conducted in cooperation with leading European scientific
institutions gathered in the Complex Metallic Alloys — Network of Ex-
cellence, project financed in 2005-2010, and in cooperation with the Institute
of Exploitation Technology in Radom.

Further opportunities for work on the development of PVD technology ap-
peared when the Koszalin University of Technology received a large grant for the
development of surface modification technology for woodworking tools (2009-
2012). Working in the project gave the opportunity to confront the experience
from scientific and laboratory work with the requirements of industrial pro-
cesses. As part of the grant, I was responsible for developing the technology
for the synthesis of anti-wear coatings on woodworking tools based on TiAIN
nitride.

In the meantime (2007-2008) I was involved in the work on launching the
materials engineering course at the university. I worked on developing the pro-
gram of these studies, syllabuses, teaching materials, promotion, and later also
on the implementation of diploma theses in this field.

Collaboration at that time with the Institute of Materials Science and
Engineering of the Szczecin University of Technology directed my sci-
entific interests to the so-called S-phase (expanded austenite). This issue lies
at the interface of nitriding and PVD technology, because expanded austenite
can be obtained by nitriding (gas or plasma) or by magnetron sputtering. This
interest resulted in a joint research grant and, as a result, in the development of
a new type of coating, FeCrNiC/ a-C:H, discussed in more detail in section 2.2.

In the years 2016-2020 I was involved in cooperation with the company
FANAR Ciechanow, a manufacturer of cutting tools, which was the first



in Poland to introduce HIPIMS (High Power Impulse Magnetron Sputtering)
technology in the production of cutting tools. The work of our team from the
Koszalin University of Technology consisted in adapting the technology to the
company’s needs, optimizing parameters, ensuring the repeatability of processes
and their monitoring.

Currently, together with my team and in cooperation with researchers from
the NanoBioMedical Centre of Adam Mickiewicz University, the Insti-
tute of Experimental Physics of the University of Gdarnsk and the Uni-
versity of Link6ping, I am continuing research on the properties of MeMC/a-
C:H layers, described in section 2, and mainly on the electrocatalytic properties
of this type of materials in the cathodic hydrogen evolution reaction (HER) of
water electrolysis.

2 Summary of the article series entitled ‘A new
class of thin coatings with a MeMC /a-C:H type
nanocolumnar, composite structure. Synthesis
and physicochemical properties '— presented as
a basis for the habilitation procedure applica-
tion

Below I present the achievement that is the basis for the habilitation degree
application. It is a series of five articles listed below and attached to this appli-
cation. They concern a new class of materials synthesized in the form of thin
films, having a characteristic nanocolumnar, composite structure. The syn-
thesis of these materials by me and the study and description of their
selected properties is, in my opinion, a significant contribution to the
development of materials engineering.

e (plik: Annex-5a.pdf) T. Suszko, W. Gulbiriski, J. Morgiel, G. Greczyn-
ski, E. Dobruchowska, P. Dtuzewski, J. Lu, & L. Hultman (2017). Amor-
phous FeCrNi/a-C:H coatings with self-organized nanotubular structure,
Scripta Materialia, 136 (2017), 24-28.
https://doi.org/10.1016/J.SCRIPTAMAT.2017.03.040.

e (plik: Annex-5b.pdf) T. Suszko, W. Gulbiriski, E. Dobruchowska, G. Gre-
czynski, L. Hultman, & J. Morgiel, Quasi-amorphous, nanostructural Co-
CrMoC/a-C:H coatings deposited by reactive magnetron sputtering, Sur-
face & Coatings Technology, 378 (2019), 124910.
https://doi.org/10.1016/J.SURFCOAT.2019.124910

e (plik: Annex-5c.pdf) E. Dobruchowska, T. Suszko, G. Greczynski, D.
Adamczewska, W. Gulbinski, Amorphous/quasi-amorphous CoCrMo-C
coatings for improved electrochemical properties and tribocorrosion re-
sistance of biomedical alloys, Surface & Coatings Technology, 460 (2023),
129398.
https://doi.org/10.1016/j.surfcoat.2023.129398.



e (plik: Annex-5d.pdf) T. Suszko, W. Gulbiriski, K. Zaleski, G. Greczyn-
ski, J. Morgiel, & V. Lapitskaya, Nano-columnar, self-organised NiCrC/a-
C:H thin films deposited by magnetron sputtering, Applied Surface Sci-
ence, 591 (2022), 153134.
https://doi.org/10.1016/j.apsusc.2022.153134

e (plik: Annex-5e.pdf) T. Suszko, E. Dobruchowska, W. Gulbinski, G. Gre-
czynski, J. Morgiel, B. Kawczynski, K. Zaleski, K. Dorywalski, & S.
Pogorzelski, NiMo-C coatings synthesised by reactive magnetron sputter-
ing for application as a catalyst for the hydrogen evolution reaction in an

acidic environment, article at the review stage in ACS Applied Materials
& Interfaces (2024).

2.1 Origin and characteristics of MeMC/a-C:H type films
in the context of the current state of knowledge

Thin films of transition metal carbides, especially those belonging to the fourth,
fifth and sixth groups of the periodic table, are the subject of numerous re-
search activities due to their properties such as high hardness, electrical con-
ductivity and corrosion resistance. In industrial practice, they are widely used
as anti-wear coatings on tools, anti-corrosion coatings, as well as materials for
highly loaded electrical contacts or electrodes in electrolytic hydrogen produc-
tion systems. Some of the carbides are bio-compatible, making them useful for
biomedical applications.

The application of advanced PVD techniques in their production process,
such as reactive magnetron sputtering or HiPIMS, allows the modification of
these properties through appropriate changes in chemical and phase composi-
tion. It is also possible to produce coatings with a specific layered, gradient,
nanocomposite architecture, which cannot be synthesised by other methods.

Metal carbides, applied as coatings using PVD techniques, have been studied
for over thirty years. The first works on this topic appeared at the Koszalin
University of Technology in the late nineties [1-7]. Among the published works
there were also articles of which I am a co-author [5-8].

Research on the production of metal carbides thin layers initially concerned
materials with a stoichiometric composition. Thanks to the specificity of PVD
techniques, which allow the process to be carried out in an atmosphere with an
excess of carbon-bearing gas, coatings with a non-stoichiometric composition,
containing a certain excess of carbon, were also obtained [9, 10]. The morphol-
ogy of these materials can be described as a composite of carbide nanocrystallites
(TiC, TaC, MoC) dispersed in an amorphous carbon matrix.

Many of these nanocomposites have excellent anti-wear properties. They
have high hardness, a low coefficient of friction in contact with many materi-
als, and are characterized by increased corrosion resistance. This is why these
materials are used for coatings on cutting tools and machine parts.

One of the research directions was searching for and explaining the correla-
tion between properties of coatings and the morphology of these materials. The
relationships among properies as: i) the carbide precipitates sizes, ii) density of
their distribution, iii) the carbon matrix thickness, iv) the chemical composition
of carbides (TiC, VC, ZrC, MoC, WC) and v) the type of carbon bonds were



being studied [11, 12, 4|. Coatings with layered architecture obtained by mod-
ulating the process parameters during their deposition were also investigated
(e.g. [13]).

The above-mentioned carbides of groups 4-6 of the periodic table are char-
acterized by a high enthalpy of formation, which entails their high chemical
stability, and ternary carbides containing elements from these groups, such as
TiV-C, TiNb-C, VTa-C, can contain metals in any proportions [14].

The formation enthalpy of carbides from consecutive groups, especially groups
8-11, is significantly lower and even positive. These metals form a group of
weakly carbide-forming elements. In studies on coatings produced by PVD
techniques based on carbides of strongly carbide-forming metals doped with
weakly carbide-forming metals, a progressive amorphisation of the deposit was
observed as a result. The lower the affinity of the strongly carbide-forming metal
for the carbon, the more readily the deposit amorphises under the influence of
the doping [15].

Doping of stable carbides with weakly carbide-forming metals is accompanied
by carbon segregation processes, which phenomena were studied, among others,
by a team from the University of Uppsala [16].

I have linked this thread to my research on the fabrication of the S-phase
by reactive magnetron sputtering of austenitic steel in atmosphere containing
nitrogen and hydrocarbons (methane or acetylene). As a result, I obtained
carbon-saturated multicomponent FeCrNi/a-C:H coatings, with a pre-
viously unobserved nanocolumnar structure formed by quasiamor-
phous metallic columns with diameter of several nanometres, sur-
rounded by a layer of amorphous carbon.

Inspired by this discovery, I continued my research in several subsequent
projects, and the specific nanostructure was obtained in three more systems cre-
ating a new class of thin-film materials hereinafter designated as MeMC /a-
C:H, where the symbols Me and M denote weakly and strongly carbide-forming
metals, respectively. The symbol a-C:H denotes amorphous hydrogenated car-
bon.

2.2 FeCrNiC/a-C:H coatings — structure and properties

The results of the research on the first of the coatings belonging to this class
of materials are discussed in the publication ‘Amorphous FeCrNi/a-C:H
coatings with self-organized nanotubular structure’ — the first from the
series reported in this application. In the article, I presented a description and
results of the study of coatings containing 2 to 60 at.% carbon obtained by
sputtering austenitic steel in an Ar/C,H, atmosphere.

I discussed the evolution of the coatings’ structure changing with
increasing carbon content — from crystalline (S phase) through nanocrys-
talline to amorphous, and then to the nanocolumnar, composite structure.

In this paper, I have discussed the potential reasons for the forma-
tion of this specific nanostructure, pointing out the key importance
of differences in the chemical affinity to carbon of the metallic com-
ponents. The thermodynamically non-equilibrium conditions of magnetron
sputtering, the relatively low substrate temperature and the presence of weak
carbide-forming metals, favour the amorphisation of the deposit. These metals



form metastable bi- and tri-component carbides of the Me;_,M,C type, which
decompose releasing carbon atoms that later form the carbon matrix.

I explained the absence of chromium and molybdenum carbides,
the appearance of which could be expected in this system, by the
high activation threshold energy of metal atoms diffusion, compared
to the activation threshold of carbon diffusion.

I tested the FeCrNiC/a-C:H coatings for their mechanical and tri-
bological properties. I observed a stepwise improvement in these features
when the coating structure took the form of the discussed nanocomposite. The
coatings were also tested for corrosion phenomena in a 3% NaCl solu-
tion. It was demonstrated that the oxidation of the metallic components of the
coating was significantly slower than in the starting material, while the resis-
tance to pitting corrosion increased at the same time. A patent was obtained
for the coating and the method of its production [17].

2.3 CoCrMoC/a-C:H coatings — structure and properties

The interesting results inspired me to search for other systems (alloys) that
could potentially synthesise in a similar nanostructure. A medical alloy of the
Cog4CrzsMo, composition, widely used in implantology, was chosen as
the object of studies. The alloy contains elements that meet the criteria
I identified as necessary for synthesis in an amorphous-nanocolumnar
form. Moreover there are ongoing researches into improving the functional
properties of this alloy, which gave additional impetus to the study.

My work on the synthesis of coatings by reactive sputtering the
CoCrMo alloy in an argon and acetylene atmosphere has been summa-
rized in the article ‘Quasi-amorphous, nanostructural CoCrMoC/a-C:H
coatings deposited by reactive magnetron sputtering’, which is the sec-
ond in the series submitted for evaluation.

In this paper, I have detailed the evolution of the coating structure
with increasing carbon content. As the starting alloy is biphasic, the struc-
tural changes in terms of crystallite refinement (up to about 10 at.%) are quite
complex. In the proposed interpretation, I have taken into account the
depth-depending phase composition, the presence of micro-stresses,
as well as the possibility of martensitic transformation under stress.

Coatings containing more than 10 at.% carbon become amorphous, and for
even higher contents they transform into a nanocolumnar, composite structure.
By analyzing the results of XPS measurements I determined the car-
bon content threshold above which its segregation occurs, i.e. about
20 at.%.

TEM and HRTEM imaging allowed me to determine that the com-
posite nanocolumnar structure of the coating occurs over a wide range
of carbon contents; from 30 to over 50 at.%, with some “collapse” of the
structure observed for a carbon content of 53%.

The work contains the results of my research on basic mechanical
properties of the coatings, such as hardness, resistance to plastic deforma-
tion, coefficient of friction in contact with alundum ceramics. Similarly to the
FeCrNiC/a-C:H films, CoCrMoC/a-C:H coatings are characterized by very good
mechanical properties.



2.4 CoCrMoC/a-C:H coatings — corrosion and tribocor-
rosion resistance in artificial body fluid

The next step in the research on CoCrMoC/a-C:H coatings was to assess the
corrosion resistance of this material as a coating on AISI 316L steel in the
environment of Hanks’ balanced salt solution — one of body fluid simulators.

The report of these studies is presented in the paper ‘Amorphous/quasi-
amor-phous CoCrMo-C coatings for improved electrochemical prop-
erties and tribocorrosion resistance of biomedical alloys’, being the third
in the series submitted for evaluation.

The article presents the results of tests on samples containing from 0 to 65
at.% of carbon, with a structure varying from nanocrystalline through amor-
phous to nanocolumnar. In addition to the assessment of corrosion resistance
based on polarisation tests, the results of electrochemical impedance spectroscopy
measurements and a series of tribocorrosion tests are presented.

Based on the results of the impedance measurements I carried out,
I showed that all the tested coatings are more stable than the massive
CoCrMo alloy — they passivate faster, and the oxide layer that is formed has
a greater ability to block ion penetration than is the case with the alloy.

Polarization tests showed a significant increase in corrosion poten-
tial for amorphous and nanocolumnar, composite samples, as well as
high resistance to pitting corrosion. Analysis of the test results showed that
chemical reactions occur only on the surface, without ion penetration through
the coating.

An important part of the article are the results of tribocorrosion tests on
a tribotester designed and manufactured by me. The device allows for
friction tests to be conducted with simultaneous electrochemical measurements
at a given potential or in open circuit conditions.

Based on the obtained results and analysis of phenomena occurring in the
contact area during tribocorrosion tests, I developed an electrical equiva-
lent model of the coating-substrate-electrolyte system, which enables
the connection of electrical quantities with the results of tribological
measurements.

I have shown that CoCrMoC/a-C:H nanocomposite coatings, due to their
resistance to oxidation and the presence of free carbon, are characterized by low
friction and wear coeflicients. I have also observed a very strong corre-
lation between the anodic current intensity and the wear coefficient
of the samples, which indicates oxidation and oxide removal as the
dominant wear mechanism.

2.5 NiCrC/a-C:H coatings — structure and magnetic prop-
erties

The nanocolumnar structure of the studied coatings, resulting from the self-
assembly processes described earlier, is anisotropic by nature. Therefore, the
aim of the next research steps was to verify the thesis that the observed ordering
translates into anisotropy of selected coating properties.

This purpose was served by studies of NiCrC/a-C:H coatings produced by re-
active magnetron sputtering of the NigyCry alloy. The alloy composition meets
the criteria formulated earlier for the selection of components that promote the



formation of the tested nanostructures. I presented the results in the article
‘Nano-columnar, self-organised NiCrC /a-C:H thin films deposited by
magnetron sputtering’, which is the fourth in the series presented for evalu-
ation.

As expected, I obtained nanocrystalline, amorphous, and compos-
ite coatings with the nanocolumnar structure. In my work, I determined
the carbon content threshold above which its precipitation from the amorphous
structure occurs, and for the study of magnetic properties I selected amorphous
samples (20 at.% carbon) and samples with 38 and 63 at.% C, showing a char-
acteristic nanocolumnar structure.

Thanks to measurements using atomic force microscopy in topographic mode
and magnetic contrast (AFM/MPM), it was possible to show that the nanopil-
lars extend to the sample surface, and their finials are visible in the image with
magnetic contrast. In the article, I also showed that the magnetic proper-
ties of the coatings depend on the carbon content and, consequently,
on the nanostructure of the material.

The results of the magnetization and magnetic coercivity measurements, per-
formed in the direction perpendicular to the column axis and parallel to the axis,
allowed for the formulation of several conclusions: In most measurements,
the samples showed weak ferromagnetism. However, the amorphous sam-
ple in the TEM image was also magnetically anisotropic. The sample with
a 38% carbon content showed superparamagnetism in the direction
perpendicular to the column axis, and thus the greatest anisotropy.
For the sample with the highest carbon content, the anisotropy effect somehow
decreased, which was probably related to the smaller diameter of the metallic
columns and perhaps to the loss of their continuity.

It is interesting that the saturation magnetization increases with carbon con-
tent. In the article I proposed to explain this phenomenon by captur-
ing of more and more chromium atoms by carbon and the increasing
number of ferromagnetic nickel nanoprecipitates. The modeling of M-H
curves (magnetization as a function of magnetic field strength) gave results con-
sistent with the experimental data, and the median size distribution of nickel
nanoparticles, giving the best fit, was about 8 nm, which turns out to be close
to the observed diameter of the nanopillars.

2.6 NiMoC/a-C:H coatings — structure and properties

While analysing the potential application possibilities of coatings with the dis-
cussed nanostructure, I drew attention to the possibility of using nickel
and nickel alloys as a catalyst in water electrolysis, or more precisely in
the hydrogen evolution reaction (HER).

For this application, I selected coatings obtained by reactive sputter-
ing, using acetylene, of the NiggMo,y alloy as the object of research.
The starting material meets the criteria described earlier, required to obtain the
nanocolumnar composite structure observed on other described materials, and
is paramagnetic, which enables its effective magnetron sputtering.

Nickel is a well-known and industrially used catalyst for the HER reaction
replacing expensive catalysts based on platinum group metals. Even higher cat-
alytic capacity is demonstrated by the NiggMoy, alloy, which is also a separate
phase. It is important, however, that despite their good catalytic ac-



tivity, they can only be used in an alkaline environment, because nickel
and NiggMoy, are not resistant to acids. In an acidic environment, however, the
reaction is much more efficient than in an alkaline environment.

NiMo-C layers with the appropriate carbon content, due to their amorphous
structure and carbon precipitates, should be significantly more resistant to acids
than the pure alloy. I have included the results of research focused on these
issues in the article ‘NiMo-C coatings synthesised by reactive magnetron
sputtering for application as a catalyst for the hydrogen evolution
reaction in an acidic environment’, which is the fifth in the series presented
for evaluation.

As in the case of other materials studied so far, I described the evolution
of the structure with increasing carbon content. In general, the changes
in structure were as in the case of other described materials; from nanocrys-
talline, through amorphous, to nanocolumnar.

In my work I showed that also in this system of elements, with a
carbon content greater than about 40 at.%, the coatings synthesized
in the form of a nanocolumnar composite structure, and also that the
layers with a carbon content of about 23 at.% and more were distinguished by
high corrosion resistance in 0.1M H,SO,.

For the purpose of assessing the electrocatalytic activity, I performed a se-
ries of potentiodynamic measurements and then analysed the results
in terms of the Tafel slope of the polarization curves and charac-
teristic overpotentials. Samples with the lowest carbon content were the
most active electrocatalytically, but they were not resistant to corrosion. In
the article, I showed that composite nanocolumnar samples with an
medium carbon content had optimal properties; good corrosion resis-
tance, good electrocatalytic activity, and the best stability in cyclic
measurements.

Another important result of the research is the finding that even the high-
est carbon content samples showed good catalytic activity, much better
than graphite. I considered the presence of metallic catalytic centers
(‘nanocolumn finials’) on the samples surfaces as the reason for this
effect, which is one of the consequences of the characteristic nanocom-
posite structure. The presence of these centers was confirmed using an AFM
microscope operating in the conductivity mode (C-AFM).

2.7 Summary

In Sections 2.2-2.6, I briefly discuss the main research themes developed in
the five articles that make up the series I have submitted for evaluation. All
articles concern a new class of coatings with a specific nanocolumnar
composite structure, designated as MeMC/a-C:H.

Their production was the result of my research on multicomponent car-
bide based coatings. As a result of these initial studies, I synthesized the
FeCrNiC/a-C:H coating [18], patented later [17], and the result of several subse-
quent projects was the synthesis of other nanocolumnar coatings: CoCrMoC/a-~
C:H [19, 20|, NiCr-C/a-C:H [21] and NiMoC/a-C:H [22]. All developed coatings
were tested for selected properties, and their selection was based on potential
applications.
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At the stage of publication of the research results, I was responsible for the
research concepts, gathering, analysis and presentation of data, state of the art
descriptions, results discussion and conclusions. In all the works submitted for
evaluation, I was the corresponding author responsible also for corrections and
additions related to the manuscript reviews.

Currently, I continue my research on the properties of MeMC/a-
C:H coatings, and in particular on their electrocatalytic activity in the
hydrogen evolution reaction. The object of the research are coatings
obtained by reactive magnetron sputtering of NiW alloys.

3 Information on achievements in the develop-
ment of nitrided layer growth models in the
context of gas nitriding process control

The main subject of my scientific work is related to research on thin films
synthesised by PVD methods. However, a significant part of my activity,
both before and after my doctorate (until approx. 2009), was devoted
to work on the analysis of the gas nitriding process; one of the commonly
used thermo-chemical treatments for heavily loaded machine and tool parts.

Since the invention of nitriding in the 1910s, the need for precise control of
the nitriding process has gradually emerged in order to obtain the appropriate
effective thickness of the nitrided layer. My work on nitriding technology was
related to this topic, and the results of this work, in addition to the achieve-
ment described in Section 2, in my opinion constitute a significant contribution
to the development of materials engineering. For this reason, I am placing a
short description of the achievement here, although they cannot be included in
the categories listed in the Act as "monograph", "series of articles" or "design
achievement".

3.1 Description of works and results achieved

In the research on the gas nitriding process, I was an active member of the
team dealing with issues related to process control, sensors for this purpose,
and modeling the kinetics of nitrided layer growth. This work was carried out,
among others, within the following projects, in which I participated as one of
the main contractors:

1. Project KBN T08C 008 10 ‘Development of the design basis for automat-
ically controlled gas nitriding processes’, 1996-1998.

2. Project KBN T08C 039 19 ‘The influence of the surface iron nitrides (car-
bonitrides) on the formation and the growth kinetics of the nitrided layer’,
2000-2003.

3. Project PW 004/ITE/04/2006 ‘Development of a magnetic sensor for in
situ measurement of nitrided layer growth in gas nitriding process moni-
toring systems’, 2007—2008.

One of the effects of the third project was a computer application used
to simulate the kinetics of nitrided layer growth and to design the
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process. My role in the team was to develop mathematical models that
were the basis for simulating the nitriding process and predicting its results.

The starting point of my work was the physical basis of phenomena and
analytical models based mainly on Fick’s diffusion equations. This approach,
together with experimental work, allows, for example, determining the diffusion
coeflicients in iron and low-alloy steels under constant nitrogen potential and
temperature. It also allows, to some extent, the selection of process parameters
in order to obtain the desired layer thickness. Additionally, certain conclusions
resulting from the analytical solutions of the equations, such as the concept
of the so-called parabolic growth constant, allow the calculation of monophase
zones thicknesses formed on the surface during the process.

Based on analytical models, I built a series of more complex mod-
els. The models included nitrogen binding reactions with alloying
elements, diffusion and growth of the outer compound layer. Such
systems of equations become solvable only by computer methods, and together
with computational algorithms, they create the numerical models. Their
reliability was analyzed based on experimental data, and then they were used
to simulate the shape of nitrogen concentration profiles, both the one
bound in the nitrides of alloying elements and the one dissolved in
the ferrite. These nitrogen concentration profiles are crucial for determining
the hardness distribution in the nitrided layer.

Moreover, thanks to time discretization, division of the simulated process
into stages, it became possible to take into account the time variability of pa-
rameters such as temperature, composition of the nitriding atmosphere. The
model T developed quite precisely maps both the diffusion process
and the reactions of nitrogen bonding with alloying elements, realis-
tically mapping the behaviour of the material during the process. The
input parameters of the model are the time dependencies of temperature and
nitrogen potential (or atmosphere composition) and some conventional param-
eters depending on the type of nitrided steel. The solution results in the time
dependencies of the thickness of the nitride layers, profiles of nitrogen concentra-
tion in the diffusion zone and profiles of nitrogen bonded to alloying elements.
The analysis of nitrided layer growth using such models also made
it possible to formulate important conclusions regarding the design
of technological processes, and their usefulness was demonstrated in
several works, such as [23, 24].

When using the differential model, there are difficulties related to the afore-
mentioned conventional material parameters that require experimental determi-
nation. However, when the physical model of the phenomena is incomplete, or
when the parameters of such a model are undefined, then having a sufficiently
extensive database of process parameters (type of material, temperature and
composition of the nitriding atmosphere in the individual stages) and nitriding
effects (thicknesses of nitride layers, hardness profiles, effective thicknesses), one
can seek a solution in models based on artificial neural networks.

Using the experimental data collected by the teams from the Kosza-
lin University of Technology and the Institute of Precision Mechanics,
I created a database, which was used to train the artificial neural networks
developed by the team, determining the relationships between the process pa-
rameters and the properties of the final nitrided layer. The application of this
approach was presented in the works [25, 26], and the above-mentioned
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differential model was used as one of the methods of verification the obtained
results.

A complementary role in this context was played by the method of searching
for optimal parameters of the nitriding process based on genetic algorithms.
Such an algorithm enables fast, effective searching through the range of process
parameter variability in order to obtain the assumed structure of the nitrided
layer (or assumed properties). The numerical (differential) model or trained
artificial neural network served as a kind of ‘generator’ of the nitrided layer’s
properties. The application of this comprehensive approach to simu-
lation and optimization of the nitriding process, developed with my
participation, was presented in the works [27, 28].

3.2 Summary

My work on modeling the nitriding process found its practical reflection in the
computer application "Nitriding process simulator", designed as part of
the PW 004/ITE/04,/2006 project. The application was a useful tool used in
gas nitriding technology to select time-varying process parameters, i.e. tem-
perature and nitrogen potential, in order to obtain the intended effects of this
process. Unfortunately, it should be mentioned here that the application was
discontinued at some point, mainly due to the death of the program code cre-
ator. However, some of its elements, such as my differential model of layer
growth on alloy steels, is still used.

4 Information on research activities carried out
in other centres

Since the beginning of my work at the university, my scientific activities have
been closely linked to cooperation with other centres. I would like to empha-
sise that practically every such cooperation has resulted in publica-
tions confirming the effectiveness of the cooperation. Below is a concise
description of the activity with links to publications.

2001-2007 The first institution to be mentioned is the Institute of Electronic
Materials Technology in Warsaw (now Lukasiewicz Research Network
Institute of Microelectronics and Photonics), where I did some of my re-
search for my PhD between 2001 and 2005, and where I received my
doctoral degree.

In addition to the thesis itself, the collaboration has resulted in three
publications: two on the synthesis and properties of molybdenum nitride
layers (also doped with copper) [29, 30] and a paper on the tribological
properties of implanted alumina ceramics under vacuum conditions.

2003 This last article was also written thanks to my work at another centre;
the Austrian Research Center in Seibersdorf (Austria). While there
for a month-long internship, I gained experience in tribological research
conducted in a controlled atmosphere (including vacuum) and surface con-
dition analysis techniques.
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2000-2005

2003

1998-2009

2008-2015

2005-2008

2012-2015

2012-2015

Another centre where I have gained a lot of experience is the Mediter-
ranean University of Marseille (now Aix-Marseille University), where
I have gone on several occasions for stays of several weeks, usually as part
of the ‘Polonium’ programme. This collaboration has resulted, among
other things, in publications on tribological properties at the nanoscale,
determined using atomic force microscopy (AFM) [31-33].

An institution where I had the opportunity to expand my workshop with
modern methods of investigating the properties of solid and coated ma-
terials was the Leibniz Institute of New Materials in Saarbruecken
(Germany), where I also spent several weeks as an internship. The work
resulted in the experience gained, but also in a subsequent publication on
the structure and properties of TiC/a-C:H nanocomposite films [6].

An important centre in my scientific work was the Institute of Preci-
sion Mechanics in Warsaw (now the Warsaw Institute of Technology).
Most of my work related to the gas nitriding process was carried out in
collaboration with IMP - starting from papers [34, 35| to [24, 26].

In the field of nitriding, additional cooperation with the Institute of Sus-
tainable Technologies in Radom (now Lukasiewicz Research Network
Institute of Sustainable Technologies) was also significant. The results of
this trilateral cooperation are publications [36, 37, 25, 38-41, 27, 26].

An important centre from the point of view of my professional activity
is also the West Pomeranian University of Technology in Szczecin,
and in particular the Department of Materials Technology. I owe my
interest in the S-phase to the cooperation with the department [42-45],
and the synthesis of the first material from the group with the specific
nanostructure, described in Section 2, to the joint research project.

I also gained valuable experience during the European Network of Ex-
cellence - Complex Metallic Alloys project. Visits to the laboratories
of renowned European centres such as the University of Stuttgart,
Stuttgart (Germany), the University of Toulouse, Toulouse (France),
Fritz Haber Institute, Berlin (Germany), Josef Stefan Institute,
Ljubljana (Slovenia), the University of Greifswald, Greifswald (Ger-
many) enabled me to familiarise myself with available equipment, research
methodology and similar aspects, which enriched the picture of current re-
search directions in the field I was then interested in.

The work in this project resulted in the development and construction, un-
der my leadership, of a multi-source magnetron sputtering process control
and control system and a set of magnetron sources with power supplies
for the application of multicomponent and multilayer coatings [46].

It is also important to mention the cooperation with the Technical Uni-
versity of Liberec, Liberec (Czechia), which, on my part, consisted of
working with a doctoral student from that university, conducting research
in Koszalin. This cooperation resulted in a publication on the use of op-
tical spectroscopy to control the S-phase deposition process [47].

The achievements described in Section 2, concerning MeMC/a-C:H nano-
composite films, would not have been possible without cooperation with
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other centres such as Linkdping University (Thin Film Physics Divi-
sion) and the Institute of Metallurgy and Materials Science of the
Polish Academy of Sciences in Krakow. Thanks to this collaboration,
it was possible to determine the morphology of the nanocomposites, the
carbon segregation thresholds as well as to analyse the chemical bonds.
In the context of MeMC/a-C:H nanocomposites, the NanoBioMedical
Centre of the Adam Mickiewicz University in Poznan should also
be mentioned. Cooperation with this laboratory has made it possible to
describe the magnetic properties of one of the developed nanocomposites.
Colleagues from the University of Gdansk (Faculty of Mathematics,
Physic and Informatics) have recently joined the group of collaborating
scientists, working on wettability of the NiMoC/a-C:H coatings.

Cooperation with the institutions mentioned in this paragraph continues
and publication of the results of joint research is planned.

5 Information about teaching, organizational and
science popularization achievements

Since the beginning of my work at the university, I have been teaching physics.
First in the form of exercises and laboratories, then also in the form of lectures.
These classes are conducted for the following fields of study: mechanics and ma-
chine construction, mechatronics, energy, construction, building networks and
installations, climate protection, and others. Some of the lectures are more spe-
cialized, such as lectures on the physics foundations of food science, atmospheric
physics, or the fundamentals of quantum physics.

For the needs of the classes, three scripts were published, of which I am a co-
author [48-50], including auxiliary materials for physics and physics laboratory.
In parallel, T run a website (in the form of a wiki) for my own classes, also
containing multimedia materials, simulations and animations.

I am responsible for the content side of the physics laboratory, developing
instructions for exercises and maintaining the laboratory website.

As part of the cross-border project ‘BalticNet-PlasmaTec Network’ I was
responsible for popularizing issues related to vacuum plasma technologies in
the Koszalin region. In order to carry out this task, I developed lectures with
demonstrations and practical classes, which I conducted for students of many
schools in our region. As part of the ‘BalticNet-PlasmaTec’ project, the Inter-
national Student’s Summer School ‘Nanotechnologies in Materials Engineering’
2006—2008 was organized, in which I participated with my own classes.

In 2009, I co-organized the Fusion Expo exhibition at our university, which
was created thanks to European funds and aimed to disseminate knowledge
about thermonuclear fusion as a future source of electrical energy.

In 20102011 I was involved in the project ‘Discovering the Unknown, Cre-
ating the New — a program for developing interest in physics’ within the frame-
work of POKL programme. I prepared and conducted a series of lectures and
laboratory classes for the academic class in the STO High School in Szczecinek.

As part of the project ‘Virtual Physics, True Knowledge’ (POKL.03.03.04-
00-032/10), carried out at the Koszalin University of Technology (2010-2013),
I developed the concept and scenarios for one hundred interactive film-tasks,
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released on blue-ray discs.

This was a coherent collection of teaching materials for a physics course in
secondary schools (high schools). In creating these materials, I used my own
teaching experience not only at the university or at school (at the beginning
of my professional career), but also the experience gained in classes for schools
conducted as part of cooperation between educational institutions and my uni-
versity. The cooperation include the aforementioned lectures for schools, but
also physics exercises for a polytechnic class (2008-2010) at the V LO (5th High
School) in Koszalin, or lectures on the Fundamentals of Technical Knowledge
for students of the I LO (1st High School) in Koszalin.

I regularly conduct classes for secondary schools in Koszalin and the sur-
rounding area. Most often in the form of lectures of the ‘physics on stage’-type,
richly illustrated with demonstrations, such as: ‘Natura vacuum abhorret?’,
‘The world vibrations and waves’, ‘En!light!lenment’, ‘Plasma - the fourth state
of matter’ and others. In addition, I also conduct laboratory exercises in physics
for young people, modifying student exercises to the needs of school level.

Since 2009 I have been working in the committee of the ‘Run for the Student
Index’ competition, which has been organized for almost thirty years at the
Koszalin University of Technology. I am responsible for formulating physics
problems in each of the three stages of the competition, as well as for checking
the solutions. For the needs of the competition, a script of my authorship
was published entitled ‘<Run for the Student Index»> — physics problems with
solutions and commentary’ [51]

It seems appropriate to mention that for many years I have been running the
Yacht Club Politechniki Koszalinskiej (Koszalin University of Technology Yacht
Club), which brings together students, graduates and employees of the univer-
sity. In addition to organizational work, I also run sailing training and classes
on the construction, operation and maintenance of boats. At the intersection
of my profession and hobby was teaching physics and computer science during
a month-long cruise of the "Blue School" on the sailing ship Fryderyk Chopin.

Tomasz Suszko
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troli widma emisyjnego plazmy oraz do zbierania parametréw pracy proz-
niowego stanowiska technologicznego — w ramach przewodu doktorskiego
(2002).

Technologia nanoszenia azotkéw molibdenu MosN 1 MoN (takze domiesz-
kowanych miedzig i srebrem) za pomoca reaktywnego rozpylania magne-
tronowego — w ramach grantu badawczego KBN nr 7T08C00816 i prze-
wodu doktorskiego (2004)

Po doktoracie:

8.

,JOpracowanie modeli matematycznych wzrostu warstwy azotowanej na
stali w procesie azotowania gazowego”. Osiagniecie jest opisane blizej
w autoreferacie wraz z odnosnikami do prac, w ktorych modele zostaty
wykorzystane.



10.

11.

12.

13.

14.

2.6

2.7

Projekt i budowa zestawu zrédel magnetronowych oraz opracowanie za-
tozen konstrukcyjnych zasilaczy do pracy z tymi Zrédtami do nanoszenia
powtok wielosktadnikowych i wielowarstwowych — ramach projektu PW-
004/ITE/03/2006.

Technologia nanoszenia azotku wanadu za pomocg reaktywnego rozpyla-
nia magnetronowego — w ramach projektu POIG.01.03.01-32-052/08.

Modernizacja i adaptacja urzadzenia typu Bulat na potrzeby technologii
wytwarzania powlok na wybrane narzedzia do obréobki drewna — w ra-
mach projektu POIG.01.03.01-32-052/08.

Opracowanie systemu sterowania magnetronowym nanoszeniem warstw
azotowej 1 weglowej fazy S, w oparciu o emisyjne widmo plazmy rejestro-
wane spektrometrem optycznym, i regulacje natezenia przeptywu gazow
roboczych — ramach projektu NCN nr 2011/03/B/ST8/06.

Technologia nanoszenia nanokolumnowych quasiamorficznych warstw typu
MeMC/a-C:H metoda reaktywnego rozpylania magnetronowego — ra-
mach projektu NCN nr 2011/03/B/ST8/06 oraz badan wtasnych katedry.

Projekt i budowa tribotestera do elektrochemicznych badan tribokorozyj-
nych w cieczy, z synchronicznym pomiarem silty i wielkosci elektrycznych
mierzonych potencjostatem. W ramach projektu wewnetrznego PK.

Wykaz publicznych realizacji dziel artystycznych (z zaznacze-
niem pozycji niewymienionych w pkt 1.3)

Wykaz wystapien na krajowych lub miedzynarodowych kon-
ferencjach naukowych lub artystycznych, z wyszczegbélnieniem
przedstawionych wykladéw na zaproszenie i wyktadéw plenar-
nych

W. Gulbiriski, T. Suszko. Badania sktadu chemicznego cienkich warstw
tlenku molibdenu MoO3-x metodg XPS. IV Ogoélnopolska Konferencja Na-
ukowa Obrobka powierzchniowa’ 99, Czestochowa-Kule , 5-8 pazdziernika
1999 r.

. W. Gulbinski, T. Suszko, W. Sienicki, B. Warcholinski. Tribological

properties of ag and cu doped transition metal oxide coatings. 2nd World
Tribology Congress, Wieden, Austria, 3-7 wrzesnia 2001 r.

W. Gulbinski, T. Suszko. Wytwarzanie i wtasciosci tribologiczne cien-
kich warstw molibdenianéw srebra. V Ogoélnopolska Konferencja Naukowa
Obroébka powierzchniowa’2002, Czestochowa-Kule, 18-20 wrzesnia 2002 r.

W. Gulbinski, T. Suszko, D. Pailharey. High Load AFM Friction and
Wear Experiments on V205 Thin Films. 3rd International Colloquim
Micro-tribology 2001 , Jastarnia, 28-30 pazdziernika 2001 r.



10.

2.8

2.9

. W. Gulbinski, T. Suszko, B. Warcholiniski. ,Cienkie warstwy wegli-
kéw molibdenu MoCx nanoszone metoda reaktywnego rozpylania magne-
tronowego”. II Krajowa Konferencja ,Nowe materialy — nowe technolo-
gie w przemysle okretowym i maszynowym”, Szczecin-Miedzyzdroje, 7-10
wrze$nia 2003 r.

T. Suszko, W. Gulbinski, J. Jagielski. ,Mo2N/Cu Films — Structure,
Mechanical and Tribological Properties”. E-MRS 2005 Spring Meeting,
Strasbourg (Francja), 31 maja — 3 czerwca 2005 .

T. Suszko, W. Gulbinski, J. Morgiel, G. Greczynski, E. Dobruchowska,
P. Dtuzewski, J. Lu. Carbon Supersaturated Fe-Cr-Ni-C Thin Films with
a Unique Nanocolumnar Structure - a Tough, Low Friction and Corro-
sion Resistant Coating". 44th International Conference on Metallurgical
Coatings and Thin Films ICMCTF 2017, San Diego (CA, USA), 24-28
kwietnia 2017 r.

T. Suszko, W. Gulbiniski, J. Morgiel, G. Greczynski, E Dobruchowska,
P. Dtuzewski, J Lu. ,,Amorphous FeCrNi/a-C:H coatings with self-organiz-
ed nanotubular structure”. 10-th Symposium on Vacuum based Science
and Technology, Kolobrzeg, 28-30 listopada 2017 r.

T. Suszko, W. Gulbinski, E Dobruchowska, G. Greczynski, J. Morgiel.
,Mechanical and tribological properties of CoCrMo/a-C:H coatings de-
posited by magnetron sputtering of ISO 5832-12 medical alloy”, 10-th
Symposium on Vacuum based Science and Technology, Kolobrzeg, 28—-30
listopada 2017 r.

T. Suszko, E. Dobruchowska, W. Gulbinski, G. Greczynski, L. Hultman,
J. Morgiel. Nanostructural CoCrMoC /a-C:H coatings deposited by reac-
tive magnetron sputtering", European Materials Research Society Spring
Meeting 2019, Nicea, Francja, 27-31 maja 2019 r.

Wykaz udzialu w komitetach organizacyjnych i naukowych kon-
ferencji krajowych lub miedzynarodowych, z podaniem pelnio-
nej funkcji

Wykaz uczestnictwa w pracach zespoléw badawczych realizuja-
cych projekty finansowane w drodze konkurséw krajowych lub
zagranicznych, z podzialem na projekty zrealizowane i bedace
w toku realizacji, oraz z uwzglednieniem informacji o pelnionej
funkcji w ramach prac zespoléw

Projekty naukowe zrealizowane przed doktoratem:

1

. Projekt badawczy KBN nr T08C 008 10 ,Opracowanie podstaw projekto-
wania automatycznie sterowanych procesow azotowania gazowego” (1996—
1998), wykonawca.



. Projekt badawczy KBN nr TO8C 039 19 ,,Wplyw przypowierzchniowej war-

stwy azotkow (wegloazotkow) zelaza na ksztaltowanie sie kinetyki wzrostu
warstwy azotowanej” (2000-2003), wykonawca.

Projekt badawczy KBN nr 4 T08C02924 — ,Nanokompozytowe powtoki
cienkowarstwowe do zastosowail w warunkach tarcia suchego w podwyz-
szonych temperaturach” (2003-2005), wykonawca.

Projekt ,,Polonium” nr 4978.1.2003 z Narodowym Instytutem Politechnicz-
nym w Grenoble (2003-2004), wykonawca.

Projekt typu NATO Collaborative Linkage Grant ,Nano-Structured Func-
tional Coatings for Optical and Lubrication Applications”; we wspotpracy
z Institute of New Materials w Saarbruecken (2004-2005), wykonawca.

Projekty naukowe i wdrozeniowe zrealizowane doktoracie:

6.

10.

11.

12.

13.

14.

Projekt ,,Polonium” nr 5578.1/2004 z Uniwersytetem Srodziemnomorskim
w Marsylii (2004-2005), wykonawca.

European Network of Excellence ,Complex Matallic Alloys- CMA”, nr pro-
jetu: NOE 500140 (2005-2009), wykonawca.

Projekt badawczo-rozwojowy nr PW-004/ITE/04/2004 zamawiany w ra-
mach Programu Wieloletniego PW004 ,Nanokompozytowe pokrycia anty-
Scierne na bazie quasikrystalicznych stopéw metali” (2005-2006), wyko-
nawca.

Projekt badawczo-rozwojowy nr PW 004 /ITE /04 /2006 ,,Opracowanie czuj-
nika magnetycznego do pomiaru in situ wzrostu warstwy azotowanej w
systemach monitorowania procesow azotowania gazowego’ (2007-2008),
wykonaweca.

Projekt badawczo-rozwojowy nr PW-004/ITE /04/2006 ,,Prototyp systemu
kontroli i sterowania procesem wielozrodtowego rozpylania magnetrono-
wego oparty o emisyjna spektroskopie plazmy”(2007-2008), wykonawca.

Projekt badawczo-rozwojowy nr PW-004/ITE/03/2006 ,,Zestaw zrodet ma-
gnetronowych wraz z systemami zasilania i sterowania do nanoszenia po-
wlok wielosktadnikowych i wielowarstwowych”(2007-2008), kierownik.

Projekt nr POIG.01.03.01-32-052/08 ,Hybrydowe technologie modyfika-
¢ji powierzchni narzedzi do obrébki drewna”, zadanie nr 2: ,,Opracowanie
technologii przeciwzuzyciowych warstw na bazie TiAIN, Politechnika Ko-
szaliniska (2009-2012), kierownik zadania.

Projekt NCN nr 2011/03/B/ST8/06, ,,Nowe, zaawansowane kompozytowe
powtoki przeciwzuzyciowe na stali austenitycznej”, Politechnika Koszalin-
ska (2012-2015), gtowny wykonawca.

Projekt typu B+R NCBiR , POIR.01.01.01-00-0531/15-00, ,,Opracowanie
narzedzi i mikronarzedzi trzpieniowych ze szczegblnym uwzglednieniem
pokryé PVD nanostrukturalnych”, przedsiebiorstwo FANAR, Ciechanéw
(2016-2018), wykonawca.



15.

Projekt typu B+R NCBiR, POIR.01.01.01-00-0274/17 pt. ,Opracowanie
typoszeregu gwintownikow i wiertel pokrywanych powtokami nanostruk-
turalnymi do pracy z materialami trudno obrabialnymi”. Przedsiebiorstwo
FANAR, Ciechanow (2016-2018), wykonawca.

Projekty bedace obecnie na etapie oceny:

2.10

2.11

Lista

2000

2001

2002

2003

2003

2004

2004

2005

Projekt ,Self-organised coatings on 3D substrates for Hydrogen Evolution
Reaction — synthesis, nanostructure and properties” , ztozony do NCN
w konkursie OPUS 2024.

Wykaz cztonkostwa w miedzynarodowych lub krajowych orga-
nizacjach i towarzystwach naukowych wraz z informacja o pel-
nionych funkcjach

Wykaz stazy w instytucjach naukowych lub artystycznych,
w tym zagranicznych, z podaniem miejsca, terminu, czasu
trwania stazu i jego charakteru

zagranicznych stazy i pobytéw naukowych:

Mediterranean University of Marseille (obecnie Aix-Marseille University),
Marsylia (Francja), 3 tygodnie, pobyt badawczy w ramach wspotpracy
naukowej finansowanej przez strone francuska.

Mediterranean University of Marseille (obecnie Aix-Marseille University),
Marsylia (Francja), 3 tygodnie, pobyt badawczy w ramach programu "Po-
lonium”.

Mediterranean University of Marseille (obecnie Aix-Marseille University),
Marsylia (Francja), 3 tygodnie, pobyt badawczy w ramach programu "Po-
lonium”.

National Polytechnic Institute of Grenoble CNRS-LEMD (obecnie French
National Centre for Scientific Research CNRS), Grenoble (Francja), 1 ty-
dzien, pobyt badawczy w ramach programu “Polonium”.

Mediterranean University of Marseille (obecnie Aix-Marseille University),
Marsylia (Francja), 2 tygodnie, pobyt badawczy w ramach programu "Po-
lonium”.

Leibniz Institute of New Materials, Saarbruecken (Niemcy), 2 tygodnie,
pobyt badawczy w ramach grantu NATO-CLG.

Aerospace & Space Materials Technology Testhouse, Austrian Research
Center, Seibersdorf (Austria), 4 tygodnie, pobyt badawczy w ramach eu-
ropejskiego programu AMTT, (aplikacja 11-83).

Mediterranean University of Marseille (obecnie Aix-Marseille University),
2 tygodnie, pobyt badawczy w ramach programu “Polonium”.

10



2006

2006

2006

2006

2007

2007

2007

2008

2008

2008

2009

2013

2.12

University of Stuttgart, Stuttgard (Niemcy), 1 tydzien, wyjazd roboczy
w ramach projektu European Network of Excellence — Complex Metallic
Alloys.

University of Toulouse, Tuluza (Francja), 1 tydzien, wyjazd roboczy w
ramach projektu European Network of Excellence — Complex Metallic
Alloys.

Fritz Haber Institute, Berlin (Niemcy), 1 tydzieni, wyjazd roboczy w ra-
mach projektu European Network of Excellence — Complex Metallic Al-
loys.

Josef Stefan Institute, Lublana (Stowenia), 1 tydzien, wyjazd roboczy
(EuroSchool 2006) w ramach projektu European Network of Excellence
— Complex Metallic Alloys.

University of Greifswald, Greifswald (Niemcy), wyjazd roboczy w ramach
projektu BalticNet-PlasmaTec.

University of Toulouse (organizator), Fira (Grecja), wyjazd roboczy w
ramach projektu European Network of Excellence — Complex Metallic
Alloys.

National Polytechnic Institute of Grenoble CNRS-LEMD (obecnie French
National Centre for Scientific Research CNRS), Grenoble (Francja), 1 ty-
dzien, wyjazd badawczy na zaproszenie strony francuskiej w ramach pro-
jektu ECONET.

University of Aix-Marseilles, Marsylia (Francja), wyjazd roboczy w ra-
mach projektu European Network of Excellence — Complex Metallic Al-
loys.

Josef Stefan Institute, Lublana (Slowenia), 1 tydzien, wyjazd roboczy
(EuroSchool 2008) w ramach projektu European Network of Excellence
— Complex Metallic Alloys.

University of Nancy, Nancy (Francja), wyjazd roboczy w ramach projektu
European Network of Excellence — Complex Metallic Alloys.

Josef Stefan Institute, Lublana (Stowenia), wyjazd organizacyjny wystawy
Fusion Expo.

Technical University of Liberec, Liberec (Czechy), 1 tydzien, praca ba-
dawcza w ramach projektu Erasmus — Staff Training Mobility.

Wykaz czlonkostwa w komitetach redakcyjnych i radach na-
ukowych czasopism wraz z informacja o pelnionych funkcjach
(np. redaktora naczelnego, przewodniczacego rady naukowej,

itp.)
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2.13 Wykaz recenzowanych prac naukowych, w szczegélnosci pu-
blikowanych w czasopismach miedzynarodowych

Blisko potowa moich prac (p. 2.4) zostala opublikowana w recenzowanych, uzna-
nych czasopismach miedzynarodowych z listy JCR.

Od 2007 r. systematycznie recenzuje artykuly w czasopi$mie Surface &
Coatings Technology.

2.14 Wykaz uczestnictwa w programach europejskich lub innych
programach miedzynarodowych

1. Projekt ,Polonium” nr 4978.1.2003 z Narodowym Instytutem Politechnicz-
nym w Grenoble (2003-2004), wykonawca.

2. Projekt typu NATO Collaborative Linkage Grant ,,Nano-Structured Func-
tional Coatings for Optical and Lubrication Applications”; we wspoltpracy
z Institute of New Materials w Saarbruecken (2004-2005), wykonawca.

3. Projekt ,Polonium” nr 5578.1/2004 z Uniwersytetem Srédziemnomorskim
w Marsylii (2004-2005), wykonawca.

4. European Network of Excellence ,;,Complex Matallic Alloys- CMA”, nr pro-
jektu: NOE 500140, realizacja 2005-2009, wykonawca.

2.15 Wykaz udzialu w zespolach badawczych, realizujacych pro-
jekty inne niz okreslone w pkt. 2.9

2.16 Wykaz uczestnictwa w zespolach oceniajacych wnioski o fi-
nansowanie badari, wnioski o przyznanie nagréd naukowych,
wnioski w innych konkursach majacych charakter naukowy
lub dydaktyczny

3 Wspélpra z otoczeniem spotecznym i gospodarczym

3.1 Wykaz dorobku technologicznego
Patrz p. 2.5

3.2 Wspoélpraca z sektorem gospodarczym.

7 przedsiewzie¢ badawczych wymienionych w p. 2.9 trzy nizej wymienione do-
tyczyly bezposrednio wspotpracy z otoczeniem gospodarczym.

e Projekt nr POIG.01.03.01-32-052/08 ,Hybrydowe technologie modyfika-
¢ji powierzchni narzedzi do obrébki drewna”, zadanie nr 2: ,Opracowanie
technologii przeciwzuzyciowych warstw na bazie TiAIN, Politechnika Ko-
szalinska (2009-2012), kierownik zadania.
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e Projekt typu B+R NCBIiR , POIR.01.01.01-00-0531/15-00, ,Opracowanie
narzedzi i mikronarzedzi trzpieniowych ze szczegdlnym uwzglednieniem
pokry¢é PVD nanostrukturalnych”, przedsiebiorstwo FANAR, Ciechanéw
(2016-2018), wykonawca.

e Projekt typu B+R NCBIR, POIR.01.01.01-00-0274/17 pt. ,Opracowanie
typoszeregu gwintownikéw i wiertel pokrywanych powlokami nanostruk-
turalnymi do pracy z materialami trudno obrabialnymi”. Przedsiebiorstwo
FANAR, Ciechanéw (2016-2018), wykonawca.

Najwazniejszymi partnerami byly firmy: FANAR S.A. Ciechanéw, FABA
S.A. Baboszewo, AB Wood Stawno, VT'T Koszalin. Oprocz tego do wspotpracy
z otoczeniem gospodaczym zaliczy¢ mozna wykonywanie ekspertyz i innych tego
typu opracowan dla firm. Ekspertyzy z ostatnich lat wymienitem w p. 3.5.

3.3 Wykaz uzyskanych praw wlasnosci przemystowej, w tym uzy-
skanych patentéw krajowych lub miedzynarodowych.

e Tomasz Suszko, Witold Gulbiriski, Spos6b wytwarzania cienkiej, amor-
ficznej, odpornej na zuzycie Scierne i korozje powloki na bazie przesyco-
nego weglem stopu FeCrNi oraz cienka, amorficzna, odporna na zuzycie
Scierne i korozje powloka FeCrNi:C, Pat.230506, Urzad Patentowy RP,
2018.

e Tomasz Suszko, Ewa Dobruchowska, Witold Gulbiriski, Spos6b wytwa-
rzania cienkiej, amorficznej, odpornej na korozje w srodowisku kwasnym,
powloki na bazie nanokompozytu typu NiMoC/a-C:H, przeznaczonej na
elektrody do elektrokatalitycznego wytwarzania wodoru oraz cienka, amor-
ficzna, odporna na korozje w srodowisku kwasnym powloka NiMoC/a-C:H.
Zgtoszenie patentowe, Urzad Patentowy RP, 2024

3.4 Wykaz wdrozonych technologii.

Uczestniczytem w pracach wdrozeniowych technologii pokrywania narzedzi po-
wlokami PVD (w tym technologii HPIMS) przez przedsiebiorstwo FANAR S.A.
z Ciechanowa w ramach dwoch wymienionych wyzej (p. 2.9) projektow.

3.5 Wykaz wykonanych ekspertyz lub innych opracowan wykona-
nych na zamoéwienie instytucji publicznych lub przedsiebiorcow.

1. Analiza wlasciwosci powtok TiAIN nanoszonych technika magnetronowsa
na narzedzia ze stali szybkotnacych (HSS) i opracowanie rekomendacji
w zakresie optymalizacji adhezji powlok. Przedsiebiorstwo FANAR S.A.,
Ciechanow, w ramach projektu POIR.01.01.01-00-0531/15-00, 2016 r.

2. Dobér parametrow procesu nanoszenia magnetronowego powlok TiAIN,
TiAICN oraz TiAlISiN z wykorzystaniem metody Taguchi, w celu uzy-
skania optymalych wlasciwosci powlok. Przedsiebiorstwo FANAR S.A.,
Ciechanow, w ramach projektu POIR.01.01.01-00-0531/15-00, 201718 r.

3. Badania przestrzennych rozkladow parametrow plazmy w procesach ma-
gnetronowego osadzania powtok TiAIN+TiN z wykorzystaniem emisyjnej
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10.

11.

12.

13.

3.6

3.7

spektroskopii optycznej w celu okreslenia uzytecznej przestrzeni komory
technologicznej. Przedsiebiorstwo FANAR S.A., Ciechanéw, w ramach
projektu POIR.01.01.01-00-0531/15-00, 2017 r.

Analiza bazowych procedur wytwarzania powtok FerroCon, FerroCon Gold
, Ferrocon WCC, InoxaCon w urzadzeniu CC800/9 HiPIMS oraz optyma-
lizacja parametréow proceséw dla poprawy wlasciwosci powlok. Przedsie-
biorstwo FANAR S.A., Ciechanéw, w ramach projektu POIR.01.01.01-00-
0274/17, 2018 r.

. Analiza poréwnawcza wynikoéw analizy emisyjnego widma plazmy optycz-

nej z procesoOw na urzadzeniu CC800/9 HiPIMS z wlasciwosciami struktu-
ralnymi i mechanicznymi otrzymanych warstw opartych na TiAIN. Przed-
siebiorstwo FANAR S.A., Ciechan6éw, w ramach projektu POIR.01.01.01-
00-0274/17, 2019 r.

Badanie mikrostruktury prébek wykonanych ze stali narzedziowej M42.
Fabryka Narzedzi FANAR S.A., (wspotautorstwo ekspertyzy), 2023 r.

Badanie mikrostruktury probek blachy Al (stop 3005) z powloka polime-
rowa. PRO-WAM Sp. z o.0., (wspotautorstwo ekspertyzy), 2023 r.

Badanie mikrostruktury tasmy 76 mm oraz rurki ¥25 mm wykonanych ze
stali LDX2101. HEXONIC Sp. z 0.0., (wspolautorstwo ekspertyzy), 2023
T.

Badanie mikrostruktury powtok PVD wytwarzanych na narzedziach trzpie-
niowych. Fabryka Narzedzi FANAR S.A., (wspolautorstwo ekspertyzy),
2023 .

Badanie mikrostruktury rowka wiérowego narzedzi trzpieniowych na réz-
nych etapach obrobki powierzchniowej. Fabryka Narzedzi FANAR S.A.,
(wspotautorstwo ekspertyzy), 2023 r.

Badanie mikrostruktury wktadek weglikowych stosowanych w narzedziach
chirurgicznych. Aesculap Chifa sp. z o.0., (wspotautorstwo ekspertyzy),
2023 r.

Badanie mikrostruktury wygniataka M12 z powloka PVD. Fabryka Na-
rzedzi FANAR S.A., (wspolautorstwo ekspertyzy), 2024 r.

Badanie mikrostruktury probek wykonanych ze stali S600. P.P.U. ESPA
Pawel Szumski, (wspoétautorstwo ekspertyzy), 2024 r.

Wykaz udzialu w zespotlach eksperckich lub konkursowych.

Wykaz projektéw artystycznych realizowanych ze srodowiskami
pozaartystycznymi.
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4 Dane naukometryczne

Ponizej zamieszczone dane dotycza stanu na 15.10.2024 r.

4.1 Impact factor

W bazach Scopus i Web of Science indeksowanych jest 20 moich publikacji,
w bazie Google Scholar 65, a w PBN 79. W czasopismach naukowych indek-
sowanych w Journal Citation Reports zarejestrowanych jest 21 artykutéw. Do
obliczenia wskaznika wzieto piecioletni §redni impact factor czasopism indekso-
wanych w JCR oraz liczbe artykuléw opublikowanych w danym czasopi$mie.

e Surface & Coatings Technology, IF 4.9, 7 art.

e Vacuum, IF 3.5, 3 art.

e Wear, IF 5.2, 3 art

e Applied Surface Science, IF 5.9, 2 art.

e Journal of Materials Processing Technology, IF 6.1, 1 art.
e Materials Letters, IF 2.7, 1 art.

e Metallurgia Italiana, IF 0.2, 1 art.

e Sensors, IF 3.7, 1 art.

e Scipta Materialia, IF 5.7, 1 art.

e Surface Science, IF 1.7, 1 art.

Sumaryczny impact factor 92.3

4.2 Liczba cytowan publikacji wnioskodawcy, z oddziel-
nym uwzglednieniem autocytowan

Ponizsze dane odnosza sie do ogélnej liczby cytowan w danej bazie. W nawiasie
podano te liczbe z pominigciem autocytowan:

e Scopus — 918 (894), Web of Science — 848 (826), Google Scholar — 1287
(b.d.).

4.3 Indeks Hirscha
Moj indeks Hirscha ma wysokos¢:

e Scopus — 14, Web of Science — 14, Google Scholar — 17.
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List of scientific or artistic achievements
which present a major contribution to
the development of a specific discipline

Annex 3b to the application

Tomasz Suszko

November 6, 2024

1 Information on scientific or artistic achievements set
out in art. 219 para 1. point 2 of the Act

1.1 Scientific monograph, pursuant to art. 219 para 1. point 2a of
the Act; or

1.2 Cycle of scientific articles related thematically, pursuant to art.
219 para 1. point 2b of the Act

A series of articles called A new class of thin nanocomposite films of the
MeMC/a-C:H type — synthesis and physicochemical properties’. The achieve-
ment is described in details in the Summary of Professional Accomplishments,
and the works constituting the series are included in the appendices (Annex-
5a.pdf — Annex-5e.pdf).

1.3 List of completed original project, engineering and design, tech-

nological or artistic achievements, pursuant to art. 219 para 1.
point 2c of the Act

2 Information on scientific or artistic activity

2.1 List of published scientific monographs (including the mono-
graphs not mentioned in section 1.1)

2.2 List of published chapters in scientific monographs

2.3 Information about membership in editorial boards preparing
scientific monographs for publication



2.4 List of articles published in scientific journals (including the
articles not mentioned in section 1.2

Below, I put a list of my scientific publications not mentioned in point 1.2,
divided into those before and after awarding the PhD degree.

Before awarding the PhD degree:

1. J. Ratajski, J. Tacikowski, R. Olik, T. Suszko, Czujnik magnetyczny
i model matematyczny - niezbedne narzedzia w kontroli procesu azotowa-
nia gazowego, Inzynieria Mater. 6 (2000) 418—422.

2. J. Ratajski, J. Tacikowski, R. Olik, T. Suszko, Wptyw sktadu fazowego
warstwy azotkéw zelaza na kinetyke wzrostu warstwy azotowanej, In-
zynieria Mater. 6 (2000) 414-417.

3. W. Gulbiniski, T. Suszko, Tarcie w nanoskali - badania cienkich warstw
tlenku molibdenu technika AFM, Inzynieria Mater. 6 (2000) 294-297.

4. W. Gulbinski, D. Pailharey, T. Suszko, Y. Mathey, Study of the influence
of adsorbed water on AFM friction measurements on molybdenum trioxide
thin films, Surf. Sci. 475 (2001) 149-158. https://doi.org/10.1016/S0039-
6028(00)01101-8.

5. J. Ratajski, J. Tacikowski, R. Olik, T. Suszko, The Effect of the Phase
Composition of Compound Layer on the Growth Kinetics of the Nitrided
Layer., Inzynieria Mater. 5 (2001) 757-761.

6. J. Ratajski, J. Tacikowski, T. Suszko, Role of the layer of iron (carbo)
nitrides in the kinetics of diffusion layer growth on alloys steels, in: 9th
Int. Semin. IFHTSE, Nitriding Technol. Warsaw, 2003: pp. 77-87.

7. W. Gulbinski, T. Suszko, B. Warcholinski, Cienkie warstwy weglikow
molibdenu MoCx nanoszone metoda reaktywnego rozpylania magnetronowe-
goo, Inzynieria Mater. 6 (2003) 490-493.

8. W. Gulbinski, T. Suszko, D. Pailharey, High load AFM friction and wear
experiments on V505 thin films, Wear 254 (2003) 988-993.
https://doi.org/10.1016 /S0043-1648(03)00304-1.

9. W. Gulbinski, T. Suszko, W. Sienicki, B. Warcholinski, Tribological prop-
erties of silver- and copper-doped transition metal oxide coatings, Wear
254 (2003) 129-135.
https://doi.org/10.1016/S0043-1648(02)00292-2.

10. J. Ratajski, J. Tacikowski, T. Suszko, O. Lupicka, Modelowanie struk-
tury i wlasnoéci materialéw w procesie azotowania gazowego, Inzynieria
Powierzchni 4 (2004) 12-15.

11. W. Gulbinski, A. Gilewicz, T. Suszko, B. Warcholiniski, Z. Kuklinski,
Ti-Si—C sputter deposited thin film coatings, Surf. Coatings Technol.
180-181 (2004) 341-346.
https://doi.org/10.1016/J.SURFCOAT.2003.10.084.



12. W. Gulbiniski, A. Gilewicz, T. Suszko, Z. Kuklinski, B. Warcholinski,
Wtasciwoscei tribologiczne cienkich warstw weglika tytanu nanoszonych
metoda reaktywnego rozpylania magnetronowego, Inzynieria Mater. 4
(2004) 51-56.

13. W. Gulbiniski, S. Mathur, H. Shen, T. Suszko, A. Gilewicz, B. War-
cholinski, Evaluation of phase, composition, microstructure and properties
in TiC/a-C:H thin films deposited by magnetron sputtering, Appl. Surf.
Sci. 239 (2005) 302-310. https://doi.org/10.1016/j.apsusc.2004.05.278.

14. J. Ratajski, J. Tacikowski, T. Suszko, Modelowanie struktury i wlas-
noéci materialéw w procesie azotowania gazowego., Inzynieria Powierzchni

1 (2005) 49-58.

15. J. Ratajski, R. Olik, J. Tacikowski, T. Suszko, O. Lupicka, Uktad sterowa-
nia procesem azotowania gazowego nowej generacji, Inzynieria Mater. 5
(2005) 549-561.

After awarding the PhD degree::

16. T. Suszko, W. Gulbinski, J. Jagielski, The role of surface oxidation in fric-
tion processes on molybdenum nitride thin films, Surf. Coatings Technol.
194 (2005) 319-324.
https://doi.org/10.1016/J.SURFCOAT.2004.07.119.

17. J. Ratajski, D. Lipinski, T. Suszko, J. Dobrodziej, J. Michalski, Appli-
cation of relational data base concerning processes and effects of surface
layers deposition, Probl. Eksploat. 2 (2006) 139-147.

18. J. Ratajski, D. Lipiniski, T. Suszko, J. Dobrodziej, J. Michalski, Artificial
neural network predictions of the microhardness profile in the nitrided
layers, Probl. Eksploat. 2 (2006) 139-148.

19. J. Ratajski, T. Suszko, J. Dobrodziej, J. Michalski, Chosen aspects of the
modeling of kinetics of the (carbo) nitrided layer gowth, Probl. Eksploat.
2 (2006) 113-125.

20. J. Ratajski, R. Olik, J. Tacikowski, T. Suszko, O. Lupicka, Intelligent
control system for gaseous nitriding process, Metall. Ital. 98 (2006) 21-27.

21. J. Ratajski, D. Lipinski, T. Suszko, J. Dobrodziej, J. Michalski, Zas-
tosowanie sztucznej sieci neuronowej do prognozowania profili twardosci
w warstwie azotowanej, Inzynieria Mater. 3 (2006) 516-518.

22. T. Suszko, W. Gulbinski, J. Jagielski, Mo2N/Cu thin films — the struc-
ture, mechanical and tribological properties, Surf. Coatings Technol. 200
(2006) 6288-6292.
https://doi.org/10.1016/J.SURFCOAT.2005.11.041.

23. W. Gulbiniski, B. Warcholiniski, T. Suszko, R. Kazimierowicz, Multisource,
magnetron deposited Al-Cu-Fe thin film coatings - the structure and prop-
erties, Probl. Eksploat. 4 (2006) 69-79.



24

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

W. Gulbinski, T. Suszko, A. Gilewicz, B. Warcholiniski, Z. Kukliniski,
Structure and high-temperature tribological behavior of Ti—Si—C nanocom-
posite thin films, Surf. Coatings Technol. 200 (2006) 4179-4184.
https://doi.org/10.1016/J.SURFCOAT.2004.12.011.

W. Gulbinski, T. Suszko, Thin films of Mo2N/Ag nanocomposite—the
structure, mechanical and tribological properties, Surf. Coatings Technol.
201 (2006) 1469-1476.
https://doi.org/10.1016/J.SURFCOAT.2006.02.017.

W. Gulbinski, T. Suszko, Thin films of MoO3-Ag2 O binary oxides — the
high temperature lubricants, Wear 261 (2006) 867-873.
https://doi.org/10.1016/J. WEAR.2006.01.008.

W. Gulbinski, B. Warcholiriski, T. Suszko, A. Gilewicz, Z. Kuklinski,
Wtiasciwosci tribologiczne cienkich warstw TiC-aC:H implantowanych krze-
mem, Inzynieria Mater. 3 (2006) 395-398.

J. Ratajski, T. Suszko, J. Dobrodziej, Development of the inteligent tools
for designing of the nitriding processes, Inzynieria Mater. 3—4 (2007)
724-727.

J. Jagielski, A. Piatkowska, A. Merstallinger, Z. Librant, P. Aubert, R.
Groetzschel, T. Suszko, Friction properties of implanted alumina for vac-
uum applications, Vacuum 81 (2007) 1357-1362.
https://doi.org/10.1016/J.VACUUM.2007.01.045.

J. Dobrodziej, J. Ratajski, J. Michalski, T. Suszko, Komputerowe wspo-
maganie projektowania proceséw azotowania gazowego z wykorzystaniem
symulacji 1 metod sztucznej inteligencji, Inzynieria Powierzchni 3 (2007)
82-93.

J. Dobrodziej, A. Mazurkiewicz, J. Ratajski, T. Suszko, J. Michalski, The
methodology of fuzzy logic application in the modelling of thermo-diffusive
and PVD processes, in: 16th Int. Fed. Heat Treat. Surf. Eng. Congr.,
2007.

J. Michalski, J. Tacikowski, J. Dobrodziej, J. WojutProblemy Eksploat-
acjiynski, J. Ratajski, T. Suszko, Numeryczna symulacja potencjatu azo-
towego i wymiany dwuskladnikowej atmosfery amoniak-amoniak dysocjowany

w projektowaniu procesow azotowania gazowego, Probl. Eksploat. 2
(2007) 105-109.

J. Ratajski, T. Suszko, Modelling of the nitriding process, J. Mater. Pro-
cess. Technol. 195 (2008) 212-217.
https://doi.org/10.1016/J.JMATPROTEC.2007.04.133.

R. Olik, J. Ratajski, J. Dobrodziej, T. Suszko, J. Michalski, D. Lipinski,
Projektowanie, kontrola i wizualizacja in-situ procesu azotowania., In-
zynieria Mater. 1-3 (2008) 839-843.

J. Baranowska, S. Fryska, J. Przekop, T. Suszko, Charakterystyka powtok
z fazy S otrzymywanych na drodze reaktywnego rozpylania magnetronowego,
Elektron. — Konstr. Technol. Zastos. 9 (2009) 19-21.
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37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

. J. Ratajski, R. Olik, T. Suszko, J. Dobrodziej, J. Michalski, Design, Con-
trol and in Situ Visualization of Gas Nitriding Processes, Sensors 10 (2009)
218-240.
https://doi.org/10.3390/s100100218.

J. Ratajski, W. Gulbinski, J. Staskiewicz, J. Walkowicz, P. Mysliriski,
A. Czyzniewski, T. Suszko, A. Gilewicz, B. Warcholiniski, Hard coatings
for woodworking tools—a review, Manuf. Eng. 37 (2009) 668-674.

J. Ratajski, R. Olik, T. Suszko, J. Dobrodziej, J. Michalski, A. Gilewicz,
Precise formation the phase composition and the thickness of nitrided
layers, J. Achiev. Mater. Manuf. Eng. 37 (2009) 675-689.

R. Olik, J. Ratajski, T. Suszko, J. Michalski, J. Dobrodziej, A. Gilewicz,
Precyzyjne ksztaltowanie budowy fazowej oraz grubosci warstwy azotowanej
na przyktadzie matryc do cisnieniowego odlewania aluminium, Inzynieria
Powierzchni 3 (2009) 15-20.

R. Olik, J. Ratajski, J. Dobrodziej, T. Suszko, D. Lipinski, J. Michal-
ski, Projektowanie i monitorowanie procesu azotowania gazowego, Probl.
Eksploat. 1 (2009) 145-156.

M. Kosikowski, Z. Suszynski, R. Olik, J. Ratajski, T. Suszko, The applica-
tion of artificial neural networks and evolutionary algorithm the designing
of gas nitriding process, in: Int. B. Ser. Inf. Sci. Comput., 2009: pp.
33-38.

S. Fryska, J. Baranowska, J. Przekop, T. Suszko, The properties of hard
coating composed of S-phase obtained by PVD method, Adv. Manuf. Sci.
Technol. Vol. 33 (2009) 59-69.

R. Olik, B. Warcholinski, T. Suszko, A. Gilewicz, J. Ratajski, Modelowanie
proceséw azotowania i PVD podwyzszajacych trwalo$é narzedzi ze stali
WCL, Pomiary Autom. Kontrola 7 (2010) 819-823.

T. Suszko, W. Gulbinski, A. Urbanowicz, W. Gulbinski, Preferentially ori-
ented vanadium nitride films deposited by magnetron sputtering, Mater.
Lett. 65 (2011) 2146-2148.
https://doi.org/10.1016/j.matlet.2011.04.038.

S. Fryska, J. Baranowska, T. Suszko, Wplyw parametréw procesu na for-
mowanie powlok z fazy S otrzymanych metoda PVD, Elektron. — Konstr.
Technol. Zastos. 52 (2011) 14-16.

J. Baranowska, S. Fryska, T. Suszko, The influence of temperature and
nitrogen pressure on S-phase coatings deposition by reactive magnetron
sputtering, Vacuum 90 (2013) 160-164.
https://doi.org/10.1016/j.vacuum.2012.03.054.

V. Jahodowa, T. Suszko, Nitrogen doped steel coatings, Fine Mech. Opt.
58 (2013) 326-327.

T. Suszko, V. Jahodowa, W. Gulbinski, Plasma emission spectroscopy as
a monitoring tool for deposition of S-phase layers by magnetron sputtering,
Inzynieria Mater. (2015) 2.



49. L. Tomaszewski, A. Urbanowicz, T. Suszko, W. Gulbinski, Przeciwzuzy-
ciowe powloki TiAIN modyfikowane wanadem, Inzynieria Mater. 36 (2015)
310-313.

50. t.. Tomaszewski, W.W. Gulbiniski, A. Urbanowicz, T. Suszko, A. Lewan-
dowski, W.W. Gulbinski, TiAIN based wear resistant coatings modified
by molybdenum addition, Vacuum 121 (2015) 223-229.
https://doi.org/10.1016/j.vacuum.2015.08.027.

2.5 List of project, engineering and design as well as technologi-
cal achievements (including the achievements not mentioned in
section 1.3

Before awarding the PhD degree:

1. Development and construction of a computerized system for control and
data acquisition from the PGS 2 photographic optical spectrometer in-
tended for the measurements of the emission spectrum of plasma" — as
part of the statutory research of the Department of Physics, KUT (1998).

2. Development of a system for synchronous measurement of Langmuir probe
parameters for studying pulse-excited magnetron discharge plasma. — as
part of the statutory research of the Department of Physics, KUT (1999).

3. Development of the design of a high-temperature tribotester and a pro-
gram (based on the DASYLab package and a computer measurement card)
to control its operation and for data acquisition — as part of the project
No. KBN nr 7T08C 00816 (2000).

4. Development of a method for assessing shear stresses based on a modified
Revetest device and a developed mathematical model of the phenomenon
— as part of the project No. KBN 7T08C00816 (2000).

5. Writing software for reading, exporting and analysing data from the NANO-
SCOPE III atomic force microscope from Digital Instruments — as a part
of "Polonium’ programme (2001).

6. Building a program (using the DASYLab package) to control the reactive
magnetron sputtering process using the plasma emission spectrum control
and to collect the operating parameters of the vacuum technological device
— as part of works on my PhD thesis — 2002.

7. Deposition technology of of molybdenum nitrides MosN and MoN (also
doped with copper and silver) with reactive magnetron sputtering — as
part of the project No. KBN 7T08C00816, and works on my PhD thesis
—2002.

After awarding the PhD degree:

8. 'Development of mathematical models of nitrided layer growth on steel in
the gas nitriding process’. The achievement is described in detail in
the Summary of Professional Accomplishments along with links to
the works in which the models were used.



10.

11.

12.

13.

14.

2.6

2.7

Design and construction of a set of magnetron sources and development of
design assumptions for power supplies to work with these sources for de-
position multi-component and multi-layer coatings — as part of the project
No. PW-004/ITE/03,/2006.

Vanadium nitride and carbo-nitride deposition technology by reactive mag-
netron sputtering — as part of the project No. POIG.01.03.01-32-052/08.

Modernization and adaptation of the Butat-type device for the needs of
coatings production technology on selected woodworking tools — as part
of the project No. POIG.01.03.01-32-052/08.

Development of a control system for a magnetron deposition system of
nitrogen and carbon stabilised S-phase coatings, based on the monitoring
of plasma emission spectrum and working gases flow rate regulation — as
part of the project No. NCN 2011,/03/B/ST8/06.

Technology of depositing nanocolumnar quasiamorphic of the MeMC/a-~
C:H type films by reactive magnetron sputtering — as part of the project
No. NCN 2011/03/B/ST8/06 and the University internal projects (2015
2024).

Design and construction of a tribotester for tribocorrosion tests in liquids,
with synchronous measurement of force and electrical quantities measured
by a connected potentiostat — as part of the University internal project
(2021).

List of public realizations of works of art (including the works
not mentioned in section 1.3)

Information on presentations given at national or international
scientific or arts conferences, including a list of lectures deliv-
ered upon invitation and plenary lectures

. W. Gulbiniski, T. Suszko. 'Badania sktadu chemicznego cienkich warstw

tlenku molibdenu MoOs_, metoda XPS (Studies of the chemical com-
position of thin layers of molybdenum oxide MoOjs_, using the XPS
method)’. IV Ogodlnopolska Konferencja Naukowa Obrébka powierzch-
niowa’ 99, Czestochowa-Kule , Oct 5-8 1999 r.

W. Gulbinski, T. Suszko, W. Sienicki, B. Warcholinski. 'Tribological prop-
erties of Ag and Cu doped transition metal oxide coatings’. 2nd World
Tribology Congress, Wieden, Austria, Sept 3—7 2001 r.

W. Gulbiniski, Tomasz Suszko. 'Wytwarzanie i wlasciodci tribologiczne
cienkich warstw molibdenianéw srebra (Synthesis and tribological proper-
ties of silver molybdate thin films)’. V Ogolnopolska Konferencja Naukowa
"Obrobka powierzchniowa" 2002, Czestochowa-Kule, Sept 18-20 2002 r.

W. Gulbinski, T. Suszko, D. Pailharey. ’High Load AFM Friction and
Wear Experiments on V505 Thin Films’. 3rd International Colloquim
Micro-tribology 2001 , Jastarnia, Oct 28-30 2001 r.



10.

2.8

2.9

. W. Gulbinski, T. Suszko, B. Warcholiriski. ’Cienkie warstwy weglikow
molibdenu MoC, nanoszone metoda reaktywnego rozpylania magnetrono-
wego (Molybdenum carbide MoC,, thin films deposited by reactive mag-
netron sputtering)’. II Krajowa Konferencja ,,Nowe materialy — nowe tech-
nologie w przemysle okretowym i maszynowym”, Szczecin-Miedzyzdroje,
Sept 7-10 2003 r.

T. Suszko, W. Gulbiniski, J. Jagielski. "MosN/Cu Films — Structure, Me-
chanical and Tribological Properties’. E-MRS 2005 Spring Meeting, Stras-
bourg (Francja), May 31 — Jun 3 2005 r.

T. Suszko, W. Gulbiniski, J. Morgiel, G. Greczynski, E. Dobruchowska, P.
Dtuzewski, J. Lu. ’Carbon Supersaturated Fe-Cr-Ni-C Thin Films with a
Unique Nanocolumnar Structure - a Tough, Low Friction and Corrosion
Resistant Coating’. 44th International Conference on Metallurgical Coat-
ings and Thin Films ICMCTF 2017, San Diego (CA, USA), Apr 24-28
2017 r.

T. Suszko, W. Gulbinski, J. Morgiel, G. Greczynski, E Dobruchowska,
P. Dtuzewski, J Lu. ’Amorphous FeCrNi/a-C:H coatings with self-organiz-
ed nanotubular structure’. 10-th Symposium on Vacuum based Science
and Technology, Kotobrzeg, Nov 28-30 2017 r.

T. Suszko, W. Gulbinski, E Dobruchowska, G. Greczynski, J. Morgiel.
"Mechanical and tribological properties of CoCrMo/a-C:H coatings de-
posited by magnetron sputtering of ISO 5832-12 medical alloy’, 10-th
Symposium on Vacuum based Science and Technology, Kotobrzeg, Nov
28-30 2017 r.

T. Suszko, E. Dobruchowska, W. Gulbinski, G. Greczynski, L. Hultman,
J. Morgiel. 'Nanostructural CoCrMoC/a-C:H coatings deposited by reac-
tive magnetron sputtering’, European Materials Research Society Spring
Meeting 2019, Nice, May 27-31 2019 r.

Information on participation in organizational and scientific
committees at national or international conferences, including
the applicant’s function

Information on participation in the works of research teams
realizing projects financed through national and international
competitions, including the projects which have been completed
and projects in progress, and information on the function per-
formed in the team

Research projects completed before awarding the PhD degree:

1

. Research project No. KBN T08C 008 10 'Development of the Design
Basis for Automatically Controlled Gas Nitriding Processes’, 19961998,
contractor.



. Project "Polonium’ in cooperation with Mediterranean University of Mar-

seille (2000-2002), contractor.

Research project No. KBN T08C 039 19 "The influence of the surface layer
of iron nitrides (carbonitrides) on the formation of the growth kinetics of
the nitrided layer’, 2000-2003, contractor.

Research project No. KBN T08C02924 — 'Nanocomposite Thin Film Coat-
ings for Dry Friction Applications at Elevated Temperatures’ (2003-2005),
contractor.

Project "Polonium’ No. 4978.1.2003 with National Polytechnic Institute
in Grenoble (2003-2004), contractor.

Project NATO Collaborative Linkage Grant 'Nano-Structured Functional
Coatings for Optical and Lubrication Applications’; in cooperation with
Institute of New Materials w Saarbruecken (2004-2005), contractor.

Research projects completed after awarding the PhD degree:

7.

10.

11.

12.

13.

14.

15.

16.

Project "Polonium’ No. 5578.1/2004 in cooperation with Mediterranean
University of Marseille (2004-2005), contractor.

European Network of Excellence 'Complex Matallic Alloys- CMA’, Project
No. NOE 500140, 2005—-2009, contractor.

R&D project No. PW-004/ITE/04/2004, 'Nanocomposite anti-abrasive
coatings based on quasicrystalline alloys’ (2005-2006), contractor.

R&D project No. PW 004/ITE/04/2006 'Development of a magnetic
sensor for in situ measurement of nitrided layer growth in gas nitriding
process monitoring systems’, 2007-2008, contractor.

R&D project No. PW-004/ITE/04/2006 "Prototype of a multi-source
magnetron sputtering process control and monitoring system based on
emission plasma spectroscopy’, 2007-2008, contractor.

R&D project No. PW-004/ITE/03/2006 'Magnetron source assembly
with power and control systems for multicomponent and multilayer coat-
ing application’, 2007-2008, leader.

R&D project No. POIG.01.03.01-32-052/08 "Hybrid technologies for wood-
working tools surface modification’, leader of the task 'Development of
technology for antiwear coatings based on TiAIN’, 2009-2012, task leader.

Research project No. NCN 2011,/03/B/ST8/06, 'New advanced composite
anti-wear coatings on austenitic steel’, 2012-2015, main contractor.

R&D project No. POIR.01.01.01-00-0531/15-00, "Development of shank
tools and micro-tools with special emphasis on nanostructured PVD coat-
ings”, FANAR S.A., Ciechanow, 2016-2018, researcher.

R&D project No. POIR.01.01.01-00-0274/17 pt. 'Development of a range
of nanostructured coated taps and drills for difficult-to-machine materials’,
FANAR S.A., Ciechanéw, 20182020, researcher.



Projects currently under evaluation:

e Project 'Self-organised coatings on 3D substrates for Hydrogen Evolution
Reaction — synthesis, nanostructure and properties’, submitted to National
Science Center, OPUS 2024 competition.

2.10 Membership in international or national organizations and sci-
entific societies, including the functions performed by the ap-
plicant

2.11 Information on internships completed in scientific or artistic
institutions, also abroad, including the place, time and dura-
tion of the internship and its character

List of foreign internships and research stays:

e Mediterranean University of Marseille (now Aix-Marseille University), Mar-
seille (France), 3 weeks, 2000 r., research stay as part of scientific cooper-
ation financed by the French side.

e Mediterranean University of Marseille (now Aix-Marseille University), Mar-
seille (France), 3 weeks, 2001 r., research stay within the 'Polonium’ pro-
gramme.

e Mediterranean University of Marseille (now Aix-Marseille University), Mar-
seille (France), 3 weeks, 2002 r., research stay within the "Polonium’ pro-
gramme.

e National Polytechnic Institute of Grenoble CNRS-LEMD (now French Na-
tional Centre for Scientific Research CNRS), Grenoble (France), 1 week,
2003 r., research stay within the 'Polonium’ programme.

e Mediterranean University of Marseille (now Aix-Marseille University), Mar-
seille (France), 2 weeks, 2003 r., research stay within the 'Polonium’ pro-
gramme.

e Leibniz Institute of New Materials, Saarbruecken (Germany), 2 tweeks,
2003 r., research stay within the NATO-CLG programme.

e Acrospace & Space Materials Technology Testhouse, Austrian Research
Center, Seibersdorf (Austria), 4 weeks, 2003 r., research stay within the
AMTT programme (application I1-83).

e Mediterranean University of Marseille (now Aix-Marseille University), Mar-
seille (France),2 weeks, Jun 2005 r., research stay within the "Polonium’
programme.

e University of Stuttgart, Stuttgard (Germany), 1 week, Feb 2006, work trip
within the project European Network of Excellence — Complex Metallic
Alloys.
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University of Toulouse, Toulouse (France), 1 week, Mar 2006, work trip
within the project European Network of Excellence — Complex Metallic
Alloys.

Fritz Haber Institute, Berlin (Germany), 1 week, May 2006, work trip
within the project European Network of Excellence — Complex Metallic
Alloys.

Josef Stefan Institute, Lublana (Slovenia), 1 week, Jun 2006, symposium
EuroSchool 2006 within the project European Network of Excellence —
Complex Metallic Alloys.

University of Greifswald, Greifswald (Germany), 1 week, Feb 2007, work
trip within the project BalticNet-PlasmaTec.

University of Toulouse (organiser), Fira (Greece), 1 week, Jun 2007, work
trip within the project European Network of Excellence — Complex Metal-
lic Alloys.

National Polytechnic Institute of Grenoble CNRS-LEMD (now French Na-
tional Centre for Scientific Research CNRS), Grenoble (France), 1 week,
Nov 2007, research trip at the invitation of the French side within the
framework of the ECONET project.

University of Aix-Marseille, Marseille (France), Apr 2008, work trip within
the project European Network of Excellence — Complex Metallic Alloys.

Josef Stefan Institute, Lublana (Slovenia), 1 week, Jun 2008, symposium
EuroSchool 2008 within the project European Network of Excellence —
Complex Metallic Alloys.

University of Nancy, Nancy (France), 1 week, Dec 2008, work trip within
the project European Network of Excellence — Complex Metallic Alloys.

Josef Stefan Institute, Lublana (Slovenia), Mar 2009, organisation trip of
the Fusion Expo exhibition.

Technical University of Liberec, Liberec (Czechia), 1 week, Sep 2013, re-
search stay within the program Erasmus — Staff Training Mobility.

2.12 Membership in editorial committees and scientific boards of

journals, including the functions performed by the applicant
(e.g. editor-in-chief, chairman of scientific board etc.)

Information on scientific or artistic works reviewed, in partic-
ular those published in international journals

Almost half of my works (p. 2.4) have been published in peer-reviewed, recog-
nized international journals from the JCR list.

Since 2007, I have been systematically reviewing articles in the journal Sur-
face & Coatings Technology.
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2.14 Information on participation in European or other interna-
tional programmes

1. Project "Polonium’ in cooperation with Mediterranean University of Mar-
seille (2000-2002), contractor.

2. Project 'Polonium’ No. 4978.1.2003 with National Polytechnic Institute
in Grenoble (2003-2004), contractor.

3. Project NATO Collaborative Linkage Grant 'Nano-Structured Functional
Coatings for Optical and Lubrication Applications’; in cooperation with
Institute of New Materials w Saarbruecken (2004-2005), contractor.

4. Project 'Polonium’ No. 5578.1/2004 in cooperation with Mediterranean
University of Marseille (2004-2005), contractor.

5. European Network of Excellence ’Complex Matallic Alloys- CMA’, Project
No. NOE 500140, 2005-2009, contractor.

2.15 Information on participation in research teams realizing projects
other than those defined in section 2.9.

2.16 Information on membership in the teams assessing applica-
tions for financing of research projects, applications for scien-
tific awards, applications in other competitions of scientific or
didactic character

3 Information on cooperation with social and economic
environment

3.1 List of technological works

See Section 2.5

3.2 Information on cooperation with economic sector

Of the research projects listed in p. 2.9, the following three were directly con-
cerned with cooperation with the economic environment.

e R&D project No. POIG.01.03.01-32-052/08 "Hybrid technologies for wood-
working tools surface modification’, 2009-2012.

e R&D project No. POIR.01.01.01-00-0531/15-00, "Development of shank
tools and micro-tools with special emphasis on nanostructured PVD coat-
ings”, FANAR S.A., Ciechanow, 2016-2018.

e R&D project No. POIR.01.01.01-00-0274/17 pt. ’Development of a range
of nanostructured coated taps and drills for difficult-to-machine materials’,
FANAR S.A., Ciechanow, 2018-2020.
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The most important partners were the companies: FANAR S.A. Ciechanow,
FABA S.A. Baboszewo, AB Wood Stawno, VI'T Koszalin. In addition to this,
cooperation with the business environment includes the production of expert
opinions and other such studies for companies. Expert reports from recent
years are listed in p. 3.5.

3.3 Obtaining the right of industrial property, including the na-
tional or international patents granted

e Tomasz Suszko, Witold Gulbinski, 'Method for producing thin, amorphous
coating, resistant to abrasive wear and corrosion, based on carbon satu-
rated FeCrNi alloy and the thin, amorphous FeCrNi:C coating, resistant
to abrasive wear and corrosion’, Pat.230506, Patent Office of the Republic
of Poland , 2018.

e Tomasz Suszko, Ewa Dobruchowska, Witold Gulbiriski, '"Method for pro-
ducing a thin, amorphous, corrosion-resistant, acidic NiMoC/a-C:H nano-
composite-based coating for electrodes for electrocatalytic hydrogen gen-
eration and a thin, amorphous, corrosion-resistant, acidic NiMoC/a-C:H
coating’. Parent notification, Patent Office of the Republic of Poland,
2024

3.4 Information on implemented technologies

I have participated in the implementation of PVD coating technology (including
HPIMS) by FANAR S.A., Ciechanéw, as part of the two projects mentioned
above (Section. 2.9).

3.5 Information on performed expert analyses or other studies pre-
pared on request of public institutions or entrepreneurs

1. Analysis of the TiAIN coatings properties, deposited by magnetron sput-
tering on high-speed steel (HSS) tools, and development of recommenda-
tions for the optimisation of coating adhesion. FANAR S.A., Ciechanow,
in the frame of the project POIR.01.01.01-00-0531/15-00, 2016 r.

2. Determining the parameter of the magnetron deposition process of TiAIN,
TiAICN and TiAlSiN coatings using the Taguchi method, in order to
obtain optimal coating properties. FANAR S.A., Ciechanéw, in the frame
of the project POIR.01.01.01-00-0531/15-00, 201718 .

3. Investigation of spatial distributions of plasma parameters in magnetron
deposition processes of TIAIN+TiN coatings using emission optical spec-
troscopy to determine the usable space of the process chamber. FANAR
S.A., Ciechan6w, in the frame of the project POIR.01.01.01-00-0531/15-
00, 2017 r.

4. Analysis of the baseline manufacturing procedures for FerroCon, FerroCon
Gold , Ferrocon WCC, InoxaCon coatings on the CC800/9 HiPIMS device
and optimisation of process parameters for improved coating properties.
FANAR S.A., Ciechanéw, in the frame of the project POIR.01.01.01-00-
0274/17, 2018 r.
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5. Comparative analysis of the optical plasma emission spectra from pro-
cesses on the CC800/9 HiPIMS device with the structural and mechanical
properties of the obtained TiAlN-based films. FANAR S.A., Ciechandéw,
in the frame of the project POIR.01.01.01-00-0274/17, 2019 r.

6. Microstructure survey of M42 tool steel specimens. FANAR S.A.; (co-
authorship of the expert study), 2023 r.

7. Microstructural study of Al (Alloy 3005) sheet samples with polymer coat-
ing. PRO-WAM Sp. z o0.0., (co-authorship of the expert study), 2023 r.

8. Microstructure investigation of strip and tube samples made of LDX2101
steel. HEXONIC Sp. z o0.0., (co-authorship of the expert study), 2023 r.

9. Microstructural investigation of PVD coatings produced on shank tools.
FANAR S.A., (co-authorship of the expert study), 2023 r.

10. Examination of the microstructure of the chip groove of shank tools at
different stages of surface treatment. FANAR S.A., (co-authorship of the
expert study), 2023 r.

11. Microstructural study of carbide inserts used in surgical instruments. Aes-
culap Chifa sp. z o0.0., (co-authorship of the expert study), 2023 r.

12. Study of the microstructure of a PVD-coated M12 blank. FANAR S.A.,
(co-authorship of the expert study), 2024 r.

13. Microstructural study of S600 steel samples. P.P.U. ESPA Pawel Szumski,
(co-authorship of the expert study), 2024 r.

3.6 Information on participation in expert and competition teams

3.7 Information on artistic projects realized in non-artistic envi-
ronment.

4 Scientometric information

The data below are as of October 15, 2024.

4.1 Information on the Impact Factor (in the fields and
disciplines in which this parameter is commonly used
as a scientometric index)

There are 22 of my publications indexed in the Scopus and the Web of Science
databases, in the Google Scholar 65, and the PBN 79. There are 21 articles
registered in scientific journals indexed in Journal Citation Reports. The five-
year average impact factor of JCR-indexed journals and the number of articles
published in a given journal were taken to calculate the IF-factor.
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e Surface & Coatings Technology, IF 4.9, 7 papers

e Vacuum, IF 3.5, 3 papers

e Wear, IF 5.2, 3 papers

e Applied Surface Science, IF 5.9, 2 papers

e Journal of Materials Processing Technology, IF 6.1, 1 paper
e Materials Letters, IF 2.7, 1 paper

e Metallurgia Italiana, IF 0.2, 1 paper

e Sensors, IF 3.7, 1 paper

e Scipta Materialia, IF 5.7, 1 paper

e Surface Science, IF 1.7, 1 paper

Total impact factor 92.3

4.2 Information on the number of citations of the appli-
cant’s publications, including a separate list of self-
citations.

The figures below refer to the total number of citations in a given database. In
parentheses, this number is given excluding self-citations.

e Scopus — 918 (894), Web of Science — 848 (826), Google Scholar — 1287
(n.a.).

4.3 Information on h-index held

e Scopus — 14, Web of Science — 13, Google Scholar — 17.

Tomasz Suszko
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Wykaz publikacji stanowigcych osiggnigcie naukowe wraz z okresleniem

indywidualnego wkladu kazdego zc wspélautoréw
stanowigey zalyeznik nr 4 do wniosku o przeprowadzenic postgpowania
w sprawie nadania stopnia doktora habilitowanego

Ponizej zamieszezono liste publikacji, oraz opis wkladu merytorycznego wspélautoréw zgodnie
z Contributor Roles Tazonomy (CrediT) wraz podpisami gléwnych wspéltautoréw potwierdza-
jacymi ich rolg w powstaniu artykuléw.

1. T. Suszko, W. Gulbinski, J. Morgiel, G. Greczynski, E. Dobruchowska, P. Dhuzewski,
J. Lu, T.. Hultman, Amorphous I"eCrNi/a-C:Il coatings with self-organized
nanotubular structure, Scr. Mater. 136 (2017) 24-28,
hitps://doi.org/10.1016/i.scriptamat.2017.03.040.
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ToMAS8Z SUSZKO:

Koncepcja badan i opracowanie metodologii. Gromadzenie danych i metadanych.
Synteza PVD prébek i preparatyka. Przeprowadzenie pomiaréw i analiza danych
XRD. Analiza danych XPS. Badania wlasciwosci mechanicznych i tribologicznych.
Przygotowanie rysunkéw i wykreséw do artykulu. Przygotowanie wstepnej

i koricowej wersji artykulu. Poprawki i uzupelnienia zwigzane z recenzjami
manuskryptéw. Zlozenie do wydawnictwa, antor korespondencyjny.

JERZY MORGIEL:

Obrazowanie TEM prébek. I{eceﬂzja korficowej wersji artykulu.
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Badania odpornosci korozyjnej prébek — pomiary, gromadzenie danych

i metadanych, analiza wynikéw, przygotowanie wykresow.
Przygotowanie wstepnej wersji artykuha.
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P1OoTR DLUZEWSKI:
Mapowanie TEM/EDS.

Jun Lu:
Mapowanie TEM/EDS.

LARS HULTMAN:
Recenzja i korekia koricowej wersji artykutu.



T. Suszko, W. Gulbinski, E. Dobruchowska, G. Greczynski, .. Hultman, J. Morgiel,
Quasi-amorphous, nanostructural CoCrMoC/a-C:II coatings deposited by reactive
magnetron  sputtering, Surf.  Coalings ‘Technol. 378  (2019)  124910.
hitps://doiorg/10.1016/j.snrfeoat . 2019.124910.

1. Tomasz Suszko:
Koncepeja badan i opracowanie metodologii. Gromadzenie danych i metadanych.
Synteza PVD prébek i preparatyka. Przeprowadzenic pomiaréw i analiza danych
XRD. Analiza danych XPS. Badania wladciwo$ci mechanicznych i tribologicznych.
Przygotowanie rysunkéw i wykreséw do artykulu. Przygotowanie wslepnej
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6. LARS HULP(AN
Recenzja i korekta koncowej wersji artykulu.

K. Dobruchowska, T. Suszko, G. Greezynski, ). Adamezewska, W. Gulbiriski,
Amorphous/quasi-amorphous CoCrMo-C coatings for improved electrochemical
properties and tribocorrosion resistance of biomedical alloys, Surf. Coatings Technol.
460 (2023) 129398. https://doi.org/10.1016/j.surfeoat .2023.129398,

1. Ewa DoBrRUCHOWSKA: Koncepcja badani i opracowanie metodologii. Badania
odpornoéci korozyjnej prébek. Analiza danych XPS. Pomiary, gromadzenie
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artykulu, opis stanu wiedzy i genezy pracy, dyskusja wynikéw i konkluzje.
Poprawki i uzupelnienia zwigzane z recenzjami manuskryptow.

2. ToMASz SUSZKO:
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korespon%;n;;%\;;

——H
3. GRrzZEGORZ GRECZYNSKI:
Badania XPS prébek. Recenzja i korekta koticowej wersji artykutu.

4. DOROTA ADAMCZEWSKA:
Pomiar v pott,nc_]odynmmcmo Zgromadzenie danych i metadanych.

WitoLd GULBINSK

Recenzja i a ko\cowe]j wersji artykutu.

T. Suszko, W. Gulbiflsk:l—{.&«hski, G. Grecezynski, J. Morgiel, V. Lapitskaya, Nano-
columnar, self-organised NiCrC/a-C:II thin films deposited by magnetron spultering,
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Materials & Interfaces (2024)
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Amorphous FeCrNi/a-C:H coatings are deposited by pulsed magnetron sputtering of austenitic stainless
steel in argon/acetylene atmosphere. High-resolution transmission electron microscopy, electron energy
loss spectroscopy and energy dispersive X-ray mapping reveal a pronounced nanotubular structure consist-
ing of metallic cores that thread along the film growth direction and are encapsulated by amorphous carbon
shells in a cream-roll fashion. The coatings exhibit excellent mechanical, tribological, and anti-corrosion

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Research on magnetron sputtering of austenitic, stainless steel
targets in a reactive atmosphere containing hydrocarbons yields
so called carbon-stabilized expanded austenite yC coatings. Earlier,
layers of that type were traditionally formed on austenitic stain-
less steels by gas carburization [1,2]. These crystalline layers have
been shown to improve the surface properties of inherently soft
austenitic steels commonly used in food industry and for medical
instrumentation. The € layers show enhanced hardness and wear
resistance [3].

Low temperature physical vapor deposition (PVD) technique, is
considered as an alternative for the well-established high temper-
ature carburization of austenitic steels. Early studies on sputtering
of Fe-Cr-Ni-based austenitic steel targets in a methane containing
atmosphere report X-ray amorphous coatings containing 5 to 12 at.%
of carbon [4-8] In general, structures of these amorphous Fe-Cr-Ni/a-
C:H films were featureless in electron microscopy, whereas carbon
segregation which can be expected for these graphitization-inducing
metals was not investigated in detail.

* Corresponding author.
E-mail address: tomasz.suszko@tu.koszalin.pl (T. Suszko).

http://dx.doi.org/10.1016/j.scriptamat.2017.03.040
1359-6462/© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Here, we report systematic studies on the structure, chemical
and phase composition as well as on the mechanical and tribological
properties of FeCrNi/a-C:H coatings obtained by reactive magnetron
sputtering of the AISI 316L alloy (FeggCrigNi;;Mo) in acetylene-
containing atmosphere. We observe a unique amorphous self-
organized metal/amorphous hydrogenated carbon nano-columnar
structure. This original nano-material offers excellent mechanical,
tribological and anti-corrosion properties.

FeCrNi/a-C:H coatings were deposited in a small (25 x 25 cm)
cylindrical vacuum chamber by pulsed, reactive magnetron sput-
tering of the 316L steel target in Ar/C,H, atmosphere. The argon
flow was kept constant at 6 sccm in every process, while the acety-
lene flow was varied from 0 to 4 sccm. The magnetron source with
target diameter 100 mm was working in unbalanced mode at the
frequency of 100 kHz with 1 kHz modulation. The discharge average
current was controlled and set at 1 A. The atomic emission line Cr!
(521 nm) from magnetron plasma was used for the process stability
monitoring. The coatings were deposited on Si (100) wafers heated to
300 ° C and kept at the DC bias potential of —50 V. The total pressure
during the deposition was ca. 6 x 10~3 mbar (0.6 Pa).

The structure of the coatings was examined by the X-ray diffrac-
tion of Co Ko radiation in -2+ geometry. The chemical composition
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of the coatings was determined by X-ray photoelectron spectroscopy
(XPS). The XPS analysis was performed in an Axis Ultra DLD instru-
ment (Kratos Analytical, UK) with monochromatic Al K« radiation
(hv = 1486.6 eV). The base pressure during spectra acquisition was
1.1 x 1072 Torr (1.5 x 10~7 Pa). The binding energy scale was cal-
ibrated by examining the sputter-cleaned Au, Ag, and Cu samples
according to the recommended ISO standards for monochromatic
Al Ka sources that place Au 4f;),, Ag 3dsj,, and Cu 2ps3); peaks at
83.96, 368.21 and 932.62 eV, respectively [9]. Casa XPS software
(version 2.3.16) was used for quantification of XPS spectra, based
upon peak areas from narrow energy range scans and elemental sen-
sitivity factors supplied by Kratos Analytical Ltd. The confidence level
is typically around +5%.

The FIB-Quanta 3D dual beam instrument was used for prepara-
tion of lamellas for transmission electron microscopy investigations.
High resolution observations of the coatings microstructure were
preformed using Tecnai G2 F20 operating at 200 kV accelerating
voltage and applying Titan Cubed 80-300 microscope operating at
300 kV acceleration voltage equipped with GIF Quantum 966 elec-
tron energy losses spectrometer for Fe and C elements mapping.

Evaluation of electrochemical corrosion resistance was made by
carrying out potentiodynamic polarization tests with use of Atlas
0531 potentiostat (Atlas Sollich, Poland). The measurements were
performed in a three-electrode cell where the sample acted as a
working electrode. The active surface area of each sample was equal
to 0.29 cm?. Saturated standard calomel electrode (SCE) and plat-
inum plate were used as reference and counter electrodes, respec-
tively. All measurements were conducted at room temperature
(25 £ 1 ° C) in unstirred 3 wt % NaCl aqueous solution at pH = 6.5.
Prior to the beginning of the measurements, the samples had been
kept in contact with the electrolyte for 1 h at open circuit conditions
(OCP).
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Tribological properties were tested in T-01 M ball-on-disc tester
(ITE, Poland). Alumina ball of 10 mm in diameter under normal load
of 10 N in laboratory air of 50% relative humidity was used for
measurement of friction coefficient. Wear rate of the coating was
calculated from the wear track cross section area measured by a sty-
lus profile-meter. High load tribological tests were performed with
5 mm alumina ball and normal load of 80 N.

Coatings with carbon content y. up to 65 at.%, as determined
by wave dispersive spectroscopy (WDS) and XPS, were deposited by
means of reactive pulsed magnetron sputtering. The X-ray diffraction
studies (XRD), cf. Fig. 1a, revealed that structure of these coatings
change from (i) crystalline ferrite-containing (¢ < 3 at. %), (ii) fer-
rite and expanded austenite (3 < yc < 11 at.%), through (iii)
nanocrystalline (12 < y. < 15 at.%) with crystalline size estimated
from ferrite (110) peak broadening of about 7 nm, to (iv) amorphous
one (15 > yc at.%).Itis necessary to mention that the coatings most
likely contain significant amounts of hydrogen however it was not
directly measured.

Coatings containing more than 15 at.% C showed amorphous-like
XRD patterns. For even higher carbon concentrations, y- > 30 at.%,
segregation of free sp? bonded carbon was revealed by the XPS stud-
ies as shown below. Fig. 1b shows a set of the C1s core level spectra
as a function of increasing C content. Initially, for y. < 27.7 at.% the
spectra is dominated by a single peak at 283.2 eV due to carbide for-
mation [10]. With further increasing y. to 38.4 at.% a second peak
appears at 284.4 eV, indicative of sp2-bonded carbon [11,12]. The
intensity of the sp? C1s peak increases with further increasing carbon
content and eventually, for y. > 64.9 at.% dominates the XPS spec-
trum (cf. Fig. 1¢). Cr 2p core-level spectra recorded from amorphous
films with y. > 38.4 at.% (not presented here) give a signature of
carbide formation, in accordance with the corresponding C1s spectra,
and in agreement with the strong affinity of Cr to carbon.
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Fig. 1. XRD patterns for a series of FeCrNi/a-C:H coatings with increasing C content (a), C1s core level spectra for coatings containing up to 65 at.% of carbon (b) and the relative
intensity of C1s core level line component corresponding to sp? bonded carbon vs carbon content in the deposit (c).
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Due to significant changes in properties observed for samples
with carbon concentration higher than 35 at% and to gain more
insight into the nanostructure of amorphous films, coatings con-
taining 44 at.% C were selected for detailed transmission electron
microscopy (TEM) studies. Bright field (BF) TEM and high-resolution
TEM (HR-TEM) observations revealed formation of a unique nano-
columnar structure. Fig. 2a and b, are cross-sectional TEM and HR-
TEM images showing the film composed of oriented nano-columns,
with axes parallel to the growth direction. The presence of nano-
columns with an average diameter of 4 nm was additionally con-
firmed by the plan-view TEM and HR-TEM images in Fig. 2c and
d, also exposing hexagonal shape in this view. Electron energy loss
spectroscopy (EELS) revealed that the cores of the nano-columns are
metal (iron)-rich (cf. Fig. 3a), whereas the column shells were pre-
dominantly composed of amorphous carbon (cf. Fig. 3b). The same
conclusions can be drawn from results of electron dispersive X-ray
(EDX) analysis (cf. Fig. 3d, e) where concentration map for major
elements of the coating is shown. It should be recognized that the
columns cores are amorphous although diffuse selected area elec-
tron diffraction (SAED) pattern (cf. Fig. 3c) indicates a short range
ordering corresponding to the ferrite bcc structure with significantly
larger lattice constant (about 2.98 A) or to the tetragonal structure
of martensite also with expanded lattice.

The chemistry and crystalline structure of sputter-deposited
binary transition metal carbides was recently reviewed by U. Jans-
son et al., who proposed a general classification of binary carbides

Fig. 2. HRTEM images of the coating in (a) (b) cross-section and (c) (d) plan-view with
respect to the substrate surface.

which are formed by metals with strong (groups 4-6) or weak and
very weak (groups 7-10) affinity to carbon [13]. The enthalpies of
carbide formation for weak carbide formers are slightly negative or
even positive, as it is the case for Fe3C, Co,C or Ni3C [14]. It has
also been shown that the enrichment of binary systems made of
3d, 4d and 5d (Ti, V, Cr; Zr, Nb, Mo, Hf, Ta, W) metals with carbon
results in the formation of a crystalline nanocomposite structures
showing attractive properties like high hardness, wear resistance
and low friction accompanied by high toughness. The design concept
for that type of nanocomposite materials was also proposed [15].
For ternary carbides, containing two metals with high affinity to car-
bon, as for TiC-VC, TiC-NbC, VC-TaC or HfC-TaC systems, a complete
miscibility is observed, whereas sputter deposited films are crys-
talline [16]. Structure and properties of those composite coatings
have been the subject of many previous works such as, for example:
M.P. Delplancke-Ogletree et al. [17], M. Stiiber et al. [18], T. Zehnder
et al. [19] and W. Gulbifski et al. [20].

The situation becomes more complex in the case of ternary com-
pounds when the second metal to be dissolved in the group 4-6
transition metal carbide is a week carbide former like iron, cobalt or
nickel. Sputter deposition of such coatings frequently leads to amor-
phous deposits as discussed by B. Trindade et al. [21]. Increasing
the amount of the weak carbide former promotes the amorphisation
process. Those authors have also shown that in the case of iron added
to group 4-6 metal carbides, the Fe content required for amorphisa-
tion of the deposit depends on the affinity of carbide forming metal
to carbon. Simultaneously, deposition conditions can also strongly
influence the concentration threshold of weak carbide formers above
which amorphisation sets in.

Beside the amorphisation effect discussed above, alloying with a
weak carbide former can lead to the segregation of carbon. U. Jansson
et al. discussed the case of titanium carbide alloyed during sputter-
ing with a weak carbide former (like Ni or Fe) denoted as Me [13,22]
. They have shown that the segregation of carbon is, in such a case,
more energetically favourable than the formation of substitutional,
ternary phase (Ti; _yMe, )C. Furthermore, they stressed that substitu-
tional diffusion of Me atoms requires more energy and will generally
be slower than the interstitial diffusion of carbon.

Carbon segregation in the present coatings could also be pro-
moted by the well-known catalytic properties of iron and nickel. That
type of the process was discussed by S. Esconjauregui et al. in the
context of carbon nanotubes growth catalyzed by 3d metals (Fe, Ni)
nanoparticles, in the atmosphere containing hydrocarbons [23]. On
the basis of thermodynamic considerations, these authors pointed
out the role of acetylene which is one of the most reactive car-
bon sources. This high reactivity of C;H, promotes the formation of
metastable carbides (Ni3C, Fe3C) which than easily release C atoms at
the temperature as low as 350 ° C. Carbon segregation/precipitation
during co-deposition of iron and carbon resulting in formation of
bcc-Fe nanoparticles in graphitic matrix was discussed by Babonneau
et al. [24]. R. Lamber et al. studied interactions between bulk amor-
phous carbon and highly dispersed nickel leading to aggregation of
Ni in nanoclusters and graphitization of carbon [25]. A dissolution-
diffusion-precipitation mechanism was proposed to explain forma-
tion of graphite shells around nickel nanoparticles.

The considerations presented above help to understand the sput-
ter deposition process in the case of even more complex multicom-
ponent metal-carbon systems, such as FeCrNi-based austenitic steel
targets operated in a reactive carbon containing atmosphere, as it
is the case in our work. Since the 316L steel target is composed
of a weak (Fe, Ni) and a relatively strong (Cr, Mo) carbide formers,
amorphisation of grown films followed by carbon segregation could
be expected and was indeed observed. More importantly, however,
the results presented in Figs. 2 -3 show that the diffusion-driven
segregation of carbon resulted in a new, self-organized amorphous
nano-columnar structure.
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Fig. 3. High resolution analysis of the coating in plan-view: energy filtered transmission electron microscopy (EFTEM) elemental imaging for (a) Fe-L and (b) C-K maps (bright
tone indicates higher concentration of the element), selected area electron diffraction pattern (SAED) of a column core (c), high-angle annular dark-field (HAADF) image (d) and
corresponding electron dispersive X-ray (EDX) map of major elements in the coating.

The change in coating structure from crystalline through  properties (cf. Fig. 4). Release of free, sp? bonded hydrogenated
nanocrystalline to amorphous with segregated carbon resulted in carbon proved to be very beneficial for mechanical properties.
significant changes of mechanical, tribological and anti-corrosion Although coating hardness, for carbon content between 20 and
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55 at.% remained almost unchanged at the level of 13 £ 1 GPa,
the H®/E? ratio, the parameter understood as an indirect measure
of coating toughness, increased more than 10 times up to 0.12 GPa
(cf. Fig. 4a).

Potentiodynamic polarization tests in 3 wt % NaCl aqueous solu-
tion (cf. Fig. 4b) revealed an active-passive behavior of the bare
316L steel substrate, the substrate covered with crystalline ferrite-
containing coating and amorphous film with y. equal to 15 at.%.
Further increase of the carbon content to 44 at.% caused the change
in the shape of the polarization curve; no clear passive range was
visible in the anodic range. It leads to the conclusion that in the
composite coating consisting of carbon saturated Fe-Cr-Ni matrix
and excessive sp2-bonded hydrogenated carbon, oxidation of metal-
lic alloy components is significantly suppressed. Cyclic potentiody-
namic polarization test performed for this sample demonstrated that
the reverse scan runs nearly the same path as the forward one.
Such behavior indicates that the studied system is highly resistant
to localized attack (pitting) of the corrosive medium utilized [26].
Low susceptibility of the sample to the formation of the stable pits,
together with higher corrosion potential (Ecorr = —0.117 V), as
compared to the substrate (Ecoy = —0.250 V), makes the com-
posite coating effective protection for 316L steel in an environment
containing chloride ions.

Our amorphous coatings containing free amorphous sp? bonded
hydrogenated carbon have shown excellent tribological behavior in
unlubricated friction test vs alumina ball. High carbon content films
(ca. 45 at.%) demonstrated low friction (4 = 0.2) and the wear rate
of 0.6 x 10~15m3N~""'m~!, which is at least three orders of magni-
tude lower than that registered for uncoated 316L steel (cf. Fig. 4c).
Carbon-rich coatings also withstand heavy plastic deformation with-
out any delamination as was confirmed by additional friction tests
with a 5 mm alumina ball and the normal load of 80 N.

In summary, we have deposited a new type of amorphous
FeCrNi/a-C:H coatings by means of the reactive pulsed magnetron
sputtering of 316L austenitic steel targets in an argon/acetylene
atmosphere. The unique self-organized cream-roll-like nano-tubular
structure of these coatings was revealed by high resolution electron
microscopy and elemental mapping. The nano-columns are com-
posed of metallic cores surrounded by amorphous carbon shells,
whereas their axes are parallel to the growth direction. The self-
organization observed in these amorphous coatings is interpreted as
related to a thermodynamically beneficial segregation of carbon from
the metastable 3d metal (Fe, Ni) carbides and probably from substi-
tutional, ternary phases (Cry_yMe,)C where Me = Fe, Ni, formed
during sputter deposition. This new nano-material exhibits superior
mechanical, tribological and anti-corrosion properties.
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ARTICLE INFO ABSTRACT

CoCrMo-C coatings have been deposited on CoCrMo ISO 5832-12 alloy substrates by reactive magnetron
sputtering from targets of the same alloy in the CoH,/Ar atmosphere. Their structure evolution with increasing
carbon content as well as chemical and phase composition were investigated by X-ray diffraction, X-ray pho-
toelectron spectroscopy and transmission electron microscopy. Hardness, Young's modulus, and tribological
properties in ambient air were studied. Results show that microstructure of deposits evolves from biphasic,
containing v (fcc) and ¢ (hep) metallic phases for low carbon content, through nanocrystalline and amorphous
for carbon content between 10 and 20 at.%, to quasi-amorphous nanostructural for even higher content of
carbon. Segregation of amorphous carbon leads to the formation of self-organized tubular nanostructure for
coatings containing more than 30 at.% of carbon. Introduction of carbon into CoCrMo alloy results in a sig-
nificant increase of hardness up to 14 GPa and improvement of load-bearing capacity which reached 120 MPa.
Compared to uncoated CoCrMo substrate, deposited coatings with high carbon content exhibited superior tri-
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bological properties with low friction coefficient around 0.2 and wear rate about 2 x 10~ ®m?3/N/m.

1. Introduction

Nanostructural thin films, due to their attractive and unique fea-
tures, are scientifically intriguing and technologically important.
Properties of such layers predominantly depend on their composition,
crystalline structure, and morphology. Under certain synthesis condi-
tions it is possible to produce nanostructural films with desired mor-
phology that can be shaped or modified to obtain improved char-
acteristics.

Our recent research on magnetron sputter deposition and properties
of thin films based on FeCrNiMo-C system [1] resulted in developing
quasi-amorphous coatings showing a specific self-organized nanoco-
lumnar structure and superior anti-corrosion and mechanical proper-
ties. Peculiar properties of the coatings encouraged us to investigate
also the CoCrMo-C system. We turned our attention to CoCrMo alloys
belong to the group of materials offering properties desirable in bio-
medical applications, in particular for artificial joints and other im-
plants [2-4].

While the alloys meet many requirements, a lot of research was
done for further improving their performance by increasing wear and
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corrosion resistance which are crucial for implant service life. Among
surface treatments used for this purpose gas and plasma nitriding [5-
10] or carburizing [10,11] have been tested resulting in improving the
properties by the generation of so-called expanded austenite (S-phase)
[12,13]. An increase in performance was also achieved by duplex
treatment. Luo and Li carried out plasma carburizing of CoCrMo alloy
and subsequent magnetron deposition of commercial Cr-doped carbon-
based Graphit-iC (GiC) coating [13]. These authors reported a sig-
nificant lowering of friction coefficient due to the application of the C-
based top coating. Simultaneously, the load-bearing capacity of the
duplex treated alloy was found to be about four times higher than that
of untreated samples.

An alternative approach was deposition of hard, wear-resistant
coatings like DLC [14-16], TiN [17,18], TiAIN [19] as well as more
complex systems like TiAIVCN/CN, [20] or TiSiON [21]. Recently, C.
Liu and co-workers proposed a surface modification of CoCrMo alloy by
carbon implantation, leading to amorphization of the near-surface zone
[22,23]. The thickness of the modified surface layer was up to 150 nm,
depending on the implantation dose that varied from 1 to
9 x 107 ions/cm?, whereas carbon concentration reached 47 at.%.
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Tests conducted in a simulated body fluid revealed that carbon im-
plantation resulted in spectacular improvement of pitting corrosion
resistance. Authors pointed at the superior self-passivation ability of the
amorphous layer. However, what can be some drawback of this inter-
esting treatment is a very small thickness of the modified layer, not
sufficient to improve the mechanical properties of CoCrMo.

Analysis of surface modifications of CoCrMo alloy conducted till
now and leading to improvement of mechanical or corrosion properties
has shown that in each case obtained results only partly met application
needs. Simultaneously, usage of carbon deposited in the form of DLC
coatings or introduced by diffusion-driven carburizing or implantation,
was found as the most profitable in terms of wear and corrosion re-
sistance. Thus, the research challenge is to propose the CoCrMo alloy
surface modification method which allows forming a few micrometres
thick, well adherent CoCrMo based layer, properties and microstructure
of which can be tuned in the wide range by carbon concentration.

In the current work, we present a surface modification of CoCrMo
alloy by deposition of quasi-amorphous CoCrMoC/a-C:H coatings ob-
tained by reactive magnetron sputtering of CoCrMo ISO 5832-12 alloy
target in Ar/C,H, atmosphere. Structure evolution of the coatings with
increasing carbon content is discussed together with their chemical and
phase composition investigated by X-ray diffraction (XRD), X-ray pho-
toelectron spectroscopy (XPS) and transmission electron microscopy
(TEM). The basic mechanical and tribological properties over a wide
range of carbon content are also presented.

2. Experimental

The 4.5-5pm thick CoCrMo-C coatings were deposited in a small
laboratory chamber by pulsed, reactive magnetron sputtering of the
CoCrMo ISO 5832-12 alloy target (with a diameter of 100 mm and the
chemical composition given in Table 1) in Ar/C,H, atmosphere. The
argon flow was kept constant at 6 sccm for each deposition, while the
acetylene flow was varied from O to 5sccm. The total gas pressure
during the deposition process was about 0.4-0.5 Pa depending on the
acetylene flow. The magnetron source was working in an unbalanced
mode at the frequency of 100 kHz with 1 kHz modulation. The average
discharge current was set at 1A and the resulting power was
1.1-1.2kW. The coatings were deposited on mirror polished, disc-
shaped substrates cut from CoCrMo ISO 5832-12 alloy rod as well as on
Si (100) wafers. Substrates were heated to 300 °C and kept at DC bias
potential of —50V. The distance between substrates and the target
surface was 8 cm with no movement during deposition. The processes
started with target cleaning by sputtering in pure argon, then acetylene

Table 1

Chemical composition of the ISO 5832-12 alloy declared by the producer (L.
Klein S.A.) and the composition of the target material and the coatings mea-
sured with XPS — mean values from all measurements and the standard de-
viation is given. The analysis is limited to described elements. Atomic propor-
tions between the main metallic components are marked in bold.

Producer declaration XPS
Element wit% at.% at.%
Co 65.140 63.4 (65.3) 65.0 = 3.0
Cr 27.600 30.4 (31.3) 31.0 £ 1.5
Mo 5.5200 3.30 (3.4) 4.0 = 0.4
Si 0.6200 1.3 -
Mn 0.8200 0.86 -
N 0.1820 0.74 -
Ni 0.0900 0.57 -
C 0.0450 0.21 -
Fe 0.1800 0.18 -
Cu 0.0100 0.009 -
w 0.020 0.006 -
P 0.0030 0.0056 -
S 0.0005 0.0009 -
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was stepwise added to the atmosphere and finally, when the magnetron
discharge was stable, substrates were exposed to sputtered particles.
The constant intensity of the Cr’ 521 nm optical emission line from the
magnetron plasma was treated as an indicator of discharge stability. No
kind of interlayer was applied.

Thanks to the high pumping speed of the vacuum system with a
turbopump, the deposition system worked in so-called overpumping
mode; the flow of the reacting gas was much higher than its con-
sumption. No hysteresis in pressure—flow dependence was observed,
and the sputtering process was stable in this respect.

The thickness of coatings was measured by Hommel Waveline
T8000 stylus profilograph as an offset between the coating surface and
a part of the substrate surface intentionally covered against deposition.

The structure and phase composition were examined by the XRD
using Panalytical Empyrean 3 diffractometer employing Cu-Ka radia-
tion. Two diffraction geometries were used: Bragg-Brentano (9-29) and
the geometry with constant incidence angle w. In the first case the tilt
angle w was 0 and the interference reflections from planes parallel to
the sample surface were recorded. In the second geometry several va-
lues of the w angle were used what entails varying tilt angles and X-ray
penetration depths d,. For low-carbon samples values of d, and w are
listed below. The diffraction angle 29 = 50°. is there assumed. Well
known Scherrer's and Willson's equations and also Williamson-Hall's
approach were used for estimating the crystallite size and the level of
microstrains [24].

o [deg.] 3 5 10 15 20 25
d, [um] 0.5 0.8 1.6 2.4 3.2 4.0
v [deg.] 22 20 15 10 5 0

Lamellas for TEM investigations were prepared by using FIB-Quanta
3D dual beam instrument. High-resolution observations of the coatings
microstructure were performed using Tecnai G2 F20 TEM operating at
200 kV accelerating voltage. The chemical composition of the coatings
was determined by XPS. The XPS analysis was performed in an Axis
Ultra DLD instrument (Kratos Analytical, UK) with monochromatic Al-
Ka radiation (hv = 1486.6 eV). The base pressure during spectra ac-
quisition was 1.5 X 10~7 Pa. The binding energy scale was calibrated
by examining the sputter-cleaned Au, Ag, and Cu samples according to
the recommended ISO standards for monochromatic Al Ka sources that
place Au 4f;,5, Ag 3ds,», and Cu 2p3,» peaks at 83.96; 368.21, and
932.62 eV, respectively [25]. Prior to analyses all samples were sputter-
cleaned to remove adsorbed contaminants, first with 4 keV Ar* ions for
120 followed by 0.5keV Ar* for 600s, both at the take-off angle of
20°. The intention of the second sputter-cleaning step was to minimize
the damage caused by the Ar+ bombardment [26]. All spectra were
collected from the area of 0.3 X 0.7 mm? and at normal emission angle.
The analyzer pass energy was set to 20 eV which results in the full
width at half maximum of 0.55eV for the Ag 3ds,» peak. Casa XPS
software (version 2.3.16) was used for quantification of XPS spectra,
based upon peak areas from narrow energy range scans and elemental
sensitivity factors supplied by Kratos Analytical Ltd. The confidence
level is typically around * 5%.

Vicker's microhardness and Young's modulus of the coatings were
measured using Fisherscope 2000 instrument equipped with diamond
Berkovich indenter (tip radius 0.15 pm) with the maximal applied load
of 50 mN. Calculations were made by software included with the de-
vice, from load-displacement data. Maximal indentation depth was
smaller than 0.17 pm. For every presented value two samples of given
composition were measured and ten indentations on each one were
done.

Adhesion of coatings was evaluated by using the Rockwell adhesion
test also referred as the Daimler-Benz test [27]. It uses a Rockwell C-
type diamond cone indenter with an applied load of 1470 N (150 kg).
Tribological properties were tested on the ITE T-01 M ball-on-disc
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tester. As a counterpart, an alumina ball with a diameter of 10 mm was
used. Friction tests were done under normal load of 5 and 10 N (mean
Hertzian stress 0.58 and 0.73 GPa respectively) in laboratory air of 40%
relative humidity without any lubricants. A rotational speed of 60 rpm
and a track radius of 10 and 12 mm was applied what corresponded to
the linear speed of about 7 cm/s. Wear rate of the coating was calcu-
lated from the wear track cross-section area measured several times
with the stylus profilometer. Two samples for each composition were
prepared and two tests on each sample were carried out.

3. Results and discussion

Deposition rate in the above-described conditions varied from 0.22
to 0.13 um/min depending on the acetylene flow rate. Thus the time
needed for synthesizing 4.5 pm coatings varied from 20 to 35min -
longer for carbon-rich layers. A parabolic relationship between the
acetylene flow and the content of carbon was observed: 1.5 at.% at the
lowest acetylene flow (0.3 sccm) and 65 at.% at the highest (5 sccm). It
should be mentioned here that for obtaining carbon-free coatings a long
target cleaning (and the chamber conditioning) is required otherwise
even at zero flow of acetylene the sample may contain some amount of
carbon. This is mainly caused by the carbon dissolved in the target
during earlier processes.

The coatings contain a certain amount of oxygen; at most 2 at.% in
carbon-free samples and at least 0.4 at.% for carbon rich-ones - the
more acetylene in the atmosphere the less oxygen in the coatings. The
use of the acetylene flow greater than 5sccm lead to powder like de-
posits with no adhesion to the substrates.

3.1. Structure of the coatings

CoCrMo alloy from which the cathode and substrates were made is
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biphasic containing v (fcc) and ¢ (hep) phases (cf. Fig. 1a). Positions of
the peaks in the XRD pattern are in good agreement with those in ICDD
(International Centre for Diffraction Data) cards No. 04-016-6869 and
04-016-6870. The observed contraction of d-spacings is at most 0.5%
for £(100), 0.3% for y(111), £(100), y(200), and 0.1% for other planes.
Using the Williamson-Hall's plot for the data gained from the pattern it
was possible to calculate a value of microstrains and the crystallite size.
The values are about 2.5% and 90nm respectively. It is worth to
mention here that direct applying the Scherrer's formula gives the value
of mean crystallite size about 20 nm, so much less. The contraction of d-
spacings and microstrains can be related to stress generated by the
manufacturing process of the substrates. Surface grinding and polishing
does not introduce additional strains — the Williamson-Hall analysis
made for an XRD pattern recorded with constant small incidence angle
o = 5° gives even lower difference between measured d-spacings and
those from ICDD cards — 0.05-0.3%.

The deposition in pure argon leads to strained and textured films.
(cf. Fig. 1b). There are several differences between XRD patterns of the
bulk CoCrMo alloy (substrate) and the film. Some peaks disappear and
the ones that remain are common for both phases except the ¢(101)
peak. All the peaks are significantly shifted to higher diffraction angles
which means tensile stress along the surface plane. The d-spacings are
smaller by about 1.2% for £(002)/y(111) and £(101) peaks. Calculated
from the £(002)/y(111) peak crystallite size is about 250 nm and from
the £(101) only 4 nm. Williamson-Hall approach was not possible for
the coatings since only singular peaks are visible in the XRD patterns
and because of the coating's texture.

The patterns recorded with constant incidence angles (not presented
here) are similar with increasing d-spacing shift for decreasing w which
is most probably caused by the different angular position of crystal-
lographic planes with respect to the surface and the stress direction. The
calculation of crystallite size from £(002)/y(111) peaks parameters
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2
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Fig. 1. XRD patterns of the CoCrMo substrate, CoCrMo, and CoCrMoC coatings with increasing carbon content. All the patterns were recorded in the same 9-29
geometry and the same diffractometer parameters. The square root scale of intensity is applied to make weak peaks visible.
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gives the value of about 80 nm for the lowest w-angles and =170 nm for
® = 10°. The crystallite size calculated from &(101) peaks is about
3.5nm independently on w angle. Given that y(111) and £(002) planes
are coherent [28] and both fcc and hcp structures differ only with
stacking order one can assume that the coating consists mainly of ¢
phase preferentially oriented with £(002) planes parallel do the sub-
strate surface. High density of stacking faults can be also expected.

When acetylene is added to the process atmosphere, the micro-
structure of CoCrMo-C coatings undergoes the following gradual tran-
sitions with increasing carbon content:

e grain refinement,

e amorphization,

e carbon segregation (CoCrMoC/a-C:H nanostructure development),
o self-organized quasi-amorphous nanocomposite formation,

o degradation of the coating.

3.1.1. Grain refinement

A small addition of acetylene to the process atmosphere leads to
fuzzy diffraction pattern (cf. Fig. 1c, d). The sole broad peak is located
just between ¢(101) and y(200) and is difficult for interpretation.

Supplemental data provided by XRD patterns recorded at constant @
angles can clarify the situation (cf. Fig. 2a). The pattern recorded with
® = 15° can be deconvoluted into broad £(101) peak with a tiny share
off y(200) peak. For higher w (greater penetration depth) the y com-
ponent increases, and for lower w it decreases. This proves that phase
composition changes with depth. The unambiguous asymmetry of the
v(200) peak can be caused by occurrence areas with different carbon
content — it is known that introduction of carbon into CoCrMo alloys
yields to so-called S-phase (expanded austenite) [10]. It is also visible
that deviations in d-spacings for both phases have opposite signs and
high value (even 2.5%) what indicates contrary and strong micro-
strains.

These observations and the fact that the deposition process was
stable and there was no reason to expect a composition gradient, lead to
the conclusion that the coating under the influence of the stress un-
dergoes a strain-induced partial martensitic transformation of me-
tastable y phase to e. Such transformation for bulk CoCrMo alloys is
commonly observed [2,28,29]. In our case the transformation most
probably begins at the top of the coating after the deposition process,
moves toward the substrate and leads to the gradual relaxation of the
microstrains.

The same behavior is even more clearly observed for the sample
with higher carbon content (cf. Figs. 1d and 2b). For highest penetra-
tion depths (w = 20 and 25°) the XRD patterns consist almost only the
y(200) asymmetric peak. Presence of carbon seems to promote growing
y crystallites what is in agreement with results reported for carburizing
CoCrMo alloys [30]. For @ = 10 and 15° peaks from both phases are
visible and for @ = 3 and 5° almost only the common v(111)/¢(002)
peak is present. Crystallite size for both compositions (1.8 and 2.8 at.%
of carbon) calculated from parameters of the £(101) peaks is about 3 nm
and for the y(200) peaks is about 4 nm. These values should be treated
with caution because the peak broadening can be also originated from
microstrains undoubtedly present in the films. The microstrains calcu-
lated from Wilson's formula are of about 2.5%, and again should be
treated with caution. Observed grain refinement can be interpreted as a
consequence of carbon presence which disturbs the growth of grains
and leads to re-nucleation of new ones.

3.1.2. Amorphization

Further increasing carbon content leads at first to homogenizing of
the coating; independently on the w-angle the XRD patterns look very
similar and can be deconvoluted onto three broad peaks: y(200)/
£(002), £(101) and y(200) as it is shown in Fig. 2c. Positions of the ¢
peaks are closer to those reported in the ICDD cards but still the op-
posite microstrains are observed for the largest penetration depths. The
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Fig. 2. XRD patterns of CoCrMo-C coating with various carbon content re-

corded at constant values of the incidence w-angle. The intensity scale is linear

but different for every pattern in order to make visible also weak signals re-
corded at small incidence angles.

average value of d-spacing calculated from all y(200) in the figure is
larger by about 1% than that in the ICDD card and as stated above can
be attributed to dissolved carbon in the fcc lattice or to the microstrains.

Even greater carbon content results in amorphization of deposits
and flat XRD patterns with gradually appearing peaks from substrates —
not presented here. The amorphization at relatively small carbon con-
tent is characteristic for sputter deposition of ternary carbide coatings
containing transition metals with both low and high chemical affinity to
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Fig. 3. XPS C 1s core-level spectra obtained from the coatings with different
carbon content.

carbon - so-called weak and strong carbide formers. Trindade and
Vieira [31] for example reported that in case of chromium and mo-
lybdenum carbides, alloying with small amount of a weak carbide
former (iron in that instance) leads to amorphous deposits.

In the case of CoCrMo-C coatings, crystallization of thermo-
dynamically stable carbides like Cr,C; (AHy, = —14.1 = 0.8kJ/
mol [32]), Cry3C¢ (AHy = —22.5kJ/mol [33]) or Mo,C
(AHy = —27 = 3kJ/mol [34]) is hindered by high content of cobalt,
known to be weak carbide former. Its carbides are thermodynamically
unstable: for Co,C AHy = 2.8 + 1.3 and for Co3C AHy = 2.4 = 1.4kJ/
mol [32].

3.1.3. Carbon segregation

Aside from amorphization, the next phenomenon is observed for
coatings with greater carbon content. As shown in Fig. 3, C 1s core level
spectra evolve with increasing carbon content. For yc > 10 at.%, the C
1s peak characteristic for carbides and for interstitially bonded carbon
in alloys (283.2 eV) shifts to slightly higher binding energy (cf. Fig. 3,
line ¢) and then for carbon content 24.5 at.% and more, a second higher
energy peak appears at 284.4 eV (cf. Fig. 3, lines d,e,f). This indicates
the presence of sp>-bonded carbon and so carbon segregation occurs
[35,36]. The relative intensity of the high binding energy component of
the C1s spectra increases linearly with increasing carbon content above
a threshold (cf. Fig. 4). From the plot it can be seen that the carbon
segregation begins when carbon content yc > 20 at.%.

Segregation of carbon is well known in binary metal-carbon thin
films. For 3d, 4d, and 5d early transition metals from groups 4-6 that
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Fig. 4. The relative intensity (RI) of the high binding energy (BE) component in
the Cls spectra for the coatings with increasing carbon content.
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form stable carbides, this segregation leads to the formation of nano-
composite structures, where nanocrystalline metal carbides are em-
bedded in an amorphous carbon matrix. The matrix is formed when
carbon content exceeds Me/C ratio for corresponding carbide [37-39].
In case of transition 3d metals from groups 8-10, forming much less
stable carbides, chemical nature and geometrical form of precipitates
depend on deposition conditions. Deposits synthesized at low substrate
temperature, as it was in our study, contain metastable carbide pre-
cipitates like NizC and in higher temperature metallic precipitates are
observed [40,41].

Segregation of carbon in the studied CoCrMo-C coatings occurs if
the carbon content exceeds 20 at.% which is also a level ensuing from
Me,3Ce-type carbides stoichiometry (21 at.% C). Carbon release is in-
duced by alloying of the carbide-forming Cr-Mo-C system with cobalt.
The mechanism of carbon segregation in sputter-deposited ternary
metal-carbon coatings containing both, weak and strong carbide for-
mers, was discussed by M. Rasander et al. [42] and Jansson and
Lewin [43]. Even if the decomposition of metastable ternary phases
(Mef,_yMe(}))C,, where Me® and Me" denote strong and weak carbide
former respectively, into stable phases; Me’C carbide plus Me" could be
thermodynamically expected, during deposition another route can be
also observed i.e. carbon is released from the metastable ternary com-
pound. The explanation of this phenomenon is that the second route
requires smaller activation energy (for initiation of carbon interstitial
diffusion) [42]. The first route needs higher activation energy asso-
ciated with substitutional diffusion of metal atoms and thus it can be
expected when the deposition process is conducted at higher tem-
perature.

In our recent paper, we have shown that described above me-
chanism of carbon segregation is valid also for more complex, qua-
ternary system like FeNiCrMoC/a-C:H [1] where the similar phenom-
enon was observed. It is also necessary to mention that due to
hydrocarbon gas (acetylene) usage during sputter deposition of
CoCrMoC/a-C:H coatings, they most likely contain sp? bonded carbon
in hydrogenated form [44]. For this reason, they are denoted using C:H
suffix.

3.1.4. Self-organized quasi-amorphous nanocomposite formation

TEM studies of deposits confirmed that their structure, for yc =
11 at.% is quasi-amorphous (cf. Fig. 5a). For carbon content above the
segregation threshold, HRTEM analysis revealed a self-organized na-
nostructure in the form of columns oriented along the film growth di-
rection (cf. Fig. 5b). This nanostructure becomes more diffuse when the
carbon content further increases (cf. Fig. 5c).

Selected area electron diffraction patterns contain one fuzzy ring
corresponding to the d-spacing of 2.05-2.15A - exactly the same in
every TEM-studied samples. This value can be attributed to the distance
between close-packed planes, and it is in good agreement with the
y(111) and £(002) d-spacing. However, it is must be a short-range order;
it was impossible to find any areas of visible crystallographic arrange-
ment there.

The columnar structure of the coating was additionally confirmed
by the plan view TEM image (cf. Fig. 6), where the nanorods are clearly
visible. The similar nanocolumnar structure was observed in our Fe-
NiCrMoC/a-C:H coatings deposited by magnetron sputtering [1]. Such
structures were also observed earlier in binary coatings (Ni-C and Co-C)
obtained by plasma sputtering of nickel and cobalt targets in a methane
atmosphere by F.L. Wang et al. [45] and A.A. El Mel et al. [46,47].
However, in both systems we have studied thus far, FeCrNiMoC/a-C:H
and CoCrMoC/a-C:H, and in contrast to the cited works, the formed
nanorods are quasi-amorphous.

3.2. Mechanical and tribological properties

Introduction of carbon into CoCrMo alloy results in a pronounced
change of the microstructure as well as mechanical and tribological
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Fig. 5. HRTEM cross-section pictures, and SAED patterns of CoCrMo-C coatings
with different content of carbon.

properties of studied coatings. As shown in Fig. 7a, initial grain size
refinement leads to hardness increase from 11 GPa for CoCrMo up to
13 GPa obtained with yc = 20 at.% reaching almost 14 GPa for higher
carbon contents. Simultaneously, segregation of amorphous carbon
phase for yc > 20at.%, modifies elastic properties of deposits. The
elastic modulus decreases gradually with carbon content. The H3/E?
ratio, the parameter understood as an indirect measure of coating
toughness or load bearing-capacity, [48] increases from 25 MPa up to
120 MPa (cf. Fig. 7b). It means that coatings became more resistant to
plastic deformation and better accommodate elastic strain.
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Fig. 6. HRTEM plan view of the CoCrMoC/a-C:H coating with carbon content
33 at.%.
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Fig. 7. Microhardness and elasticity modulus (a) and load-bearing capacity as
the H3/E? ratio (b) for CoCrMo-C coatings with increasing carbon content.

Adhesion of coatings changes remarkably with carbon content and
follows the same trend as the H/E? ratio. Brittle cracking and dela-
mination typical for low adhesion classified as HF4 in the Daimler-Benz
test scale [27] were observed for hard but brittle, nanocrystalline low
carbon coatings (cf. Fig. 8a). Enrichment of deposits with carbon results
in much better tolerance to elastic deformation. Stresses generated by
the Rockwell indenter were not high enough to induce coating dela-
mination. Radial cracking without delamination of the coating in the
indentation circumferential zone confirmed very good adhesion, clas-
sified as HF1 (cf. Fig. 8b and c). The coatings lose their adhesion when
carbon content exceeds 70 at.%. Undoubtedly the adhesion of low-
carbon film can be improved by a suitable sublayer although it was not
the subject of the studies.

The best tribological behavior of studied coatings was observed for
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a) 0 at.% C (sputtered in pure Ar)
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Fig. 8. Indentation pictures after Daimler-Benz test for 4.5 um thick CoCrMo-C
coatings deposited on CoCrMo alloy.

35 < yc < 65at.% (acetylene flow rates 3.5-5sccm). For films con-
taining less than 30 at.% carbon, high hardness and brittleness were the
reason for catastrophic wear and high friction. Low friction coefficient,
below 0.2, and wear rate for carbon-rich coatings (yc > 60 at.%)
reaching 2 x 10™®m3/N/m (cf. Fig. 9b) are interpreted as a con-
sequence of (a) self-lubricating properties of graphitic sp> bonded
carbon present in the coating, and (b) an enhanced load-bearing ca-
pacity improving the resistance of carbon-rich coatings to dynamic
loads during tribological tests.

4. Conclusions

In the present paper, we report on thin film coatings deposited by
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Fig. 9. Friction coefficient vs alumina ball (a) and wear rate (b) for CoCrMo-C
coatings with increasing carbon content.

magnetron sputtering of the CoCrMo alloy target in Ar/C,H, atmo-
sphere. Their structure evolves:

e from nanocrystalline for carbon content )¢ between 1.5 and 10 at.
%, through

e amorphous for 10 < yc < 20at.% C, to

e amorphous self-ordered nanotubular structure for carbon-rich
coatings — 30 < yc < 65at.% C denoted as CoCrMoC/a-C:H.

Segregation of carbon at relatively small its content is interpreted as
a result of decomposition of metastable ternary phases
(Mef;_,Co})C,y), formed during deposition. Introducing a larger
amount of carbon into the deposits yields quasi-amorphous self-ordered
coating providing good mechanical protection of the core material.
Mechanical and tribological properties of the coatings substantially
improve with increasing carbon content beyond 30 at.%, due to phase
separation. The hardness of the deposits reaches 14 GPa. The load-
bearing capacity (H°/E®) ratio, understood as an indirect measure of
coating toughness) increases from 0.03 up to 0.12 GPa. Friction coef-
ficient measured vs alumina ball decreased to 0.2 and the wear rate
drops to 2 x 10™*®* m®/N/m.
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ARTICLE INFO ABSTRACT

Keywords: Coatings based on CoCrMo cobalt alloy have been designed to increase corrosion resistance of AISI 316L
316L a“StenifiC steel austenitic steel in body fluids. The CoCrMo-C coatings, with different carbon content (from 0 to 65 at.%),
CoCrMo medical alloy were synthesised by reactive magnetron sputtering of the medical CoCrMo (ISO 5832-12) alloy in the argon-

CoCrMo-C coatings
Electrochemical impedance spectroscopy
Potentiodynamic polarization tests

acetylene atmosphere. Evolution of their structure, crystalline phase and chemical composition with increasing
carbon fraction were investigated by X-ray diffractometry and X-ray photoelectron spectroscopy. Evaluation
of corrosion resistance of CoCrMo-C films on 316L steel substrates was performed in Hanks’ Balanced Salt

Tribocorrosion
Solution (HBSS) by means of electrochemical impedance spectroscopy and potentiodynamic polarisation tests.
The studies have revealed high chemical inertness of all coatings. Passive/blocking layers formed on their
surfaces exhibit a capacitive character, while their resistivity is nearly two orders of magnitude higher compared
to the corresponding values obtained for the CoCrMo and 316L alloys tested under similar conditions. The
CoCrMo-C coatings provide pitting corrosion protection for 316L austenitic steel. This is expected to extend the
residence time of stainless steel in the tissue environment. The 316L/CoCrMo-C systems were also subjected
to tribocorrosion tests in HBSS at three electrochemical potentials, i.e. at open circuit, cathodic, and anodic
potential. A model was developed to relate the electrical values recorded during tribocorrosion experiments
with the phenomena that characterize the coating wear process. It was found that the friction coefficient
systematically decreased from 0.7 to 0.1 with increasing the carbon content under all potentials applied. The
wear rate observed for majority of the coatings was lower than that for CoCrMo and 316L alloys. For the samples
with the highest carbon content, the wear rate under oxidative conditions became even lower than for the
cathodic potential.
1. Introduction ses) implants [1,2]. These materials exhibit high biotolerance and good
physico-chemical properties due to their ability to passivation i.e. for-
The requirements imposed on metallic biomaterials, applied for ex- mation of a seal layer on the surface protecting the alloy interior against
ample in orthopaedic implantology and maxillofacial surgery, motivate body fluids, when implanted [3-6].
studies for developing new materials, distinguished by a set of appropri- A non-porous, defect-free oxide layer limits the transport of charge
ately chosen parameters, as well as to gain a complete characterisation carriers (ions and electrons) through the metal-solution interface. How-
of the existing ones. Currently, FeCrNiMo stainless steels and CoCrMo ever, under dynamic conditions, the implants are exposed to fatigue and
alloys, next to titanium and Ti alloys, are the most common metallic friction wear leading to disruption of the passive layer, corrosion (tri-
biomaterials used for the production of temporary (e.g. intramedullary bocorrosion, corrosion-wear) and penetration of metal ions into a tissue
needles, bone plates, nails, screws) and long-term (e.g. joint prosthe- environment. The measured concentration level of ions released by me-
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chanically accelerated corrosion depends on the type of endoprosthesis,
the type of body fluid or tissue, and the methods used to perform the
tests. [7,8]

From a material (alloy) point of view, the rate of metal ions re-
lease and thus the rate of corrosion, depends strongly on time required
for the surface regeneration understood as the oxide layer reconstruc-
tion. It has been found that the repassivation time for CoCrMo alloys
is shorter compared to FeCrNiMo steels, and a number of ions leached
correspondingly lower [2]. On the other hand, there are well docu-
mented reports on systemic cobaltism as a complication after total hip
and knee arthroplasty [9-12]. The syndrome, resulting from tribocorro-
sion processes, has been diagnosed for both metal-on-metal [9-11] and
metal-on-polyethylene [12] joint replacements. In the latter case, full-
thickness polyethylene wear even enabled the contact of two metal sur-
faces. A correlation has been found between the increase of blood cobalt
concentration level and the intensifying neurological, cardiac, thyroid
and periprosthetic joint dysfunctions [10,13]. Therefore, CoCrMo al-
loys, although naturally passive, still require modification to improve
their surface properties and thus their usability. The currently used
solutions, include surface texturing [14], enhancement of the oxide
layer [15], ion beam treatment [16,17] and coatings deposition [2].
It has been found that the use of carbon, introduced into alloys by ion
implantation or deposited in the form of diamond-like coatings, is ad-
vantageous with respect to the corrosion-wear resistance [16,18,19].
Further, carbon based coatings and materials demonstrate high bio- and
hemocompatibility, effectively limit the migration of metal ions and are
able to integrate with adjoining tissues [19].

Recently, we have reported on CoCrMo-C coatings obtained by reac-
tive magnetron sputtering of a medical cobalt alloy (ISO 5832-12) in the
acetylene/argon atmosphere [20]. The research performed showed that
depending on the carbon content, the films structure changes from crys-
talline to quasi-amorphous. The introduction of carbon in an amount
higher than 30 at.% into the coatings resulted in: the segregation of
amorphous carbon, the formation of self-organized cylindrical nanos-
tructures and a significant improvement in tribological properties com-
pared to the CoCrMo alloy. The friction coefficient value of ca. 0.2
versus alumina balls and the wear rate of ca. 2 x 1015 m?/N/m [20]
have been achieved.

These promising preliminary results encouraged us to carry out fur-
ther research, the purpose of which was to determine the relationship
between the carbon content, and thus the structural properties of the
coatings, and their corrosion resistance tested in the environment of
the simulated body fluid. For this purpose Hanks’ Balanced Salt So-
lution (HBSS) has been selected as accurately imitating the chemical
composition of the fluid in muscles and joints [21]. Further, the protec-
tive properties of CoCrMo-C coatings have been verified in relation to
CoCrMo alloy and AISI 316L stainless steel, both in a bulk form. The
latter of these biomaterials still attracts a lot of interest due to its low
cost, ease of manufacture and appropriate mechanical strength [22].
However, 316L stainless steel is sensitive to local corrosion that caused
damage to 24% of implanted endoprostheses [23]. It is expected that
eliminating the phenomenon of pitting corrosion by applying CoCrMo-
C coatings will extend the residence time of stainless steel temporary
or long-term implants in the tissue environment and open new pos-
sibilities for its biomedical applications. Studies of the resistance of
316L/CoCrMo-C systems to local corrosion are supplemented by tri-
bocorrosion tests performed in HBSS at three different electrochemical
potentials (open circuit potential and the chosen cathodic and anodic
potentials).

2. Experimental
2.1. Samples preparation

CoCrMo-C coatings were obtained in a laboratory chamber by pulsed
reactive magnetron sputtering of the CoCrMo alloy (ISO 5832-12) with
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the following chemical composition (wt.%): Co — 65.14, Cr — 27.6, Mo
-5.52, Si - 0.62, Mn - 0.82, N - 0.18, Ni — 0.09, C — 0.045, Fe — 0.18,
Cu - 0.01, W-0.02, P - 0.003, S - 0.0005. The CoCrMo target with a
diameter of 100 mm was sputtered with the constant average discharge
current of 1 A resulting in power of 1.1-1.2 kW. The magnetron power
supply worked at the frequency of 100 kHz with 1 kHz pulse modula-
tion. The sputtering atmosphere consisted of argon and acetylene. The
Ar flow was constant at 6 sccm, while the C,H, flow was varied from
0 to 5 sccm to obtain coatings with different carbon content. Conse-
quently, the total gas pressure varied from 0.4 to 0.5 Pa during the
deposition processes. Si (100) wafers and discs made from AISI 316L
austenitic steel (ISO 4404-316) were used as the substrates. The chemi-
cal composition (wt.%) of the steel under investigation was: C — 0.021,
Cr - 17.6, Ni — 12.45, Mo — 2.29, Mn — 1.05, S — 0.002, P — 0.031, Fe
- balance. The substrates were heated to the temperature of 250 °C and
electrically biased with a voltage of —70 V. The deposition time was
25-35 min. in order to obtain coatings with the thickness of 4.5-5 pm.
The coating thickness was measured by Hommel Waveline T8000 stylus
profilograph. For this purpose, a part of the substrate was left uncoated
and served as a reference level. No kind of adhesion interlayer was ap-
plied.

2.2. Samples characterisation

XPS experiments were performed in an Axis Ultra DLD spectrometer
(Kratos Analytical) with the background pressure of 1.5x 1077 Pa, using
monochromatised Al-Ka X-rays with the photon energy of 1486.6 eV.
Prior to the spectra acquisition, the samples were subjected to a two-
step sputter-cleaning procedure, with 4 keV Ar* ions for 120 s in the
first approach and with 0.5 keV Ar* for 600 s in the second one. The
intention of the first step was to remove surface contaminants while
the second step was used to minimise the extent of Ar* sputter dam-
age [24]. Both steps were performed at the take-off angle of 20°. The
binding energy scale was calibrated using sputter-etched Au, Ag and Cu
standard samples, according to [25], that exhibit Au 4f; ,, Ag 3ds,, and
Cu 2p3,, peak positions at 83.96 eV, 368.21 eV and 932.62 eV, respec-
tively. All spectra are charge-referenced to the Fermi edge [26]. The
pass energy was set at 20 eV for all measurements. That provided the
full width at half maximum (FWHM) of 0.56 eV for the silver (Ag 3ds /2)
line. The XPS spectra were gathered from the sample areas of 0.3 x
0.7 mm?. Quantification of the spectra obtained was performed by Casa
XPS software (version 2.3.16) with accuracy of around 5%.

The phase composition of the coatings was analysed by X-ray diffrac-
tometry using Panalytical Empyrean 3 diffractometer working with
Cu-Ka radiation. The experiments were performed employing Bragg-
Brentano (0-26) diffraction geometry. Detailed information on the mea-
surement procedure is given elsewhere [20].

Electrochemical studies were carried out using ATLAS 0531 Elec-
trochemical Unit (Atlas-Solich) equipped with a frequency response
analyser module. All measurements were conducted: (1) in a stan-
dard electrochemical cell with a sample (active area of 0.3 cm?) and
a platinum plate operating as the working electrode and the counter
electrode, respectively, (2) with reference to the saturated calomel elec-
trode (SCE, Hg/Hg,Cl,/KCl), (3) in the environment of unstirred simu-
lated body fluid (volume of 0.05 dm?) — HBSS (H8264, Sigma-Aldrich)
with the chemical composition and concentrations (in g/dm?) as fol-
lows: CaCl,x2H,0 - 0.185, MgSO, - 0.098, KCl - 0.4, KH,PO, - 0.06,
NaHCO; - 0.35, NaCl - 8, NaH,PO, - 0.048, D-glucose — 1, (4) at ambi-
ent temperature (25 + 1 °C) and solution pH close to neutral (pH = 7.2).
Before electrochemical tests, all specimens were washed in the same
manner (in ethyl alcohol by using an ultrasonic bath) to ensure similar
surface conditions.

Electrochemical impedance spectroscopy (EIS) experiments were
performed for CoCrMo alloy and CoCrMo-C coatings deposited on sili-
con substrates. In the latter case, the coatings themselves served as the
working electrodes. Thus, an influence of the substrate on the results
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obtained was considered negligible. EIS tests were performed in the fre-
quency range from 102 Hz to 105 kHz with five points per decade. The
amplitude of AC excitation signal was 10 mV, and the constant compo-
nent was equal to the open circuit potential (OCP). The first frequency
response of impedance was recorded after one-hour immersion of the
samples in HBSS and has been regarded as the starting point of the
measurement series. The successive impedance spectra were acquired
at one- and two-hour intervals over a period of 22 hours. Equivalent
electrical circuits (EEC) were matched with help of Z-View® software
from Scribner Associates.

To evaluate corrosion resistance of 316L steel, bare and coated with
CoCrMo-C, potentiodynamic polarisation tests were carried out. Prior
to polarisation, the samples were maintained in contact with HBSS at
open circuit conditions for 1 h. Next, the potentiodynamic measure-
ments were performed at the scan rate of 1 mV/s over the potential
range from —0.5 V/SCE to 1 V/SCE and repeated at least three times.

The resulting polarisation curves were subsequently used to estimate
corrosion parameters by the Tafel’s extrapolation method. Note that,
the anodic curves were strongly influenced by passivation processes,
therefore slopes of the cathodic branches (—b,.) were used to calculate
the corrosion current density values [27].

Cyclic potentiodynamic tests were conducted by scanning upward
until the potential value of 0.6 V/SCE or the anodic current density of
5x1073 A/cm? were reached. Then, the scanning direction was reversed
and the measurements proceeded towards lower potential values. Cyclic
potentiodynamic measurements were preceded by 12-hour immersion
of the samples in HBSS, throughout changes in OCP were monitored.

The results of electrochemical experiments (EIS, potentiodynamic
measurements) were analysed using AtlasLab (ver. 2.10-Base) software
dedicated to the ATLAS 0531 Electrochemical Unit. In addition, the
corroded parts of the samples were observed with a scanning electron
microscope (SEM, LV 5500, JEOL), and compared to those not treated
with HBSS. The SEM observations were carried out at the pressure of
2x10~% Pa and the accelerating voltage of 20 kV.

Tribocorrosion tests were carried out in a three-electrode system
(similarly to other electrochemical studies) coupled with a ball-on-disc
tribometer working in reciprocating mode. Polished alumina rods with
a diameter of 5 mm were used as the counterparts. Tips of the rods
being in contact with the samples were rounded to imitate balls with
a diameter of 10 mm. Alumina was selected as a counterface material
due to its high chemical inertness to both the coating material and HBSS
used as an electrolyte. The drive mechanism provided a constant speed
of 10 mm/s, which is close to that of adult’s gait (given the size and ge-
ometry of the femoral head). Sliding occurred between turning points
10 mm apart. The normal force of 2 N was applied by a dead load.
The initial Hertzian mean pressure under measurement conditions was
estimated to be about 0.4 GPa. The value of the initial pressure was se-
lected so as to remove during friction the natural oxide film from the
surface of both the reference alloys (316L, CoCrMo) and the CoCrMo-C
coatings. Though, it is low enough to avoid plastic deformations of the
coating and substrate.

The friction force, and thus the coefficient of friction (COF), was
measured using strain gauges connected to the counter-sample arm. The
specific wear rate k (wear volume V divided by the product of the
normal load F and the sliding distance d), was calculated from the
equation derived from a transformation of the definition formula:

vV _ Al _ A
T Fd Fln~ Fn’
where: A is wear track cross-sectional area, / is the wear track length,
and n is the number of the pin passes. Cross-sectional areas were es-
timated from at least three surface profiles across the tracks obtained
with the HOMMEL-ETAMIC T8000 profilometer.
The tribocorrosion tests were carried out at three potentials versus
SCE: OCP, —0.6 V (cathodic potential) and 0.2 V (anodic potential).
The sample surface area exposed to the electrolyte was 1.3 cm?. The
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temperature was maintained at 25 + 1°C, similar to potentiodynamic
polarisation tests, EIS experiments and our previous studies [20,28]. A
10-minute stabilisation of the sample in the electrolyte was applied, be-
fore and after the 1-hour friction test at 0.5 Hz sliding frequency. The
friction time was selected to obtain measurable wear profiles, and at
the same time to prevent complete abrasion of the coatings. During the
tests, potential or the cathodic/anodic current density, and the friction
coefficient were recorded simultaneously. The tests, at each of the se-
lected potentials, were carried out three times using separate samples.
For every test a new counter-sample was taken.

3. Results and discussion
3.1. Chemical and phase composition of CoCrMo-C

Evolution of the CoCrMo-C coatings chemical and phase composi-
tion with increasing carbon content were investigated by X-ray pho-
toelectron spectroscopy and X-ray diffractometry. Based on the XPS
measurements it was found that the mutual proportion between the
major target elements i.e. Co/Cr/Mo was about 16/6/1 and remained
constant regardless the carbon content. Carbon concentrations in sub-
sequent coatings have been estimated at 1.5, 5, 13, 25, 43 and 65 at.%
depending on the acetylene flow (0, 0.8, 2.2, 3, 4 and 5 sccm, respec-
tively). Based on that the studied films are named as follows: 0C (to
emphasize that the coating was deposited without acetylene), 5C, 13C,
25C, 43C, 65C. Note that, carbon may appear in small amounts in the
coating composition due to contamination with carbon compounds des-
orbed from the chamber surface, even when the coating is deposited in
an atmosphere of pure Ar.

As it was shown in our previous work [20], the main component
of the alloy (cobalt) is an element belonging to the group of so called
weak carbide formers, and its carbides are thermodynamically unstable
with positive enthalpy of formation. Co 2p, Cr 2p, and Mo 3d core
level spectra presented in the Fig. 1, and especially the chemical shift
observed for the elements (Fig. 1d), indicate that the charge transfer
between metals and carbon atoms takes place.

For Cr 2p and Mo 3d the chemical shift increases systematically with
increasing carbon content. In the case of Co 2p, the shift is absent up to
about 20 at.%. C, leading to the conclusion that carbon is mainly bound
to chromium and molybdenum, i.e. the strong carbide formers. Consid-
ering the release of free carbon and the formation of nanocomposite
structures, once the carbon content in the CoCrMo-C films exceeds 20
at.% [20], the small Co 2p chemical shift observed in this range does not
necessarily imply the presence of Co-C bonds. Instead it can be caused
by the screening effect of carbon shells, leading to lower kinetic energy
of escaping photoelectrons, and thus, higher binding energy [29].

X-ray diffraction patterns recorded for the CoCrMo (ISO 5832-12)
and CoCrMo-C coatings are presented in Fig. 2. The pattern for CoCrMo
alloy indicating the presence of y(fcc) and e(hcp) phases is compliant
with ICDD (International Centre for Diffraction Data) cards No. 04-016-
6869 and 04-016-6870. As a result of sputtering in pure argon (0C),
strained and textured films are obtained. One can notice that some of
the peaks characteristic of CoCrMo fade away, while others are common
to both the y(fcc) and e(hcp) phases. The exception is the €(101) peak
not belonging to the y phase. However, since y(111) and €(002) planes
are coherent [30] and the fcc and hep structures differ only with stack-
ing order, it can be assumed that the OC coating consists mainly of the
hcp phase with (002) planes preferentially oriented parallel to the sub-
strate. All peaks are significantly shifted towards higher 26 angles due
to smaller interplanar spacings, which implies that the coating can be
strained in the substrate plane. The corresponding ¢(002)/y(111) and
€(101) d-spacings are smaller by about 1.2% compared to ICDD data.

The addition of acetylene to the process atmosphere causes the XRD
patterns of the coatings to become fuzzy. The pattern obtained for
the 5C coating is distinguished by the presence of two broad peaks,
difficult to interpret, located between ¢(100) and y(200) reflections.



E. Dobruchowska, T. Suszko, G. Greczynski et al.

Surface & Coatings Technology 460 (2023) 129398

1 b) o
Carbon 2) Carbon Carbon
content Co P content CI‘2p content
.. 08| &% .. 08| % .. 08| B
3 —15 A — 15 kT — 15
S —5 S —5 5 —5
06 13 o6 11 NN Zo06 13
§ — 25 '§ —25 | / E —25
T 04| T 04| \ T 04l
€ 65 € 65 | / g 65 |
o o y 2 /
Z 0.2 Z 0.2 = P 0.2 )
= e
0 = 0 = 0
784 782 780 778 776 590 585 580 575 570 234
BE [eV] BE [eV]
9 o7
0.6 —O— Mo

Chemical shift [eV]

0 10 20

30 40 50 60 70

Carbon content [at.%)]

Fig. 1. Co 2p;)y, Cr 2p;)5 /5, Mo 3ds,, 5/, core level spectra for coatings with various carbon content (a, b, c). Intensity of the lines has been normalised to the
maximum value for each spectrum. The chemical shift of Co 2p;,, Cr 2p;,, Mo 3d;, lines as a function of the carbon content (d).

T
(111) (101)
g TE_th T'y-fcc
(002), (ZDOU)
. 220) 311
55 (102) ( (103) “5
o (llO)I:ID b (llz)éjj(éon (2252)(004)
ks
13C
9 — : '
S0 || R
) — X RITORUSTR | 5C
=
5]
O L/
. m/'-/ S n v Aoy 99 - ’/\M
GoCrMo bulk
\\_/\,../\ L o /W\W” |
| - : ‘ ‘ ‘
40 50 60 70 % * .
29 [deg]

Fig. 2. X-ray diffraction patterns of the CoCrMo alloy and the CoCrMo-C coatings.

Detailed XRD analysis presented in [20] led to the conclusion that coat-
ings containing less than 10 at.% of carbon include both phases in a
nanocrystalline form, wherein the contribution of a given phase varies
with depth.

A further increase in carbon content leads to amorphisation of the
coatings which results in a flattened XRD pattern as for the 13C sam-
ple. A similar pattern shape is also observed for samples containing a
larger amount of carbon, i.e. 43 and 65 at.% (XRD patterns not shown
here). Additionally, our previous studies with high-resolution transmis-
sion electron microscopy showed that carbon segregation, observed in
samples containing more than 20 at.% C, lead to the formation of
specific self-organised nanostructures. Such quasi-amorphous coatings
possess pronounced nanotubular (nanocolumnar) structure consisting
of metallic/carbide cores that thread along the film growth direction
and are encapsulated by amorphous carbon shells [20].

To sum up, the magnetron sputtering of the CoCrMo alloy leads to
the synthesis of layers exhibiting the following structures, in the order
corresponding to the increasing carbon content: 0C - fine-crystalline,

5C - nanocrystalline, 13C — amorphous, 25C — amorphous with signs of
carbon segregation, 43C — quasi-amorphous/nanotubular.

3.2. Electrochemical properties

3.2.1. Results of electrochemical impedance spectroscopy

Basic information about properties of the interface between the sam-
ples and the electrolyte (HBSS) are provided by the EIS test results.
Selected CoCrMo-C coatings, differing in carbon content and structural
properties (nanocrystalline, amorphous/quasi-amorphous), deposited
on silicon substrates were tested. CoCrMo alloy was used as the ref-
erence sample.

The 22-hour tests provided a good insight into the changes in the
electrical properties of coatings surface over time. The results of the
tests — complex impedance as a function of frequency, were used to
model the EECs.

An exemplary set of data, in the form of the Bode plot, collected from
the EIS measurements after 6 hours of immersion in the electrolyte is
shown in Fig. 3. A clear difference can be seen in the shape of the curves
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Fig. 3. Bode plots for CoCrMo-C coatings and CoCrMo alloy from EIS measure-
ments performed after six hours of immersion in HBSS. Solid lines are the result
of fitting with EEC depicted in: inset (A) - for coatings, inset (B) — for CoCrMo
bulk sample.

obtained for CoCrMo-C coatings compared to those received for the
bulk sample made of CoCrMo alloy. It results in two types of equivalent
circuits used for fitting the experimental data.

For all coatings, the use of the simplest EEC with only one time
constant (cf. Fig. 3, inset A) yielded very good agreement with the ex-
perimental data. The circuit consists of the electrolyte resistance R, and
the resistance R, parallel to the constant-phase element CPE;, charac-
terised by constants Y and N, or ¢ and N. The impedance Z (in ohms)
of a CPE is equal to:

1
Zopp = ———
CPE Y(jw)N

(e
Zcpr Go @
where Y is expressed in SsV (siemens seconds to the power N), and ¢
in Qs™™. When N is close to 1, Zcpg has a capacitive character, and
Y is interpreted as a capacitance expressed in farads [31]. Note that if
the impedance Z is expressed in Qcm? units, then Y is expressed in
SsV/em?, and ¢ in Qs cm?.

Modelling the equivalent circuit for the CoCrMo bulk sample re-
quired the use of a second constant phase element CEP, (Fig. 3, inset
B). Values of parameters of the main components of the equivalent cir-
cuit as a function of time are presented in Fig. 4.

The graphs do not show the resistance R, value, which was approx-
imately 22 Q, and the values of the CPE, parameters. The phase shift
of the CPE, increases monotonically with time from 36° (N, = 0.40) to
39° (N, = 0.43), and the o, parameter changes from 2.5 kQ s~%40cm?
to 6.7 kQs~%43cm?. The value of the phase shift close to 45° (Warburg
impedance) suggests a diffusive nature of CPE, [31]. This may be re-
lated to the polycrystalline character of bulk CoCrMo sample compared
to the nanocrystalline or amorphous/quasi-amorphous structure of the
studied films, and possible diffusion of reagents along the grain bound-
aries. An additional argument in favour of this interpretation is pro-
vided by relatively small values of the resistance R, (cf. Fig. 4), which
are below the resolution of the graph and range from 5 to 23 kQ cm?
(linearly increasing with time).

The resistance R, for all coatings is much higher (several MQ cm?).
High values of the resistance and the capacitive nature of CPE1 (phase
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shift close to 90°, N, close to 1), are considered to characterise a non-
porous passive layer forming quickly under experimental conditions.
In general, it is difficult to establish any systematic relationship
between the EEC parameters and the carbon content in the films. How-
ever, it can be seen that the surface of nanocrystalline (0C and 5C)
and nanocolumnar (43C) coatings show similar electrical properties.
For instance, R, values, despite some irregular deviations, exhibit an
analogous trend over the course of the experiment; they initially in-
crease and then stabilise for several hours. Contrary, R, gained for
the 13C sample increases monotonically, reaching the highest value of
14 MQcm?. This coating is amorphous and does not yet show the pres-
ence of the nanotubular/nanocolumnar structure. It appears that the
oxide layer formed on such a featureless surface effectively blocks the
flow of charge at the electrolyte-coating interface. This is confirmed by
the fact that the 13C coating also has the most capacitive character.

3.2.2. Results of potentiodynamic polarisation tests

In order to verify the anti-corrosion properties of CoCrMo-C coat-
ings, particularly pitting corrosion resistance, the films were deposited
onto 316L stainless steel and subjected to potentiodynamic polarisation
tests. The coatings tested were those for which the electrical proper-
ties had been previously verified by EIS. In addition, the measurements
were carried out for the 316L steel and CoCrMo alloy as reference ma-
terials.

The exemplary results of electrochemical studies, performed for
316L and CoCrMo reference samples at the open circuit conditions and
by the potentiodynamic polarisation method, are presented in Fig. 5 and
Table 1. The curve representing OCP changes (Fig. 5a), recorded for the
steel substrate, reveals strong fluctuations of the potential value, related
to the alternating processes of formation and dissolution of corrosion
products. This effect confirms the susceptibility of 316L steel to local
corrosion in HBSS. The CoCrMo alloy exhibits a different behaviour.
The systematic potential increase indicates the formation/growth of a
stable oxide layer composed primarily of chromium (III) oxide (simi-
larly to 316L) with a small share of cobalt (II) oxide, wherein a part
of Cr,03 and CoO is converted into Cr(OH); and Co(OH),, respectively
[32,15,33]. OCP stabilises after 6 hours of immersion at the final value
of 0.078 V, higher by 0.172 V compared to the 316L sample (cf. Ta-
ble 1).

The polarisation curves recorded for both reference samples (Fig. 5b)
show the presence of an unstable passive range, following directly
the Tafel region. The characteristic inflection of the curves within the
passive range, located at 0.1 V, can be attributed, according to the lit-
erature [33], to the solid state conversion of Cr,0; (p-type) into CrO,
(n-type). In the case of 316L stainless steel, the passive current density
varies between 107® and 10~ A/cm? until the breakdown potential
value of 0.358 V is reached. With the breakdown potential, the pas-
sivity is interrupted and the anodic current density increases rapidly,
which is related to the formation/development of stable pits [34]. In
the contrary, the anodic current density recorded for the CoCrMo al-
loy, after exceeding the value of 0.1 V, increases only slightly with
potential. This feature is attributed to slow release of cobalt ions into
the surrounding environment that pass through the oxide layer without
breakdown [33].

Applying the 0C and 5C coatings on steel results in a shift of the
corrosion potential (E,,,,) towards more noble values, up to —0.127 V
and —0.104 V respectively (Table 1), proving higher corrosion resis-
tance of the 316L/0C and 316L/5C systems in HBSS as compared to
the uncoated steel substrate. Both, the E_ . values and the shape of
the potentiodynamic characteristics (Fig. 6) become similar to the re-
sults obtained for the CoCrMo alloy (Fig. 5b). In the anodic range of
the curves (i.e. after exceeding E_, ), two specific current peaks lo-
cated at 0.1 V and 0.7 V appear. The latter (observed also for CoCrMo,
and not shown here) begins the region of transpassive oxidation lead-
ing to the formation of Cr (VI) species and the dissolution of cobalt
compounds present in the oxide layer. However, the contribution of
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Fig. 4. Time dependence for the main EEC parameters (cf. Fig. 3) for CoCrMo-C coatings, and for CoCrMo alloy.

Table 1
Electrochemical parameters determined for 316L austenitic steel, CoCrMo alloy
and 316L/CoCrMo-C systems.

Sample E. feorr —b, OCP (12h)
vl [107% A/cm?] [V/dec] vl
316L —0.245+£0.014 14+6 0.14 £0.05 —-0.094
CoCrMo —0.121 £ 0.054 7.6+1.6 0.15+0.03 0.078
316L/0C —-0.127 £0.012 1.4+04 0.08 +£0.02 0.060
316L/5C —0.104 £0.013 29+0.6 0.12+0.03 0.060
316L/13C 0.042 +0.007 5.1+06 0.24+£0.03 0.062
316L/43C 0.046 + 0.006 85+12 0.21+£0.03 0.068
a)
0.1
ol

—316L
— CoCrMo

OCP [V/SCE]

il [A/em?)

10—10

0.4 -0.2 0 0.2 0.4 0.6
E [V/SCE]
Fig. 5. Comparison of open circuit potentials (a) and polarisation curves (b)

recorded for 316L austenitic steel and CoCrMo alloy in Hanks’ Balanced Salt
Solution.

oxygen evolution cannot be excluded here [35,4]. The breakdown po-
tential characteristic for 316L stainless steel has not been observed.
For comparative purposes, potentiodynamic tests were performed
for the OC and 5C coatings deposited on the silicon substrates. The re-
sults of these measurements are presented as an inset in Fig. 6. Silicon
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Fig. 6. Polarisation curves recorded in HBSS, for CoCrMo-C coatings with low
carbon content deposited on 316L steel substrates (316L/0C, 316L/5C). Inset:
polarisation curves recorded for the same coatings deposited on silicon sub-
strates.

as a chemically inert material is expected to remain unaffected by the
body fluid simulator applied. Therefore, one can assume that the signal
observed will entirely derive from electrochemical reactions occurring
at the film surface. The convergence of polarisation curves recorded for
0C(5C) and the 316L/0C(5C) systems indicates that corrosion processes
taking place in 316L/0C(5C) proceed without the steel substrate contri-
bution.

These conclusions are supported by the observations of 316L/0C
and 316L/5C samples in areas corroded by HBSS and in untreated ar-
eas (Fig. 7). The SEM micrographs shown in Fig. 7b and Fig. 7d reveal
only shallow surface changes. This particularly applies to the 316L/5C
sample, where characteristic defects and reliefs (remaining after elec-
trolytic polishing of steel) are visible in the etching area, and observed
also at the coating surface not exposed to the electrolyte.

The increase of E_,,, resulting from application of the 0C and 5C
coatings on 316L steel, is accompanied by a decrease of the corro-
sion current density (i.,,), as shown in Table 1. Low values of i,
interpreted according to Faraday’s law as the rate of electrochemical
processes, indicate a slower kinetics of the oxidation reaction of the 0C
and 5C films compared to both reference samples. This behaviour is
very likely related to the small grain size in the films, which notably
refers to the coating containing 5 at.% of carbon.

As indicated by the XRD pattern (cf. Fig. 2) and our previous re-
search [20], a small addition of carbon interferes the grain growth while
leading to the formation of new nucleation centres. According to Ral-
ston et al. [36,37], the fine-grained structure of metals and metal alloys
favours the development of stable passive layers. High grain boundary
density in such structures facilitates the conduction/diffusion of metal
(e.g. Cr) ions and hence the oxides formation within the passive layer.
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Fig. 7. SEM micrographs of 316L/0C (a, b) and 316L/5C (c, d) samples, before (a, ¢) and after (b, d) corrosion tests in Hanks’ Balanced Salt Solution.

In polarisation electrochemical tests, these features are manifested
by a stabilisation and/or a shift of the corrosion potential towards
higher values, and by a reduction of the corrosion rate expressed as a
decrease of the corrosion current density demonstrated for the 316L/0C
and 316L/5C samples. These observations are consistent with the results
of the EIS study. The polarisation resistance (R, cf. Fig. 4) determined
for the OC and 5C coatings is three orders of magnitude higher com-
pared to the CoCrMo alloy.

The polarisation curves obtained for the 316L/13C and 316L/43C
systems, presented in Fig. 8, indicate that the corrosion behaviour of
the coatings changes significantly with further increase of the carbon
content. Carbon addition in the amount of 13 at.% or more, contributes
to the coating amorphisation, which is illustrated by the flattening of
the XRD pattern shown in Fig. 2. It is known that structure-less coatings
with a limited number of voids, micropores and microcolumns hinder
the diffusion of electrolyte towards the substrate, and thus constitute a
tight protective barrier [38,39]. In the case of 13C and 43C films, the
structure amorphisation contributes to a considerable increase in the
corrosion potential, compared to the other specimens under investiga-
tion (cf. Table 1).

It should be noted that E_,, takes similar, positive values for both
the 316L/13C and 316L/43C systems. This suggests that after crossing
the amorphisation threshold, located according to Suszko et al., at about
10 at.% of C [20], a further increase in carbon content does not signifi-
cantly change susceptibility of the deposits to electrochemical corrosion
in HBSS.

Along with the E_, . ennoblement, the shape of the anodic polar-
isation curves changes, which is particularly noticeable in the case of
the 316L/43C system. After exceeding the active maximum, located at
the potential value of 0.1 V, a rapid decrease in the current density is
observed, reaching the minimum at £ = 0.17 V. One can explain this
transition by a different nature of the passive/blocking layer present
on the surface of 43C film compared to the CoCrMo alloy and the low
carbon coatings.

Milosev [33] reports that the thickness of passive layer formed on
CoCrMo alloy surface in HBSS increases linearly at the rate of 1.5 nm/V
until reaching the potential value of 0.3 V. Since Cr’+ constitutes the
main fraction of cations present in the oxide layer, the thickness in-
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Fig. 8. Polarisation curves recorded in Hanks’ Balanced Salt Solution for 316L
steel substrate covered with amorphous/quasi-amorphous coatings (316L/13C,
316L/43C). Inset: polarisation curves recorded for the same coatings on silicon
substrates.

crease is related to the amount of Cr,05;/Cr(OH);. In the contrary, for
the 43C coating, the majority of chromium cations are bonded to car-
bon as confirmed by the results of XPS studies (cf. Fig. 1).

Deficiency of unbound chromium causes rapid oxidation of cobalt (a
weak carbide-forming element). The Co oxidation reaction, proceeding
at a high rate is the cause of the corrosion current density determined
for the 316L/43C system (cf. Table 1). The formation and incorporation
of CoO/Co(OH), into the oxide layer results in a decrease in the anodic
current density, which, after exceeding the potential value of 0.17 V
increases monotonically due to slow release of cobalt ions into solution.

The participation of molybdenum in the observed phenomena can be
excluded due to its strong affinity to carbon, similarly to Cr. The results
of the previous studies show that the inclusion of molybdenum oxides
into the passive layer occurs only at E > 0.3 V [4,33]. In turn, the lack
of a current maximum in the course of the polarisation curve recorded
for the 316L/13C system can be most likely attributed to the presence
of free chromium, oxidizing of which contributes to the formation of
an unstable passive state, visible in the potential range from 0.12 V to
0.18 V.
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Fig. 9. SEM micrographs of 316L/13C (a, b) and 316L/43C (c, d) samples, before (a, ¢) and after (b, d) corrosion tests in Hanks’ Balanced Salt Solution.

The polarisation curves obtained for the 13C and 43C films de-
posited on Si substrate (inset in Fig. 8) show a large convergence with
those collected for the 316L/13C and 316L/43C systems. Thus, one can
assume that, similarly to 0C and 5C coatings, the corrosion processes
occur in the film only, without the involvement of the steel substrate.
This is confirmed by SEM images obtained for pristine and electrolyte
exposed areas of the 316L/13C and 316L/43C samples (cf. Fig. 9). The
corrosion tests performed did not cause any significant changes in the
surface morphology of the 316L/13C sample, understood as a loss of
coating material (cf. Fig. 9b).

Similarly, no development of corrosion centres has been observed at
the surface of 316L/43C system, even within shallow coating defects.
However, some precipitates visible on the sample surface may be re-
lated to the presence of free carbon in the coating, which is inactive in
the HBSS environment (cf. Fig. 7d).

The conclusions drawn from the potentiodynamic polarisation tests
are consistent with the observations of changes in OCP during the 12-
hour immersion of 316L/CoCrMo-C systems in HBSS (Fig. 10). For the
316L/0C sample, the open circuit potential increases linearly, similar
to CoCrMo alloy (cf. Fig. 5a), confirming the strong ability of the OC
deposit to oxidise in an aerated solution. The 316L/5C system displays
similar properties. In the initial immersion stage (2 h), the oxidation
reaction of the metal components proceeds at a high rate leading to the
formation of a oxide layer, which is manifested as the stabilisation of
potential value.

On the other hand, 316L/13C and 316L/43C systems (with amor-
phous/quasi-amorphous coatings) exhibit high chemical resistance un-
der the measurement conditions. The metallic components of the coat-
ings, not bound to carbon, undergo rapid oxidation and OCP values
remain nearly stable over the entire measuring time. Nevertheless, all
316L/CoCrMo-C systems achieved higher OCP values in the final mea-
surement step compared to uncoated 316L steel (cf. Table 1). This
proves their higher chemical resistance in the environment of a body
fluid simulator.

In order to verify the resistance of 316L/CoCrMo-C systems to pit-
ting corrosion, cyclic potentiodynamic measurements were carried out.
The results obtained were compared with the cyclic polarisation curve
recorded for uncoated 316L stainless steel (Fig. 11). The tests were per-
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Fig. 10. Open circuit potentials (OCPs) recorded for 316L/CoCrMo-C systems
during 12-hour immersion in Hanks’ Balanced Salt Solution.
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Fig. 11. Cyclic polarisation curves recorded in Hanks’ Balanced Salt Solution
for bare 316L steel and 316L/5C and 316L/43C systems.

formed after a 12-hour immersion of the samples in the electrolyte. In
Fig. 11, the results obtained for the 316L/5C and 316L/43C systems are
given as examples. In the case of bare 316L steel, the forward scan with
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a clearly seen breakdown potential coincides with polarisation curve
presented in Fig. 5.

In the reversed scan, a hysteresis loop is observed, which is a con-
sequence of the passive layer destruction, formation of stable pits and
their further development [40]. Pits growth is stopped when the poten-
tial drops to values lower than the protection potential (Ejq). Eprors
defined as the intersection of the forward and reverse scans [41], takes
the value of —0.177 V in this case.

In the contrary to 316L steel, the cyclic polarisation curves ob-
tained for 316L/5C and 316L/43C systems show no hysteresis loops.
The curves recorded during the return scan, which are likely a result
of a uniform corrosion occurring in the transpassive region and/or oxy-
gen evolution, are characteristic of alloys resistant to the initiation and
propagation of pitting corrosion [42]. These results are consistent with
the microscopic observations of the 316L/5C and 316L/43C samples
exposed to the corrosive medium (Fig. 7d, Fig. 9d), where no distinct,
deep pits were found. Thus, it leads us to the conclusion that all coat-
ings tested, regardless of the carbon content, protect the steel against
the development of localised corrosion. However, amorphous/quasi-
amorphous coatings exhibiting positive corrosion potential are expected
to provide more effective protection to steel components made of 316L
steel against body fluids than low carbon coatings.

3.2.3. Tribocorrosion behaviour

Tribocorrosion tests were conducted by holding the sample in HBSS
at three potentials: —0.6 V/SCE (cathodic potential, CP), +0.2 V/SCE
(anodic potential, AP) and open circuit potential. In addition, tribocor-

rosion tests were also performed on the 316L/25C sample. The results
obtained for 316L/CoCrMo-C systems, as in the case of polarisation
tests, were compared to those received for 316L steel and CoCrMo al-
loy. The values of the electrical signals recorded during the tests and
their mean values during movement of the pin are presented in Fig. 12.
Values of the friction coefficient and wear rate, corresponding to these
results are shown in Fig. 13.

In order to describe and explain the dependencies presented in
Fig. 12, the system used in tribocorrosion measurements can be pre-
sented in the form of a simple model, considering the formation of
thin oxide layer at the surface of coatings (as proven by previous elec-
trochemical studies). The model can be considered as an extension of
concepts presented by Diomidis et al. [43,44], Guadalupe-Maldonado
[45] Espallargas [46], Namus [47,48].

The model in form of electric diagrams is presented in Fig. 14. The
potentiostat voltage measuring system is represented by a voltmeter V'
showing measured value Egxp of the sample potential with respect to
the reference electrode (SCE). In the case of unoxidised sample at open
circuit configuration (cf. Fig. 14a) the measured value Eg should be
equal —E,. However, potential of the sample raises by the value of E,
due to formation of oxide layer. Values of the two electromotive forces
E, and E depend on the chemical composition of the material.

In OCP configuration (cf. Fig. 14a) and in the absence of wear, the
resistance of active area R, (worn part of the surface) does not exist
and the measured potential Eyy takes a value E;:

Egg=E =—-E,+E. 3
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When the friction begins, the oxide layer is partially removed and
a galvanic microcell is formed between worn and unworn areas i.e.
unoxidised and oxidised areas respectively. The value of E represents
also a driving force behind the repassivation process of the worn area,
and resistances R, and R, become significant this process.

R, is, at a first approximation, the resistance of the oxide film at the
unworn sample surface, and R, is the contact resistance of the worn
sample surface with the electrolyte. The resistance values R, and R,
depend among others on the surface area exposed to the electrolyte
(the surface area of the unworn area is much larger than that of the
worn area), and on the composition and structure of the oxide layer.

The potential Epp measured during friction takes a value of E, re-
sulting from the appearance of I, repassivation current, and is equal to
the sum of the E and the voltage drop across the resistance R,:

Ra
Egge=E,=-E +I,R,=—E +

— 4
R,+R, @

The equation (4) shows that the smaller the resistance R, is, the
more the measured potential is close to the sample potential E;. On the
other hand, the combination of the above equations: (3) and (4) shows
that the decrease in measured potential, AE = E| — E,, after the start of
friction and its increase after the end of friction should be equal to:

RH
AE=E2—E1=E<— 1>. %)

R,+R,

Thus, the lower is R,, the larger is voltage drop and it is closer to
the potential difference between active and oxidised surface areas of
the sample. The resistance is the smaller the larger the active surface
is. Hence, a greater drop in potential should be observed at larger loads
and higher friction speeds. Such relationship has been actually observed
by J.-P. Celis and co-workers [49].

When a cathodic potential is applied (cf. Fig. 14b), the situation
changes, and I, current start flowing in the circuit, forcing the voltage
drop on the R, and R, resistances, so as to maintain the Egp set point
value of the potential (Egg = Egp) In the absence of friction, the current
1, = 1, flows only through the R, resistance (there isno R,), and causes
a voltage drop on that resistance. Egp is then equal to

Esp=-E,+E-I,R,, (6)
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and hence
_ —Egp-E+E

cl —
R,

1 7)

It should be noted that the expression —E, + E in equation (3) rep-
resents the potential of the oxidised sample surface, so the smaller
difference between this potential and Egp the smaller the absolute value
of I,,. Furthermore, the higher the resistance of oxide layer, the lower
the current that is needed to reach the given potential. By substituting
the experimental data into the formula, it is possible to estimate the re-
sistivity of the oxide layer at about 0.15 MQ cm? for 316L/CoCrMo-C
systems, which is of the same order as the initial resistivity of these
layers measured in the EIS experiments (cf. Fig. 4).

During friction, the set point value of the potential is equal to the
sum of the E; and the voltage drop across the resistance R,, whereas
the current flowing through this resistance is equal to I, = I, recorded
by the potentiostat but reduced by the value of the repassivation current
1, of the microcell:

ESP=_ES_(Ic2_Ip)Ra . ®
After transforming one gets:
E, + Egp
I,=——"F 4, (C)]
[4 Ra P
E,+E
I,=— Zs TSP E (10)

+—
R, R,+R,

It is characteristic that changes in absolute value of cathodic current
density with carbon content (Fig. 12b) generally follow the changes in
the open circuit potential (Fig. 12a). This fact is well explained by the
proposed model. As can be seen from the equation (9) the current 7,
depends, ignoring the small passivation current I,, on the difference
between the sample potential E and the Egp set point equal to —0.6 V
in the case of these studies. The sample potential E, is approximately
equal to the value of the potential measured during friction under open
circuit conditions (Fig. 12a) and therefore these two dependencies are
similar.

However, one cannot expect that the current I,, can be simply re-
lated to only friction or wear (cf. Fig. 13). It depends also on the E, and
E electrochemical parameters and contains two components of opposite
signs; the forced cathodic current and the microcell 7, current. Further,
according to the proposed model, I, is dependent on the resistance R,
i.e. on the state of the sample surface subjected to friction.

From equation (9), by neglecting the current I, it is even possible to
estimate the value of the resistance R, (from 1x10* Q for the 316L/13C,
316L/25C and 316L/43C samples, to 8x10* Q for the 316/0C and
316L/5C samples), but it is difficult to give some specific meaning to
these values. However when the friction ceases, the repassivation of the
friction track should cause a increase in R, and decrease in the current
1., which is actually observed (cf. Fig. 12b).

When the experiment is carried out at the anodic potential (cf.
Fig. 14d), equations (7), (9) and (10) take the form of:

Egp+E,—E
01=R7Y, an
P
E, + Egp
e B S 12
2 R » 12)
I _E+Ep _E 13)
a R, R,+R,’

It follows from equation (13) that the lower the R, resistance, for
example as a result of more intensive removal of the oxidised layer, the
higher the anodic current. Such an increase in current was observed
by Guadalupe as a result of applying a greater normal force on stellite
alloys in sulphuric acid environment [45].

Based on the results obtained at the anodic potential, using the equa-
tion (12) and omitting the current 1 o it s also possible to estimate the
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Fig. 14. Model of current flow and potentials during tribocorrosion test: (a) under open circuit conditions in absence of friction, (b) under open circuit conditions
during friction, (c) at externally set cathodic potential, (d) at set anodic potential. E, is the (negative) potential of the non-oxidized sample, which is normally
increased by the value of E due to oxide layer formation. R, represents the resistance of the oxide layer and R, represents the resistance of the active (worn) area
in the wear path. I, is the current of the self-repassivation loop consisting of E, R,, R,. Eqc is the potential measured under open circuit conditions. Egp represents
the set potential value. Eg; is forced by cathodic current I, (c) or by anodic current I, (d).

resistance R,. It has a value of approx. 4x10° Q for 316L/43C sample,
and approx. 4-5x10* Q for the remaining samples.

Both currents (microcell 7, current and externally forced I, oxida-
tion current) flow through R, in the same direction, and the measured
I, value provides some information about the kinetics of oxidation
reactions in the tribo-contact area, which is confirmed by the results
presented further in this article.

With regard to the coefficient of friction (cf. Fig. 13), there are
clear features of the presented relationship, even when taking into ac-
count the 10-15% deviations observed between measurements under
the same conditions:

1. The COF values measured at the cathodic potential for all samples
are visibly higher than the values measured at OCP and the anodic
potential, which are close to each other.

2. The coefficient of friction measured for CoCrMo alloy is higher than
that for 316L steel samples covered with 0C coating.

3. The nature of COF changes determined for samples with different
carbon contents is independent of the type of polarisation used.

4. The coefficient of friction decreases almost linearly with increas-
ing carbon content and reaches the lowest value of 0.08 for the
316L/43C sample.

The first feature can be explained by the well-known concept of
Bowden and Tabor [50]. Under cathodic potential coefficient of friction
is higher since the amount of surface oxides — a third body being able
to reduce shear strength of the tribo-contact, is somewhat reduced. The

11

Bowden-Tabor concept also explains the second remark. For 316L/0C
sample tested at OCP and the anodic potential, the coefficient of fric-
tion is lower than that measured on disks made of CoCrMo alloy. It
may be because 0C coating is harder than a CoCrMo bulk sample [20],
which ensures smaller real contact area at a similar composition of the
third body (oxides). This leads to reduction of the real contact area and
the shear force. In the case of cathodic potential, presence of the third
body is limited. Thus, according to Bowden-Tabor, higher hardness does
not affect by itself the coefficient of friction — higher hardness ensures
smaller real contact area but also increases shear force.

Regardless of the applied potential, friction tests reveal a systematic
decrease of the friction coefficient with increasing carbon content. It
proves that even relatively low carbon content significantly influences
tribological phenomena. Such a decrease of the friction coefficient with
the carbon content and the progressive amorphisation of the surface
was also observed by C. Liu et al. [17], who modified the CoCrMo alloy
by implanting carbon ions. From the dependence presented in Fig. 13 it
can also be concluded that even at the highest carbon content, surface
oxidation plays a role for friction.

The relationship between wear rate and the carbon content at dif-
ferent potentials studied is presented in Fig. 13b. Deviations between
values of the wear rate for different samples with the same carbon con-
tent, at the same test conditions, were in the range of 10-20%, and
larger deviations were observed for small values.

The relationship (cf. Fig. 13b) is more complex than that for the
coefficient of friction (cf. Fig. 13a). There is a very clear monotonic de-
crease in the wear rate at the anodic potential for samples with coatings
containing from O to 43 at.% of carbon. At this potential, the surface of
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Fig. 15. Normalised values of anodic current density and wear rate depending
on the carbon content. As the normalisation factor (denominator), values close
to the quantities obtained for the 316L/43C sample were taken.

wear track undergoes alternating processes of oxidation and oxide re-
moval. The mechanism seems to be dominant at the anodic potential,
because changes in current density recorded under these conditions fol-
low changes of the wear rate. It is illustrated by the plot in Fig. 15
presenting normalised values of anodic current density and the wear
rate as a function of the carbon content. As the denominators, values of
these quantities close to those recorded for the 316L/43C sample were
taken.

The wear rate is closely related to the value of the anodic current,
and thus to the surface oxidation process. The addition of carbon there-
fore either slows down the electrochemical oxidation process or hinders
the mechanical removal of oxides. At the highest carbon content and
low coefficient of friction, the mechanism of oxides removal is inef-
fective and the wear rate becomes even smaller than at the cathodic
potential (cf. Fig. 13). This also corresponds to a higher R, resistance
and low I, anodic current (cf. Fig. 12c). It may be as well responsible
for a certain qualitative change occurring in the range of 30-40% of the
carbon content, where the wear rate measured at the cathodic potential
becomes higher than at the open and anode potential.

There is no clear relationship between the recorded values of elec-
trical quantities and the wear rate in the case of OCP and the cathodic
potential. It can be seen, however, that the higher absolute value of the
cathodic current (smaller R,) corresponds generally to higher value of
the wear rate. On the one hand, as shown in the model, the oxidation of
the contact surface takes place at its own pace, which is determined by
the characteristics of the microcell at the surface. Thus tribocorrosion
must be considered as a subtle interplay between the chemical, electro-
chemical and mechanical reactivity of surfaces (J.-P. Celis et al. [49]).
This can be illustrated by the characteristic appearance of the friction
track cross-sectional profiles shown in the Fig. 16.

Wear tracks caused by friction at the cathodic and anodic potentials,
with a relatively smooth surface, correspond to a mild type of wear. The
wear track caused by friction at OCP could be interpreted as a result of
abrasive wear. However, taking into account that the COF in this case
is equal to the coefficient recorded at the anode potential, it should
rather be interpreted as an effect of corrosion that occurs locally along
the scratches caused by friction. Therefore both types of wear; chemical
and mechanical are present. However, it is rather impossible to separate
them and estimate their respective contributions.

Comparable wear values on similar materials in similar conditions
were obtained, for example by: C. Liu et al. [17] on carbon-implanted
CoCrMo alloy samples tested in a bovine serum albumina fluid, R. Chet-
cuti et al. [51] on CoCrMoC coatings deposited with reactive magnetron
sputtering, tested in Ringer’s solution, and R. Namus and W.M. Rain-
forth [48] on CoCrMo alloy tested a simulated body fluid at OCP and
two cathodic potentials (—0.7 and —0.9 V). It is difficult however to
compare our results with those gained by X. Luo et al. [52] on CoCrMo
samples plasma carburized in H,/CH, atmosphere, tested in Ringer’s
solution. The wear rate was an order of magnitude higher in that case.
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Fig. 16. Wear track profiles of the 316L/25C sample, after friction tests at ca-
thodic potential (CP), open circuit potential (OCP), and anodic potential (AP).
Each profile consists of three, measured at different positions on the track.

This may have been contributed by the application of a large load,
which probably caused plastic deformation.

4. Conclusions

CoCrMo-C coatings with different carbon content deposited by reac-
tive magnetron sputtering of CoCrMo alloy (ISO 5832-12) on 316L steel
substrates were subjected to electrochemical and tribocorrosion tests in
Hanks’ Balanced Salt Solution.

Electrochemical impedance spectroscopy experiments revealed that
the passive/blocking layer formed on the CoCrMo-C coatings is, regard-
less of the carbon content, more stable than that forming on the bulk
CoCrMo alloy, and has an ohmic and capacitive character. The best in-
sulating properties, understood as blocking the flow of charge carriers,
were demonstrated for the amorphous coating containing 13 at.% car-
bon.

The potentiodynamic polarization tests showed that coating of 316L
steel with CoCrMo-C films enhances its chemical stability in the cor-
rosive environment used. The oxidation reactions observed during the
tests occurred exclusively within the CoCrMo-C coatings, without the in-
volvement of the steel substrate. The best corrosion protection in HBSS
environment was provided by the amorphous coatings containing more
than 13 at.% of carbon. The corrosion potentials determined for the
316L/13C and 316L/43C systems were positive.

Cyclic potentiodynamic tests proved that CoCrMo-C coatings, re-
gardless of the carbon content, provide 316L steel with total resistance
to pitting corrosion. Thus, they grant 316L stainless steel properties sim-
ilar to those of the CoCrMo medical alloy used for long-term implants.

A model was developed to relate the electrical values recorded dur-
ing tribocorrosion experiments with the phenomena that characterize
the coating wear process. The wear rate was found to be closely related
to the magnitude of anodic current — the rate of the oxidation reactions.
With increasing carbon content in the coatings, electrochemical oxida-
tion and mechanical oxide removal were successively suppressed. At
the open circuit potential, some influence on the wear rate, in addition
to mechanical factors, was exerted by oxidation processes occurring in
the microcells formed within the wear tracks.

As the carbon content increased, the friction coefficient decreased,
regardless of the applied potential, reaching a value of approx. 0.1. At
the cathodic potential, the value of friction coefficient was always about
20% higher than that measured with the other polarisations.

The best properties in terms of tribology were provided by the coat-
ings with the highest carbon content (approx. 40 at.%), for which the
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lowest friction coefficient and low wear rate were recorded, indepen-
dently of the applied measurement conditions.
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ARTICLE INFO ABSTRACT
Keywords: Thin films of NiCr-C were deposited by pulse magnetron sputtering of the NiCr20 alloy cathode in an
NiCrC atmosphere containing a mixture of argon and acetylene. Their structure, chemical composition, and magnetic
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properties were studied using X-ray diffraction, X-ray photoelectron spectroscopy, high-resolution transmission
electron microscopy, atomic and magnetic force microscopy, and superconducting quantum interference mag-
netometry methods. Film amorphisation observed upon increasing carbon content was followed by amorphous
carbon segregation. As a result of the self-assembly processes during the coating growth, nanostructures
were obtained consisting of metallic columns surrounded in carbon sheaths, with axes parallel to the

growth direction. The resulting films exhibited weak ferromagnetism in a direction parallel to the axis of
the nanocolumns, while the system’s response was superparamagnetic for the direction of magnetisation
perpendicular to the nanocolumns.

1. Introduction

Nanocomposite structures of thin films containing carbon are
formed when metals are co-deposited with carbon [1]. Once the carbon
content exceeds the stoichiometry limit specific for the metal carbide,
the excess carbon segregates to grain boundaries and forms an amor-
phous matrix. In PVD processes, the source of carbon is an ion sputter
graphite cathode or alternatively carbon originates from hydrocarbon
gas decomposed in a plasma discharge. In the latter case, the carbon
matrix is hydrogenated.

When the chemical affinity of metal for carbon, measured by the
enthalpy of formation [2], is high, as in the case of metals from groups
4-6, the structures of nanocomposites contain nanocrystals of carbides
of these metals in a matrix of amorphous carbon [1]. For metals with
low affinity for carbon, as is the case of iron, cobalt or nickel, the
precipitates embedded in the carbon matrix are metallic, or metastable
carbides are formed [3-8].

In some cases, depending on deposition conditions, these systems
tend to self-assemble, leading to nano-columnar structures. El Mel
et al. [9,10] described the formation of aligned nanowires or nickel-
filled nanotubes in the Ni—-C coatings. Cobalt containing self-organised
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nano-columnar carbon-based nanocomposite thin film structures were
studied by F. Wang [11,12]. They also investigated these ordered
nanostructures’ mechanical, electrical, and magnetic properties and
proposed growth models for films based on such binary metal-carbon
systems.

The transition from binary to ternary systems entailed new phenom-
ena investigated by B. Trindade et al. [13] and G. Tome et al. [14].
They have shown that the addition of a weak carbide forming metal
to thermodynamically stable transition metal carbide influences the
structural order, leading finally to amorphisation of the film and carbon
segregation.

Carbon segregation occurs due to the formation and subsequent
decomposition of metastable carbides of the M;_,Me,C, type, where: M
and Me are metals with high and low affinity for carbon, respectively.
In combination with the mechanisms of carbon segregation, this phe-
nomenon has been widely discussed by U. Jansson and E. Lewin [1]
in their works on the design and deposition of thin films of ternary
carbides. They concluded that the threshold of carbon segregation in
ternary systems could be tuned by doping them with metal showing
a low affinity for carbon. At present, knowledge of the thin film
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structures of carbon-based ternary systems combining metals with high
and low affinity for carbon is quite limited. Recently, we reported self-
organised nanotubular structures of multicomponent FeCrNi-aC:H [15]
and CoCrMo-aC:H [16] thin films deposited by magnetron sputtering.
The main metallic components (Fe or Co) showed a low affinity for
carbon in both cases.

Properties of carbon-based nanocomposite coatings were charac-
terised mainly in their mechanical, tribological and anti-corrosion per-
formance. There are also few reports on their electrical [3,17-19] and
magnetic properties [20-22]. Recently, nanocomposite coatings of that
type attracted attention due to their piezoresistive properties for strain
sensor applications [23-25].

Self-organised nano-columnar structures of composite films are
characterised by a very high aspect ratio of nanocolumns. It is why
an anisotropy of mechanical, magnetic or electrical film properties
can be expected. For this study, we selected the NiCr-C system. The
aim was to deposit films showing an quasi-amorphous, self-organised
nanotubular structure already observed for other, similar Me-C sys-
tems. Furthermore, we aimed to verify whether the structure containing
nanocolumns aligned along the growth direction result in anisotropy of
coatings’ magnetic properties.

The addition of chromium to the simple Ni-C system was chosen
and found advantageous for two reasons. First, non-magnetic targets
are required for effective magnetron sputtering. The NiCr20 alloy used
for the target meets this condition because Ni-Cr alloys in the form of
solid solutions exhibit paramagnetic properties above 15 at.% Cr. [26,
271.

Secondly, due to chromium’s higher affinity to carbon, the forma-
tion of metastable, mixed carbides of Cr,_,Ni,C, type should promote
their decomposition and carbon segregation during growth [28].

2. Material and methods

NiCr—C thin films have been deposited from 100 mm in diameter
planar cathode made of NiCr20 alloy (Ni;gCryy) of 99.95% purity by
reactive magnetron sputtering in Ar/C,H, atmosphere, with the C,H,
fraction varying from 0 to 50 vol.%. The sputtering source operated in
pulsed mode, with a frequency of 100 kHz modulated by 1 kHz, and a
constant average current of 1 A resulting in power of approx. 1.1 kW.
The base pressure of the system was 1 x 10> hPa. The total pressure of
the processing gas mixture was set at 0.4 Pa, whereas its composition
was flow controlled i.e. a constant argon flow of 6 sccm and a variable
acetylene flow from 0 to 6 sccm were used.

Austenitic stainless steel (316L) and single crystal (100) silicon
substrates were placed at a distance of 60 mm from the cathode, biased
at —70 V DC. The substrate was kept at a temperature of 250 °C during
deposition. To control the temperature, a thermocouple inside the
substrate holder was used, combined with a controller and a resistance
heater. Before the actual deposition process, the target was sputtered in
pure argon with the same current/power for 5 min, and the substrate
was masked by a shutter. The deposition rate, dependent on process
reactivity, was 0.17 to 0.26 pm/min. The thickness of all films was
3+ 0.1 pm.

The film structure was examined by X-ray diffraction (XRD) using
Malvern Panalytical Empyrean 3 diffractometer working with the Cu—
Ka source in Bragg-Brentano geometry. The chemical bonding and
elemental composition of coatings were determined by X-ray photo-
electron spectroscopy (XPS). The analysis was performed in an Axis
Ultra DLD instrument (Kratos Analytical, UK) with monochromatic
Al-Ka radiation (hv = 1486.6 eV). The base pressure during spectra
acquisition was 1.5 x 1077 Pa. The binding energy scale was calibrated
by examining the sputter-cleaned Au, Ag, and Cu samples according
to the recommended ISO standards for monochromatic Al Ka sources
that place Au 4f;,,, Ag 3ds,,, and Cu 2p;,, peaks at 83.96, 368.21,
and 932.62 eV respectively [29]. The Fermi edge, clearly observed for
all NiCr-C layers, was set as 0 eV and used as the charge Ref. [30].
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Before analysis, all samples were sputter-etched to remove adsorbed
contaminants, first, with 4 keV Ar* ions for 120 s followed by 0.5 keV
Art for 600 s, both at the take-off angle of 20°. All spectra were
collected from the area of 0.3 x 0.7 mm? and at a normal emission
angle. The analyser pass energy was set to 20 eV, resulting in the
full width at half a maximum of 0.55 eV for the Ag 3ds/, peak. Casa
XPS software (version 2.3.16) was used to quantify XPS spectra based
upon peak areas. Elemental sensitivity factors were supplied by Kratos
Analytical Ltd. The confidence level is typically around +5%.

High-resolution observations of the coating’s microstructure were
performed using Tecnai G2 F20 TEM, operating at 200 kV accelerating
voltage. Samples for TEM investigations were prepared by using FIB-
Quanta 3D dual beam instrument. Chemical composition and the ratio
of metallic component concentrations were verified by EDS method
using Oxford Instruments INCA PentaFET x 3 EDS analyser coupled
with JEOL JSM 5500-LV scanning electron microscope.

Atomic force microscopy (AFM) was used to study surface mor-
phology, adhesion force values and phase on a Dimension FastScan
atomic force microscope (Bruker, USA) in the Magnetic Force and
PeakForce QNM modes. The standard silicon cantilevers of the CSG 10
SS type (Tips NANO, Russia) with a tip radius of 2.0 nm and console
stiffness of 0.5 N/m for measurements in the PeakForce QNM mode. In
Magnetic Force mode, standard silicon cantilevers with CoCr coating
of the MESP-RC-V2 type (Bruker, USA) with a tip radius of 10 nm and
console stiffness of 5.0 N/m were used.

Magnetic measurements were carried out on a SQUID magnetome-
ter MPMS-XL (Quantum Design Inc.). The magnetisation was measured
for two magnetic field configurations for each sample: parallel and
perpendicular to the film’s surface. Magnetisation curves (M-H) were
registered at 300 K within a magnetic field of +5 kOe. Zero-field
cooling (ZFC) and field cooling (FC) curves were registered in the same
temperature range: 5-325 K. For zero-field-cooled (ZFC) magnetisation
measurements, the sample was initially cooled to 5 K in zero field, and
subsequently, magnetisations were measured under 100 Oe fixed field
upon heating. Next, the field-cooled (FC) magnetisation was recorded
during cooling.

3. Results and discussion
3.1. Elemental composition and chemical binding state

A series of samples with increasing carbon content y. was pre-
pared. It should be noted that the atomic proportions of nickel and
chromium in the cathode material were practically preserved in the
films deposited in pure argon, as confirmed by the EDS analysis. This
result is expected, taking into account the similarity of atomic masses
and argon sputtering yields of nickel and chromium.

The carbon content determined from XPS analyses based on the
C 1s spectra shown in Fig. 1 varied from about y- = 4 at.% for
films deposited in pure argon to 63 at.% in the case of coatings
deposited with the highest acetylene content in the atmosphere (50
vol.% of C,H,). Low carbon content detected for samples deposited in
pure argon likely resulted from magnetron cathode contamination with
residual carbon or metal carbide deposit formed due to target poisoning
during the preceding depositions. It should be mentioned here that very
long target pre-sputtering (and chamber conditioning) is required to
obtain carbon-free coatings. Otherwise, even with zero acetylene flow,
samples contain some carbon.

As shown in Fig. 1c, for lower carbon content, y- < 19 at.%,
the spectrum is dominated by a low binding energy component lo-
cated at 283.1 eV and corresponding to the formation of carbide-type
bonds [31,32]. For coatings containing approx. 19 at.% C, the new C
1s component appears at 284.4 eV, corresponding to the C-C bonds in
sp? bonded amorphous carbon (a-C:H). It indicates that carbon starts to
segregate above this concentration threshold. The intensity of the sp”
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Fig. 1. XPS spectra NiCr-C films with increasing carbon content. (a) Ni 2p;/,, (b) Cr 2p, (c) C 1s core levels.
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Fig. 2. The chemical shift to higher binding energy of Ni 2p and Cr 2p core levels for
NiCr-C films with increasing carbon content.

C 1s peak continues to increase with further increasing carbon content
and eventually for y- = 63 at.%, dominates the spectrum.

The process of carbon segregation is not only the result of its excess
in relation to the chromium available for the reaction. As reported by
U. Jannson et al. [1], under conditions where metals with high (Cr) and
low (Ni) chemical affinity for carbon (standard enthalpy od formation
for Cr;C; is about —14 kJ/mole, and for Ni;C is +1.2 kJ/mole [2])
coexist in the film, metastable ternary carbides of the Cr,_,Ni,C, type
can form. By analysing the thermodynamics of the reaction, they have
shown that the decomposition of these carbides leads to (i) nickel
precipitates, which is thermodynamically favoured but slow due to
low nickel diffusivity, and (ii) carbon precipitates thanks to faster C
diffusion owing the lower activation energy as compared to that of Ni.
Consequently, this process explains the observed segregation of free
carbon. In addition, there may exist regions with uneven distribution
of nickel and chromium.

Detailed analysis of Ni 2p;,, and Cr 2p;,, core-level spectra of
metallic components (cf. Fig. 1a-b) revealed a slight chemical shifts
with increasing carbon content to higher binding energy as compared
to metallic positions: Ni 2p;,, — 852.4 eV and Cr 2p;,, — 574.4 eV.
This is plotted in Fig. 2. Up to 11 at.% carbon, the shift is only observed
for the chromium line, which may be interpreted as an indication of
a larger charge transfer between Cr and C atoms, hence, preferential
formation of Cr—C rather than Ni-C bonds. The rate of the peak shift
(the slope of the lines in the graph) for carbon content higher than 19
at.% is the same for both Cr 2p;,, and Ni 2p;,, peaks. This suggests
that, within this compositional range, shifts of metal lines are the con-
sequence of a decreasing diameter of metallic nanotubes (cf. Fig. 4). As
nanotubes become narrower with increasing C content, the screening
of core holes decreases (due to worse lateral conductivity) leading to

lowered kinetic energy of escaping photoelectrons, and, hence, higher
binding energy of related peaks [33].

The studied NiCr—C films undoubtedly contain a certain amount of
hydrogen, whose share was not investigated in this work. Therefore,
the influence of hydrogen on the structural and magnetic properties
was not studied. Even if the incorporation of hydrogen into the NiCr
alloy is highly probable, it seems to be mainly bound to carbon [7]. As
shown there, the share of hydrogen in the films, expressed as H/C atom
number ratio, varies in a narrow range from 0.2 to 0.35, while the total
hydrogen content in the layer depends on the amount of free, excess
carbon. Assuming that the studied magnetic properties depend mainly
on the metallic components of the film, at the present stage of research
we treat the influence of hydrogen on these properties as slight. Due
to the presence of hydrogen, NiCr-C samples with high carbon content
are consistently denoted as NiCrC/a-C:H.

3.2. XRD structural analysis

The films deposited from the Cr,,Niyg cathode in a pure argon
atmosphere had a fine-crystalline structure. Diffraction studies on the
deposited thin NiCr-C films showed that their structure and the de-
gree of crystallinity evolved with increasing carbon content. The XRD
spectrum (c.f. Fig. 3) shows only two diffraction peaks: at 29 values
of 44.1 and 51.85 degrees. These peaks are assigned to the (111) and
(200) crystallographic planes of the fce-type structure of Ni-Cr solid
solution (ISDD 04-19-3113), respectively. Due to tensile stresses in
films containing up to several percent of carbon the diffraction peaks
(especially (200)) are shifted slightly to the higher diffraction angle
from their original positions. The stresses had a value about 0.6-0.8
GPa for samples containing up to 11 at.% C, as measured by the Stoney
method — details not reported here.

For y- = 4.3 at.% the film show a strong (111) preferred growth
orientation. A transformation to the distinct (200) preferred orientation
occurs at a carbon content of about 11 at.%. Above this level, y- >
19 at.%, the XRD patterns show only peaks from the substrate and
one very broad peak (36-49°), probably coming from the short-range
ordering, which reveals complete amorphisation of the films. This
result agrees very well with XPS analyses which show amorphous C
segregation for y- > 19 at.%. No diffraction traces of metastable nickel
carbide (Ni;C) or chromium carbides were observed.

It is worth to emphasise the fact that the amorphisation of the NiCr—
C deposit occurs already at y- = 19 at.%, while the Ni-C films (nickel
nanowires in amorphous carbon) deposited in similar conditions retain
the crystal structure with a carbon content of up to 46 at.% C [10]. The
lowering of the amorphisation threshold of NiCr—C thin films deposited
by sputtering is interpreted as the result of chromium addition, which,
by forming highly dispersed carbides with a complex unit cell (Cry3Cq,
Cr,Cs), promotes the amorphisation of the deposit [34].
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Fig. 3. X-ray diffraction patterns for the NiCr-C films deposited on 316L stainless steel
substrates.

3.3. Microstructure and magnetic properties

For more detailed studies on microstructure and magnetic proper-
ties, samples with a carbon content of: (i) 19 at.% — the limit value
above which carbon segregation is observed, (ii) 63 at.% — the carbon
content at which the film still has sufficient cohesion and adhesion to
the substrate, and (iii) 38 at.% — an intermediate value, were selected.

The sample containing 19 at.% of carbon has a completely amor-
phous microstructure in diffraction (cf. Figs. 3 and 4a). At higher
carbon content (38 at.%) a specific nanostructure with segregated car-
bon is observed (cf. Figs. 4b-4d). The segregation favours the initiation
of self-assembling nano-columnar growth. Such nanocolumn structure,
previously observed for other systems: both two-component (Ni-C, Co—
C) [10,12] and complex (FeNiCrC/a-C:H or CoCrMoC/a-C:H) [15,16],
also reveals in our NiCrC/a-C:H films.

The scenario of the self-organisation process of Ni/a-C:H and Co/a-
C:H coatings leading to the formation of columnar nanostructures was
described in the works of F.L. Wang et al. [11,12,35] and A. A. EI Mel
et al. [9,10]. These authors agree that the shape of the nanostructures
arises from a competition between the phase separation and the con-
tinuous material deposition on the surface of the growing film. In this
structure, the metal-containing nanocolumns are separated by amor-
phous carbon shells with a thickness depending on the carbon content.
Thus, with increasing hydrocarbon concentration in the atmosphere
of the deposition process, it was possible to obtain nanocolumns of
different diameters (from 3 to 7 nm) surrounded with carbon walls of
different thicknesses up to 3 nm (cf. Fig. 4).

It is also very likely that the metallic elements in the nanocolumns’
cores formed during the film growth are unevenly distributed, and
nickel enriched regions compared to the original cathode composi-
tion may appear. The energy of particles in the plasma environment
is high enough to activate the formation of chromium carbides of
the type (NiCr),C; and Cr;C, in equilibrium with the y-NiCr-C solid
solution [36].

The nanocolumns extend up to the surface of the films what was
confirmed using atomic force microscopy (AFM) working also in mag-
netic mode (MFM) (cf. Fig. 5). By juxtaposing the surface topography
image (Fig. 5a) with the magnetic contrast image (Fig. 5b), identifying
the magnetic domain regions corresponding to the nanocolumn cores
was possible.

The presence of metal-containing high aspect ratio nanocolumns in
the tested films provoked us to study their magnetic properties. These
studies aimed to determine the magnetic response of the coatings,
paying particular attention to the potential anisotropy of this response,
depending on the direction of the magnetic field.

Applied Surface Science 591 (2022) 153134

Ferromagnetism is observed for nickel and nickel-chromium al-
loys containing less than 15 at.% chromium [27]. The existence of
chromium depleted areas may have resulted in weak ferromagnetic
properties. Magnetisation measurements were carried out in two direc-
tions, i.e. in the direction of magnetic field perpendicular to the film
surface — out-of-plane geometry (along the nanocolumns), and for the
field parallel to the film surface — in-plane geometry (perpendicular
to the columns). The tests were done on films characterised by: amor-
phous structure without visible effects of self-organisation (19 at.% C),
and well-developed nanocolumn structure (38 and 63 at.% C).

In magnetisation terms, all the samples are weakly magnetic. How-
ever, the magnetisation increased gradually from 0.022 emu/cm? to
0.212 emu/cm?® with increasing carbon content (cf. Fig. 6). Further-
more, a slight difference in magnetic response measured in in-plane and
out-of-plane magnetic field configuration appears for a middle carbon
content sample. The first effect may be due to the increasing content of
the ferromagnetic phase resulting from the depletion of the NiCr alloy
in chromium, caused by its bonding with carbon. The second effect is
probably related to the columnar morphology of the film.

The appearance of carbon segregation and the structure self-
organisation resulting in the formation of nano-columns parallel to the
film growth direction caused a change in the magnetic response. We
observed a slight difference in the coercive field H, and the remanent
to saturation magnetisation ratio M, /M, depending on magnetisation
direction (cf. Fig. 7).

The sample containing 19 at.% of carbon was magnetically
isotropic. The values of the coercive field and the magnetisation ratio
were independent on the sample orientation in the magnetic field.
The sample with the columnar microstructure (38 at.% C) preferred
magnetisation along the nanocolumns, showing signs of easy-axis out of
the film’s plane. Thus, we observed anisotropy of the magnetic response
related to the ordering direction of the columnar nanostructure. The
anisotropy seems to vanish for the sample containing 63 at.% of carbon.
The reason could be the reduction of the diameter of the nanocolumns,
leading locally to a break in their continuity.

Nanocolumns’ cores, with a length comparable to the film thickness
(cf. Fig. 4d) are composed of an alloy with a nominal atomic composi-
tion of Ni,gCr,,. However, they are locally depleted in chromium due
to its reaction with carbon. As a result, they show weak ferromagnetism
during magnetisation along the axis. The temperature dependence of
magnetisation of NiCr/a-C:H nanocomposite films in ZFC (zero-field-
cooling) and FC (field-cooling) conditions was recorded at a magnetic
field of 100 Oe directed in the plane of the sample (cf. Fig. 8).

The ZFC and FC curves, recorded in in-plane configuration, diverge
at low temperatures and almost coincide at high temperatures. More-
over, a maximum centred around the 115 K in the ZFC curve resembles
the spin blocking temperature T}, related to the transformation of the
ferromagnetic state (below Tj) to the superparamagnetic one (above
Tg). Most likely ferromagnetic NiCr-C nano-columns separated by
diamagnetic carbon shells have shown superparamagnetic behaviour.
The considerable width of the maximum at the ZFC curve may have
indicated a significant dispersion of the magnetic nanoparticle sizes.

We analysed the nanoparticle diameter distribution by analysing
M-H curve. For the analysis the curve for the NiCrC/a-C:H sample
containing 63 at.% C, measured in the in-plane field, at the temperature
of 300 K was used. We assumed that pure Ni with saturation magnetisa-
tion M, = 484 emu/cm? was the material for the nanostructure building
blocks. The Langevin function was used to predict the M-H curve
(cf. Fig. 9a) using log-normal function of the nanoparticle diameter
distribution [37,38] (Fig. 9b). The distribution median estimated for
the studied sample was 8 nm, which corresponds well to the diameter
of the nanocolumns.
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Fig. 4. TEM images of NiCr-C coatings: (a) — cross-section of the sample containing 21 at.% C, (b) — plan view of the sample with 38 at.% C, (c) — plan view of the sample
containing 63 at.% C, (d) cross-section of the sample with 38 at.% C in successive higher magnifications.

Hight
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Fig. 5. SPM (scanning probe microscopy) images of NiCrC/a-C:H film containing 38
at.% C: (a) registered in topography mode (AFM), and (b) magnetic phase contrast
mode (MPM).

4. Conclusions

Films of the NiCr-C type have been deposited by reactive magnetron
sputtering from NiCr20 alloy cathode in the atmosphere containing
acetylene. An abrupt amorphisation with increasing acetylene content
was observed at 19 at.% carbon in the film. The amorphisation was
followed by carbon segregation and forming of self-organised nanos-
tructure, consisting of metallic columns with a diameter of 3-7 nm,
separated by a thin layer of amorphous hydrogenated carbon. The study
of the magnetic properties revealed an anisotropy being a derivative of
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Fig. 6. In-plane magnetisation curves for NiCr-C films with various carbon content.
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Fig. 7. Coercive field H, and remanent and saturation magnetisation ratio M,/M
measured at room temperature for NiCr-C films with increasing carbon content.

the nanocolumnar structure. Magnetisation measurements conducted
along the nanocolumn axis allowed observing weak ferromagnetism.
The saturation magnetisation increased with the carbon content in
NiCr-C coatings changing from 19 to 63 at.%, which suggests a progres-
sive depletion of the nanocolumn cores in chromium forming carbides.
For the same films, magnetised perpendicularly to the nanocolumn
axis, the system’s response was superparamagnetic, and the blocking
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Fig. 9. The result of fitting the M—H curve (a) with the calculated size distribution
of nickel nanoparticles (b).

temperature Tz was determined to be approximately 115 K. Fitting the
M — H magnetisation curve obtained for the film containing 63 at.% of
carbon with the Langevin function and the assumed log-normal distri-
bution of nanoparticle diameters gives a nanoparticle size distribution
median of nearly 8 nm, which is consistent with the observed diameter
of nanocolumns.
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Abstract

This study examines the structure and properties of NiMo-C coatings synthesized

via reactive magnetron sputtering of a NiMo alloy target in an argon/acetylene at-

1



mosphere. The coatings structure evolves with carbon content from nanocrystalline,
through amorphous to quasi-amorphous with nanocolumnar structure. The nanos-
tructure consists of metallic columns perpendicular to the substrate surrounded by
amorphous carbon shell. The coatings are evaluated for their potential use as catalytic
materials in the hydrogen evolution reaction (HER) in an acidic environment. The
medium carbon content coatings show optimal properties in this direction, i.e. high
corrosion resistance in an acidic environment and good HER. performance described by
the Tafel slope and characteristic overpotentials. Even at the highest carbon content,
74 at.%, the Tafel slope does not increase substantially, what is more likely attributable
to the distinctive nanocolumnar structure, which ensures presence of catalytic centres
in the form of metallic islands on the surface. At the highest current densities applied,
a weak but visible correlation is observed between the characteristic overpotentials and

the contact angle hysteresis derived from the wettability measurements.

Introduction

In light of the necessity to reduce CO, emissions, the contemporary economy is undergoing
a gradual transition towards alternative energy sources, with hydrogen emerging as a partic-
ularly essential component. At present, leading research on hydrogen production for energy
purposes is focused on water electrolysis. A key objective is the development of electrode
materials that exhibit high catalytic activity and durability when operating in both acidic
and alkaline environments. In this context, the replacement of noble metals with other,
more cost-effective, and readily available materials with negligible differences in catalytic
properties represents a significant challenge.

The selection process for electrode materials used in the Hydrogen Evolution Reaction
(HER) is based on specific descriptors of catalytic activity. In the case of transition metals,
the majority of theoretical descriptions of the HER activity focuses on the d-band centre,

which is defined as the mean weighted energy of the d-band.!? This value provides an ac-



curate representation of the intermediate hydrogen (H*) binding strength, expressed as the
Gibbs free energy of H* adsorption (AGg+). The AGy+ values determined for the individ-
ual metals follow a volcano-like relationship (so-called volcano plot), with the AGy« ~ 0
corresponding to the highest catalytic activity.3*

Besides pure metals with sufficiently low AGpg« values such as Mo, W, Nb, Co, Ni and
their alloys,”® a large number of related compounds were investigated.® 1! Much work has
also been done on carbon-based composites. '? Nevertheless, the so-far laboratory-developed
electrodes for HER with the best properties, primarily based on nanostructured metal ox-
ides, 314 sulfides®1¢ or phosphides, !"'® are mainly manufactured using sophisticated multi-
step technological processes. The reproducibility of these processes and the feasibility of
their large-scale implementation have yet to be fully demonstrated. Consequently, their
application in industrial-scale electrolysers remains limited.

From an economic standpoint, emphasizing material consumption and recycling, there
is a growing interest in using specialized catalytic coatings deposited by physical vapour
deposition (PVD) techniques on conductive substrates that serve only as current collectors.
The class of coatings that have been the subject of intensive study comprises binary and
ternary metal-carbon nanocomposites. The binary systems are based on an amorphous
carbon matrix and contain either metallic (such as nickel or cobalt) or carbide precipitates
(such as MoC, WC, NbC) in the nanoscale range. ! 2!

The presence of the carbon matrix protects the catalytically active metallic or carbide
precipitates against corrosion while simultaneously limiting electrical conductivity and, thus,
the effective charge transfer. As a consequence, augmented over-potential values have been
observed,?! predominantly resulting from the intrinsic activation barriers inherent to both
electrodes and additional resistances, including the specific resistance of the electrode mate-
rial and the contact resistance.

The complete miscibility of carbides is often observed in the ternary systems comprising

two metals with a high affinity for carbon. This is evidenced by the examples of TiC-



VC, TiC-NbC, VC-TaC and HfC-TaC.?? Exceptions to this general rule can be observed
in systems such as VC-HfC, VC-CrC, or CrC-MoC and CrC-WC, which exhibit limited
mutual solubility.?® The growth mechanism of ternary carbide thin films becomes more

1.23 postulated

intricate when the second metal is a weak carbide former. U. Jansson et a
that the processes underlying the growth of thin films in such systems entail the formation
and subsequent decomposition of metastable carbides of the M;_,Me,C, type, where M
and Me represent strong (e.g., Ti, Nb, Cr, W) and weak (e.g., Co, Ni, Fe) carbide formers,
respectively.

These considerations lead to the conclusion that the coexistence of metals with a high and
low chemical affinity for carbon within the deposit facilitates both the amorphization of the
deposit and the segregation of carbon. Concurrently, the segregation of carbon during the
deposition process can facilitate the self-organization phenomenon, as previously observed
for simple Me-C binary systems (where Me = Fe, Co, Ni), which results in the formation
of nanocolumnar structures.?*? Our recent research on the FeCrNi-C,?% CoCrMo-C,?" and
NiCr-C?® systems have demonstrated the viability of producing amorphous thin films with
ordered structures also in ternary and multicomponent composites.

These coatings comprise densely packed and separated metallic or carbide nanocolumn
cores surrounded by amorphous carbon shells. The observed nanocolumns extend throughout
the entire films, as confirmed by atomic force microscopy working in magnetic mode.?®
Consequently, such coatings should guarantee easy access to the metallic/catalytic centres
at the film surface and high electrical conductivity along the columns. Both features are
beneficial for efficient hydrogen generation by the electrolytic decomposition of water.

In addition to materials research aimed at optimizing the catalytic activity of new materi-
als, it is essential to gain a deeper understanding of the dynamics of electrode/gas/electrolyte
interfaces and the impact of gas bubble behavior on the interface. In this regard, research

on wetting, hydrogen bubble nucleation, and desorption from the electrode is an important

trend. 2930



During hydrogen evolution, gas bubbles grow on the catalyst surface. Since the grown gas
bubbles hinder the space for catalytic reaction, their fast detachment is of critical importance.
There is the three-phase interface of the electrolyte. A gas bubble can grow easily at a large
receding contact angle ©. For a small receding contact angle, a gas bubble cannot grow up
and becomes detached with a small bubble size.3? Thus, controlling surface energy, dynamic
contact angles, and their hysteresis by modifying the composition and nanogeometry of the
surface becomes an important tool to optimize the gas release process from the electrode.

In the current work, we present the initial investigation on the utilization of NiMo-
C coatings, synthesized via reactive magnetron sputtering of the NiggMogy alloy in an ar-
gon /acetylene atmosphere, as prospective catalysts for HER operating in an acidic environ-
ment. The composition of the coatings was selected at the design stage based on the criteria

and characteristics of the individual components and their systems, as outlined below.

1. Ni atoms are acknowledged as effective dissociative centers for water due to their
low AGg- value? and exhibit sufficiently low carbide-forming properties.?® The latter
feature is expected to facilitate the separation and release of amorphous carbon in the

NiMo-C system.

2. Incorporation of Mo results in lattice expansion within the Ni elemental cell, accompa-
nied by alterations to its cubic crystal structure. These changes result in a diminished
AGpy- value compared to that of pure nickel by tuning the electronic structure of the
NiMo alloy. A synergistic catalytic effect towards HER has been demonstrated for the

NiyMo alloy in alkaline media.3!33

3. The addition of Mo in an amount of 12-14 at.% endows the NiMo alloy with param-
agnetic properties, thereby ensuring an efficient magnetron sputtering process, which

is of pivotal importance for producing coatings on an industrial scale.3*3°

4. In the NiMo-C system, the carbon separation process is not impaired at 20 at.% of

Mo. Conversely, it is hypothesized that Mo will have an amorphising effect, thereby



enhancing the corrosion resistance of the deposit.

5. Carbon segregation will ensure the formation of quasi-amorphous ordered structures

in the NiMo-C system studied.

The chemical and phase composition of the as-designed NiMo-C coatings and the evolu-
tion of their structure, surface morphology, and stability /corrosion resistance with increasing
carbon content in the deposits were investigated and discussed. The electrocatalytic prop-
erties of the coatings were evaluated by comparison with the catalytic capacity of platinum
and graphite (two reference materials) under identical experimental conditions. The over-
potential (), defined as the difference between the potential applied to deliver a specific
current density (e.g., 0.01 A/cm?) and the thermodynamic potential value, as well as the
Tafel slope, which is a kinetic parameter that indicates the rate of HER, were selected as

the primary parameters for the assessment of electrocatalyst activity.30

Materials and methods

The thin films being studied were deposited using the reactive magnetron sputtering tech-
nique. A planar magnetron source equipped with a NiggMoyg alloy cathode, 100 mm in
diameter, was operated at 1 kW in a pulse mode with a frequency of 100 kHz and 1 kHz
modulation. The coatings were deposited on Si (100) wafers and AISI 316L steel substrates
placed at a distance of 60 mm from the cathode and heated to 200°C by the temperature
controlled resistive heater and kept at at the bias potential of —50 V DC.

Films with a thickness of 3 £ 0.1 ym and a gradual increase in carbon content were de-
posited in an argon/acetylene working atmosphere. Argon flow was maintained at a constant
rate of 12 standard cubic centimeters per minute (sccm), while acetylene flow was stepwise
varied from 0 to 6 sccm in order to obtain films with varying carbon content. The total

pressure of the process atmosphere was maintained at 0.6 Pa.



Samples characterisation

The structure of the deposits was examined by X-ray diffraction (XRD) using a Malvern
Panalytical Empyrean 3 diffractometer operating with a Cu-Ka source in two geometries:
Bragg-Brentano, and at the constant low incidence angle w=3°.

The chemical composition and the binding state of coatings components were studied
by X-ray Photoelectron Spectroscopy (XPS) with the Axis Ultra DLD instrument (Kratos
Analytical, UK) working with monochromatic Al-Ka radiation (hr = 1486.6 ¢V) and at
the base pressure of 1.5x1077 Pa. The energy analyzer was calibrated using Au 4f7/2, Ag
3ds /2, and Cu 2ps/, core levels at 83.96, 368.21, and 932.62 eV, respectively. All spectra were
charge-referenced to the Fermi edge of NiMo-C films.3” The analyser pass energy was set to
20 eV, resulting in the full width at a half maximum of 0.55 eV for the Ag 3ds/, peak. The
XPS spectra were quantified using Casa XPS software (version 2.3.16) and the sensitivity
factors supplied by Kratos Analytical Ltd. Before spectra acquisition, the as-loaded samples
were sputter-etched with 4 keV Ar™ ions for 120 s followed by 0.5 keV Ar™ for 600 s.

Observations of the microstructure, down to the nanometer scale, were carried out using
the HAADF-STEM (High-Angle Annular Dark-Field Scanning Electron Microscopy) tech-
nique using a Tecnai G2 F20 high-resolution transmission electron microscope (HRTEM),
operating at a voltage of 200 kV and coupled to the EDX analyzer. QUANTA 3D — a focused
ion beam (FIB) instrument was used for sample preparation.

The studied coatings’ surface topography and electrical conductivity maps were collected
using an Atomic Force Microscope (AFM) Icon Dimension (Bruker, USA) equipped with a
PeakForce-TUNA module. The maps were imaged in a Conductive AFM (C-AFM) mode by
a Scanning Capacitance Microscopy - Platinium-Iridium coated (SCM-PIC) probe with an
electrically conductive tip. The C-AFM mode allows us to simultaneously measure topogra-
phy and electrical conductivity while scanning the sample’s surface. To induce the current
flow between a tip and a sample the 8mV voltage was applied. Since the samples are highly

conductive (metallic), an additional 1 MOhm resistor was soldered between the film surface



and the sample holder to lower the current.

Electrochemical tests were performed using an Atlas 0531 potentiostat, galvanostat (Atlas
Sollich, Poland). The HER measurements were conducted in a standard three-electrode cell,
with the samples (NiMo-C coated steel substrates) serving as the working electrodes. The
active surface area of each working electrode was 0.3 cm?. The recorded currents were
converted to current densities, considering the surface dimensions of the electrode materials.
A saturated standard calomel electrode (SCE, Hg/Hg,Cly/KCl) and a platinum plate were
used as the reference and counter electrodes respectively. Potential values were subsequently
recalculated according to the reversible hydrogen electrode (RHE).

All measurements were carried out at room temperature (25 + 1°C) in an unstirred
sulphuric acid solution (0.1M H2SO4) without resistance compensation (iR). The linear
voltammetry (LV) curves were recorded at two different scan rates, i.e., 0.005 V/s and 0.03
V /s, within the potential range of 0 V to-1.2 V vs. RHE. In order to ascertain the stability of
the examined coatings, cyclic voltammetry (CV) measurements were conducted from the free
potential for each sample to —0.8 V (vs. RHE) at a scanning rate of 0.03 V/s. Subsequent
to 200 cycles, a comparison was made between the LV curve recorded at this stage and that
obtained on the unaltered sample.

A cathodic-anodic polarization method was employed to evaluate the corrosion resistance
of NiMo-C coatings when immersed in an acidic environment. Polarization curves were
obtained at a scanning rate of 1.7 x 10™* V /s. The curves were subsequently used to estimate
the corrosion potential (Eep vs. SCE) and the corrosion current density (icon) by the
Tafel extrapolation method.3® The Stern-Geary equation was employed for the purpose of
calculating the polarization resistance (R,).%

The wetting properties of the coatings under investigation were characterized through the
measurement of dynamic contact angles, with the difference between the angles defined as

the contact angle hysteresis (CAH). Potential origins of the hysteresis phenomenon include

porosity, chemical heterogeneity, and molecular reorientation at the solid-liquid interface.



In the case of chemically heterogeneous and non-porous flat surfaces, the advancing and
receding contact angles of a polar probing liquid drop can be taken as a rough approximation
of the equilibrium contact angles of the most hydrophobic and the most hydrophilic surface
fractions. 4

The CAH measurements were carried out using a sessile drop method using a laboratory-
built apparatus developed at the University of Gdansk.*' In this setup, a drop is deposited
on the sample surface by a syringe controlled by a stepper motor. Deionized water (Millipore
system, conductivity 0.05 [4S/cm]), pH = 5.84+0.1 , surface tension gy = 71.24+0.2 mN/m)
was used as the probe liquid. The advancing © 4 and receding ©p contact angles are de-
termined from the images captured by a high-resolution camera (8Mpix Touptek U3CMOS)

during gradual volume increase and volume removal, respectively, until dewetting occurs.

The images were further analyzed using OpenDrop software.

Results and disscussion

Chemical composition and binding state

By gradually changing the acetylene fraction in the process atmosphere, a series of coatings
with an increasing carbon content was deposited. The chemical composition of the coatings,
and in particular the carbon content, which is crucial for the nanostructure evolution, was
determined using the XPS and EDX techniques. The measured values of carbon content
ranged from 5.6 to 75.3 at.%, as shown in Table 1 and Fig. 1. The amount of metallic
components in all coatings was in the same atomic proportions Mo/Ni = 20/80 + 0.005,
corresponding to the cathode composition.

Since the use of both XPS and EDX techniques has some limitations, in the remainder
of this article, approximated values will be used to characterize specific samples. The source
of carbon present in coatings deposited in pure argon is most likely contamination of the

technological chamber where numerous processes involving acetylene were carried out.



Table 1: Carbon content determined from XPS spectra, EDX measurements, approximate
values obtained by fitting with a second-degree polynomial, and oxygen content measured

by XPS.

Carbon content [at.%)]

CyHs flow Oxygen
[sccm] XPS EDX approx XPS [at.%)]
0.0 5.6 7.8 6.6 4.2
0.5 6.3 8.6 7.4 2.8
1.0 7.4 10.2 8.7 2.3
2.0 14.7 15.7 15.1 1.1
3.0 22.4 244 23.3 1.2
4.0 41.3 34.3 37.6 1.1
5.0 61.9 44.3 52.9 0.7
6.0 75.3 73.6 74.2 0.6
80
XPS i
3 E EDX
:’_; 60 approx
% 40
§ 20
g—C
R
0 1 o 3 4 5 6

CsHa flow [scom)

Figure 1: Dependence of carbon content on acetylene flow during deposition. Data were
obtained using the XPS and EDX methods. The solid line corresponds to the approximation

by a second-degree polynomial.
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The coatings contained a certain amount of oxygen found as contamination in the coat-
ings. The oxygen content measured by XPS decreases gradually from 4.2 at.%. for coatings
deposited without acetylene flow to 0.6 at.% for coatings with the highest carbon content
(cf. Tab. 1). Since acetylene was used as a carbon-carrying gas in the deposition process,
the coatings certainly contain a certain amount of hydrogen. Its content however, has not
been tested in the presented work.

Up to the C content of 23 at.% the C 1s spectra (cf. Fig. 2) are dominated by the low
energy peak at 283.4 eV, which corresponds to the chemical shift characteristic of carbon
bound in metal carbides.*?> Above the threshold of about 23 at.% C, a high-energy component
becomes clearly visible at the binding energy of 284.4eV, characteristic of C-C bonds in sp>-
bonded amorphous carbon. This signifies the onset of carbon segregation process. Carbon
segregation is favoured by the decomposition process of unstable carbides of Mo(;_,)Ni,C,

1.,43 which decompose through energetically preferred

type as described by U. Jansson et a
carbon out-diffusion. The formation of this type of unstable ternary carbide is favored by the

simultaneous presence of metals with high (Mo) and low (Ni) chemical affinity for carbon.

35

XPSCi1s 2844 eV

30 figrd)

| | 28a4ev

25

kCounts

Figure 2: C 1s spectra for NiMo-C coatings with increasing carbon content.

Looking at the Mo 3d and Ni 2p XPS spectra (cf. Fig. 3), and in particular the chemical
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shifts (Fig. 3 c), there are several characteristic features. The Mo 3ds/, peak shifts from
228.0 eV for low carbon films to 228.25 eV for the film with highest C content. Two distin-
guishable parts of the BE shift in dependence on C content are visible.. With an increasing
carbon content of about 20 at.%, the chemical shift increases rapidly, and then the increase
decelerates. For nickel, this difference is considerably less pronounced, and the BE increases
almost linearly from 853.0 eV to 853.20 eV with carbon content. It may be interpreted as an
indication of a larger charge transfer between Mo and C atoms, hence, preferential formation
of Mo—C rather than Ni—C bonds.

This observation is consistent with the fact that the molybdenum carbide Mo,C is charac-
terized by a relatively large negative enthalpy of formation AHy = —27 + 3 kJ/mol,** while
the standard enthalpy of formation of nickel carbide NizC is AHy = 1.2 kJ/mol.*® Consid-
ering that the coating deposition process was carried out at a temperature of 200°C, that
is, significantly below the decomposition temperature of the metastable nickel carbide NizC,
defined as 300°C,*6 its presence in the deposit should be expected. Although, at the same
time, the ion assistance caused by the substrate bias during layer growth can promote the
decomposition of these unstable nickel carbides.

The linear growth in chemical shift observed at the same rate for both spectra (cf. Fig. 3
c) is likely associated with forming carbon precipitates. When the concentration of carbon
exceeds the release threshold (approximately 20 at.%), regions of reduced electrical conduc-
tivity are formed. Therefore, as suggested by G.K. Wertheim et al.,*” This leads to a decrease
in the kinetic energy of the escaping photoelectrons and thus to an apparent increase in the

binding energy.

Structure, nanostructure, and self-organization of the coatings

The structure of coatings undergoes a gradual transformation with increasing carbon content,
evolving from nanocrystalline to amorphous, as illustrated in Fig. 4.

The diffraction pattern for the steel substrate is dominated by two peaks (111) and
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Figure 3: Mo3d (a), Ni2p (b) core level spectra for coatings with increasing carbon content
along with the chemical shift of these lines vs carbon content (c).

(200) characteristic of austenite (fcc) and the accompanying reflection (110), indicating some
participation of ferrite (bce). In the diffraction pattern of the NiggMogg target, peaks were
mainly found corresponding to the fcc solid solution of molybdenum in nickel-like Mog 15Nig s
(ICDD card 04-023-7853). It is also possible that the tetragonal phase MoNiy (ICDD card
01-071-9765) occurs there, but closely located peaks may overlap in the case of this fine-
crystalline structure.

The occurrence of weak peaks, barely visible in Fig. 4, with two theta angles of 34.3, 37.8,
and 39.4 degrees, indicates the presence of some inhomogeneity identified as a molybdenum-
rich hexagonal phase close to the MogsNijg (ICDD card 04-007-4030) with peaks shifted to
lower diffraction angles. The observations are in agreement with the Ni-Mo phase diagram.*®

The structure of coatings with a small share of carbon roughly corresponds to the struc-
ture of cathode material, with a clear broadening of the peaks and caused by a nanocrystalline
structure of the coatings. There is also an additional peak observed at 40.6°, which corre-
sponds to the (110) planes of bee molybdenum (ICDD card 04-014-7439). It is not excluded
that the strong affinity of molybdenum for carbon may result in the metal diffusing and
forming precipitates containing carbon. Moreover, significant changes in the film texture ap-
pear, as can be seen in the mutual intensities between peaks (111) and (200) in the patterns

recorded in both configurations for samples containing 7.4 and 8.7 at.% carbon.
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Figure 4: X-ray diffraction patterns of substrate material (316L steel), target (NiggMogg
alloy), and NiMo-C coatings with increasing carbon content. The patterns recorded in a)

Bragg-Brentano geometry and b) low constant incidence angle.
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Increasing the carbon content to more than about 8 at.% leads to an even more pro-
nounced refinement of the deposit, which is reflected in broadening of the diffraction peaks
and a decrease in their intensity. For coatings containing 15 at.% carbon, the XRD pattern
indicates the amorphization of the deposit. Only one broad peak is observed at 43 degrees,
indicating close-range ordering and the contribution of peaks originating from the substrate.

An increase in the carbon content first results in shifting the broad peak to 42 degrees,
corresponding to the beginning of the carbon segregation. A gradual decrease in the intensity
is then observed because of the increasing content of the light element, carbon. The coating’s
decreased X-ray reflection/absorption leads to the reappearance of peaks originating from
the substrate material.

In order to reveal the nanostructure of tested coatings, observations using HRTEM were
carried out. Samples for nanostructure observations were cut using the FIB technique in
planes parallel (plan view) and perpendicular (cross-section) to the substrate plane. Coatings
with a carbon content below the carbon segregation threshold were featureless (cf. Fig.5 a
and d). The increase in the carbon share led to the formation of a columnar nanostructure
composed of nanopillars several nanometres in diameter, orientated parallel to the growth
direction (cf. Fig. 5 b, ¢, e, f). In agreement with the XRD patterns, the broad electron
diffraction ring (inset in Fig. 5 b) reveals a close-range ordering.

High-resolution plan-view images revealed that these nanopillars are composed of metal-
lic cores surrounded by a shell of amorphous carbon (cf. Fig. 5). These coatings we denote,
in accordance with the scheme adopted in previous publications,?¢ 28 as NiMoC/a-C:H. They
are formed during a self-assembly process of the nanostructure, which results from: i) ma-
terial transport and its reactive deposition at the substrate, ii) nucleation of molybdenum
carbides as well as unstable nickel carbides and ternary carbides of the Mo(;_,)Ni,C, type,
iii) decomposition of unstable carbides and carbon segregation. Detailed observations using
the HAADF-STEM technique combined with a local composition analysis using the EDX

technique allowed the identification of chemical nature of the cores and shell of the nanopil-
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Figure 5: HRTEM image in cross-section (top row — a, b, ¢) and plan view (bottom row — d,
e, f) of NiMo-C thin films containing increasing amounts of carbon. Inset in (b) — electron
diffraction image of the sample containing 38 at.% C.

lars (cf. Fig. 6).

As confirmed by the combination of the EDX signal acquired along line indicated in the
HAADF image of the film with 74 at. % C (cf. Fig. reffig-HAADF), segregation resulting
from diffusion and accumulation of carbon in the form of nanopillars’ shells occurs. In the
cores of nanopillars, where the metals/C ratio is much higher, carbon dissolved and/or bound
to metals (Ni and Mo) is also present. Note that the molybdenum content is almost the same
in the core and shell of the nanopillar, regardless of the position in the nanostructure. This
may be due to its immobilization resulting from its strong bonds with carbon.

Microscopic observations of the columnar nanostructure described above were made on
internal parts of the coatings. To visualise the morphology of the coating surfaces, tests were
carried out using techniques: AFM (cf. Fig.7 a) and C-AFM (cf. Fig. 7 b), in topography
and conductivity mapping modes respectively. The results of these studies revealed that
the nanocolumnar structure observed in the cross-sections is not directly reproduced at the

coating surface. The observed separated high-conductivity regions have diameters of about
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Figure 6: HAADF plan view picture of the NiMoC/a-C:H thin film containing 74 at.%
carbon, combined with EDS line scan.

20 nm (cf. Fig. 7 b), which is significantly larger than the diameters of the columns from
internal parts of the coatings observed by TEM. It can be postulated that these areas, formed
by merging the tops of metallic columns, will act as catalytic centers for hydrogen during

the electrolytic decomposition of water.

Electrochemical behaviour in acidic environment

The electrochemical properties of Ni-based alloys have been extensively investigated, with
a particular emphasis on their catalytic activity and corrosion stability in alkaline environ-
ments. The main reason for this lies in the use of nickel alloys in the manufacture of cathodes
for conventional alkaline electrolysers, in conjunction with the inherent lower corrosion re-
sistance of these alloys in acidic environments.?3

In the present study, the cathodic-anodic polarization method was used for the purpose
of testing and comparing the durability and corrosion resistance in an acidic medium of

individual coatings deposited on steel substrates. Subsequently, the same environment was
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Figure 7: Surface morphology (a) and the conductivity map (b) registered for the NiMo/a-
C:H sample (38 at.% C), using AFM and C-AFM techniques, respectively.

utilized to assess the HER activity of the NiMo-C coatings. Coatings synthesized without
acetylene and with an acetylene flow of 0.5 scem (6.7 and 7.4 at.% C, respectively) show
very similar properties. Therefore, to improve the readability of the data and graphs, data
for the latter were abandoned when describing their properties in electrochemical reactions.

The exemplary polarization curves recorded in a 0.1M HySOy solution(at a scanning rate
of 1.7 x 107* V/s) are shown in Fig. 8 a and Fig. 8 b. The electrochemical parameters

characterizing the corrosion processes are summarized in Table 2.
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Figure 8: Polarization curves recorded in 0.1 M HySO, for NiMo-C coatings with different
carbon content; 6.7-23 at.% (a) and 38-74 at.% (b).
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Table 2: Corrosion parameters were determined for NiMo-C coatings (with increasing carbon
content) immersed in 0.1 M HySOy4, where —b,. and b, correspond to the cathodic and anodic
Tafel constant respectively.

Carbon content — Eeopr Teorr —b, ba R,
at.% (V] [1076 A/em?] [V/dec] [V/dec] [Qcm?]
6.7 —0.119 2.4 0.062 0.025  3x10°
8.7 —0.054 2.5 0.090 0.031 4%103
15 0.025 1.8 0.121 0.072  11x103
23 0.048 0.59 0.137 0.070  34x103
38 0.082 1.6 0.168 0.096 16x103
53 0.029 0.32 0.162 0.137 1x10°
74 0.136 1.1 0.173 0.012 4%103

An analysis of the obtained data has indicated that the coating with a carbon content of
6.7 at.% exhibited the lowest corrosion resistance under the measurement conditions applied.
The corrosion potential E. of this sample was found to be —0.119 V|, which represents the
minimum value observed. Upon exceeding the FE... threshold, the oxidation reactions of
the coating/substrate components proceeded rapidly, as evidenced by the relatively high
corrosion current density and low polarization resistance values (cf. Table 2; ico, and R,
values). Increasing the carbon content to 8.7 at.% resulted in a shift of F., towards higher
values.

This behaviour can be attributed to the refinement of grains within the deposit. As
evidenced by the broadening of the XRD pattern observed (cf. Fig. 4) and our previous
findings,?™*° the addition of carbon at this level has a disruptive effect on grain growth,
while simultaneously leading to the formation of new nucleation centers. As posited by
Ralston et al.,®®®! the high degree of refinement in the structure of metal/metal alloys
enhances their potential for surface passivation. Furthermore, the high density of grain
boundaries provides an environment conducive to the diffusion of metal ions into the passive
layer, thereby facilitating oxide formation and improving its stability. However, failure of

this natural blocking layer at a potential value equivalent to the corrosion potential results
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in the rapid and uniform dissolution of the sample material (cf. Table 2; 4., and R, values).

An increase in carbon content to about 23 at. % results in the amorphization of the
coatings, as evidenced by the featureless XRD patterns depicted in Fig. 4. The structureless
or quasi-amorphous nature of these deposits, coupled with a restricted number of defects in
the form of micropores or microcolumns, impedes the diffusion of electrolyte deep into the
coating towards the substrate. This results in the formation of a robust protective barrier.
The aforementioned features are evidenced in the electrochemical tests and the resultant
polarization curves (Fig. 8 a and b) through a shift in the corrosion potential towards more
positive values and a reduction in the corrosion rate, as indicated by lowering the corrosion
current density (cf. Table 2). The latter feature is most apparent in samples with a carbon
content of 23 at.% and 53 at.%. All amorphous coatings exhibited positive corrosion potential
values.

The ennoblement of E.,, results in a notable alteration in the profile of the anodic
branches of the polarization curves, which is most pronounced in the case of the coating
with a carbon content of 74 at.%. For this sample, following the exceedance of the critical
passivation potential value of 0.15 V, a sharp decrease in the current density was observed,
stabilizing at a value of 5 x 1077 A/cm?, which value can be regarded as an indicative of
the passivation current density. The formation of a stable passive range, in the course of
polarization curve, indicates the chemical inertness of coating in the corrosive medium used.
The sample’s surface remains stable despite a further increase in potential value.

The trend towards a passive state is evident for all deposits where XPS studies show the
separation of amorphous carbon (cf. Fig. 3). Consequently, coatings with a carbon content

of 23 at.% or higher fulfill the criterion of high corrosion resistance in acidic environments.

Electrochemistry, HER

The electrochemical activity of the samples for hydrogen generation was determined by

analyzing polarization linear voltammetry (LV) curves. The curves recorded at two different
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scanning rates are presented in Fig. 9. In addition, curves recorded under the same conditions

for reference materials; platinum and graphite are also presented.
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Figure 9: Linear voltammetry polarization curves for studied NiMo-C coatings measured at
the two scanning rates.

Several characteristic features can be observed. The plots are exponential between ap-
proximately 107 and 1072 A/cm?. Therefore, the Tafel slopes characterizing the overall
HER reaction rate can be calculated even though the exponential sections are relatively
small due to instrumentation limitations, such as the lack of rotating disk electrode. Subse-
quently, a linear (ohmic) portion of the graph can be identified, and at even higher values
of current density, distortions due to the build-up and release of hydrogen bubbles can be
observed, particularly at lower scan rates.

The curves recorded for graphite differ significantly from the others, and the division
into exponential and linear parts is not so obvious. Therefore, the parameters obtained from

them should be treated with caution and as indicative only. It is also visible that two curves
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recorded for the tested coatings presented in Fig. 9 stand out: the curve for coating with
the carbon content of 6.7 at.%, which is closer to platinum, and the curve recorded for the
coating with the highest carbon content (74 at.%), which is distinguished by lower current
densities for a given potential than the remaining coatings.

The ohmic component of the graph enables a value of the onset overpotential 7se to be
determined. It can be defined as the potential at which the extrapolated linear part intersects
the potential axis, that is to say, the point of intense HER. Furthermore, an additional type
of overpotential can be derived directly from the graph, typically presented when describing
the catalytic capability in HER, namely the overpotential that results in the current density
of 0.01 A/cm2 — 1.

The Tafel slope for platinum 0.048 V/dec (cf. Fig. 10) calculated from the LV curve
recorded at 0.005 V/s is close to the value characteristic of the Heyrovsky reaction when
the discharge of hydronium ions (Volmer reaction) is rapid and the electrochemical desorp-
tion is the limiting step.? The Tafel slope value for the fastest route of the HER reaction
(0.029 V/dec) characteristic for chemical desorption was not obtained, most probably due
to equipment limitations. Increasing the scan rate to 0.03 V/s results in a larger Tafel slope,
indicating that diffusion can become a limiting factor under these conditions.

Similar values, and therefore similar reaction mechanisms, are observed for the NiMo-C
coating containing 6.7 at.% C with the Tafel slope of 0.070 V/dec. The coating exhibits
favorable catalytic properties; however, at the scanning rate of 0.03 V/s, diffusion represents
a limiting factor in the overall reaction rate. For coatings with even higher carbon content,
the Tafel slope reaches a value of 0.15 V /dec and can be attributed to the hydrogen desorption
step as limiting rate of the overall hydrogen evolution reaction.’? The observation that the
Tafel slope for samples containing more than 8 at.% carbon is independent of the scan rate
employed lends support to this assertion.

The Tafel slope increases gradually up to 0.2 V/dec with increasing carbon content from

15 to 74 at.%, and it is important to note that even at the highest carbon content of 74 at.%,
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Figure 10: Tafel slopes calculated for exponential sections of linear voltammetry curves
presented in Fig. 9

it remains significantly lower than that of graphite. The structural analysis demonstrates
that throughout the entire range of carbon content, the electrolyte is in contact with the
metal catalyst. At low carbon contents the complete surface area of the coating acts as a
catalyst, while at higher carbon content the metallic islands can act as the catalytic centres
(cf. Fig. 7).

The overpotentials nonset and 719, obtained from the curves depicted in Fig.9, are summa-
rized in Fig. 11. The lowest overpotentials for the tested coatings were observed in samples
with the lowest carbon content (6.7 at.%), exhibiting a difference of approximately 0.1 V
compared to those of platinum. An increase in the carbon content to 8.7 at.% results in
an abrupt rise in the overpotential values. Subsequently, a gradual increase in the values is
observed. The dependence on carbon content is more noticeable for ny,ss than for nyg. As
with Tafel slopes, all samples exhibit overpotentials 7,5t andn;o that are markedly superior
to those of graphite.

Furthermore, it is evident that the results depicted in Fig.11 exhibit differences between
the two scanning rates. It is important to note that different parts of the LV curves are

utilized to ascertain the overpotentials than those used to calculate the Tafel slopes. In
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Figure 11: Onset overpotential 7o,se¢ and the overpotential that results in the current density

of 10 mA /em? — 1y . The values were read from the linear voltammetry curves presented in
Fig. 9
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the case of the overpotentials, the current densities are higher, and the amount of hydrogen
accumulating on the electrodes is greater when the slower scanning rate is employed.

A notable increase in the Tafel slopes and the overpotentials 7yt and 79 are observed
as the carbon content changes from 6.7 to 8.7 at. % (cf. Fig. 10 and 11), and this cannot
be attributed solely to the C content. The effect can be assigned to a notable change in
the texture of the coatings. The sample with a carbon content of 8.7 at.% exhibits a peak
intensity from the family planes (111) aligned parallel to the sample surface that is twice
that of the sample with 6.7 at.%, and it is known that catalytic activity of HER depends on
the texture.®

In order to ascertain the long-term catalytic activity of the examined coatings, cyclic
voltammetry (CV) measurements were conducted, and a comparison was made between LV
curves recorded on untreated samples and after 200 cycles of CV. The results are presented
in Fig. 12. The most significant observation in the comparison is that the sample containing

23 at.% carbon is the most stable and the determined parameters 7y,; and 719 are shifted

to smaller values, and are superior to those obtained prior to the CV.
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Figure 12: The linear voltammetry curves registered at two scanning rates: a) 0.03 V /s and
b) 0.005 V/s. The samples contained varying amounts of carbon.
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Wettability

Given the established influence of released gas bubbles on the course of electrochemical

2930 an attempt was made to identify a correlation between the HER reaction

reactions,
parameters on the tested coatings and the surface wettability, as determined by the values of
contact angles. The relationship between measured advancing and receding contact angles
and the carbon content is presented in Fig. 13.

The advancing contact angle © 4 is largely independent of the carbon content, while the
receding angle O exhibits a distinct minimum at carbon content between 20 and 40 at.%,
indicating the high wettability of these samples. It is evident that the contact angle hysteresis
(CAH) is higher for samples with contents above 20 at.%, that is to say, for those in which
the release of free carbon and the development of a columnar nanostructure is observed.
The sole parameter that exhibits a correlation with contact angles or their hysteresis is
the overpotential 7;9. This observation is understandable when one considers that, at this

current density, the release of gas bubbles becomes an important element of the processes

occurring at the cathode.
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Conclusions

The present paper reports on the structural and electrochemical properties of NiMo-C coat-
ings synthesized by reactive magnetron sputtering of the NiggMogg alloy target in an Ar/CyHy
atmosphere. The structure of the coatings evolves as a function of the carbon content from: 1)
nanocrystalline for carbon contents between 6 and 10 at.%), through ii) amorphous for carbon
contents of 10 to 20 at.%, to iii) quasi-amorphous, with a gradually revealing nanocolumnar
structure, for carbon contents in the range 20-74 at.%.

The formation of the nanocolumnar structure is associated with the release of excess
carbon from metastable ternary carbides formed during the synthesis. Ultimately, this nano-
structure consists of metallic columns perpendicular to the surface of the samples surrounded
by shells of amorphous carbon.

The coatings were evaluated for their potential use as catalytic materials in the hydrogen
evolution reaction (HER) in acidic environments. It has been shown that coatings with a
carbon content of 23 at.% or higher exhibited a high corrosion resistance in acidic medium.

The best catalytic properties from the application point of view were observed for coatings
with the lowest amount of carbon (6.7%), for which the Tafel slope was 0.07 V/dec, as
compared to 0.05 V/dec obtained under the same conditions for platinum. Tafel slopes for
samples with higher carbon content exhibited higher values: from 0.15 to 0.20 V/dec, and
the mechanism limiting the reaction was considered to be the slow hydrogen desorption.

However, even for the highest carbon content, the Tafel slope does not differ substantially
from that measured for samples with a lower carbon content. This advantageous property is
likely attributable to the distinctive nanopillar structure, which comprises catalytic centres
in the form of metallic islands on the surface.

A similar conclusion can be drawn if the overpotentials 7yt and 79 are taken into
account. Optimal coatings are characterized by the lowest carbon amount, while coatings
with higher carbon content show similar properties despite large differences in the carbon

content. The impact of carbon is evident in the stability tests of the examined coatings. It
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was determined that the least significant changes observed after CV tests occurred in the

samples with intermediate carbon content.

A correlation between the contact angle hysteresis CAH and the overpotential 7,9 was

found. Although the correlation is not strong at the current density values applied, it is

possible that at higher values it could become an important factor. In order to determine a

functional relationship between these quantities that is of practical importance, it is necessary

to acquire a larger set of measurement data.
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