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OSWIADCZENIE

Autor rozprawy doktorskiej: mgr inz. Dorota Rogala-Wielgus

Ja, nizej podpisany(a), oSwiadczam, iz jestem $wiadomy(a), ze zgodnie z przepisem art. 27 ust. 1 i 2 ustawy
z dnia 4 lutego 1994 r. o prawie autorskim i prawach pokrewnych (t.j. Dz.U. z 2021 poz. 1062), uczelnia moze
korzystac¢ z mojej rozprawy doktorskiej zatytutowane;j:

,,Powloki na osnowie pierwiastkowego wegla przeznaczone na implanty tytanowe”

do prowadzenia badaf naukowych lub w celach dydaktycznych.?

Swiadomy(a) odpowiedzialnosci karnej z tytutu naruszenia przepisoéw ustawy z dnia 4 lutego 1994 r. 0 prawie
autorskim i prawach pokrewnych i konsekwencji dyscyplinarnych okreSlonych w ustawie Prawo o
szkolnictwie wyzszym i nauce (Dz.U.2021.478 t.j.), a takze odpowiedzialno$ci cywilno-prawnej o$wiadczam,
ze przedktadana rozprawa doktorska zostata napisana przeze mnie samodzielnie.

Oswiadczam, ze tre$¢ rozprawy opracowana zostala na podstawie wynikéw badan prowadzonych pod
kierunkiem i w $cistej wspolpracy z promotorem prof. dr hab. inz. Andrzejem Zielinskim oraz promotorem
pomocniczym dr inz. Beata Majkowska-Marzec.

Niniejsza rozprawa doktorska nie byla wcze$niej podstawa zadnej innej urzedowej procedury zwigzanej z
nadaniem stopnia doktora.

Wszystkie  informacje  umieszczone w  ww. rozprawie uzyskane ze zZrddel pisanych
i elektronicznych, zostaly udokumentowane w wykazie literatury odpowiednimi odno$nikami, zgodnie z
przepisem art. 34 ustawy o prawie autorskim i prawach pokrewnych.

Potwierdzam zgodno$¢ niniejszej wersji pracy doktorskiej z zatagczong wersjg elektronicznag.

GAansk, ANia .. —————————————
podpis doktoranta

Ja, nizej podpisany(a), wyrazam zgode/nie wyrazam zgody* na umieszczenie ww. rozprawy doktorskiej w
wersji elektronicznej w otwartym, cyfrowym repozytorium instytucjonalnym Politechniki Gdanskie;j.

GAansk, dNia ..o e
podpis doktoranta

*niepotrzebne usungé

L Art. 27. 1. Instytucje o$wiatowe oraz podmioty, o ktérych mowa w art. 7 ust. 1 pkt 1, 2 i 4-8 ustawy z dnia 20 lipca 2018 r. — Prawo o szkolnictwie
Wyzszym i nauce, moga na potrzeby zilustrowania tresci przekazywanych w celach dydaktycznych lub w celu prowadzenia dziatalnos$ci naukowe;j
korzysta¢ z rozpowszechnionych utworéw w oryginale i w thumaczeniu oraz zwielokrotnia¢ w tym celu rozpowszechnione drobne utwory lub
fragmenty wigkszych utworow.

2. W przypadku publicznego udostepniania utworow w taki sposob, aby kazdy mogt mie¢ do nich dostep w miejscu i czasie przez siebie wybranym
korzystanie, o ktérym mowa w ust. 1, jest dozwolone wylacznie dla ograniczonego krggu osob uczacych sig, nauczajacych lub prowadzacych
badania naukowe, zidentyfikowanych przez podmioty wymienione w ust. 1.
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Autor rozprawy doktorskiej: mgr inz. Dorota Rogala-Wielgus

Tytul rozprawy doktorskiej w jezyku polskim: Powloki na osnowie pierwiastkowego wegla
przeznaczone na implanty tytanowe

Tytul rozprawy w jezyku angielskim: Coatings based on elemental carbon for titanium
implants

Jezyk rozprawy doktorskiej: polski

Promotor rozprawy doktorskiej: prof. dr hab. inz. Andrzej Zielinski

Promotor pomocniczy rozprawy doktorskiej: dr inz. Beata Majkowska-Marzec
Data obrony: -

Stowa kluczowe rozprawy doktorskiej w jezyku polskim: wielo$cienne nanorurki weglowe,
powloka, nanosrebro, nanomiedz, tlenek tytanu, tytan II, Til3Nbl3Zr, osadzanie
elektroforetyczne, whasciwosci mechaniczne, biomateriat

Stowa kluczowe rozprawy doktorskiej w jezyku angielskim: multi-wall carbon nanotubes,
coating, nanosilver, nanocopper, titanium dioxide, titanium Grade II, Til3Nb13Zr,
electrophoretic deposition, mechanical properties, biomaterial

Streszczenie rozprawy w jezyku polskim: Glownymi problemami wystepujacymi podczas
zabiegu endoprotezoplastyki sa infekcje bakteryjne, a w trakcie uzytkowania endoprotezy,
mozliwo$¢ obluzowania implantu, wynikajaca z przecigzenia lub niedocigzenia materiatu
zastepujacego ludzki staw biodrowy, co moze prowadzi¢ do koniecznos$ci przeprowadzenia
ponownej alloplastyki. Bakteriami, ktore najczesciej kolonizuja materiat, sa Staphylococcus
aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa oraz Escherichia coli, stad
pozadanym byloby stosowanie materialow antybakteryjnych na pokrycia powierzchni
endoprotez, co zminimalizowatoby prawdopodobienstwo powstania stanu zapalnego, bedacego
skutkiem zakazenia. Co wigcej, material przeznaczony na endoproteze¢ powinien
charakteryzowaé si¢ wilasciwo$ciami mechanicznymi oraz plastycznymi jak najbardziej
zblizonymi do wiasciwos$ci naturalnej kosci, dzigki czemu sztuczny staw dzielitby przenoszone
obcigzenia razem z otaczajacymi go zywymi tkankami, zapobiegajac ich osteopenii. Materiaty
metaliczne, najbardziej trwale, charakteryzuja si¢ jednak wyzszymi wlasciwosciami
mechanicznymi, dlatego konieczne jest pokrycie podtoza powtoka, ktora spetniataby powyzsze
wymagania, bylaby nietoksyczna w $rodowisku ptyndw ustrojowych, wspierata proliferacje
komorek osteoblastow, jak i charakteryzowata si¢ wysoka adhezja do podtoza.

Niniejsza rozprawa miata na celu modyfikacj¢ podtoza z tytanu II oraz stopu Til3Nb13Zr
poprzez osadzenie elektroforetyczne (EPD) powtok na bazie wieloSciennych nanorurek
weglowych (MWCNTSs) z dodatkami wielko$ci nanometrycznej, przeznaczonych na pokrycia
trzpieni endoprotez stawu biodrowego. Przygotowano trzy rodzaje powlok MWCNTs: z
dodatkiem nanomiedzi (MWCNTSs/Cu), nanosrebra (MWCNTSs/Ag) oraz tlenku tytanu
(MWCNTS/TIO2), osadzone w procesie dwuetapowym, sktadajagcym si¢ z I. EPD powloki
MWCNTs oraz II. EPD powtoki z dodatku. Zar6wno MWCNTs, jak i zastosowane dodatki,
charakteryzuja si¢ dziataniem antybakteryjnym na bakterie najcz¢sciej bedace sprawca zakazen
w obregbie endoprotez. Wytworzenie kompozytowej powloki, sktadajacej si¢ z elastycznej
matrycy w postaci nanorurek weglowych, o unikalnych wtasciwosciach oraz wzmocnienia z
twardych czgstek tlenku tytanu, miato nie tylko zapewnia¢ wlasciwosci antybakteryjne, ale
réwniez modyfikowa¢ wiasciwosci podtoza, w kierunku zblizenia do wlasciwosci ludzkiej
kosci korowe;.
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Aby oceni¢ wlasciwosci otrzymanych powlok na bazie MWCNTs dla kazdej wykonano SEM,
EDS, AFM, spektroskopi¢ Raman’a (na podtozu Ti13Nb13Zr), badanie nanoindentacji, test
nanozarysowania (z ang. nano-scratch test), badanie zwilzalno$ci (na podtozu Ti13Nb13Zr)
oraz przeprowadzono testy korozyjne (na podlozu Til3Nbl13Zr). W przypadku powloki
MWCNTS/TIO, osadzonej na podiozu ze stopu Til3Nb13Zr dodatkowo dokonano oceny
cytotoksycznosci w tescie MTT dla komodrek ludzkich fibroblastéw (HDF) oraz mysich
prekursor6w osteoblastow (MC3T3), ktdre potwierdzono w tescie dehydrogenazy mleczanowe;j
(LDH).

Przeprowadzone badania wskazujg na znaczacy wplyw zastosowanych dodatkow na
morfologie, topografie, wlasciwosci mechaniczne, plastyczne i sprezyste, odpornos¢ korozyjna
oraz sit¢ adhezji powtok na bazie MWCNTs do podioza tytanowego. Porownujac whasciwosci
mechaniczne oraz plastyczne powlok osadzonych na podiozu z tytanu II oraz stopu
Til3Nb13Zr, mozna zaobserwowac znaczne roznice. Biorac pod uwage grubo$¢ powlok na
bazie MWCNTSs mozna wnioskowac o nieznacznym wptywie podtoza, wynikajacym ze stopnia
utleniania podloza oraz czasu osadzania EPD. Zarowno dodatki tlenkowe, jak i metaliczne
zwickszaty wlasciwosci plastyczne oraz sprezyste powloki MWCNTs, poprawialy jej
odporno$¢ korozyjng (na podltozu Til3Nbl3Zr) oraz zwigkszaly adhezj¢ do podloza
Til3Nb13Zr. Ponadto, kazda z powtok modyfikujacych podtoze ze stopu Til3Nbl3Zr
charakteryzowata si¢ zwilzalno$cia pozadang do zastosowania na biomaterialy. Najbardziej
obiecujgce wyniki uzyskano dla powloki MWCNTs z dodatkiem tlenku tytanu, dla ktorej
osiggnigto wlasciwosci mechaniczne zblizone do wiasciwosci ludzkiej kosci, wiasciwosci
plastyczne oraz spr¢zyste, interesujace do zastosowan na pokrycia trzpieni endoprotez oraz
najwyzsza ze wszystkich powlok adhezje do poditoza Til3Nbl13Zr. Co wigcej, badania
biologiczne wskazujg na korzystne wlasnosci fizykochemiczne powtoki MWCNTS/TiO, ktore
pozwalajaca na adhezj¢ komorek, jednak z powloki moga uwalnia¢ si¢ toksyczne substancje,
hamujace ich proliferacj¢. Zastosowanie tlenku tytanu w powtokach MWCNTs przeznaczonych
do zastosowania na biomateriaty wymaga wigc dalszych badan.

Streszczenie rozprawy w jezyku angielskim: The main issues of the arthroplasty procedure
are bacterial infections and loosening of the implant (inserted in the bone), which is a result of
the over- or underloading of the hip endoprosthesis, which may require reimplantation. Bacteria
colonizing the surrounding of the endoprosthesis material are Staphylococcus aureus,
Staphylococcus epidermidis, Pseudomonas aeruginosa, and Escherichia coli, thus the use of
antibacterial materials could minimize the inflammation caused by bacterial infection.
Furthermore, the material intended for endoprosthesis should have mechanical and plastic
properties the same or comparable to natural bone, leading to the shear of the applied load with
surrounding tissues and preventing osteopenia. However, metallic materials are the most
durable but are also characterized by higher mechanical properties than natural bone, therefore
it is necessary to modify its surface, for instance by coating, which is required to be non-toxic
in body fluids, promoting cell proliferation and well-adhered to the substrate material.

The study was aimed at modification of the titanium grade Il and Til3Nb13Zr alloy by
electrophoretic deposition method (EPD) of multi-wall carbon nanotubes (MWCNTS) - based
coatings with nanostructure additions, intended for hip endoprosthesis stem cover. Three types
of MWCNTSs coatings were prepared: with the addition of nanocopper (MWCNTSs/Cu),
nanosilver (MWCNTSs/Ag), and titanium dioxide (MWCNTS/TiO2), deposited in two-stage
process |. EPD of MWCNTSs coating and 1. EPD of a coating composed of additions. Both, the
MWCNTSs and selected additions have antibacterial properties against bacteria responsible for
infections within hip endoprosthesis. The synthesis of a composite coating, consisting of a
carbon nanotube elastic matrix, with unique properties and reinforcement made of hard titanium
dioxide, was aimed at providing antibacterial properties and substrate modification to achieve
similar properties to natural human cortical bone.

To evaluate the properties of prepared MWCNTSs- based coatings each of them was subjected
to SEM, EDS, AFM, Raman spectroscopy (on Ti13Nb13Zr), nanoindentation, nano-scratch test,
wettability studies (on Til3Nb13Zr) and potentiodynamic corrosion tests (on Ti13Nb13Zr).
Additionally, the cytotoxicity of the MWCNTS/TiO; coating, deposited on Til3Nb13Zr alloy
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substrate was determined using the MTT test on human dermal fibroblasts (HDF) and mouse
osteoblast precursors (MC3T3), confirmed with lactate dehydrogenase (LDH) test.

The study revealed a significant impact of applied additions on the MWCNTSs coatings
morphology, topography, mechanical properties, plastic and elastic properties, corrosion
resistance, and adhesion to a titanium substrate strength. Comparing mechanical and plastic
properties of coatings deposited on titanium Grade Il and Ti1l3Nb13Zr alloy, the differences
might be observed; taking coatings thickness into account, the minimal substrate impact on
coatings properties might be observed, resulting from the degree of oxidation and deposition
time during EPD. Both metallic and oxide additions improve plastic and elastic properties, and
corrosion resistance (on Til3Nb13Zr) and increase the adhesion strength of the MWCNTSs-
based coatings to the Til3Nb13Zr substrate. Furthermore, each coating modifying the
Ti13Nb13Zr alloy substrate was characterized by wettability desired in biomedical applications.
The most promising results were obtained for the MWCNTS coating with titanium dioxide
addition, with mechanical properties near to those of natural bone, plastic, and elastic properties
appropriate for application on hip endoprosthesis stem coating, and the highest adhesion
strength to the Til3Nb13Zr substrate among examined coatings. Nevertheless, the results of
biological studies proved the physicochemical properties of the MWCNTSs/TiO, coating
improve cell adhesion, a coating might release toxic substances, thus inhibiting proliferation;
MWCNTSs coatings with the addition of titanium dioxide require further studies to apply in
biomaterials.
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WYKAZ SKROTOW I OZNACZEN

CNTs

E

EPD

Er

HDF

Lc

LDH

MC3T3

MWCNTs

MWCNTSs/Ag

MWCNTs/Cu

MWCNTS/TiO2

test MTT

- nanorurki weglowe

- modut Young’a, modut sprezystosci wzdtuznej (GPa)
(ang. Young’s modulus or elastic modulus)

- metoda osadzania elektroforetycznego (ang. electrophoretic
deposition method)

- zredukowany modut Young’a (GPa) (ang. reduced Young’s
modulus)

- nanotwardos¢ (GPa) (ang. nanohardness)
- komorki fibroblastow ludzkich (ang. human dermal cells)

- krytyczna sita, po przekroczeniu ktorej nastepuje
delaminacja powtoki

- dehydrogenaza mleczanowa (ang. lactate dehydrogenase).

- mysie prekursory osteoblastow (ang. mouse osteoblasts
precursors)

- wielo$cienne nanorurki weglowe (ang. multi-wall carbon
nanotubes)

- powtoka z wielo$ciennych nanorurek weglowych z
dodatkiem nanosrebra

- powtoka z wielo$ciennych nanorurek weglowych z
dodatkiem nanomiedzi

- powloka z wielo$ciennych nanorurek weglowych z
dodatkiem tlenku tytanu

- test do analizy aktywno$ci metabolicznej komorki (ang.
MTT assay)
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STRESZCZENIE I SLOWA KLUCZOWE

Streszczenie

Glownymi problemami wystepujacymi podczas zabiegu endoprotezoplastyki sg
infekcje bakteryjne, a w trakcie uzytkowania endoprotezy, mozliwos¢ obluzowania
implantu, wynikajaca z przecigzenia lub niedocigzenia materialu zastepujacego ludzki
staw biodrowy, co moze prowadzi¢ do konieczno$ci przeprowadzenia ponownej
alloplastyki. Bakteriami, ktore najczesciej kolonizuja materiat, sa Staphylococcus
aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa oraz Escherichia coli,
stad pozadanym bytoby stosowanie materiatow antybakteryjnych na pokrycia
powierzchni endoprotez, co zminimalizowatoby prawdopodobienstwo powstania stanu
zapalnego, bedacego skutkiem zakazenia. Co wigcej, material przeznaczony na
endoproteze powinien charakteryzowa¢ si¢ wilasciwosciami mechanicznymi oraz
plastycznymi jak najbardziej zblizonymi do wtasciwosci naturalnej kosci, dzigki czemu
sztuczny staw dzielitby przenoszone obcigzenia razem z otaczajacymi go zywymi
tkankami, zapobiegajac ich osteopenii. Materialy metaliczne, najbardziej trwate,
charakteryzuja si¢ jednak wyzszymi wlasciwosciami mechanicznymi, dlatego
konieczne jest pokrycie podtoza powtoka, ktora spelniataby powyzsze wymagania,
bytaby nietoksyczna w $rodowisku pltynow ustrojowych, wspierata proliferacje
komorek osteoblastow, jak i charakteryzowala si¢ wysoka adhezja do podtoza.

Niniejsza rozprawa miata na celu modyfikacj¢ podloza z tytanu II oraz stopu
Ti13Nb13Zr poprzez osadzenie elektroforetyczne (EPD) powlok na bazie
wielo$ciennych nanorurek weglowych (MWCNTs) z dodatkami  wielkosci
nanometrycznej, przeznaczonych na pokrycia trzpieni endoprotez stawu biodrowego.
Przygotowano trzy rodzaje powlok MWCNTs: z dodatkiem nanomiedzi
(MWCNTSs/Cu), nanosrebra (MWCNTs/Ag) oraz tlenku tytanu (MWCNTS/TIO2),
osadzone w procesie dwuetapowym, sktadajacym si¢ z I. EPD powtoki MWCNTs oraz
II. EPD powtoki z dodatku. Zarowno MWCNTs, jak 1 zastosowane dodatki,
charakteryzuja si¢ dziataniem antybakteryjnym na bakterie najczesciej bedace sprawca
zakazen w obrebie endoprotez. Wytworzenie kompozytowej powtoki, sktadajacej si¢ z
elastycznej matrycy w postaci nanorurek weglowych, o unikalnych wiasciwosciach
oraz wzmocnienia z twardych czastek tlenku tytanu, mialo nie tylko zapewnia¢
wlasciwosci antybakteryjne, ale rowniez modyfikowa¢ wlasciwosci podloza, w
kierunku zblizenia do wlasciwosci ludzkiej kosci korowe;j.

Aby oceni¢ wihasciwosci otrzymanych powtok na bazie MWCNTs dla kazdej
wykonano SEM, EDS, AFM, spektroskopi¢ Raman’a (na podlozu Til3Nbl13Zr),
badanie nanoindentacji, test nanozarysowania (z ang. nano-scratch test), badanie
zwilzalno$ci (na podtozu Til3Nbl13Zr) oraz przeprowadzono testy korozyjne (na
podtozu Til13Nb13Zr). W przypadku powtoki MWCNTs/TiO2 osadzonej na podiozu
ze stopu Ti13Nb13Zr dodatkowo dokonano oceny cytotoksycznosci w tescie MTT dla
komorek ludzkich fibroblastow (HDF) oraz mysich prekursoréw osteoblastow
(MC3T3), ktore potwierdzono w tescie dehydrogenazy mleczanowej (LDH).
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Przeprowadzone badania wskazuja na znaczacy wptyw zastosowanych dodatkéw na
morfologie, topografie, wtasciwosci mechaniczne, plastyczne i sprezyste, odpornosé
korozyjng oraz sile adhezji powlok na bazie MWCNTs do podloza tytanowego.
Poréwnujac wiasciwosci mechaniczne oraz plastyczne powtok osadzonych na podiozu
z tytanu II oraz stopu Ti13Nb13Zr, mozna zaobserwowac znaczne rdznice. Biorac pod
uwage grubo$¢ powltok na bazie MWCNTs mozna wnioskowa¢ 0 nieznacznym
wplywie podtoza, wynikajgcym ze stopnia utleniania podtoza oraz czasu osadzania
EPD. Zaréwno dodatki tlenkowe, jak 1 metaliczne zwigkszaty wlasciwosci plastyczne
oraz sprezyste powloki MWCNTs, poprawialy jej odpornos¢ korozyjng (na podtozu
Ti13Nb13Zr) oraz zwigkszaly adhezje do podloza Til3Nbl3Zr. Ponadto, kazda z
powlok modyfikujacych podtoze ze stopu Til3Nbl13Zr charakteryzowala si¢
zwilzalno$cig pozadang do zastosowania na biomaterialy. Najbardziej obiecujace
wyniki uzyskano dla powloki MWCNTs z dodatkiem tlenku tytanu, dla ktorej
osiggnigto wlasciwosci mechaniczne zblizone do wlasciwosci ludzkiej kosci,
wlasciwosci plastyczne oraz sprezyste, interesujace do zastosowan na pokrycia trzpieni
endoprotez oraz najwyzsza ze wszystkich powtok adhezje do podtoza Ti13Nb13Zr. Co
wiecej, badania biologiczne wskazuja na korzystne wiasnosci fizykochemiczne
powtoki MWCNTSs/TiO,, ktore pozwalajaca na adhezj¢ komorek, jednak z powtoki
moga uwalnia¢ si¢ toksyczne substancje, hamujace ich proliferacje. Zastosowanie
tlenku tytanu w powlokach MWCNTSs przeznaczonych do zastosowania na
biomateriatly wymaga wiec dalszych badan.

Stowa kluczowe: wieloscienne nanorurki weglowe, powtoka, nanosrebro, nanomiedz,
tlenek tytanu, tytan Il, Til3Nb13Zr, osadzanie elektroforetyczne, wtasciwosci
mechaniczne, biomateriat
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Abstract

The main issues of the arthroplasty procedure are bacterial infections and loosening of
the implant (inserted in the bone), which is a result of the over- or underloading of the
hip endoprosthesis, which may require reimplantation. Bacteria colonizing the
surrounding of the endoprosthesis material are Staphylococcus aureus, Staphylococcus
epidermidis, Pseudomonas aeruginosa, and Escherichia coli, thus the use of
antibacterial materials could minimize the inflammation caused by bacterial infection.
Furthermore, the material intended for endoprosthesis should have mechanical and
plastic properties the same or comparable to natural bone, leading to the shear of the
applied load with surrounding tissues and preventing osteopenia. However, metallic
materials are the most durable but are also characterized by higher mechanical
properties than natural bone, therefore it is necessary to modify its surface, for instance
by coating, which is required to be non-toxic in body fluids, promoting cell
proliferation and well-adhered to the substrate material.

The study was aimed at modification of the titanium grade 11 and Ti1l3Nb13Zr alloy by
electrophoretic deposition method (EPD) of multi-wall carbon nanotubes (MWCNTS)
- based coatings with nanostructure additions, intended for hip endoprosthesis stem
cover. Three types of MWCNTSs coatings were prepared: with the addition of
nanocopper (MWCNTSs/Cu), nanosilver (MWCNTSs/Ag), and titanium dioxide
(MWCNTS/TIO2), deposited in two-stage process I. EPD of MWCNTSs coating and
I1. EPD of a coating composed of additions. Both, the MWCNTSs and selected additions
have antibacterial properties against bacteria responsible for infections within hip
endoprosthesis. The synthesis of a composite coating, consisting of a carbon nanotube
elastic matrix, with unique properties and reinforcement made of hard titanium dioxide,
was aimed at providing antibacterial properties and substrate modification to achieve
similar properties to natural human cortical bone.

To evaluate the properties of prepared MWCNTSs- based coatings each of them was
subjected to SEM, EDS, AFM, Raman spectroscopy (on Til3Nb13Zr),
nanoindentation, nano-scratch test, wettability studies (on Til3Nb13Zr) and
potentiodynamic corrosion tests (on Til3Nb13Zr). Additionally, the cytotoxicity of the
MWCNTSs/TiO2 coating, deposited on Til3Nb13Zr alloy substrate was determined
using the MTT test on human dermal fibroblasts (HDF) and mouse osteoblast
precursors (MC3T3), confirmed with lactate dehydrogenase (LDH) test.

The study revealed a significant impact of applied additions on the MWCNTSs coatings
morphology, topography, mechanical properties, plastic and elastic properties,
corrosion resistance, and adhesion to a titanium substrate strength. Comparing
mechanical and plastic properties of coatings deposited on titanium Grade Il and
Ti13Nb13Zr alloy, the differences might be observed; taking coatings thickness into
account, the minimal substrate impact on coatings properties might be observed,
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resulting from the degree of oxidation and deposition time during EPD. Both metallic
and oxide additions improve plastic and elastic properties, and corrosion resistance (on
Ti13Nb13Zr) and increase the adhesion strength of the MWCNTSs-based coatings to
the Ti1l3Nb13Zr substrate. Furthermore, each coating modifying the Ti1l3Nb13Zr alloy
substrate was characterized by wettability desired in biomedical applications. The most
promising results were obtained for the MWCNTSs coating with titanium dioxide
addition, with mechanical properties near to those of natural bone, plastic, and elastic
properties appropriate for application on hip endoprosthesis stem coating, and the
highest adhesion strength to the Til3Nb13Zr substrate among examined coatings.
Nevertheless, the results of biological studies proved the physicochemical properties
of the MWCNTS/TiO2 coating improve cell adhesion, a coating might release toxic
substances, thus inhibiting proliferation, MWCNTSs coatings with the addition of
titanium dioxide require further studies to apply in biomaterials.

Keywords: multi-wall carbon nanotubes, coating, nanosilver, nanocopper, titanium
dioxide, titanium Grade Il, Til3Nb13Zr, electrophoretic deposition, mechanical
properties, biomaterial
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TEZA PRACY NAUKOWEJ I PROBLEMY BADAWCZE

Projekt doktorski przygotowano na podstawie postawionej tezy, iz powtoki
kompozytowe bazujace na wielosciennych nanorurkach weglowych, modyfikowane
dodatkami o0 wielkosci nanometrycznej oraz kontrolowanej mikrostrukturze,
wykazuja:

I.  wlasciwosci mechaniczne, zblizone do wlasciwosci kosci ludzkiej,
Il.  wlasciwosci plastyczne i sprezyste, optymalne do zastosowan na
pokrycia implantow;
I1l.  wlasciwosci biologiczne zadowalajace w  $rodowisku ptynow
ustrojowych.

Celem naukowym pracy bylo opracowanie parametrow wytwarzania
bioaktywnych, bakteriostatycznych i bakteriobdjczych powtok z wielosciennych

nanorurek weglowych z dodatkami o wielko$ci nanometrycznej przy uzyciu metody
osadzania elektroforetycznego oraz ocena ich wlasciwosci mechanicznych,
chemicznych oraz biologicznych.

Celem uzytkowym przeprowadzonego projektu doktorskiego bylo
wytworzenie powtok kompozytowych na bazie nanorurek weglowych z dodatkami o
dzialaniu antybakteryjnym, majacych na celu poprawe wytrzymatosci powierzchni
implantu w trakcie zabiegu endoprotezoplastyki oraz uzytkowania endoprotezy.

Gltéwnym problemem badawczym w projekcie doktorskim byl wplyw
dodatkow 0 wielko$ci nanometrycznej na wilasciwosci mechaniczne, odporno$é na
prognozowane zuzycie S$cierne oraz wlasciwosci biologiczne powlok na bazie
MWCNTs. Natomiast, uszczegdtawiajac problematyke badawczg wyznaczono
nastepujace problemy badawcze:

1. Jaki wptyw miaty zmienne procesu wytwarzania powtok na bazie MWCNTs, takie,
jak: napigcie EPD, czas EPD, odleglo$¢ migdzy elektrodami, sktad zawiesiny w
procesie EPD, na wlasciwosci otrzymanych powtok?

2. Jakie dodatki do powlok MWCNTs o0 wielko$ci nanometrycznej beda
charakteryzowa¢ si¢ odporno$cig na bakterie Staphylococcus aureus,
Staphylococcus epidermidis, Pseudomonas aeruginosa i Escherichia coli?

3. Czy dodatki do powlok MWCNTs, spetniajace funkcje antybakteryjna, moga tez
zoptymalizowaé wtasciwosci mechaniczne powtok przeznaczonych na implanty?

4. Czy dodatki 0 wielko$ci nanometrycznej zmieniaja topografie i morfologie powtok
na bazie MWCNTSs? I czy takie zjawisko wptynie korzystnie na zwilzalno$¢
powlok?

5. Czydodatki o wielkosci nanometrycznej maja wplyw na wlasciwosci mechaniczne,
plastyczne oraz sprezyste, powtok na bazie MWCNTSs?
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6. Czy dodatki do powtok MWCNTs o wielkos$ci nanometrycznej moga zwigkszy¢
adhezj¢ powlok do podtoza tytanowego, a tym samym poprawi¢ odpornos$¢ na
zuzycie $cierne, czy kontaktowe?

7. Czy podtoze wptywa na wlasciwosci mechaniczne otrzymanych powlok na bazie
MWCNTSs? I czy jest to zalezne od grubosci powtok?

8. Czypowloka MWCNTs, bgdz MWCNTs z dodatkami o wielkoSci nanometrycznej
moze by¢ dobrze tolerowana przez organizm cziowieka? Czy do takich powlok
beda przylega¢ komorki osteoblastéw 1 fibroblastow?
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1. WPROWADZENIE

Rosnaca powszechno$¢ urazow w obrebie stawdéw biodrowych, powstatych w
wyniku traumatycznych zdarzen, badz bedacych efektem wrodzonych wad
anatomicznych lub spowodowanych wzrostem populacji 0sob starszych na $wiecie,
doprowadzilo do rozwoju w inzynierii biomaterialow elementéw zastgpujacych
naturalny staw biodrowy, zwanych endoprotezami. Okoto 60% pacjentow poddajacych
si¢ alloplastyce stawu biodrowego w ciggu 5 do 10 lat wymaga ponownej operacji ze
wzgledu na obluzowanie implantu, ktore moze polega¢ na wysunieciu si¢ glowy
endoprotezy z panewki endoprotezy, badZz zmniejszeniu gestosci kosci (resorpcja) w
obrebie endoprotezy (wynikajaca z prawa Wolff’a?), co prowadzi do przeciazenia albo
niedocigzenia implantu, a tym samym niezdolnosci do spetniania swojej funkcji [1,2].

Endoproteza stawu biodrowego, pokazana na Rys. 1, sktada si¢ z kilku czg¢sci,
jakimi sg trzpien endoprotezy petnigcy funkcje¢ kosci biodrowej, gtowa endoprotezy,
odwzorowujaca glowe kosci udowej, wkiadka wraz z panewka endoprotezy,
zapewniajace ruchliwos$¢ w obrebie sztucznego stawu biodrowego. Na okre§lone czesci
endoprotezy dzialaja naprezenia statyczne oraz dynamiczne, zalezne od wielkosci
masy ciata, grawitacji, sity migsni pracujagcych w obrebie stawu oraz przyjetej przez
analizowang jednostke pozycji (siedzaca, stojaca na dwoch nogach, stojaca na jednej
nodze itp.) [3].

Panewka endoprotezy

Wktadka
Gtowa endoprotezy

Trzpien endoprotezy

Rys. 1 Schematyczny model endoprotezy stawu biodrowego z wyszczegolnionymi elementami
(model zaprojektowany w programie Autodesk Inventor Professional)

2 Every change in the function of bone or of their function alone is followed by certain definite changes in their internal
architecture, and equally definite alteration in their external confirmation in accordance with mathematical laws” (Wolff, 1892).
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Doboér materialéw przeznaczonych na implanty oraz endoprotezy nie moze by¢
przypadkowy. Parametrami, ktore nalezy wzig¢ pod uwagg, sa w szczegdlnosci modut
Young’a oraz wytrzymato$¢ na rozcigganie [4], cO jest podyktowane koniecznoscia
przeciwstawienia si¢ materialu naprgzeniom wystepujacym podczas procesu
implantacji, jak 1 uzytkowania. Wiekszo$¢ materiatow bazujacych na metalach, badz
ceramikach posiada wyzszy modut Young’a niz modut kosci korowej czy gabczaste;.
W inzynierii biomateriatow dazy si¢ do uzyskania modutu sprezystosci materiatu jak
najbardziej zblizonego do modutu naturalnej kosci, badz nizszego. Zastosowanie na
endoproteze materialu o zbyt wysokim module Young’a (wiele wyzszym niz modut
sprezystosci kosci) moze by¢ przyczyna miejscowego zmniejszenia gestosci kosci
(osteopenia) na skutek dziatajacych sit S$cinajacych [5,6]. Wedlug danych
literaturowych modut Young’a kosci korowej wynosi $rednio 18 GPa [7].

Jedne z najczesciej stosowanych materialow przeznaczonych na endoprotezy to
tytan i jego stopy. Sa to materiaty dobrze tolerowane przez organizm cztowieka,
biokompatybilne, a na ich powierzchni samorzutnie tworzy sie warstwa pasywna,
stanowigca naturalng ochrone przed korozjg [8]. Tytan Il charakteryzuje si¢ niskg
twardoscig (~6 GPa [9]) oraz niskim modutem Young’a (105 GPa [10]), jednak do
zastosowan biomedycznych wymaga odpowiedniej modyfikacji, aby osiggnaé
wlasciwosci zblizone do wlasciwosci naturalnej kosci, stad przez wiele lat w
medycynie na endoprotezy stosowano stop Ti-6Al-4V. Ze wzgledu na obecnosé¢
toksycznych pierwiastkow (V, Al) oraz duze prawdopodobienstwo uwalniania si¢ ich
W organizmie pacjentow, zaczeto szuka¢ nowych stopow. Badano m.in. Ti-6Al-7Nb,
Ti-5Al-2.5Fe oraz TiNi, réwniez nieodpowiednie pod katem cytotoksycznosci, az
zaczeto projektowaé materialy zawierajace cyrkon oraz niob, ktore dodatkowo
polepszaja odporno$¢ korozyjna tytanu, jak np. Ti—13Nb-13Zr, ktérego modut
Young’a miesci si¢ w granicach 79 + 84 GPa [10] oraz charakteryzuje si¢ twardos$cig ~
2,5 GPa (254 HV) [11]. Dodatek Nb poprawia wtasciwosci mechaniczne materiatu, co
w polaczeniu z Zr, zwigkszajacym wytrzymalo§¢ materiatu, tworzy stop tytanu
odpowiedni do zastosowan biomedycznych [12].

Oprocz modyfikacji wiasciwosci tytanu poprzez zastosowanie dodatkéw
stopowych [10] stosuje si¢ powloki wplywajace na wilasciwosci mechaniczne,
odporno$¢ na zuzycie $cierne oraz wlasciwosci biologiczne materiatu, m.in. polecane
sa powloki na bazie wegla pierwiastkowego, jakimi moga by¢ powloki z grafenu,
diamentu, badz z wielo$ciennych nanorurek weglowych (MWCNTs). Materiaty
weglowe charakteryzujg si¢ chemiczng obojetnoscia, wysoka biokompatybilnoscia, s
atrombogenne (nie powodujg powstania skrzepow) oraz dobrze tolerowane przez
ludzki organizm [13]. MWCNTs charakteryzuja si¢ unikalnymi wtasciwosciami, jak
wysoki wspotczynnik proporcjonalnos$ci (tzn. stosunek dlugosci do srednicy nanorurki,
z ang. aspect ratio), duza powierzchnia wilasciwa, wysoka wytrzymalo$¢ na
rozcigganie (do 30 GPa), wysoki modut Young’a (~1 TPa) oraz struktura stanowigca
doskonate rusztowanie dla innych nanoczgstek [14]. Stad, dodatek MWCNTSs do
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powlok jest wykorzystywany jako wzmocnienie lub material zapobiegajacy powstaniu
peknigé. Co wigcej, istnieja doniesienia o polepszeniu proliferacji komorek dla powtok
z dodatkiem MWCNTSs [15,16] oraz o ich dzialaniu antybakteryjnym [17]. Wigcej
szczegotowych informacji na temat witasciwosci powtok MWCNTs, metod ich
wytwarzania oraz mozliwe zastosowania zostaly opisane w publikacji przegladowe;j
Al. Powloki MWCNTSs sg stosowane z dodatkami w postaci ceramiki, metali, a takze
polimeréw.

W niniejszym projekcie doktorskim podtoze do badan stanowit tytan II oraz
stop Til3Nb13Zr. Na pokrycia zastosowano powloki na bazie MWCNTs oraz
MWCNTs z dodatkami, takimi jak tlenek tytanu, nanomiedz oraz nanosrebro.
Glownym zadaniem dodatkow bylo wzmocnienie wilasciwosci antybakteryjnych
powlok MWCNTs, szczegdlnie przeciwko bakteriom, takim jak Staphylococcus
aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa i Escherichia coli,
ktore sg gtdéwnymi sprawcami infekcji w obrebie implantow i endoprotez [18].

Dodatkowo tlenek tytanu, ktorego najbardziej reaktywna forma, anataz,
posiadajaca najlepsze wtasciwosci antybakteryjne [19], charakteryzuje si¢ wysokim
modutem Young’a [20] oraz niskim modutem $cinania [20], co korzystnie wptywa na
wlasciwo$ci mechaniczne powtok na bazie MWCNTs [20]. Co wigcej, dodatek TiO2
do powtok MWCNTs wytworzonych metoda EPD, powoduje zmniejszenie liczby i
dhugosci peknie¢ powtoki, a tym samym poprawia adhezje do podtoza [21].

Powtoki na bazie nanorurek weglowych przygotowywano do zastosowania na
pokrycia trzpieni endoprotezy stawu biodrowego, ktorego czg$¢ zostata pokazana na
Rys. 2 (0znaczona ciemnym kolorem).

Gtowa endoprotezy

/

Trzpien endoprotezy

/

Rys. 2 Schemat czeSci endoprotezy stawu biodrowego, przedstawiajacy potencjalne
zastosowanie powlok MWCNTSs na pokrycia trzpieni endoprotezy oznaczone kolorem
ciemnym (rysunek zostal wykonany z uzyciem programu Autodesk Inventor Professional)
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W ramach projektu doktorskiego, czego efektem jest przygotowana rozprawa,

wykonano:

1.

Przeglad literatury odno$nie do powlok z nanorurek weglowych oraz ich
wlasciwosci  (topografia, morfologia, adhezja do podtoza, wlasciwosci
mechaniczne, odpornos$¢ korozyjna, zwilzalno$¢, bioaktywnos¢, cytotoksycznos¢ i
wilasciwosci antybakteryjne) w zaleznosci od zastosowanej metody wytwarzania
oraz dodatkow, czego efektem jest przygotowana publikacja przegladowa Al.

Dobér odpowiednich parametrow osadzania elektroforetycznego (EPD) powtok z
wielosciennych nanorurek weglowych z dodatkami (napigcie EPD, czas EPD,
stezenie dodatkow - tlenek tytanu, nanomiedz, nanosrebro), czego efektem sa
przygotowane publikacje z prac badawczych A2, A3, A4.

Badania mechaniczne (ocena powierzchniowego modutu Young’a, nanotwardosci,
wspotczynnikow sprezystych oraz plastycznosci), badania morfologii, ocena
jakosciowa sktadu chemicznego, topografii powierzchni oraz grubosci
otrzymanych powlok, ktorych wyniki zostalty opublikowane w pracach
badawczych A2, A3, A4.

Badania kata zwilzania, test nanozarysowania (z ang. nanoscratch-test; ocena
adhezji powloki do podloza tytanowego), spektroskopia Raman’a oraz badania
odpornosci korozyjnej, przedstawione w pracach badawczych A4 i AS.

Badania biologiczne na komorkach fibroblastow HDF (ang. human dermal
fibroblasts) oraz mysich prekursorow osteoblastow MC3T3 (ang. mouse
osteoblasts precursors) przeprowadzone dla powtoki z wielosciennych nanorurek
weglowych  z  dodatkiem tlenku tytanu, ktoéra osiagneta najbardziej
satysfakcjonujace wyniki w badaniach podstawowych, analizujac zastosowanie
powloki w implantologii. Wyniki zostaty opisane w publikacji A5.
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2. METODYKA WYTWARZANIA POWLOK MWCNTSs

2.1 Przygotowanie podiloza

Odpowiednia modyfikacja podtoza ma kluczowe znaczenie m.in. wptywajac na
adhezje powtoki MWCNTs do podioza tytanowego. Stosuje si¢ wiele modyfikacji, w
tym zastosowanie réznych metod trawienia podloza: mechaniczne, chemiczne,
elektrochemiczne oraz utlenianie mikro-tukowe (micro-arc oxidation, MAO) [22],
modyfikacja wiazka lasera [22,23], poprzez zmiang ksztattu podtoza, badz parametrow
chropowatosci, a takze naniesienie warstwy przejsciowej [24]. Inne przyktady z
literatury pokazujace wplyw przygotowania podtoza na adhezj¢ powlok zostaly
pokazane w publikacji przegladowej A1 w rozdziale 4.2 ,,Adhesion between CNTs and
metallic substrate”.

W niniejszym projekcie do przygotowania podtoza pod kazdg z powlok
zastosowano opisang W [25,26] sekwencje, ktora miata na celu w pierwszej kolejnosci
oczysci¢ powierzchni¢ z samorzutnie powstajacej warstwy pasywnej na podiozu
tytanowym oraz nadanie odpowiedniej chropowato$ci, poprzez zastosowanie
szlifowania papierem $ciernym do gradacji #800, a nast¢pnie ptukanie w wodzie, aby
usuna¢ resztki pozostatego, zeszlifowanego materiatu.

W kolejnym etapie probki byly przetrzymywane w acetonie, aby odttusci¢
podtoze oraz usungé ewentualne zanieczyszczenia, a nastgpnie moczone W wodzie i
trawione chemicznie w 5% roztworze kwasu fluorowodorowego w celu usuniecia
pozostatych zanieczyszczen oraz zapewnienia optymalnej topografii podloza pod
powloke z MWCNTs. Przed procesem osadzania elektroforetycznego probki
przetrzymywano w wodzie, aby ograniczy¢ powstawanie warstwy pasywnej na
podtozu tytanowym. Tak przygotowane probki, przytwierdzone do miedzianego drutu,
mocowano W uchwycie, a nastgpnie przystepowano do osadzania powtok.

2.2 Parametry osadzania elektroforetycznego powtok MWCNTs

Metoda osadzania elektroforetycznego (EPD) stanowi jedng z metod
elektrochemicznych osadzania powlok MWCNTs z dodatkami, obok metod
termicznych oraz wykorzystujacych wiazke lasera, ktore opisano w publikacji
przegladowej A1 w rozdziale 3 ,,CNTSs- containing coating types and their deposition
methods”, gdzie pokazano wptyw metody wytwarzania na wtasciwos$ci oraz strukture
otrzymanych powtok MWCNTs.

Ze wzgledu na mozliwos¢ kontrolowania parametrow powloki poprzez
dostosowanie zmiennych procesu wytwarzania, takich jak napigcie, czas osadzania
oraz sktad zawiesiny, a takze mozliwo$¢ pokrywania powierzchni o roznych ksztattach,
do przygotowania powtok na bazie MWCNTs wykorzystano metod¢ EPD.
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Parametry osadzania powlok z MWCNTSs dobrano na podstawie analizy
literatury oraz prob laboratoryjnych. Ustalenie odpowiedniego czasu osadzania miato
wplyw przede wszystkim na grubo$¢ otrzymanych powlok z MWCNTS, ich
jednorodnos¢ oraz przyczepnos¢ do podloza tytanowego. Przeanalizowano dwa czasy
osadzania 0,5 min oraz 1 min. Lepszg jako$¢ powtok osadzonych na podtozu stopu
Ti13Nb13Zr osiggano przy krotszym czasie EPD. Dhuzszy czas osadzania powodowat
powstanie powtok o wyzszej grubosci, a tym samym gorszej przyczepnosci do podtoza.
Odwrotnie -przy zastosowaniu podtoza z tytanu Il. Czas osadzania powtok MWCNTSs
z dodatkami dobrano sugerujac si¢ parametrami zastosowanymi w publikacji [27],
podobnie jak w przypadku napigcia EPD [21]. Zbyt niskie lub zbyt wysokie napigcie
osadzania skutkowato brakiem powtoki na podtozu. Co wigcej, odpowiednia odleglosé
pomigdzy elektrodami, rownolegle ustawienie elektrod do siebie oraz prawidlowe
wyjecie probek z uchwytu rowniez decydowaty o jakosci otrzymanych powtok.

Sktad zawiesiny EPD dostosowano poprzez dobor odpowiedniego stezenia
MWCNTSs oraz dodatkow. Wczesniejsze wyniki, przedstawione w publikacji [26],
pokazaty modut Young’a zblizony do modutu kosci korowej dla powtoki MWCNTSs o
stezeniu 0,27% mas. w kapieli EPD, stad wytwarzajac powtoki MWCNTs zastosowano
podobne stezenie. Osadzanie MWCNTs metoda EPD bylo mozliwe dzigki ich
modyfikacji grupami —COOH.

Powtoki z dodatkami osadzano w dwoch etapach. W pierwszej kolejnosci na
odpowiednio przygotowane podloze naktadano powloke MWCNTSs, nastepnie
osadzano powtoke z dodatkiem. Nie taczono sktadnikow powtoki w jednej zawiesinie
ze wzgledow technologicznych - powtoki z dodatkiem tlenku tytanu nie dato si¢ w ten
sposob osadzi¢. Zawarto§¢ procentowa dodatkow dobrano na podstawie przegladu
literaturowego, oceniajac wptyw danego stezenia na wiasciwosci antybakteryjne
powtoki.

Stezenie tlenku tytanu Wyznaczono na podstawie analizy literatury [28]. W celu
uzyskania niskiej cytotoksycznosci powtoki, przy zachowaniu optymalnych
wlasciwosci antybakteryjnych i wtasciwosci mechanicznych, zawarto$¢ tlenku tytanu
w zawiesinie zostala 3-krotnie obnizona. Wyniki badan nad powlokami
MWOCNTS/TiO. zostaly opisane w publikacjach badawczych A2, A3 i A5 oraz sa
szerzej omoOwione w nastepnym rozdziale. St¢zenie procentowe nanomiedzi w
powlokach dobrano rowniez na podstawie przegladu literatury. Ze wzgledu na
potencjalng toksyczno$¢ miedzi [29,30] oraz mozliwo$¢ poroéwnania migdzy sobg
powtok na bazie MWCNTS, zastosowano st¢zenie wielokrotnie nizsze niz podane w
literaturze (1,5% [31], 1,92% [32] lub 2,5% [33]). Przeglad literatury dotyczacy
wlasciwosci antybakteryjnych powtok z dodatkiem miedzi oraz wyniki badan dla
powtoki MWCNTs/Cu osadzonej na podtozu Til3Nb13Zr zostaly przedstawione w
publikacji A2. Podobnie, st¢zenie nanosrebra w powtokach ustalono na podstawie
analizy danych literaturowych pod wzgledem osiagnigcia optymalnych wlasciwosci
antybakteryjnych [34,35], a wyniki dla powlok MWCNTs/Ag opisano w publikacji A4.
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Efektywnos¢ dziatania antybakteryjnego powtoki MWCNTSs/Ag przeciwko bakteriom
gram-ujemnym i gram-dodatnim, zostata omoéwiona w podrozdziale 4.7 ,,Antibacterial
efficiency” publikacji przegladowej Al.
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3. ANALIZA WELASCIWOSCI OTRZYMANYCH
POWLOK

Poszczegblne publikacje analizujg okreslone wihasciwosci powlok na bazie
MWCNTSs. Publikacja A2 i A3 stanowig porownanie wlasciwosci mechanicznych,
plastycznych oraz sprezystych, powtok z dodatkiem tlenku tytanu (MWCNTS/TiO3)
oraz nanomiedzi (MWCNTs/Cu) na podtozu stopu Til3Nb13Zr (A2) oraz tytanu Il
(A3).

W  publikacji A4 przedstawiono wyniki wtasciwosci mechanicznych,
korozyjnych oraz zwilzalnosci powlok MWCNTs =z dodatkiem nanosrebra
(MWCNTSs/AQ) na podtozu Til3Nb13Zr.

Natomiast publikacja AS stanowi uzupetnienie badan pokazanych w publikacji
A2 dla powloki MWCNTSs/TiO2, ktéra osiagnela najlepsze wyniki w testach
podstawowych. Artykul A5 opisuje struktur¢ chemiczng, przedstawia wyniki pomiaru
sity adhezji powtoki MWCNTs/TiO2 do podtoza Til3Nb13Zr, omawia odpornosé¢
korozyjna, zwilzalno$¢ oraz cytotoksyczno$¢ dla komorek ludzkich fibroblastow oraz
mysich prekursoréw osteoblastow.

Ponizej przedstawiono podsumowanie wynikéw publikacji badawczych
wchodzacych w sktad jednotematycznego cyklu publikacji.

3.1 Morfologia i topografia powierzchni

Parametry opisujace topografie powierzchni powlok z nanorurek weglowych
oraz ich morfologi¢ zostaty opisane szerzej w publikacji przegladowej A1. Omawiane
wlasciwosci sa bardzo wazne w inzynierii materiatowej, gdyz wptywaja nie tylko na
wlasciwosci  biologiczne, takie jak odporno$¢ antybakteryjna, bioaktywnosc,
cytotoksycznosé, ale rowniez na odpornos¢ korozyjna, a takze adhezje powtoki do
podtoza. Topografi¢ powierzchni mozna modyfikowa¢ poprzez zastosowanie roznych
materiatdw powlokowych oraz rozmaitych technologii wytwarzania (przyktady
wplywu metody wytwarzania na strukture 1 wlasciwosci powtok z MWCNTs zostaty
opisane w publikacji Al).

Wyniki przedstawione w publikacjach badawczych pokazuja wysoka
jednorodno$¢ osadzonych powlok MWCNTs. Nanorurki weglowe na podiozu
tytanowym wystepowaty W postaci nieuporzadkowanej, zarowno na powierzchni
tytanu 11, jak i stopu Til3Nb13Zr. Chropowatosci powtoki MWCNTSs osadzonej na
podtozu z czystego tytanu oraz stopu Til3Nb13Zr nie roznity si¢ znaczaco.

W przypadku powlok MWCNTs z dodatkami mozna byto zaobserwowac liczne
aglomeraty. Tlenek tytanu w powloce MWCNTs/TiO2 przyjmowal strukture
warstwowg, wynikajacg z zastosowanej metody osadzania. Natomiast w powtokach z
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dodatkiem nanomiedzi, badz nanosrebra, dodatki w postaci czastek gromadzity si¢ w
miejscach, gdzie najprawdopodobniej wystgpowaly defekty strukturalne, tzn. na
zgieciach nanorurek oraz na ich koncach. Co wigcej, powloka MWCNTs/Cu
charakteryzowata si¢ wystepowaniem peknig¢, zaréwno na podtozu Til3Nb13Zr, jak
i z tytanu Il. Badania chropowato$ci powtok pokazaty, ze powloka MWCNTSs/TiO2
charakteryzowata si¢ najwyzsza wartoscig chropowatosci, niezaleznie od
zastosowanego podtoza. Najnizszy wspotczynnik chropowatos$ci Ra wykazuje powtoka
z samych MWCNTs. Natomiast powloki z dodatkiem nanomiedzi i nanosrebra
posiadaja zblizong chropowatos¢, ktéra wynika z podobnego lokalizowania si¢ na
powloce MWCNTs obu dodatkow.

Poréwnujac grubosci otrzymanych powlok, najwyzsza charakteryzowata sie¢
powloka MWCNTSs/TiO2, co wynikalo z metody wytwarzania - najpierw osadzano
powtok¢ MWCNTs, nastepnie TiOz, a takze - lokalizacji gromadzenia si¢ aglomeratow
oraz mikrometrycznego rozktadu ich wielkoSci.

3.2 Wtasciwosci mechaniczne

Gtownym celem projektu doktorskiego bylto przeprowadzenie podstawowych
badan mechanicznych, aby oceni¢ przydatnos¢ otrzymanych powtok do zastosowan na
pokrycia endoprotez i implantow stosowanych w biomedycynie. Publikacja
przegladowa Al pokazuje przeglad literatury na temat whasciwosci mechanicznych
powlok z MWCNTs z dodatkami. Publikacje badawcze A2, A3 oraz A4 omawiaja
wyniki badan powlok MWCNTs, MWCNTS/TiO2, MWCNTs/Cu oraz MWCNTS/Ag.
Co wigcej, sprawdzono roéwniez, czy wlasciwosci mechaniczne poszczegdlnych
powtlok beda si¢ r6znilty w zaleznos$ci od zastosowanego podtoza, dlatego publikacja
A2 przedstawia powtoki na stopie Til3Nb13Zr, a publikacja A3 - powtoki osadzone
na tytanie Il (z wyjatkiem powtoki MWCNTs/Ag).

Wyniki badan przedstawione w publikacji A2 oraz A4 pokazaly, ze
najwyzszym powierzchniowym modutem Young’a i jednocze$nie najbardziej
zblizonym do modutu kosci korowej charakteryzuje si¢ powloka z samych MWCNTS.
Dodatki, takie jak nanomiedz, tlenek tytanu i nanosrebro obnizajg powierzchniowy
modut Young’a powloki. Powloka MWCNTs/TiO2, MWCNTs/Cu i MWCNTS/Ag
charakteryzuje si¢ odpowiednio niespelna 2-, 1,5- oraz ponad 3,5-razy nizszym
modutem Young’a w stosunku do powtoki MWCNTs. Natomiast w przypadku powlok
osadzonych na podtozu z tytanu II (A3) modut sprezystosci w poréwnaniu do modutu
kos$ci korowej jest nizszy odpowiednio prawie 4,5-krotnie dla powlok MWCNTS i
MWCNTSs/Cu oraz niespetna 2-krotnie dla powtoki MWCNTSs/TiOx.

Rodzaj zastosowanego podloza dla powlok MWCNTs oraz MWCNTSs z
dodatkami generuje powstanie zaleznosci migdzy nanotwardoscia i powierzchniowym
modutem Young’a. Dla powlok MWCNTs osadzonych na podlozu ze stopu
Ti13Nb13Zr (A2) zastosowanie dodatkow powodowato wzrost nanotwardosci powtoki
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i spadek powierzchniowego modutu Young’a. Natomiast na podtozu z tytanu 11 (A3),
modyfikacja powloki MWCNTs dodatkami powodowata zaréwno wzrost
nanotwardosci, jak i powierzchniowego modutu Young’a. Powyzsze zalezno$ci moga
wynika¢ z réznicy w strukturze materiatdéw podtoza, €0 jest przyczyng ich odmiennych
wlasciwosci. Stop Til3Nb13Zr charakteryzuje si¢ modulem Young’a oraz
nanotwardoscig wynoszacymi odpowiednio 83.3 + 11.6 GPa oraz 3,8 = 1,05 GPa [26]
(~300 HV [36]), natomiast tytan Il odpowiednio 105 GPa oraz 350 HV [37]. Co wigce;j,
wytwarzanie powtok na podlozu z tytanu II bylo trudniejsze technologicznie, ze
wzgledu na wyzszy stopien utleniania podtoza podczas osadzania EPD w stosunku do
stopu Ti13Nb13Zr, co mogto mie¢ wptyw na uzyskane wyniki. Wyzsza nanotwardo$¢
powtoki MWCNTs/TiO2 osadzonej na tytanie 11 w stosunku do powtoki osadzonej na
stopie Til3Nb13Zr moze by¢ skutkiem powstania migdzywarstwy amorficznego
tlenku tytanu.

Powloka MWCNTSs/Cu charakteryzuje si¢ najwyzsza nanotwardo$cia na
podtozu ze stopu Til3Nb13Zr (A2). W poréwnaniu do powtoki MWCNTs, powtoki
MWCNTs/Cu i MWCNTSs/TiO2 wykazaty odpowiednio 2 i 1,5 razy wyzsza
nanotwardo$¢, natomiast powloka MWCNTs/Ag - 4 razy nizszg. Wyniki pomiaru
nanotwardosci na podlozu z tytanu II (A3) ujawniaja najwyzszg nanotwardos¢ dla
powtoki MWCNTS/TiO. Poréwnujac powtoki z dodatkami z powlokg MWCNTs,
dodatek tlenku tytanu i nanomiedzi spowodowat odpowiednio prawie 6- i 2,5-krotny
wzrost nanotwardosci. Powloki MWCNTs/Ag nie badano na podtozu z tytanu II.

Badanie metoda nanoindentacji shuzylo réwniez ocenie whasciwosci
plastycznych oraz sprezystych powtok MWCNTS oraz ich odpornosci na zuzycie
Scierne (opisane w publikacjach badawczych A2 i A3). Parametrami opisujacymi
powyzsze wlasciwo$ci sg praca plastyczna, praca sprezysta, wspotczynnik bedacy
illorazem nanotwardosci (H) 1 zredukowanego modutu Young’a (Er)
(nieuwzgledniajacego wspotczynnika Poisson’a materialdow: wglebnika, materialu
powtloki) oraz wspotczynnik H?/Er3, zwany yield pressure. Publikacja A2 szczegdtowo
omawia powyzsze parametry, jednak dla lepszego zrozumienia tematu sg one tu raz
jeszcze wyjasniane.

Praca plastyczna opisuje ilo$¢ energii magazynowanej w powtloce, ktora
wynika z odksztalcenia plastycznego powloki; materiat pozostaje odksztalcony po
zniknigciu naprezenia zewnetrznego. Natomiast praca sprezysta reprezentuje energie
uwolniong z materialu pod wptywem dziatajagcego naprezenia; materiat powraca do
swojego ksztaltu po ustgpieniu naprezenia zewnetrznego. Dodatek nanomiedzi oraz
tlenku tytanu do powlok MWCNTSs osadzonych na podtozu Til3Nbl13Zr (A2)
spowodowat polepszenie zarowno wilasciwosci plastycznych, jak i sprezystych.
Najwyzszymi  wlasciwosciami  plastycznymi  charakteryzowata si¢ powtoka
MWCNTS/TiO2, 1,5-razy wyzszymi niz dla powloki MWCNTs. Takie zjawisko
wynika z zastosowania dodatku w postaci tlenku tytanu, ktory stanowi wzmocnienie w
strukturze kompozytu. Natomiast wtasciwosci sprezyste powtoki MWCNTSs/TiO2 byty
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zblizone do wiasciwosci powtoki MWCNTSs/Cu i 2-krotnie wyzsze w stosunku do
powloki MWCNTs, co wskazuje na zwigkszenie wlasciwosci sprezystych powtoki
MWCNTSs poprzez zastosowanie tlenkowych, jak i1 metalicznych dodatkéw.
Zastosowanie dodatkow metalicznych i tlenkowych do powtok MWCNTs na podtozu
z tytanu Il (A3) doprowadzito do odmiennych obserwacji; wyzsza nanotwardo$é
powtoki MWCNTSs/TiO; oraz nizsza dla MWCNTSs/Cu spowodowata odwrotny efekt
dla wiasciwosci plastycznych i sprezystych omawianych powlok na podtozu z tytanu
w stosunku do podtoza ze stopu Til3Nb13Zr, co wynika z intensywnego utleniania
podtoza z czystego tytanu podczas procesu osadzania powlok. Warto rowniez
podkresli¢, ze powloka MWCNTSs/Cu osiggneta rowniez najwyzsze wiasciwosci
sprezyste sposrod omawianych powtok, 20 razy wyzsze niz powtoka MWCNTs.

Z wynikéw badan nanoindentacji wylicza si¢ roéwniez wspotczynnik H/ET,
bezposrednio zwigzany z adhezja powloki do podioza, dlatego wyniki dla
poszczegolnych powlok omoéwiono w kolejnym podrozdziale 3.3 ,,Adhezja powtoki
MWCNTs do podtoza tytanowego”.

Wspodtczynnik H3/Er? (omawiany w publikacjach A2 i A3) opisuje
wytrzymato$¢ powlok na odksztatcenie plastyczne w wyniku przytozonego nacisku.
Powloka MWCNTSs/TiO2 osadzona na podiozu Til3Nbl3Zr osiagneta najwyzsze
wlasciwos$ci plastyczne, co zostato tez potwierdzone wyliczonym wspdtczynnikiem
H3/Er?. Najwyzszy wspotczynnik yield pressure uzyskano dla powltoki MWCNTSs/Cu,
co wskazuje, ze jest to materiat o nizszych whasciwosciach plastycznych niz powtoka
MWCNTSs/TiO2. Podobnie w przypadku powtok osadzonych na podtozu z tytanu Il,
wyliczone wspotczynniki H3/Er? potwierdzily poprzednie wyniki opisujace
wlasciwosci plastyczne omawianych powtok.

3.3 Adhezja powtoki MWCNTs do podtoZa tytanowego

Jednym z najwazniejszych parametréw opisujacych powtoki przeznaczone na
pokrycia endoprotez 1 implantow jest ich sita przylegania do podtoza, a wigc odpornosc
powloki na dziatanie naprgzen Scinajacych, ktora informuje, przy jakich sitach tracych
powloka ulegnie delaminacji. Adhezja powloki do podloza jest zalezna od wielu
czynnikow, jakimi sg grubo$¢ powtoki, struktura powtoki, zastosowana modyfikacja
podtoza przed natozeniem powtoki oraz zastosowana metoda osadzania powtoki [38].

Adhezje powtok MWCNTs, MWCNTs/Ag oraz MWCNTS/TiO2 opisano w
publikacjach badawczych A4 i A5. Najwyzszg site krytyczng (Lc), dla ktorej powtoka
uleglta zerwaniu zgodnie z analizg zdje¢ uzyskanych podczas obserwacji na
mikroskopie optycznym oraz testu nanozarysowania uzyskano dla powloki
MWCNTS/TiOa. Jest to wartos¢ prawie 3,5-krotnie wyzsza niz dla powtoki MWCNTs
oraz 1,5-krotnie wyzsza niz dla powtoki MWCNTSs/Ag.
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Rys. 3 pokazuje nieopublikowane wyniki testu nanozarysowania dla powtoki
MWCNTSs/Cu, przeprowadzonego w takich samych warunkach, w jakich badano
pozostate powtoki (sita nacisku rosta od 0 do 200 mN z szybkoscia 1,3 mN-s?, a
dhlugos¢ zarysowania wynosita 500 pum), ktory przedstawia wykres zaleznoSci
krytycznej sity tracej (Ft) od krytycznej sity dziatajacej prostopadle na probke (Fn).

0 50 100 150 200
Fn (mN)

Rys. 3 Wykres zaleznos$ci krytycznej sity tracej (Ft) oraz krytycznej sity normalnej (Fp) wraz
ze zdjeciem zarysowania, uzyskanym podczas obserwacji na mikroskopie optycznym. Lc
oznacza krytyczna sitg tarcia, w wyniku ktorej nastgpuje delaminacja powloki

Na podstawie uzyskanych wynikoéw wyznaczono s$rednig site krytyczng Lc,
ktora wynosita 23,9 + 4,4 mN oraz krytyczng site tarcia 54,7 + 9,02 mN, co pokazuje,
ze dodatek miedzi do powloki MWCNTs nie wptywa na zmian¢ adhezji powtoki
MWCNTSs do podtoza ze stopu Til3Nb13Zr.

Powloka MWCNTs/TiO2, wymagala uzycia najwyzszej sily, aby doszio do
zerwania powtoki, co wynika z wysokiej twardo$ci tlenku tytanu, ktéra zgodnie z
literaturg wynosi 1 GPa [39]. Co wigcej, powtoka MWCNTSs/TiO2 charakteryzowata
si¢ najwyzszg grubo$cig sposrod badanych powtok, a struktura zastosowanego tlenku
tytanu, anatazu, jest bardziej reaktywna niz rutylu, co sprawia, ze potaczenie miedzy
nanorurkami weglowymi a tlenkiem tytanu mogto wystepowac nie tylko fizycznie, ale
réwniez chemicznie (wigzania van der Waalsa). Dla lepszej oceny przyczyny
uzyskanych wynikow, w dalszych badaniach przydatna bylaby ocena wystepujacych
wigzan w powtoce poprzez zastosowanie spektroskopii Fouriera.

Oproécz testu nanozarysowania, na podstawie wynikéw badania nanoindentacji
wyliczono wspotczynnik H/Er, ktory zostal omowiony w podrozdziale 3.2
,»Wlasciwosci mechaniczne”. Wspotczynnik H/Er opisuje zdolnos$¢ powtoki do
odksztalcania si¢ pod wptywem obcigzenia, a wiec odksztalcania bez odpryskiwania,
ktore mogloby by¢ zwigzane z niedopasowaniem powloki do podtoza. Analiza
wspotczynnikéw H/Er dla powltok MWCNTs zostata przeprowadzona w publikacjach
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A2, A3 oraz A4. Najwyzszy wspotczynnik H/Er na podtozu Til13Nb13Zr, jak i z tytanu
Il uzyskano dla powloki MWCNTSs/Cu, co moze wynika¢ z wysokiej plastycznosci
nanomiedzi i lokalizacji czastek. Podobnych wtasciwosci spodziewano si¢ dla powtoki
MWCNTSs/Ag (na podtozu Til3Nb13Zr), jednak powloka ta uzyskata wspotczynnik
H/Er zblizony do powtoki MWCNTSs, co wynikato z prawdopodobnego wptywu
podtoza na wyniki dla powtoki MWCNTs/Cu, na ktorej zaobserwowano peknigcia.
Powloka MWCNTs/TiO2 uzyskata najwyzszy wspotczynnik H/Er po powtloce
MWCNTSs/Cu (niewielka roznica), co jest zgodne z wynikami testu nanozarysowania.

3.4 Odpornosé korozyjna powtok na bazie MWCNTs

Badanie odpornosci korozyjnej stuzy ocenie odpornosci danego materiatu na
dziatanie okreslonego czynnika elektrochemicznego. Dla powtok przeznaczonych do
kontaktu z ptynami ustrojowymi w ciele czlowieka moze by¢ ono przeprowadzane
m.in. w ptynie Ringer’a. Omowienie odpornosci korozyjnej powtok MWCNTSs zostato
opisane w publikacji przegladowej Al.

Zarowno powtoki MWCNTs, jak i MWCNTs z dodatkami wykazywaly gorsza
odpornos¢ korozyjng w stosunku do materiatu podtoza. Niemniej jednak, zastosowane
dodatki w postaci tlenku tytanu, nanosrebra czy nanomiedzi powodowaty poprawe
odpornosci korozyjnej samej powltoki MWCNTs.

Odpornos¢ korozyjng powtok MWCNTs, MWCNTs/Ag oraz MWCNTs/Ti02
omoéwiono W publikacjach badawczych A4 oraz A5. Najwyzsza odpornos¢ korozyjng
w stosunku do MWCNTSs uzyskano dla powtoki MWCNTs/TiO2, czego przyczyna byt
nie tylko sam tlenek tytanu i jego zdolno$¢ do samopasywacji, ale rowniez lokalizacja
aglomeratow, izolujacych nanorurki weglowe od Srodowiska zewnetrznego, a takze
zmniejszajacych porowatos¢ powtoki. W przypadku powltoki MWCNTSs/Cu wyniku
nie opublikowano, jednak sprawdzono, ze poszczegélne parametry, takie jak prad
Korozji jeorr oraz napiecie Ecor Wynosity odpowiednio, 155,4 + 41,2 nAlcm? oraz
-0,16 £ 0,003 V, blisko parametrow powloki MWCNTs/Ag, w efekcie podobnej
lokalizacji dodatkow na podtozu nanorurkowym i zgodnie z oczekiwaniami.

3.5 Zwilzalnos¢ powtok na bazie MWCNTs

Pomiar kata zwilzania, a wigc ocena zwilzalno$ci powlok, jest kluczowym
parametrem charakteryzujacym wtasciwosci biologiczne (biokompatybilnos¢) powtok,
omowionym w publikacji przegladowej Al.

Wyniki pomiaru kata zwilzania dla powloki MWCNTs, MWCNTSs/Ag oraz
MWCNTS/TiO: zostaty opisane w publikacjach badawczych A4 oraz A5. Dokonano
réwniez pomiarow dla probki z powtokg MWCNTs/Cu, ktorych nie opublikowano,
gdzie $redni kat zwilZzania wynosit ponizej 20°.
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Powloki MWCNTs oraz MWCNTs z dodatkami charakteryzuja si¢
zwilzalno$cig odpowiedniag do zastosowan medycznych, a wigc wystepujaca w
granicach 40+60°, gwarantujaca odpowiednig adhezje komorek oraz bioaktywno$é
powloki (Al). Dodatek zaréwno nanosrebra, jak i tlenku tytanu powoduje niewielki
wzrost zwilzalno$ci, wyzszy dla powloki MWCNTs/Ag, co moze by¢ wynikiem
roéznicy w porowato$ci powtoki, wynikajgcej ze sposobu osadzania si¢ dodatku.

3.6 Wlasciwosci biologiczne

Publikacja badawcza A5 przedstawia wyniki wiasciwosci biologicznych
powloki MWCNTSs/TiO2, ktora wykazata najkorzystniejsze wiasciwosci z punktu
widzenia zastosowania na powloki przeznaczone na endoprotezy i implanty tytanowe.

Badania biologiczne przeprowadzone na probkach z powloka MWCNTS oraz
MWCNTSs/TiO2 obejmowaty badanie in vitro cytotoksycznosci dla komorek HDF (w
tescie bezposrednim i posrednim) oraz MC3T3 (w tescie posrednim). Zywotno$é
komoérek oceniono na podstawie testu MTT. Dla uzupetnienia wynikow zbadano
rowniez poziom aktywno$ci LDH (lactate dehydrogenase).

Wyniki testu bezposredniego pokazuja, ze powtoka z samych MWCNTS, jak i
MWOCNTS/TiO: charakteryzuje si¢ topografig korzystng do adhezji komoérek HDF, co
wynika z odpowiedniej porowatosci powtoki. Dodatkowo, po 72 h inkubacji
odnotowano wzrost proliferacji komérek HDF na powloce MWCNTSs, natomiast
spadek na powloce MWCNTs/TiO2, gdzie dodatek tlenku tytanu zaczal toksycznie
wptywac na komorki HDF.

Wiyniki testu posredniego wskazuja na niekorzystny wptyw powtok MWCNTs
oraz MWCNTS/TiO2 na komorki HDF oraz MC3T3, spowodowany uwalnianiem
toksycznych substancji z powloki, badZz uniemozliwieniem przylegania sktadnikéw
odzywczych dla komorek, czy czynnikéw ich wzrostu na powtoce.

Powyzsze wyniki zostaly potwierdzone w tescie LDH. Po 24 h obie powtoki,
MWCNTSs, jak i MWCNTS/TiO,, wykazaty uszkodzenie komorek HDF na poziomie
wyzszym niz materiat rodzimy (podtoze Til3Nbl3Zr). Stopien ten jednak nie
przekraczat 11% liczby komorek. Natomiast po 72 h poziom uszkodzenia komorek
HDF na powloce MWCNTs byt zblizony do materialu rodzimego, a dla
MWCNTS/TiO2 0 1,5% wyzszy.
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4. PODSUMOWANIE

W niniejszym projekcie doktorskim wytworzono powtoki na bazie MWCNTs
z dodatkami, takimi jak nanomiedz, tlenek tytanu i nanosrebro na podtozu z tytanu II i
stopu Ti13Nb13Zr, do zastosowan na pokrycia trzpieni endoprotez stawu biodrowego.
Powtoki z dodatkami wytworzono metoda EPD w procesie sktadajacym si¢ z dwdch
etapow: 1. osadzenie powloki MWCNTSs na podlozu Til13Nb13Zr (badz tytan II), II.
osadzenie powloki z dodatkiem (nanosrebro lub nanomiedz, lub tlenek tytanu) na
powloce MWCNTs. Zastosowane dodatki miaty za zadanie polepsza¢ wiasciwosci
antybakteryjne oraz mechaniczne powloki MWOCNTS, a otrzymane powloki
modyfikowaé¢ wiasciwosci podloza, tak aby byly bardziej zblizone do wiasciwosci
naturalnej kosci.

Otrzymane powloki MWCNTSs charakteryzujg si¢ wysoka jednorodnoscig i
porowatoscia, a zastosowane dodatki wystepuja w postaci aglomeratow, zardwno na
powierzchni powtoki, jak i w porach powtoki. Nanoczastki nanomiedzi oraz
nanosrebra gromadzg si¢ w miejscach zdefektowania nanorurek weglowych, natomiast
tlenek tytanu tworzy aglomeraty o strukturze warstwowej, wynikajacej z metody
wytwarzania. Niezaleznie od zastosowanego podtoza najwyzsza chropowatoscia,
wynikajacag z mikrometrycznego rozktadu wielkos$ci aglomeratow tlenku tytanu,
charakteryzuje si¢ powtoka MWCNTS/TiO2, a najnizsza powtoka z samych MWCNTS,
co nieznacznie wptywa na zwilzalno$¢ powtok, ktéra zarowno dla powtoki MWCNTs
z dodatkami, jak i bez, miescita si¢ w granicach 40+60°, zgodnie z literaturg
gwarantujac odpowiednig adhezj¢ komodrek oraz bioaktywnos¢ powtoki. Sposrod
badanych powlok MWCNTs z dodatkami, powtoka MWCNTs/TiO2 charakteryzuje si¢
modutem sprezystosci najbardziej zblizonym do modutu kosci korowej, niezaleznie od
zastosowanego poditoza. Na podstawie otrzymanych roéznic w wynikach badan
mechanicznych powtok MWCNTs z dodatkami, uzyskanych na podtozu tytanu II oraz
stopu Til3Nb13Zr, a takze analizujac grubos¢ powlok mozna podejrzewaé wplyw
podtoza na otrzymane wtasciwosci. Roznice w nanotwardosci powtok, a tym samym
w ich wiasciwosciach plastycznych oraz spr¢zystych, moga w szczegdlno$ci wynikaé
Z szybszego utleniania podioza z tytanu II (w stosunku do utleniania podtoza
Til3Nb13Zr) oraz zastosowania dtuzszego czasu osadzania EPD. Niemniegj jednak,
wlasciwosci mechaniczne podtoza, zarowno z tytanu, jak i jego stopu sg wielokrotnie
wyzsze niz otrzymanych powlok MWCNTs, stad mozna wnioskowac¢ 0 znikomym
wplywie podtoza na wlasciwosci analizowanych powltok MWCNTs oraz MWCNTSs z
dodatkami. Utworzenie struktury kompozytu z twardymi czastkami w postaci
dodatkow tlenkowych, jak i metalicznych zawieszonych w sprgzystej matrycy sprawia,
ze otrzymane powloki na bazie MWCNTs charakteryzuja si¢ lepszymi wlasciwosciami
plastycznymi oraz sprezystymi w poréwnaniu z powtokg z samych MWCNTS, co w
potaczeniu z wysoka reaktywno$cig zastosowanego w powtokach tlenku tytanu
powoduje, iz powtoka MWCNTS/TIO.2 osadzona na podtozu Til3Nb13Zr osigga
najwyzsza adhezje. Ponadto, powloki MWCNTSs sa wysoce porowate, dlatego
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charakteryzuja si¢ nizsza odpornoscig korozyjnag w stosunku do materiatu podltoza
(Ti1l3Nb13Zr). Zastosowanie dodatkéw 0 wielkosci nanometrycznej do powtoki
MWCNTSs powoduje po pierwsze, zmniejszenie jej porowatosci poprzez wnikanie
dodatkéow w glgb struktury (MWCNTSs/Ag, MWCNTs/Cu, MWCNTS/TiO2), a po
drugie izolacj¢ powloki z nanorurek weglowych od §rodowiska zewngtrznego, tak jak
ma to miejsce w przypadku powtoki MWCNTSs/TiOz2, co znaczaco poprawia odpornosé
powtoki MWCNTs na dziatanie srodowiska korozyjnego.

W zwigzku z powyzszym, dodatek tlenku tytanu spetnia wymagania, zar6wno
pod katem wlasciwosci antybakteryjnych, mechanicznych, w tym plastycznych do
zastosowania na pokrycia trzpieni endoprotez wykonanych ze stopu Til3Nb13Zr.
Mimo iz powloka MWCNTS/TIO2 charakteryzuje si¢ najwyzsza sitg adhezji do
podtoza Til3Nb13Zr sposrod badanych powlok, to jednak aby posiada¢ niezbedne
cechy celowe jest zastosowanie innych rozwigzan, ktére miatyby na celu zwigkszenie
odpornosci powtoki na zuzycie Scieranie, jak tez wykonanie badan
spektrometrycznych, aby sprawdzi¢, jakie sa mechanizmy adhezji powtoki
MWCNTSs/TiO2 do podtoza tytanowego. Cytotoksyczno$¢ powtoki MWCNTS z
dodatkiem tlenku tytanu zostata wyznaczona na podstawie oceny zywotnosci komorek
fibroblastow oraz mysich osteoblastow, a takze testu LDH, ktore wskazuja, iz powtoka
MWCNTSs/TiO2 stanowi niekorzystne srodowisko dla czynnikéw wzrostu komorek,
dostarczanych im substancji odzywczych, badZ z powltoki wydzielane sg toksyczne
substancje, co stanowi kolejny punkt, pozostajacy do dalszych rozwazan w pracy
badawcze;j.

Uzyskane wyniki jednoznacznie wskazuja na znaczacy wplyw dodatkéw na
morfologig, topografie, wlasciwosci mechaniczne, plastyczne i sprezyste, odpornosé
korozyjng oraz site adhezji powlok MWCNTs do podtoza tytanowego. Co wigcej,
dodatek tlenku tytanu optymalizuje wtasciwosci mechaniczne, plastyczne oraz
sprezyste, powtok na bazie MWCNTs pod katem ich zastosowania na biomateriaty, jak
tez zwigksza ich adhezje do podloza. W swietle powyzszych wynikéw udowodniono
punkt I i 1l tezy badawczej. Topografia powierzchni powtok MWCNTs oraz MWCNTs
z dodatkiem tlenku tytanu promuje adhezje komorek fibroblastow, jak i osteoblastow
mysich, niemniej jednak w przypadku powloki MWCNTs/TiO2 po 72 h inkubacji
nastgpuje obumieranie komorek potwierdzone testem LDH, co moze by¢
spowodowane zbyt wysoka zawarto$cia tlenku tytanu w powloce; W zwigzku z tym
udowodnienie 1l punktu tezy badawczej wymaga dalszych do$wiadczen z
zastosowaniem nizszego stezenia tlenku tytanu w powloce MWCNTSs.
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Abstract

The coatings based on carbon nanotubes (CNTs) are increasingly developed for their applications, among others, in medicine,
in particular for implants in implantology. cardiology, and neurology. The present review paper aims at a detailed demonstra-
tion of different preparation methods for such coatings, their performance, and relationships between deposition parameters
and microstructure and material, mechanical, physical, chemical, and biological properties. The thermal and electrostatic
spraying, electrophoretic and electrocathodic deposition, and laser methods are presented. Characterization of microstructure
of coatings, topography, morphology, adhesion of CNTs to a substrate, mechanical behavior, corrosion resistance, wettabil-
ity. cytotoxicity, bioactivity, and antibacterial protection are reviewed for different deposition methods and parameters. The
state-of-the-art in the field of carbon nanotubes shows a considerable number of research performed on CNTs coatings. The
different forms of CNTs, deposition methods, parameters, and substrates were applied as process variables. The microstruc-
tures and surface homogeneity, chemical and phase compositions, mechanical properties at the micro- and nanoscale such
as coating Young™s modulus and hardness, interface adhesion strength and delaminating force, open corrosion potential and
corrosion current density. contact angle in wettability assessment, and bioactivity, cytotoxicity, and antibacterial efficiency
among biological properties were determined. The summary of so far achievements, strengths and weaknesses, and important
future research necessary for clarification of some weak points, development of non-toxic, mechanically and chemically
resistant, bioactive, and antibacterial multicomponent coatings based on functionalized CNTs are proposed.

Keywords Carbon nanotubes - Coatings - Composites - Hardness - Young’s modulus - Biological properties
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MWCNTs Multi-wall carbon nanotubes

nanoAg Nanosilver

nanoCu Nanocopper

nanoHAp Nanchydroxyapatite

NEMS Nanoelectromechanical system

FBF Powder bed fusion

PCL Polycaprolactone

PECVD Plasma enhanced chemical vapor
deposition

PEG Poly(ethylene glycol)

PEO Plasma electrolytic oxidation

PLA Poly(lactic acid)

PLGA Poly(lactide-co-glycolide)

PLLA Poly(L-lactide)

PM Partially melted

PMMA Poly(methyl methacrylate)

PS Plasma spraying

PU Polyurethane

PVA Polyvinyl alcohol

rGO Reduced graphene oxide

ROS Reactive oxygen species

SBF Simulated body fluid

SHVOF Suspension high-velocity oxy-fuel

SWCNTs Single-wall carbon nanotubes

YSZ Ytiria-stabilized zirconia

1 Introduction

Recent medical implantology has utilized or investigated a
huge number of materials in the form of solid implants or
scaffolds, and also meshes, sponges, hydrogels, and coat-
ings to modify the surfaces of metallic implants. Among
them, the most recently, have appeared different forms of
elementary carbon, principally single-wall or multi-wall car-
bon nanotubes (SWCNTs or MWCNTSs of different chirality)
but also carbon fibers (CFs), graphene, mainly as graphene
oxide (GO) or reduced graphene oxide (rGO), fullerenes
(especially C60) [1, 2]. The carbon nanotubes were discov-
ered by Iijima [3]. Various types of synthesis techniques
for CNTs include the arc-discharge method, laser ablation
method, chemical vapor deposition (CVD), vapor-phase
growth, flame synthesis method, and plasma-assisted growth
[2].

All nanocarbon forms, particularly carbon nanotubes
(CNTs), demonstrate extraordinary mechanical, thermal,
magnetic, optical, electrical, surface, and chemical proper-
ties. Their electronic properties, high electric and thermal
conductivity, and stiffness and strength are over those shown
by any other material [4]. Thanks to these features, the CNTs
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have been frequently applied or recommended for use in
different fields of the economy: medicine, biomechanics,
energy storage, molecular electronics, fabrics and fibers, air
and water filtration, and others [5].

As an additive to construction materials, they are presum-
ably mostly applied as a component of epoxy resins. They
have been used to improve the electrical and mechanical
construction of epoxy-based composites [6-8]. They were
given as fillers to strengthen several construction polymers
[2. 9, 10] and also as functionally graded CNTs reinforced
composites [11]. They can be considered components of
bifunctional electrocatalysts [12].

As a component of coatings, they have been proposed to
enhance heat transfer of heat sinks [13], improve corrosion
performance [14-17], reinforce the coatings [ 18], increase
the friction behavior [ 19, 20], make coatings superhydropho-
bic and usable for different applications [15, 21-23], such
as the abrasion-resistant, photothermal, and anti-icing [24],
and self-adapting ultra-high-temperature ceramic coatings
[25]. The CNTs were used in coatings for electromagnetic
interference shielding [26] and as a flame-retardant coating
or composite material [27-29]. They were applied against
decontamination of organic chemical pollutants in water [30,
31] and also involved in building space stealth and cosmic
radiation shielding [32].

They are widely used in electronics and energy systems.
Their electrical and electronic properties are suitable for
building artificial muscles, electrochemical, thermal actua-
tors, solvent and vapor actuators, fiber-shaped batteries and
supercapacitors, color-changed electroluminescent and elec-
trochromic fibers, mechanical and electrochemical sensors
[33], thermal management systems [33, 34], solar cells [35],
high-performance metal-ion batteries [36-38], energy stor-
age and conversion devices [39], nanogenerators for harvest-
ing energy [40], NEMS and hydrogen storage modules [2].

They are also increasingly developed for medical appli-
cations. They can be applied in bone regeneration, artificial
neural conduits, and in drug and gene delivery in cancer
therapy, brain therapy [41. 42], vaccine delivery [42], tis-
sue engineering, and regenerative medicine, in particular
for bone and muscle, and nervous system regeneration by
neuronal differentiation and neuronal stimulation [42-45],
for culturing the human embryonic stem cells and preserv-
ing their viability [46]. and dosage forms and biomedical
substrates in the pharmaceutical industry [47]. They can be
utilized in diagnosis for biomedical imaging, biosensors, for
biomolecular detection and nanotweezers [42, 48]. They are
introduced as sensors, in drug targeting, cancer diagnosis,
and treatment, as antibacterial and antifungal species [49].
The CNTs helped to create the coatings releasing the active
ingredients [50] such as biphosphonates, nucleic acids,
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proteins, and statins [51]. The integration of CNTs with
polymeric scaffolds is promising for cardiac regeneration
[52. 53]. The carbon nanotubes reinforced with chitosan,
poly(lactic acid) (PLA), poly(lactide-co-glycolide) (PLGA),
poly(ethylene glycol) (PEG), polyvinyl alcohol (PVA), and
polycaprolactone (PCL) can mimic the extracellular matrices
of bone [54]. These unique properties make CNTs promising
candidates for cancer treatment and regenerative medicine,
for bone. and nerve restoration [43, 55]. The incorporation
of CNTs into polymer scaffolds results, among others, in
increased scaffold strength and flexibility, improved bio-
compatibility, retardation of cancer cells” division, and
enhancement of angiogenesis [1]. They are microbial and
anti-adhesive [56-58]. They are used in various biosensors
for biomolecular detection [59].

Besides the advantages, CNTs have two serious draw-
backs. The first disadvantage important for medical applica-
tions is their anticipated toxicity which is a permanent fea-
ture of each nanoparticle: their small size and high surface
area to volume ratio are associated with significant chemical
reactivity, change in permeability and conductivity mem-
branes of cells, lung penetration, and lung cancer risk [60].
The bioactivity and cytotoxicity of CNTs are affected by
their diameter, length, and functionalization in vitro and
in vivo, as well as by the fabrication method with nickel
catalyst [61] and may make CNTs toxic for living organ-
isms or the environment [60, 62]. The toxicity can manifest
itself as membrane damage, DNA damage. an appearance of
oxidative stress, and changes in mitochondrial activity and
intracellular metabolic routes as a consequence of the highly
hydrophobic surface and the non-biodegradable nature of
the CNTs [1]. However, the CNTs are considered to have
carcinogenicity mainly to enhance lung tumors, and the

Fig.1 CNTs types based on A
a number of walls, where A
SWCNTs, B DWCNTSs, and C
MWOCNTSs. Figures A and C
were reproduced with permis-
sion [74] Copyright 2011,
InTech

carcinogenicity may attenuate with decreasing tube length
[63]. The MWCNTS are likely to be a more neural-friendly
interface than SWCNTS since they allow for a wider external
surface and effective functionalization [64].

The second disadvantage is the weak adhesion of CNTs
(and all carbon nanoforms) to any material. It is critical to
functionalize CNTs not only to make them more soluble. but
also to allow their integration into many organic, inorganic,
and biological systems and applications, and eliminate or at
least minimize their toxicity. A proper functionalization of
the CNTs is nowadays carried out by a variety of methods
[65-68]. It may follow two strategies: (1) chemical reactions
occurring at the sidewalls and tips of CNTs and (2) oxidation
followed by an appearance of carboxyl-based bonding [41].
Functionalization of carbon nanofibers can be performed by
CVD and plating of some compounds, and by chemical or
biochemical reactions [69].

This review aims to show the newest data on carbon
nanotubes creating coatings or being components of such,
in particular (1) various synthesis methods, in particular the
electrophoretic deposition (EPD) technique as the most pre-
ferred, (2) their properties, such as surface morphology and
topography, mechanical, corrosion, and biological proper-
ties, and the relationships between output and input variables
to optimize the deposition process.

2 Forms of carbon nanotubes

Carbon nanotubes are hollow structures created from rotat-
ing a graphene layer around one axis in a certain direction.
Itis an sp2 form of hybridization of carbon derive, where
carbon atoms are organized with strong covalent bonds in
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a hexagonal lattice, very similar to graphene, graphite, and
fullerenes. Carbon nanotubes can be divided into SWCNTs,
double-wall carbon nanotubes (DWCNTSs), and MWCNTs
[70], which are demonstrated in Fig. 1. The first reported
were MWCNTs by lijima [3]. MWCNTSs are composed of
concentric cylinders with regular periodic interlayer spac-
ing located around the ordinary central hollow. They form
a layer construction with van der Waals bonding between
cylinders [71-73].

Literature shows that the parameters of all types of carbon
nanotubes are within certain limits as illustrated in Tables |
and 2.

Table 1 The physical properties of three types of CNTs

Besides the division grounding on the number of car-
bon nanotube walls, some SWCNTSs forms differ in terms of
wrapping to a cylinder structure, such as armchair (integers
n=m), zigzag (integers m=0), and chiral (other integers)
[72]. Figure 2 illustrates schematic types of wrapping graph-
ite sheet to form different forms of SWCNTs.

There are several methods of synthesis of carbon nano-
tubes such as chemical vapor deposition, arc-discharge
method, laser ablation method, spray pyrolysis, hydrother-
mal methods, and thermal plasma [48, 70, 85-87].

Property MWCNTs DWCNTs SWCNTs
Interlayer spacing 0.34:0.39 nm [72] 0.33+0.42 nm [75) -
Inner diameter 4=7 nm [76] 143 nm [2] -
Outer diameter 2:30 nm [72] 2+4 nm [2]) 0.4+3n0m[72,77)
1525 nm [76] Made with CVD 1.3+1.5 nm [78]
Length Up to 50 pm [76] 100475 nm [79] CVD 13 um [78]
100 nm=1¢m [77] 100 nm=1¢m [77] CVD 140 nm=3200 nm [80]
Ends Closed and capped with half- Capped and open-ended [81] Can come together and form bundles [72]
fullerene molecules [72]

Table2 The mechanical
properties of three types of

Property MWCNTs DWCNTs SWCNTs

CNTs Young’s modulus 1.7+2.4 TPa [83] 0.33:0.42 TPa [75] 2.83.6 TPa [83]
Tensile strength 63 GPa [77) 77.51=157.5 GPa* [84] 53 GPa [77]

“Predicted based on finite element method and chirality

Fig.2 A scheme illustrating A A
forms of wrapping graphite to
achieve different structures of
the SWCNTs and B different
structures of SWCNTS based
on the chiral angle. The figure
is reproduced with permission
[82] Copyright 2016, JACS
Directory®2016
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3 CNTs-containing coating types and their
deposition methods

There are many types of CNT-included coatings, with
ceramics, metals, polymers, or mixed. Examples of such
coatings are shown in Fig. 3. Several deposition methods of
CNTs-containing coatings, like the main groups: thermal
spray, electrochemical deposition, and laser methods, are
schematically shown in Fig. 7. The main advantages and
disadvantages of the types of deposition methods are listed
in Table 3. The examples of CNTs-containing coatings and
their main parameters of synthesis with described impact on
coatings properties are listed in Tables 4 and 5.

3.1 Thermal spraying

A thermal spray is a group of processes in which materials
(metals, alloys, metal oxides, metal/ceramic blends, car-
bides, composite materials) are deposited using spraying.
The processes differ from each other basically by the state of
the material: molten, semi-molten, or solid state. The ther-
mal spraying method is used in many fields in mechanical
engineering, for corrosion protection, surface restoration,
and repair, heat insulation or conduction; energy technology,
and biomedical and industrial areas [88, 89]. Apart from
many advantages, the technique has also some drawbacks.
Covering parts with complex shapes, inner surfaces, and nar-
row parts is limited. Some advances in thermal spray tech-
nology enable covering a such surface, named the internal
diameter thermal spray method [90, 91]. Figure 4 shows
a schematic illustration of literature-based three most used
methods of CNTs deposition techniques.

3.1.1 Plasma spraying

Plasma spraying (PS) is one of the thermal processes used to
coat materials. This method uses a high-energy heat source,
which melts (at a temperature of about 10,000 K) coat-
ing material inserted into a plasma jet and sprayed onto a

Fig.3 Scheme of types of
carbon nanotube coatings

prepared substrate [92-94]. The arc between two electrodes
cathode (tungsten) and anode (copper) is initiated by high-
frequency discharge in the presence of gases, such as Ar, He,
H, and N, named plasma-forming gases [93, 94]. Figure 4
A shows a schematic illustration of the PS coating method.

3.1.2 Cold spraying

Cold spraying (CS) or cold gas dynamic spray (CGDS) is not
only a thermal spraying process but also a solid-state spray-
ing method. It differs from other thermal spraying methods
by the state of powder feedstock, which is always unmelted.
This method 1s used to produce metallic and metallic-
ceramic coatings. Based on pressure level, the cold spray-
ing process (Fig. 4C) can be divided into low-pressure cold
spraying (LPCS) and high-pressure cold spraying (HPCS).
This process is based on the acceleration of particles of the
coating material by pressurized gas (air, N,, He, or mix-
ture) in a diverging-converging nozzle, leading to prepara-
tion layer-by-layer [89, 95] coating. The best adhesion of
the cold-sprayed coatings is achieved only above a critical
particle velocity [96].

3.1.3 High-velocity oxy-fuel thermal spraying

High-velocity oxygen fuel (HVOF) is a thermal spray tech-
nique that uses fuel, such as H,, propylene, acetylene, or ker-
osene to achieve a high temperature that ranges from 2500 to
3000 °C and high pressure in the combustion chamber. Most
commonly a powder, but also a suspension (another type of
HVOF, named suspension high-velocity oxy-fuel SHVOF) is
inserted in the nozzle and at the same time heated and accel-
erated (particle velocity of 350-1060 m/s) by a gas stream
causing the formation of a relatively dense coating, with
good adhesion properties. Coatings deposited by the HVOF
method (Fig. 4 B) are widely used to enhance surface perfor-
mance and protect against corrosion and wear, but it also is
a convenient method to deposit nanomaterials [91, 97-100]

TYPES OF
CARBON NANOTUBES
COATINGS

CARBON- CERAMIC
eg. CNT5+TiQ,,
8Y¥SZ-Al,04-CNT,
CNT-Ta,0,,

CNT-AL,0,,
HAp-MWCNT

CARBOM-METAL

CARBOM-POLYMERIC COMPLEX

eg. CNT-Al, eg. MWCNT-PU 2g. CNT-5i-Cu-Al,

CNT-Cu, Cr-Y5Z-CNT,
A WC-Co-MWCNT
@ Springer

46


http://mostwiedzy.pl

Carbon Letters

Funros pansodapay) jo sarpadosd pue
AN P U U.EE_ um ST F R sgns A o) u_mE__
UoNIsndap A0 S (28] FPTHD I U] PUE SASUIP IO
[46 ‘58] i sTuneod 0 GOAH urg sanop sppnmd pwon

TR0 O ST PUR 1L 0) NNt aq Aew
wod Sunpaun gy Ty sopIe PoaL §q Sy U
HATASNS PUE [ZZ0U ] U234 120 2BURISIP A[] 01 AU
ssa ‘Funwos paysodap g jo sanuadod por aomanosoesn
|96 ‘g8l 3 oo pandun e sey ensqns 241 0 3|Joe uoinsedsp sy,

A0AH Ut uw) siapaod

DU JO UONNGLIEIP 2715 1] uawannbar aanssaad-y iy
TR s w Fursn Ao o e ‘ssaooad G
aup) Furmp smwadde untep oo ‘Gunros papsodap s jo san
~dad o pu a0 ST A do e ue seg aensgns
aup o 2 fun womsodap g ssaomd 2y o Luxoye pur
‘sanuadord ‘amisnnsoasn Suneod v udosdde i sunu
L2 0] SEajLLEd TN L A 9SS PUT 0] USM1a0
AOTSIP A I UOTI2UNY 0 SA20024 2200 pae 2
seradisy au ‘ssaooad G 2 Fuumnp usppow s1 e e Jup
e ®[1 ssaa00d 54 a0 Fulnp 20 ([243] M0() 01 a3Lms
NSNS W1 saE0ed aanedw gFig o sy pue
saaod s gpns “9200p Suneiauad Funmos 2w EUTW
[ OLL= T8 (i SUOTH ‘PasIIsq0 st SIEE U008 U

[800 “201 48]

[%6 46 ‘06 ‘88 ‘1] ammaadwa) yfug o1 snp ‘uonruLoap J100s SN 10 45T

sfunmos WS s ma pan uosoros amdaad o pasn
s AydwFodo) aanpins Kpsuap sap o Jo [aaa)) sandadoad
sFunmoo Sursandunn PoLIan g4 [P o e aug
T[T 20w S0 10 A2 Taed 201 (JOAT] U U I2s0])

ndy et ) o1 anp sanedod 11 summ ensgns sy,
S S
LTS IS2U-ITEA PPLITE L SO0 amdand m PSS (SR I01A
aaned Jowo] i spopotn Fudesds sy g )
UITL[) S[2AD] PTG I I I00LLS ST IS ) i s
STUNT0) S (GO1-05E 10 same2a danmd yF i Lo
ssuonsoduos §unroo jo afues apuas 4, 051wl ssap)

oy ety soe| 01 anp saradosd s1)suR e 2ensqns J,
afurya ssvyd puw ‘yrwoad umad vonsedwoasp
LONEPTXO JO ] 301)2 (BT PJReD 20 1 U S[rIa)EL
advys xapdwos spruagmu Suneos jo afurs spra v sSunma
Amenb-yang anduy sy o) o1 anp sapaadoosd snsumeem
apnsyns 21 sFunmos pasanpe jo ssauaend sy tssaoosd
won sodap a1 Suump s ussep euae padeds

UL [-00E Jo aduer 20w sanogas apanaed giiy

1242 pood B e 23UT

~aograd antsuagaad o (uonng st p aes s S a

apmd ‘aemesadirs awwy) pays paambar s 01 Fupoase

srajatuentd aFuwys of K1 S OG-0 JOo T a1

ut Apsofas spaawd gdn) ‘ssonpans Surpoms wo oedwn

(B 60| (), D00 ST 00 gty Furdues adnyesadiag
aaunos eag-yfng w) s jo afurs ap e v ros op Sy

ERTEIEIE safrumapusig]

saffewmapy

unpsodap Jup
oo w jo adi],

sanbiupaay uomsodap Sunros s 1D Jo safmuraprsip pun safmurape w2, g ajqeL

A0AT
JOAH
N~
<
52
[ Surdnads prucsay g
ot POt W
uonisodap Funeos w 3
Jodnod i sy, m.
@4
Gl

-

|d"Azpaimisow z oueigod AZAIIM LSOW


http://mostwiedzy.pl

Carbon Letters

pn'.rlger

&5

[zz1 ‘121l

[1z1-a11l

(811 L11]

[Li-tnl

[o11 601 *€01]

TS H Ul uw s1en Sup oo o] TS H Ul ueg
paads Funaw sawmol ‘pansodap afigs payaw st rUXEw
Funeos aup ssasand 7 241 FuLmp pe (200 51 ARNSNS S0

paisodap sy payppu st e

Auneos ) ssaoad TS H ) TULIp pa R0 S T0sgns a0

USRI ALD 21 uo [esodsip adpngs jo eedu aosy
-Fuo) a1 onrwapgoed 51 uoruadsns woa) SR @0
0 ‘aTpRS J0 IHNOLE S4]sS2% U saeRuad pog e s,

Anpenb Funeos asoadun o) Jo asegd sun sl
st ¥ wiego o pasnbas aq yFio Fuip e [Ewon
-ippre ue Anpmboasod jo 2001 sSuneos pansedap seenea

'S1EI00a2] Tajea o aFwoa DU U} saFe)[os 1m0 | Jo
asn 2 ‘parpddr 51 afwpon anssama uay s smadde Sunray
DNOP DU TR0 21 UL WOTRILLIGY S[gng snp) ss Loy

250 AL YITG (dH 01 UDTIN|OS ST 0T J0 250 UL

asrid aunem st mmanmed v uego
o parmbas st Fuywauuw wuotpp uw seayseurn susgd
-md Fumsedap uais pedTo) 2q w&Fnu dn 2 Ezon 53 201

Fupung (eaFimpmet pood wony
PLLLICH Y SSS0005 |[WLLS LRI LLUOLLET UL ‘U0 J a0 Jeal]
pantu ‘spmamew Jupwos jo afuw apua usodap o jo
uonexyipos prde e sewend vonsodap Supqreeg-gay
Furpung [EaEmmau poed uon
TLLLICH 2 SS2008 | [RLLS UL IR LLLILTAL 2] 2 Ul aey)
DUOE 12T PALLLL] 000 S[Eua i Suneos jo afun
P B SIS I0 ‘sarod ST D0S 'S1000 IO 1500 A
sfunmoa pansodap ay ssaoad 577 g ur ueg sag iy s
apn A rjoos ag) sFuneos qoows psodap o) H1ge ssasoad
1 Ay wn e gy g yd nu Suneoos ag ssaod [y
U0 U urt[) pads Fun(Hn DOEn] uIogn 1 Funees a0
sadeys Juaap woes
o &upge s e pagisodap jo Sund v s eoape Suneo s
Jo afumrs apiaw w Eponpdns fpopa soa-ao) wsiaawmmd
sodap Iaa0 [onuos snu e 2 o saaaweed spgqesnlpy

uotsodap (ru@e Suees
2t jo uenendiomn Furjqrus o usTzap pEy 203
UL O] SDA|IELIL DI DI P S| LLIO) U U (e g
‘sapmdouny AU SPa1 H03]3 WAL Sunvuise jo
asi ot ‘s[e e pasodap jo Aund e sFuneos g jo A1
~2uaS OO RIS T STUeeD pasaiyan Jo S1o)
un saapauered sy s pue ssauysi) nsodap jo [oauns
Fugqurua ‘gge jo saewmmd agrsnlipe ‘amead) par
U] TR 0] SRR TN 10 280e apm v s adegs
WRLAPP e 01 Age St s poau 5oo-mo] v

(Nd =) srne a2 Sed 20 0 s D
1o uonnguIsTp wiopun ‘saneadin apnsqns sof Aienb
sTuNROa YFN] uondnsues [ULERIE PRINPRI S pUT ‘53]
~doap pafiies o1 anp sarauala1s uorisodap Yy spEmage
Suproo o o ofaw) v samsgns apgqnedwos jo Gormes
adny ‘e o sodop jo sipjdoap Spgena-yaig pae
antssads ip-gias ‘e wonsedap jo s dosp apsouru
J0 IAFURII-qNs R nbar wnnaes e s s
-opordaow jusgp g sfuneos wwsodap o Snpge swiy
unl a0 Q1 Funaes-au oo mo) Aendung

SPOLI J35T]

48

a0

ad=

S SPOYISU [T

Rl B |

safmumapusig]

sadwm apy

POt POt
uopsodap Fu) uotisodap uneoo v
-woa v o ad £y, Jodnod e sy,

(panutmiod) gajqel

-

|d"Azpsimisow z ouesgod AZAIIM LSOW =


http://mostwiedzy.pl

Carbon Letters

20501 VDTN RIS
poanpal 1aag Tun eI pur &g gy
punoar &g paourua st Fupeos Lo
o1 uos mdwos w Funmos 1 N0
B J0 AUTISISA IS 301 s
paga FuruapFuans w seq Funeos
TOLL 01 SIND o uemppe ) st uadog
[es Ay swos ap pue
Fupuog (TP paLLI ) pur Ty,
SUOTTAT A0S U] ‘ssasoid g4 2 0)
anp _.-ub-._._....ﬁ.. S1AMINOS 5N A,
‘SAl0d pUe S POS [ ()}
ponaw A eamed pur () paiew
AlIng suodas Supsmel|og i Jo Sunss
[+6] -una *FUnros AU T IS
Apansadsar v g0 Ca'HF CU'C
puT B0y SO'0F S6'F J0 IUIS-DLL
ur pue Kpaansadsan wy0 L F O pu
eAOGF (0] e parodar sea Funmos
UL UL SLND B gk O PUT g4 g U
CE] STV CUPPORLLL 33 (ST 2 LECHT UL DT
AL, G A pasearoul pur %50 £
paswaap Aaanoadsan sea 153) mam
IEIS-DIITEUL I UT puE Kpansadsar
B 1L PUT g AQ STND IO i 0]
PUE 314 € J0 UOTROUSIU0D JU) J0]
POSEALII[ ST 53] [2)RIE-0URU L)
U SUINOL T B1 08y saradod
Kranoan onse o pue ‘(Saansadsan o0 p
pu &, ¢ 7 15 uorssaadinos sqes-ouo
ur) Appansadsan fy g pae Be L] o
yifuans pratd s s uossasdnos
DYWL T SIUBIIIP OU LA )
.ﬁ_u__.:buﬁ__..uh AL PUT R 1000s0 uon
R UPUTOHTL 20 U] S0P 31582
a1 pascudun Sunwos 191y o 51N
IO 1M ] PUR 314§ 0 UDITOUSNI0D
AU UL S LA 0 uonppe ) s usdodg
%TI-01 Jo 2dums
ot ut 51 Funeos ai o Kisoaod sy,
FurFpug yors puw no-jnd saqy Sy
1o Fuuspduans Tupsoys ‘sisn|s
SLND PU SLND pRmgristp £
TR A SR 151y 0 pasodinos

[#z1 %z ampnnsaon astyd-om aampnng

unu (g eoumsp Furdeds sy

S auadins Furdeds ) iy 7p ode

o Furfmds ag1 (o) o el dm

puoas) gy pu 111 oF sed Arew
v} g g0 aamxnw v osed Fuppom g,

LWL ()
A@aumsip popums) und pue apnsgns
T USSP B L5 7 st KN
-a0pan e und agl Y 77 ~raod
s 21 epoun waddos anuse

L0y T PO ey _._hu_'...m._.—n: PROTLICL]

SIND-OLL

49

ISTIV-LND

pringer

sa0UMY uoneayads Funwey sl gy PO Amnsng Sunwo)y

(9

sEauds jo smawmd sy pur suonmugos Funmoes 510 o sajdunyy pajger

(¢Azpaasowrzoveigod. AZAIIM LSOW </


http://mostwiedzy.pl

Carbon Letters

pringer

wgg Apmmunvoadde {g paseacap uorn

=008 0] D[ UIILL IO U0 EOUIN0D

A1y Funeos g, s ) uwgy

sananor sndeEsotoqd Ly iy poi
-guxa Suneos spsodiwos ) sauadogg

SLND Jo

L PR 201 1 Um._.:.___.—..u 1, LS00 71 pure

L5

01 eoumsip fnads s funwyd (g ;s
paaj sapmod A A G680 @m0 2m
DU (OS TIUALID 20T U gy (S8
saanssand uaFoapdy A1 oy g e
oy uaforpdy o) g GO0 anssaod

s

SLNOVOLL

[az1]  Ausored wop seq Sunees 0 200005 GoE S U (8 BT o)) ued e e, 5d
FUNTOD P2 UIEEUTILT
DTG A1 01 LIEIIU0D U] 2SS Al Ul
ORI PSS L O (S MY
(A Tueos 0] Ygm a0 0 Tuneos
a1 10 Wi 0 A xoadde
o) ANATIZNPUOD (RIS 5351300 SPUL O peeds asraaen S
SLND Jo uonippe 2y satuadosg L
(%02 & Snsosod Funeos sonpar 5LND 021 umsip Avads 20 S (g @
J0EM E ]I RONPAT UDTIPPE SLND  pad) sapeod aUp UL 6 0L a0y
U A PAIISQD ST K500 550 uaFanm sUE J21e A1 udio £ osoy
~oud g oy Fupnp arnpreadu gF w) uafoup Ay sed Lmpuosos au ¢ wd u o
andsop ‘pafinumpun pou i 51N C'RE Lmoq uodae sd Smunid 2] i
UL, LI BUTO[E-RIU0ANE A ur g aluijos wuswid syt g uaing
[czi]  posaadsip [am am s1 N 20 aanonng vt pd aip tund wweseyd -4 und agg, Sd 1325 1 6d LN ORI E-Tinag
Anananpuos
e saa0sdw 5 ND 10 o ppT
o tos |y sarod Fuipeas g (51N 0, 6F = 0d]
200 J0 A '] 10 UDTIRINA 0D B UM a2 A 0 amnadw s i ees
Apperoadsa) Lo v 120V 241 Jo SSLITS [DPOLIED A} dELsqas
c.n..x.:._.._'.m_ﬁyh Eﬁ-_Eﬁ-..u U_._.— gﬁ-.F—E_ .%_.—_ ”c.*-—.-_.:._. .u_._.— ._.—_E ¢N ST DE_# _.—U_:.__EEJ
<1 OFd paddop- 1y ag sauadodg ot cones ssind ssnedau pae asn
PaA G0 ST ANS000 ST N o 2y gz A Lnp aswnedaa ay
Jo uo e oy £0 A0 S0 wep @A Amp asmsed 20 0ZH O0F (DT ) vonepixe
ozl Sunwoo jo uonenSas oy armonng  dauanbagy ssind sy pog efmpa sy andjonasge mwsmg foqw 1y 71 0aY SN
FEA A0 AU S0 LS00
1o up uawsandwn pangiye SEN
0 UOIPPE ) G STUDROD |2 st
fuyEun | s Zg A g a0y aFums
Tt U o] M L0
Jo swa afurya 1yFiam oy (ruaew
ZEA 10 (D0EH ) 3IUTS IS UOTSOT
-3 101 1530 At pasaadun 51N 0
A 0 UOTENUEAU0s A s e
Py TS P s (Eruoon
lszil YT e Apsodod v amonng UDEIE J0 upneEiie]  Ards Ry eseg L TANODNI peEl] IgquIs-eLd) ZSA-SLNOMIN
SN Y uonmagads Funmosy sttt gy POy ;wnsng funwoy

(paounues ) fapqe)

|d"Azpaimisow z oueigod AZAIIM LSOW

-


http://mostwiedzy.pl

Carbon Letters

FUN P |y UTL 200 5152

T PUR UOTSO0I0D IO poltn suo

R puE ‘Alaanosdsan wgry o L pue

AT G | a2 Funwod ag) jo snpnpo
DS PUT S SAPURY ) ”_...u_ruunr...ﬂ

Funwoo [y o) U

I [ 20UTSIP [JOpUTs 210
g el Furpaay ag) s g
puw g paads [2amn und auy {0, ey

anerad ) sed au e L aans

el Ansoud oo sty Fupgees ay sumanang -saad sedl a1 iuafon sosed s a g, (9] Koqe S 167y W—LND
Funeos g7 L) UL U0
UOTDLI] JMMO] 50°CT PUT DR T34
TR0 HRRS T POMOUS 05 |8 Funros i ]
.ﬂ.ﬁ.H. .m—.—_:._.ﬁ-..u U.U ..u_.ol_.__ﬁ_. U_._.— biid c.n..u—.:._..—v._v..u.— SSTAN L _# Eﬁ-_:._.—.-_tﬁ- D_._.— -uﬂ_ﬁm ”U_..y.ﬁ..u
O] SOUI0D DULES DU ISHW|E parrnsue  Qnp oyl 2y g0z Souanbary asind sy
=P pum ..ﬁ_y‘ _._l.?.vn_...m;.y._" .._.__n_qrv toRl puw v QO() P g7y JO UOTITLTG LIS JWALIND
D) G'E 1 234 FUTROD A J0 snnpow AL A S caasod pasind A1 :0ad
DS PUTE S SAPURY ) ”_...u_ruunr...ﬂ LULLL g SO ISIP JOPUms S S
Jand g J3 0T e FUIpaR) AU S (g pue
st FUNPOD SN D PHNENG OFD 0 Q0T paads [aaen und U0, g am
SEIULTN0L H[] W SITID N0 A [T ~rradius suE 3 g L] eanssaud
[LO0] oMW asmq s 150000 pood Dananng  sed ay) tuaFoa i (sased IS aU) 150 0Odd+8D Koje AW 162V [W=LND
aamyeadin
iy op aoumsisan a) s wyd)e
BUTIINE PUT S0 T3 20 10 S50 Fno
pue (Fuans uolsIUPE 21 SaEEAI
SLND Jo uomippe 21 21 1adog
Auneos o) jo Lsodod
D) SV DTN ST AL
UL PUR SR J0 UODIpPT S, i g7 oouesip Sesds g tunag oL
suaaoud g4 o1 Suump samradum 201 o) uaForpdL) AU Sy $E/5E
g oy anp madde ygFo e ofmuep  ayed o oo o unid o (paag 1ap
moygis s FOLL=Of vy gy mod g1 sy 0 @ Tos 2 ey iy e
[6T1]  pessadsip ||2am am SLND) UL IMINAE UKD 208 31 € und vwseid s Sd-mv (2RI SF0) [2915 Py SLNDMI-"OLL- 08 v
UGBTI A J0
sAEP ¢ 100w AN[IQELA PUE QOISR (|29
£0r DI THIOUTE0MNS0 5 1] 15T 03 50
JUD[[23XD PAMOLS PUE PINPLOD DI
s15a1 [ Foqong auy) os)y ssaugFnog
UMDELY UOT) EIUIPLT PUE S0|OPOLL 31 UL (]
-STD SIETRLIUL LN JO uonrnuacues  aoumsip Arads au oy d g o pay
[RRETRE ] ALY ]I 'S ST PR RI sapaiod aup oy ¢y sud aam
saonpad puw ssauyfnos Funeoes pedun g unuy g Y s nwseyd S
LUSI0P ST KD IO UONIppE A sauadond  -puoass a1 W 0y sed st d
Krpsoand Fupeos aug) sasear) S 20y S 009 0SS S
[1g] SLND IO UOTIPPT S DINDANE UL 200 31 A O aFros Jm ], Sd-suagdsownyy Lo AFIVOLL “ofer, padop- LN
SOUAAIY uonEayads Funeosy stapaunmd gy poLapy apnsyng funeoyy

(panuuos) yajqeL

pringer

[aF

|d"Azpaimisow z oueigod AZAIIM LSOW

51

-


http://mostwiedzy.pl

Carbon Letters

pn':lg:l:

s

PASTERLILL SOUTIS 1520 U SOLI00
PUE IR PUT PRSTRUIN U200
uonLY St SN pamd- o uonn
~USOUND PASTALNI S (1A (531 uadnig
SN pavejd-1p o aswaraul

LULLL
IUNOWE FUIENI0JIP I ST A L £
umote fusnaogap-rapaod au)
] oy seE ey d g sm paa)
Japasord DU ST | VT PO TaSE] L,

[6r1l T (14 2UMSNAS PAUYAT 2NIANG M DOFT iaod Jase] ALL IISH RS [25-G ISHANORASLN D P-4 N
L
[ [20URISTP [OPUTIS Q1 S 0
SLADY PUT Y U210 UOTE poads wI2ARn A[EEOU A1 S
[RIDTLEINUT PUR AMBNAS SLND X101 ool paads paen und a0, pos tam
admuep nog e sumed ooy Founepos wiad o sud au) ey ¢ aanssaod
[g01] SIS P) PUTLT DI 2308 ST A T USTONI SREET I 0[] 50 |05 SRS 15%—1LND
LA DOZ-001
LIPS0 I 0 P s ST ~
UL oL WL Ay sy Yo
et YA e pasTaiap [N ) o
hUmmE._..—.— d._.u_.— DL.H. w—ﬂ_ mﬁ-ﬁ-_d._..ﬁ JLEILLL
-2OUTUR JAFURD) Y SUloq W
I pag rjxa Sunmed [ N0
UL BHE T Pk Uy 2Enas a0 W G [20UmSIp Jo
an sFureo s paaedaad-se oq ) sauadong  -pues a1 UILE CR'Z pur (R'EE e
[zen] am Fupaa) aup isauw g7 paads [aamn
=TSO [RILIXUT 5P PUE ‘33N wd a0y, ¢ puw g amyeading
snoeod Sumonans @ pue won sl au) g 97 pun 7 aanssaud LN
[een'zer]  -ruuogap apnded sarams ) aanpnng sed ou tuadonnu sased 1 Ay, [ ) ampd ny NIY=LNI-ND
LND
oA g e Funeos made-aun 24 1oy
PRABTLT STA LS00 J2] SUTT 103
o)) Fursoadu puw yratiadns s Fur
IO S UL 1] s 1wy
Fuppog-isaq ., omed oy e sy
01 Aanuos pasoadun sawn g -1
s STUNRDD BL) J0 U 1203 13
=SLUTEE) RS LLEMLLEL XL S ) _ﬁu__._.u.nr...i LWL G (3aums
SADELIAU Jjopums ) 12 5g'g e Sy
Al aqquasnou pasoys SN -paag s s gy cpeads [aann und
1O SUDITAUIII0D JUM[os BUYFIH UL D 008 PUT 0T 2medi
SN PRSI -| s paresuowp Fu) sed AU gy 97 pue e aanssaud
[1enl RO SN D I0 304 § 201 2mInag SEF 211 UAF0NU SIERT I AL 5D aepd ny nI-1ND
S0UALY uonuagaads Funwosy st unpy poL Aensyng Funmoy

(panunuod) pajqel

|d"Azpaimisow z oueigod AZAIIM LSOW

-


http://mostwiedzy.pl

Carbon Letters

sauadoad vondiosqe
E 1] saaoudin ] amanag s o) o
SIS LN JO Uoippe ) satadog

UL () snu ) Fuy

-Aap sFunens A0, 0 1 amdw
Furap sTuneos au il gg Funeoa
yona 1o junowm S feads a1 Ay 6

pasiasgn afwipon pardde g i g mnsgns NLL=dNI-LND
[g01] Ansouod paris-unin aanpnng PR I[PV ALY UM IR0 FIUEISTP AL, &1 8mea-yiiy v ANI-LND
sy Tadoos
A1 0 vostredes ur pasosdun s
T SR ) FUDeoD OS] puE (e YT N s L
NMASNS I UL SAF ST 58T Furous aup 30, 0oy sumisadm ur
Fupeos ) jo KUQERae a) saadogg  -1ajuls syl uonnjos (y Ad ) ouoesye [
[cen] aumonas snoaod aumanng  -adjod g 7oL TR | 1 sty radoooy TOLL-1LND-ND
pud punoud
3215 A J0 ADUTS S0 U] SOLI0D
) pum mn_ﬁz.-u aup g _D_.._GE.E?J WLy 2
RULIZ DU PRUTLUD XIARW [ 01 Fupams au 20, OF7 eamesadum Jup
SLANDMIN J0 UoTTppe o) st adogg SEULS DU W GE] 00 [ uatads
FUNIINAS YoM 130 pue und Arids a1 uaawiag 2UTS TR
FUTLLIO) *XLOPLE [} 20 U] paing s p AN D90 2T oa ) A
(0111 Aoy un 20m 5N M AU UMINNE L EpD) e passaudwins jo amssaad 2, 54 [P GEly T/ LN O IN
FDUTSIEL
AT PUT S ESUPITOINI 1S3LUE 1] 21
WU SNCD 10 31 € J0 UOTRIUDS i
00 A sAuTEeD A saaadogg (8 S 0w mop) SEE S Uy (gg
(B L FUneos au uf sured payas oo Furuues 2l A 001 amod
[ZZ1]  posnea SN IO UOLIPPE 241 2I0S0E L] AU S s jods 2y, o1 [3901§ FSAME INI-OM—IN
UL () S
TUFB0 GO 20 PRSEADIR M0y sed 20 s g7 peads Fuinues
SLND 241 J0 uonippt 2y sanuadosg Jase] AU U@ Qg e Fupay
s1aaap wnod Jo wnow 35m) Japand B[ W § aRIITP weag
[FEI] W poaDUS AMIDINSOII L) UMSANS  J95T] 201 M, D0T 1/008 Hwod dose] ag ], g Kofpe wnwe 2y SLAND- NSOV
DISGRS 1], 1) 0] LIRDLOD JU211
|uU—.F.u _..E.-_ ._v.u_.ﬂ Tu.._ur.sﬁ-_ —.-_..—._._. ;.y..w_..—._._-—_v._ﬁyh
usoLIn anedw -gFny pasardun
SLND 21 Jo uomppe 2y sanuadog
T U 2715 Ud WL (0T (20 mop sed
DL POSTIED ST U0 DL UL SN J0 s g poad s Fuuwess S0
[Dz1]  wopEnuaoued TUISTADUL AU AMINAS 7 2215 1ds A A 00L dased sast] A 1 Wy, LNDMIN-IL
S0 Y uoneayads Funrosy stawnmd umpy PO Annsyng Funeosy

{panuuos) pajqey

pri.'n.g:r

s

53

|d"Azpaimisow z oueigod AZAIIM LSOW


http://mostwiedzy.pl

Carbon Letters

pringer

&

lzon

[R€1]

[een]

[oe1]

poRw
uotpsodap s8unmos s1 N 1 9ep
1P ) A ue an bl JOA7
oty Fuppe *Junroo 1N U1 S10ajap
[MIIS JO DT O] B T A0S |
R 552] STA DR O] o) csandadodg
Funwoo agi un s LN pangLIsp A
“IUA PUE SNOUIFOLLIOL SU) DUNN0E
i g7 () sean FUNeos NN 10
sxauyFnog aonpms 2y, a1 (oo Suned
~una progude s anbuyga o
oty Fuisn Aq paaoadiun satmg ¢ | s
TR 01 SR D J0 iduans Surpuog su ]
CTE | J0 S LN D0 UL 000 DL
00} AH 008 spaaoxa Sunmoo s TN 1N
QU1 JO SEMIPIEL 513 A ) saradong
W LTLL-1N] U] PPRagLID pur
pasaadstp (|2 203 51N S RINRN0E
sanuadord Su@pug pue Funesugn)
PRNQIEXD SN AL CSLN D nog i
STUNT0S 0 uosLmdue u aoums s
T POITL LD PUE ‘B O Q)T IO
_ﬁ—.—_—._.ﬁ!-E ..u_ﬁon_.___u —.F:.__ :.n_o W.N w: ssau
ey e paargug e Fureo s o sanaadog
aoummaddn sy2m paonpar yis
STUNTOD WIOJIN PUT 25U3P :2aNIDNNS
STULIR0D ZEA I PUT A7) 0)
Furpaooae wd gz ) o ssauyFno aom)
<INE JE2A0] A1 PUT B0 $7 10 SRR
pangiEs Junwes | NI-ZSA-10 L
EEAID pun Ly o Lmnuos ul e
T SO [UR LD 00 O
SIM0] 5 LN 0 uomppe g saiaadosg
sarod pur
SYIMIHLIL L] 290 (ST S
STUNTOD AL CFuneod NI A 10
ATMINNS YT -TD0]) TED BT KL
S LN D pestadsip-[am armanng

S gy e

Aurds dupq, wnw pog aaumsp s

U 740 amssaad T atp

1 E0EE 21 w0y TN 20 R 70

saanssaud G0y Su U] €717 e

oy T ey ted |0 anssad THTY
au Uy §6°ST I aogl T sy L

S LN O pue amuogding [y
J0 SISTSU0D e ¥ EHY o Aouanbad)
UOTIGLA S A OF THY TF uon§e
IUBSEN|N A1 1), (6 Drmeladi aug)

AP © ANSUSP JUALIND B NSNS

T apou aip e 1 apoT A

e §THIT ”EE:EED#U_._._.@.._

S AL (i AL LN

AU U (| uenmmp 2y ded
2POUT AU TSNS T IAPOUIED L],

Te ST pum 7 caamumadwng oy g

THd 2wy i | A1sUSp BN

AU U (g | oneiag at) g uderd
IPOUT AU ATASNE T IAPOUITD 2]

2208 PN

eyl parg

awyd (g

SLND-10-2d

54

INIIN

AN ZSAID

INIZSAD

EERTETE TR

uoneay ads Funmosy

saaparuied wimpy

sy

Funwoyy

(panuiueo) g AqeL

|d"Azpaimisow z oueigod AZAIIM LSOW

—

-


http://mostwiedzy.pl

Carbon Letters

anssaud pue amzsadiu) 10] SUONIPUDD PIEPURIS 18 STF ¥ JO VI O] DLASWN OA {1 JO NUN B U/ 2nuir 12d 1)1] [PuLioN,

20un

<1S1Sal UOISOLIOD pue Jedm pawordu

PUT SSOUPITY SIDYIIA D) PATRIUL
20T SLND Jo uomppe au samadoig

papuoy

124 25am Funeoes 2 U1 SLND YL

5O 10716170 J0 STULL S Ul sea

urw/3 i

o Kwads o fwnw (g7 oumstp Avads
A g 60 unssard e 2 turw
F1E°10T 1910 Moy 1w 34 g 1T
saunssaud T A tunwy ] CRET W
M0y TO ) g £6°0 danssand HED

l6€1] Funwos ayp jo Ausosod 2 :2umonag A U €469 @I aop “HTD AL J40AH 12215 PN SINOHD-IN
20umsISAL I M pasosdutt puw
JUIDLYYD0D UONILLY 12MO[ ‘ssauyFnos WL (HSZ-00OT 2ouRISIp
PRONPAL *SSIUPIRYOIIILL PATIIOUL Kwurds a1 unu @ G owa pagy
SLND JO uonippe ai :santadoig sapmod au turwzwu gy < 120[A
PRIYPY puv pasIadsIp [ Y2101 S Uy (9H)S DI MO (1)
UM UPIYM 'SIND JO UDTIPPR AL 01 SBF AJ1 UIUIT RE7Q) NI MO] DUISOIDY
[£6]  onp paonpar sea Sisodod ) :2INDANG ) U] (K606 7O Jo s Moy dy ], 40AH 0TOL ISIV JO [PAs PILIN SINO0O-OM
D8I ST Jnsaa L) Jawod
I2M0] pUT Wwnpaw uj *(aouvutiopad
Jwas pasoaduur) suon puos samod Yy
1V JUDIDLD0D UOTIILL] JO UOLIAPAL )
OS[? PUR ‘SSAUTN0] ANDTI] PASTAIDUL
PUT SSUPIVYOIIN PASTAIP )
pasned SIND JO uonippe aip isatuadolg
SINDM W noyiim Funeos o) Lenuod amnsqns Funeal e twq §-9
[06] w1 pasearap sea Snsosod 2 :2amonng unssaid IqUIRYD UONSAGUID UL JOAH  SIP [2215 SS[UMIS 9 ¢ [STV SLNDMIN©D-DOM
SOUY uonuay ads Sunwo)) suapwmd uiepy POYIRIW Aunsgng Sunwo)

(panuuod) y ajqey

pringer

as

55

|d-Azpaimasow z oueiqod AZAIIM LSOW AM|\\.|/|\‘


http://mostwiedzy.pl

Carbon Letters

pringer

as

SUD TSP LSS 2P e o e iy v pur (smopag
pRquasap) GUNROD NS TR IMIN PUR S TN IMIN 250 200 1[11a
uostrduros ur saiuadond snpseyd sauFig ag) passtpr Funeos ao ],
T E00F IF € Jo snnpo s Funok put ‘td 0 000 0F TE00 10
[ef1]  ssaupey ot Wil G2 () st Funeoos ai) Jo ssauFnod ot ], soniadodg
sisapsoadopua
ul o _n_n? 15 m:_.ﬁ_.._ SUOD UL 0] _.-uﬁ_._._.d...u_.: SUOTppT
LA ST O I s senuos o sansadoud 1s2q 201 pryg Amwams
[euy oy u pue st npdanpdy sea Suneos sup WL ZE F S0l
SEW PEO] [EX LS 20 J0 SN[EA 2] PUR 1531 [2)RI25-0UEL B
Tursn passasse s FURos 20 o PFU20S U IEPpE ], ] 1)
TEPFLIFI 10 sninpour s Funog put ‘Td 0 600 F 101°0 0 5520
=pu] at i g st Funmos o) jo ssaugF o ai], sansadalg
[ofad
PRqLIZSRP) SRR 0TS LN M PUT TOLLSLN D0 I 30 s
UOSLRAIWIND U] SUGTIIP 2ITNSONS 0] TONTPOUILIN 2T PUT 101
-ruiogap onstpd 01 20umsEAL IS L) poroL s Funeeo auy
TADTETF LI 0 snnpow s Funog pue ed0 §HOF 101°0 Jo
[001] ssauprey au) Wi e[ sea Funeos ) Jo ssaugFnod au ], sandadoeg
Fumeos dyp a0 o) wey) g iy
sm Funmoa 51 WA YH 20 g0 pFusns uomsagpr g, K
~xais30 VAT D] PUR B0y SC J0 snmpow s, Fono L 1) pue Kaan
-aadsan IO TI'L PUT B G ST SLNIM A IO B0 G pUT gl
| Aumneuns Funwoes s TN IMIN 200 10 ssaupaeg st ], sansadong
[FLITLL S sgn s
U101 ATEDUOD LT POSEA 3D ST JHITISTSI 0TSO0 PUT ‘T 0)
SIF 01 josnnpow s Funok (AH LEF T 0 L0110 FH9']
SUAL TR0 DU JO SSIUPIRL DU T oD S AN Y Ao L
1O UDTRIYIPOLL 23RS 241 A uonrgnaul jo sAp 1908 paseasau
[Or 1] Apyans st Sapgers (22 150H N SISTIo2)s0 uemng o], sansadong
(20 JET] 20 J0 e[ 20 S PRISRYT UL SIAR] PRI
106 J0) IO} RAD) 61 CT] 01 BT S0 oy snppot s Funog
—.x..:.__ ._..E._._.U..._..nu_ﬁ_._._ U_._.— .1.- .—._.__q.x._. U_._.— hn_. —.ru._v.vu.ﬁ._._. _..:.___._.— _ﬁhu.ﬂ._.___ TU.—_uE
18T 10] YT A0 GF "G 01 | S WO SSHUPITY S ' 280
.‘ﬁ- c.ﬁ.—.:.__.— c.x.: E_ fritbLy v..y..u._._uh—.—a TUE_E_._EUmﬁ- _ﬁu_m.E._. JOR LIy u_.—.H.
TSYILD IIELINS JO YIT] B PRHNTD WONEIIPOLL I35 ) papsodar
S 1] PRAIpo s aaam sFunros 5N MY 20 cseraadong

[zr1]

[1+1]

[Z1n]

W ST
ELNIMIA J0 02100 0 (2205 SSIUMS | =, IPOLPTED M | AT0S
QNS 1 4, POUT A} U | DU (I 94 A, (07 aFwijon (148 A,

B8 LTO
ELN M J0 IU2U0D AU (2908 SEI| LIS |~ IPOLITD U L ans
A0S 1, IPOUE AL U Z 0 QT A A ] aTeio (dH AL

LGB AL R
= DMALTD URTU0D 2L 1[3908 SSAUITS I =, IPOIITI A[1 AEASqNS
Lo SPOUE DU WIS AW (JdH 2 A, 0F AT eon (d9 ML

YT HE D D03 10 Pd20uls 31 O+ S INIMIN
JUUIUO D DAY RS SR UIRLS (=, PO AL ensgns 4+,
SPOUT I U QST RN g4 3 A DEES "nm..ﬂ._.._ﬁ{. Od9 AL

ERP 00 IS[ N J0 W20
U TP OU 1~ SPOLITD A SIRISGNS |, 4, IPOUT D YU § |-
FUTL LN (I 241 55 0F 20 QAT 200 A §Z R0 gd9 AL

B 610
S LW OMIAL T0 Jusqun 3 wmunepd § <, SpoLED A iAensgns
L, FPOUT S TS AW (O 2 A OF SETios adE AL

EUMA Y uoteayaads Sunwoy

siapwmmed wwpy

1T 2pTIDy 1L SLNIMIN
TZEIGNETLL SLNIMIN ©
Yo}

TZEIANETLL SLNIMIN

AFIVE-LL SLNDMINMIYH

amd 11, SLND

ANETZENLL SLNOMIN

IR Tunwo)y

sFunmoa sy pansedap eanaoydonsa)a jo sapumaomd Lwjduayy g apgey

|d"Azpaimisow z oueigod AZAIIM LSOW

—

-


http://mostwiedzy.pl

Carbon Letters

[#r1]

€1l

[£r1]

[zr1l

[ronl

AH O ST LRI ST MY 1= TS 200 10 20 159
1L SEOUPIRYOISTLL L], (R SJRISGNS du) 0] LIRS SU) Ul
pastU AN SIS a0 put g [T put T 907 T E1T
1 Afaanaad san possasst ataw UoTEFUOLD puw ‘(iFuanis ajisua)
apwnn yifuans piad segons ‘sauadosd Sunwoos auy g sanaadong

T | F LLT T passassT st (NFuans Suipuog au pue
QU 0S 1Rd 0o pUR WLITun ¥ pasol)s Sumes au ], dsansadog
SUDTEISP HRISNE JPOLLLIOXNT 0) & 1rqe sy
A putr Funwos IOLLTS NN PUT SLNOWIA 257G 240 (s
uostmduros ur sanaadard svsepd waudng a1 pasatpe Sunros ],
IO ER]FICE Josnupou s, Funo i pue 40 vSe0' 0F 600 10
sEAUPITL 2 W gg sea Tuneos Ao jo sspunEnon 2], sansadog

L0 L
-lyap u_ﬁ.._.___nﬁ: B bS] _..U_.“m_; U1 pasatyan Su WO YL Ty
TETF 1101 1o snnpow s Juno g pue ‘B0 7.0 0F £91°0 10
ssaupary] au) w9 s Funeoa s jo sspuydno auy ] saneadong
stsat]sardopua o oo nesrdde e Fuuaprsuos wa)ms
uneed s LD 250 20w s adosd asiom pry Amanms
ey S un pue stgoqdaipdy sea Junees s NW 201 F 800
S —.-._._.—.-_ _q__..u_:hu D_._.Cﬁ- .uﬂ__.___; c.x.: —.-_.:.__ 2] LU.—:.—..uwlﬂ-r—_.__r— Lid
Jupsn possass s FUNLod U J0 (RTINS W EdpE 2], w0
OT'EFRER J0 snqnpow s Funo g pur wg 0 6100 F SO0 10 S50
[ 20 g g sea Funeed 3 Je ssaugEner gL sanaedong
sisaipsosdopua un oenexpdde me S
I ISUDD WDt FUIR0D § LA N 2500 a0 ue so naadood ssiom
prey Aavunins oy ag) o poe swqogdorpy ses Suneoo ag
CPEFOI'TH S PROJ (B DU J0D0[RA 21 PUR 152] RIS
oum v Sursn passosst s Tunmos g jo yifuans wotsagpe s,
AT GLTF LY JO SMPOL S Fune g puT w40 S10'0F LT00 10
ssaupary 241w g0 s Suneos a1 jo ssauyFnoa 2y saneadog
Fupeod IOLLEINDMIA PUT SLADMIN 258 1) (i uosteduios
Ul U0 2 u_ﬁ.._.___ms._ DIUWISTSA 1520 A PRsIpe m:_:.z.-u 2,
TADZITFERON J0 snpown s Funoy pue Bl 190'0F €1T0 10
ssaupary w40 s Suneoa ag jo ssauySnos ay sansadag

STUNT00 SO LASINIMIN PUT N0 S LN M A 241 01 uospedios
U1 UGG P SUET 00 20UTISISI 1S3 0] 2L PUT SUONYap
AATNSANS NTPOLIOFIT 01 K11 [1GT 153401 H[1 PIASIPT TUNwod 1],
AT ST F L J0 snpow s Funo g pue w0 §6)'0F L8170 J0
sEaUpITY 2 Wi g s Funeos i o ssauyEna 3], sansadon g

He ST0

S LN M 10 W2 W03 201 ARNSNS B 1~ IPOIES U 12205 §53]
U © o, SPOUT LW G W A A OF SFTos add L

FA |

S LAOMIY 10 U210 20 21RNsqs © =, 2pote iy umunepd
D DPOUTE ) U | W LA A A OF AFeos ldd AL

B ET0
SN M J0 2103 DU DIRIISGNS ¥ 1, —, POLIED S1f) [aa1s 55|
=UIES | 4, PO 3L FoAun g4 2 A 08 "Qm.,w:ﬁr.. Od9 AL
JNLSYNE T L = SPOLIED AU NS SEIUINE 4, Spour
AL BUN QAT 22 A 0 PT[os AT A TOLL J0 add (2)
5B ST0 S LN OMIAL 10 1210 St
[R5 SERAUINIS [ —, APOYIED A1 NSNS [ 4, IPOUT [ UL
1P da 2y A 0 AFmios da 21 SINOMIN 10 Odd (1)

B 0
SN 0 U000 L)) ¢ |29)5 SEAUITE | —,, SPOLIED JU) s
A0S 1, 4, IPOUE I U T W T A0 A OF SFeea (4T AL

%0 L0 S INDMIN J0 02103 20

J[PR SEAUITYS |~ SPOUITDY A IHTO0SONS © 4, JPOUT 3L Ui
£ o g AU A 0F T gdd ) S INDMIN IO add (£)
Surranng ()

NSNS T 1, —,, IPOLITD [ 1320 SSIWEIS | 4, Spour
QUL I T BU (dH 2412 OF 2Fmpes adia g dyH e ada (1)

B ST
S LN JO U0 D) INRNSNS B 1 —,, APOLIES U 28 552
WIS ©, o, FPOUT YL UL RN (T 20A 08 SSeies adE L

FINSANE T 1, =, FPOLITD [ F |35 SEI|UIEIS ©, 4, 2pour
AU W CIE AU A0S PFmios qdE 21 oL 10 add (7)
B ST'0 S LN M J0 Wamos aug
{2015 SEUNS & —, SPOIES ) DILNEGNS |+, IPOUT ) U
0 W (AT 2 A 07 35 Tos (AT A1 SINIMIN 0 adF (1)

WITP IS SINOMINTY -V TSI

SAOLUDLN Y

uotpesaads Suneosy

srajorummd uirgy

LN SINDIMINIS-dVH
NOVELN M I
11 2Py LL TOLLSLN MM
NyOUR LSy o I~
—hy o= 51N DM N [Te)
SZETYNETLL dy Houm—s TN M 1A
NOWSLN OMIN
JZETANETLL TOLL-SINDMIN _m4
amnsgng fumon  E
w
(panuniuoa) g ajgel gl

|d"Azpaimisow z oueigod AZAIIM LSOW

—

-


http://mostwiedzy.pl

/\___/__\> MOST WIEDZY Pobrano z mostwiedzy.pl

e

Carbon Letters

3.1.4 Low-velocity oxy-fuel thermal spraying

Low-velocity oxy-fuel (LVOF) thermal spraying is very
similar to HVOF, except for particle velocities, which are
here lower, with close (2300-2500 *C) or the same flame
temperatures. At the same time, particle velocities in LVOF

References
[145]
[114]

[146]

are higher than in plasma spraying [91, 101]. Coatings
deposited by LVOF are corrosion- and wear-resistant [ 102].

3.2 Electrochemical methods

The electrochemical methods are among the most simple
technigues. The deposition material is a suspension with
charged micro- or nanoparticles, which are migrating to
the substrate, mainly due to the applied electrical field.
Figure 5 demonstrates electrochemical methods, which are
mostly used to prepare CNTs coatings and CNTs coatings
with additions.

| graphite electrode and can be used as an electio-

chemical sensorin the analysis of hyperin

3.2.1 Electrostatic spraying

MNiTi substrate material. The coating demonstrated non-toxicity in

the culture medium
Properties: The MWCNT/TiO,-Co showed a discharge capacity of

305 mAhig, which is twofold higher than that of pure MWCNTs

and 1.6-fiold hi gher than CNT/TiO,
Properties: The carboxylic MWCNTs has better current density,

improved fibroblast cell (L929) proliferation in comparison to the
onsel potentials, and charge transfer resistances in contrast o

Properiies: The coating showed improved corrosion resistance and

Coating specification

The electrostatic spraying (electrospray method, ES,
shown in Fig. 5C) is a simple technique used to deposit
coatings by dispersing charged material under an applied
electric field. The deposition system consists of a genera-
tor and micro-injector, where a charged coating suspension
is placed. Coatings prepared using this method are charac-
terized by good adhesion to the substrate [103].

: the electrodes: graph-

3.2.2 Electrophoretic deposition

Electrophoretic deposition (EPD) is a simple method car-
ried out in suspension, where two electrodes, an anode,
and a cathode are placed parallel to each other and con-
nected usually to a DC power supply (Fig. 5B). Due to
the electric field, the particles suspended in the solution
migrate to one of the electrodes (depending on particle
charge) and coagulate, forming a coating [111, 112, 142,
143, 147].
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3.2.3 Electrocathodic deposition

Electrocathodic deposition (ECD), which is also known
as electrocathodically-assisted deposition (ECAD), elec-
tro-co-deposition, or electrolytic plating is a method used
in water solutions of inorganic compounds appearing as
cations and anions. Additionally, CNTs (or, e.g., their car-
boxylated complexes [148]) can be transported by large
cationic particles with which they form hydrogen chemical
bonds. Under an electric field, the cations or cation-CNTs
complexes move toward the cathode being a covered

2
g
[

pencil

Substrie
Composite

NiTi
Cooper

Table5 (continued)
Hap-Ti-MWCNTs

MWCNT/TIO—Ca

MWCNT

Coating
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Fig.4 Schematic illustration of thermal spraying methods: A plasma spraying. B high-velocity oxy-fuel thermal spraying, and C cold spraying

substrate, and form coatings [ 149, 150]. A schematic dia-
gram of electrocathodic deposition is shown in Fig. 5A.

3.3 Laser methods

High-speed laser cladding (HSLC) is one of the meth-
ods applied to prepare CNT coatings, as shown in Fig. 7.
Traditional laser cladding (LC) uses laser energy to melt
additional material with the surface layer of the substrate.
The additional material could be in the form of powder,
wire, or strip [104]. LC method allows preparing surfaces
free from porosity and cracks [105], but still too thick to
produce wear and corrosion protective coatings because
the surface preparation rate ranges from 10 to 50 cm?/
min. For ultra-high-speed laser cladding, the rate of clad-
ding is approximately 500 cm*min, which is more efficient
resulting in coatings of 10-250 pm thick [ 106]. For better
understanding, Fig. 6 schematically demonstrates the idea
of the HSLC technique (Fig. 7).
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4 Properties of composite coatings

4.1 Topography and morphology

Surface topography is a qualitative feature of a surface
shape, which is characterized by a quantitative feature,
named surface roughness, expressed by the surface S,
parameter (multiple lines) or line R, parameter. Table 6
shows a short review of the roughness of CNTs coatings.
When discussing topography. it is also essential to point to
surface morphology, which describes the coating chemical
and phase composition, thus Table 4 also provides such
information.

Table 6 shows that the roughness of electrochemically
prepared CNTs-containing coatings is lower compared
to other methods. Also, the plasma electrolytic oxidation
has a lowering effect on the CNT-Al coating image. The
microstructure of each coating depends on the method
of synthesis. Plasma-sprayed coatings generally have
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Fig.6 Schematic illustration of HSLC method of coating synthesis

lamellar microstructure due to layer-by-layer deposition,
where some microcracks, voids, and porosity can be distin-
guished [124, 125, 127, 136]. The porosity of Al-Si-CNTs
coatings ranges from 10 to 12% and many agglomerates
of size distribution 39+57 um could be observed [123].
For Ta,04/CNT coatings the porosity ranges at 18=26%
and increases with the higher concentration of CNTs.
Such coatings are intended for biomedical applications
and reach a thickness of 540+ 110 pm [31]. Generally,
the coatings prepared using PS show regions, where the
powder material is unmelted, partially melted or melted
[94, 127]. Another method of CNTs coatings prepara-
tion is HSLC which gives coatings almost as flat as the
substrate, without cracks in the micro-scale. For nickel-
plated CNTs/Fe-based coatings, there could be seen phase
transition from the columnar dendrite, through the crystal
to amorphous resulting from a temperature gradient, and
with the increase of CNTs content, all phases are refined
[119]. CNTs coatings prepared with the CS method have
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Fig.7 A scheme of CNTs methods of synthesis and CNTs coatings deposition methods

flake-like morphology, whereas in cross-sectional images
lamellar structure could be observed. Xie et al. reported
CNT/AISI coatings thickness to be several micrometers
[108]. Moreover, |wt%-CNT-Al coatings exhibit pores
but their number and size are smaller than for the pure Al
coating deposited on AZ91 Mg alloy [130]. EPD-prepared
coatings have CNTs uniformly distributed. The other com-
ponents such as nanometals and nanoceramics are mostly
agglomerated [111, 142, 143] due to suspension instability
and no possibility to stir during the process. Such coatings

@ Springer
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are also laser-modified. followed by scratches, folds, and
bulges observed on their surface. The phases like TiC in
the form of dendrites and spheres could be distinguished.
The thickness of laser-modified MWCNTs coating was
reported to be 7.88 +£0.35 pm [112].

In materials science, morphology describes the shape,
texture, and distribution of different elements and phases
at a surface, whereas topography determines the quantita-
tive 3D configuration of different geometrical features on
a surface. The studies of both topography and morphology
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Table & The roughness of coatings with CNTs

Coating Substrate Method of synthesis Ra (pm)  Sa {pm) Morphology description References
Cr-CNT* Steel ECD 0.29 A cauliflower-like structure bulged deposit [13a]
Cr-YSZ-CNT" 0.22 A YSZ and CNTs are well dispersed in the Cr
muatrix, where a two-phase structure might be
ohserved
TuyOfCNT TinAl4V PS 9.6=10.5 Characteristic o PS method coatings morphol- [31]
ogy. where layers of Tay0/CNT splats can be
distinguished, homogenous CNTs coating, and
uniformly distributed micropores of the distribu-
tion ranging from 1 to 5 pm
Cu-SCNT* Cu Cs 2069 The CNTs are not homogenously dispersed. No [132]
cracks observed
[(Cu-SCNT)-10AIN® 1437 — Both, AIN particles and CNTs are not homog-
{Cu-5CNT}-20AIN® 10.53 _ enously dispersed. No cracks observed
CNT-Al AZI1 Mg CS+PED 4 The structure of the CNT coating is lamellar, with ~ [107]
microcracks, and AlyO, volcanic-type pores.
There could be distinguished a-Al,0, and
¥-AlL 0, forms of AlyO, and graphitized carbon.
The thickness of the coating 15 about 25 pm
MWCNT? Til3iNb13Zr EPD - 0,098  Uniform distribution of CNTs [142]
MWCNT-Hap? - 0980  Many agglomerates of HAp observed, stuck 1o the
CNTs
MWCNT-Hap— - 0618 Many agglomerates of nanometals adsorbed w0 HAp
nunoAg-nanoCu’ particles
MWCNTs? - 0.34 Uniform distribution of CNTs. The thickness of the  [111]
coating is about (.5 pm
MWCNTs-Ti0," - 0.65 Uniform distribution of CNTs, many agglomerates
of Ti0, of micron size. The thickness of the coat-
ing is about 2 pm
MWCNTs—Cu® — 041 Uniform distribution of CNTs, the Cu nanoparticles
located at the crossover of MWCNTSs caus-
ing cracks. The thickness of the coating is not
uniform; there are places of narrower and thicker
coating
MWCNTs? TiGrade I EPD - 0353 Uniform distribution of CNTs [143]
MWCNTs—TiO-;‘ — 1.033 Uniform distribution of CNTs, many agglomerates
of Ti0), of micron size
MWCNTs—Cu? - 0.495 Uniform distribution of CNTs with Cu agglomer-

ates built into

*The roughness of the Cr surface is about 0.90 pm
"The roughness for Cr—YSZ is about 0.86 pm
“The roughness of the Cu surface is about 17.5 pm

The roughness Sa parameter of Til 3ANb13Zr surface is about 0.203 pm

are always immanent parts of any materials investigations
as their influence on bioactivity, i.e., bone growth rate, and
also on corrosion behavior, is crucial. It might be assumed
that in topography, the deciding is the proper development
of the surface. For titanium, the geometry and dimensions
of oxide nanotubes are important. In particular, the walls of
rough and sharp nanotubes TiO); provide suitable places for
the nucleation of biospecies [1531]. The presence of titanium
dioxide in the form of nanopatterns with heights of about
1.5 nm and nanotubes influenced protein adsorption kinetics

and the thickness and morphology of the resulting protein
layer which was attributed mainly to electrostatic interac-
tions [152, 153]. The nanopatterned arrays developed by the
chemical hydrothermal process at high temperatures mimic
the dragonfly wing and are suggested as the origin of their
activity against different bacteria [154]. The shot peening
of titanium causes the substantial appearance of the micro-
and nanoscale oxide layers which strongly affect adhesion,
proliferation, and osteogenic differentiation of human cells,
additionally enhancing wettability [154]. But not only the
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presence of titanium oxide 1s a necessary condition for posi-
tive effects of topography. Osteoblasts showed a tendency
to accelerate their proliferation on titanium spike structures
[155]. The positive effects of the surface morphology, and
micro and nano roughness, which improved ossecintegra-
tion, were observed for hard titanium [155]. The additive
designed manufacturing such as powder bed fusion (PBF)
metal 3D printing makes porous structures of different local
surface topography and pore shape that affects cell prolifera-
tion and differentiation. In particular, titanium with pores
triangular and rectangular pores has higher roughness with
a structure more concave (valley-like) than that with cir-
cular pores and effectively promotes the proliferation and
differentiation of osteoblasts, thus improving osseolntegra-
tion strength and implant fixation [ 156]. Similar phenomena
were observed for porous topography for silicon [ 157, 158],
hydroxyapatite [ 159, 160], poly(L-lactide) (PLLA) modified
with femtosecond laser [161], poly(methyl methacrylate)
(PMMA) [162]. For CNTs layers or composite coatings,
there have been no important investigations, but it might be
assumed that the presence of CNTs can enhance biological
PrOCESSES.

4.2 Adhesion between CNTs and metallic substrate
4.2.1 Adhesion mechanisms

The adhesion strength is mainly determined by mechani-
cal and thermal interaction between particle and substrate
depending on the method of coating synthesis. In the CS
method deposition velocity and, thus, the degree of defor-
mation plays an important role. At the critical velocity, the
material is plastically deformed and a region (called adi-
abatic shear instability) where the temperature could reach
the melting point of the material is formed, leading to vis-
coelastic material flow, formation of a conformal interface,
and metallurgical bonding. Thus, the evaluation of adhesion
strength is dependent on the particle velocity, particle or
substrate temperature, substrate roughness, particle mor-
phology, and mechanical properties of both the particle and
the substrate [95, 163].

The CNTs formulate a mesh structure, with a large sur-
face area, giving space for reaction. Direct reaction of CNT3s
with plasma plume in plasma spray method resulted in the
generation of defects which leads to an increase in reac-
tion sites [ 123]. In this method, there are seen three typical
microstructures: fully melted region, partially melted region,
and pores. In the fully melted region, some reduction pro-
cesses may occur such as in the case of CNT-Ti0, coating
for which the carbothermal reduction appears followed by
the formulation of some TiO,  species. In partially melted
regions, CNTs and the other components stick to each other
and bond with weak van der Waals forces [94].
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Adhesion plays a very important role in implant coat-
ing. If the adhesion is poor, during implantation surgery the
coating can be degraded or even totally removed. Therefore,
even further properties are positive, the adhesion must be
sufficient enough to counteract mechanical stresses dur-
ing the insertion of whatever implant into the bone. Below
different methods are described which are used to assess
the anticipated integrity by measurements of the adhesion
strength of the coating to the bone. Besides, as the coating
is subject during surgery and after different loads, the coat-
ing must be also tough, but not brittle. Therefore, CNTs are
added mainly to improve rigidity, hardness, and toughness.

Despite several described below tests to calculate adhe-
sion strength, widely described in the literature, however, the
best assessment of the coating behavior during implantation
surgery 1s in vivo experiments on animals. The results of
such successful studies are, however. not frequent. It is noted
that to increase the clinical success rate of metal implants is
to increase their bone-bonding properties, i.e., to develop a
bone bioactive surface leading to reduced risks of interfa-
cial problems. Much research has been devoted to modify-
ing the surface of metals to make them bioactive. Many of
the proposed methods include depositing a coating on the
implant. However, there is a risk of coating failure due to
low substrate adhesion. In [164], a method to obtain bioac-
tivity combined with a high coating adhesion via a gradi-
ent structure of the coating [165]. The review of different
technigques for HAp coatings on Ti6Al4V alloy, mostly still
applied for hip joint implants, showed that three techniques,
namely sputtering, IBAD (ion beam-assisted deposition)
followed by heat treatment, and EPD give reasonably high
adhesion values. To increase the adhesion, the substrate is
usually properly prepared to develop its surface area and cre-
ate micro and nanoforms such as grooves, pillars, columns,
etc., by mechanical grinding, acidic and alkaline etching,
chemical, electrochemical. and micro-arc oxidation, laser
roughening, and patterning. In [166], such laser microma-
chining of titanium and its alloys created micro-grooves
of diameter of about 10 pm, and then coating with argi-
nine-glycine-aspartic acid to enhance cellular spreading
and adhesion was deposited. The laser-grooved and coated
rods had significantly higher pull-out strength than the only
laser-grooved and control rods. This paper in an excellent
way explains the core of this problem. To summarize, the
coating for long-term implants must demonstrate several fea-
tures, such as the bioactivity necessary to form quickly and
strongly the bond between an implant and bone, mechanical
behavior against anticipated stresses sufficient to avoid any
serious damage or degradation, and high adhesion. Truly,
we would like to achieve only bioactivity without cytotoxic-
ity, but weak mechanical strength or weak coating adhesion
might cause the coating to be destroyed and the main aim
for its deposition will vanish.
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4.2.2 Testing methods and adhesion strength of CNTs

Among different methods used to assess the adhesion of
coatings, the standard ASTM F1044 based on shear testing
of calcium phosphate and metallic coatings is the most often
applied for CNTs composite coatings. It assesses the adhe-
sion of coatings to substrates or the cohesion of a coating
under shear stress to the interface. Commonly flat-coated
specimens are glued to a proper counterpart and loaded
up to the division of both parts. The more recent results of
such investigations are shown in Table 7. The addition of
the CNTs results in a significant increase in the adhesion
strength, but as a rule at its higher contents or if a third
component is present in a coating.

Exceptionally, the standard test method based on meas-
uring adhesion force by tape test, ASTM D 3359-08, was
applied for the chitosan-nanoHAp-CNTs on Ti substrate
[171]. The tape tests displayed high adhesion strength (class
5B).

Nanoscratch testing is increasingly applied [141, 142]
despite that mechanical force and not stress is measured

Table 7 The shear strength of CNTs-containing coatings, determined
by ASTM F1044 standard

Coating compaosition Substrate  Shear References
strength
(MPa)

HAp-20 wi% MWCNTs Ti 34.94 [167]
HAp-30 wi% MWCNTs Ti 3544 [167]
HAp Ti 20.62 [167]
HAp-0.IMWCNTs Ti 19.0 [168]
HAp-IMWCNT: Ti 242 [168]
HAp-2MWCNTs Ti 224 [168]
HaAp Ti 18.1 [168]
HAp-0.1SWCNTs Ti 17 [169]
HAp-0.35WCNTs Ti ~21 [169]
HAp-0.55WCNTs Ti 257 [169]
HAp-1LOSWCNTs Ti ~25 [169]
HAp Ti 153 [169]
HAp-208i-1MWCNTSs NiTi 275 [113]
HAp-IMWCNTSs NiTi 19.3 [113]
HAp-20Si NiTi 232 [113]
HAp NiTi 18.0 [113]
HAp-20Ti—-IMWCNTs NiTi 321 [170]
HAp-20Ti NiTi ~27 [170]
HAp NiTi 172 [170]
HAp-Ta, 00 5MWCNTs NiTi anz2 [571
HAp-Tay0~IMWCNTs NiTi 324 [571
HAp-2Ta,0— 1L SMWCNTs  NiTi 327 [57]
HAp-Ta,0~2MWCNTs NiTi 346 [57]
HAp-Ta, 0y NiTi 237 [57]
HAp NiTi 18.9 [57]

which makes the results not comparable to those based
on the shear technique. For the nanoHAp-CNTs coatings
deposited on Ti and its alloys, [141], a critical load of 350
mN was noticed for the HAp-5% CNTs coating. In the other
research [142] the values of critical force resulting in the
delamination of coatings deposited on Til3Nb13Zr alloy
were 116.5 mN, 90.2 mN, and 60.4 mN under shear stress
for CNTs, CNTs-HAp, and CNTs-nanometal coatings,
respectively, at 0.27 wit% of CNTs only.

Finally, it is to emphasize a novel technique, called a
nanomechanical pull-out method [172] that has used an
atomic force microscopy cantilever acting as a force sensor
and mounted vertically to a 3D piezo nanomanipulator. The
interfacial shear strength and the maximum load-bearing
capacity of the CNTs coatings on Al Ti and Zn substrates
were 217 and 245 nN, and after quantitative analysis of the
results, the shear stresses at the interfaces were calculated as
31+40.01 MPa, depending on heat treatment, and 37.8 MPa,
respectively [172, 173]. Based on the ASTM C-633 standard
(European EN 582) and using the tensile tester for pull-out
samples, the adhesion between cold-sprayed CNTs to Al
matrix was assessed at 15-18 MPa [95].

Systematic research on the effects of some features and
amounts of CNTs composites is rare. One of the reasons for
increasing the adhesion strength with increasing the CNTs
content in HAp coating is bridging formed by CNTs between
coating and substrate [174, 175]. It is noted that an addi-
tion of CNTs has also been proposed for protective coatings
based on epoxy resins [16].

4.3 Mechanical behavior

The mechanical behavior of a material is one of the most
important features discussed when the material is considered
for use in biomedical applications. Microhardness, nano-
hardness. elastic ( Young™s) modulus, and yield strength less
often, are the mechanical properties checked to describe the
material and attribute it to an application. The difference
between micro- and nanohardness is the area of the test.
Microhardness gives information about the average hard-
ness of a large area, while nanohardness is more specific
and describes the little area using smaller loads. Young's
modulus is used to assess material stiffness and is a very
important factor in terms of biomedicine because the mis-
match of implant and bone in Young's modulus could lead
to complications for the patient and even the necessity to
repeat the surgery. Usually, scientists are looking for mate-
rials, with lower values of elastic modulus than the natural
bone elastic modulus, which is for cancellous bone about
3.78 GPa and cortical bone about 14.64 GPa [176]. Table 8
shows the mechanical properties of coatings composed of
CNTs.
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Table 8 Research of CNT-composite coatings deposited on a metallic substrate
Coating CNTs wif  Substrate Microhardness Nanohardness Elastic modulus Yield strength References
{GPa) (GPa) ({GPa) {GPa)

Al-SCNT 62 Mild steel 1.350£0.05 2334027 107 £6 Bi+19 [123]
Al-10CNT 124 Mild steel 2100+0.04 2.89+0.27 125+7 415+18
Al-8i-5CNT 5.0 Mild steel - - 107 +6 B3+19 [124]
Al-Si-10CNT 1010 Mild steel - - 125 +7 41518
CNT-Al 1o AZO1 Mg alloy — 16602 71633 - [130]
CNT-AP 10 AZO1 Mg alloy 139 - 1854 - [107]
Cr—CNT 2 Steel” 150+1.2 19.0:3.0 196.0+ 8.2 - [137]
Cr-YS8Z-CNT 2 Steel” 2504028 320+34 206+11 -
Cr—CNT 2 Steel® 14.0:1.7 - 19222 - [1386]
Cr-YSZ-CNT 2 Steel® 240=15 - 210=20 -
CNTs 05 T 1664+ 0107 - 101 +15 - [140]
MWCNT 027 Til3Nb13Z" - 0101 20049 14.17£4.32 - [142]
MWCNT-HAp 027 - 0.022+0.015 563+276 -
MWCNT-HAp- 0.4 - 0.035+0.019 B.EE+3.26 -

nanoAg—

nanoCu
MWCNT 025 - 0101 20049 14.17£4.32 - [
MWCNT-Ti0, - 0137 £0.048 T769+1.75 -
MWCNT-Cu - 0.213+0.061 10.83+2.12 -
MWCNT 0.25 Ti Grade 11 - 0,032 +0.0003 3.14+0.03 - [143]
MWCNT-Ti, - 018300572 10.11£2.42 -
MWCNT-Cu - 0079+ 0.0354 151+1.84 -

“The coating was first prepared by CS and second by PEO

"The elastic modulus for stainless steel is about 51.07 GPa [176]
“The elastic modulus for Ti 15 abowt 50.20 GPa [176]

“The elastic modulus for Ti13Nb13Zr is of 83.32 + 11.63 GPa

CNT-based coatings are deposited on different substrates
with variable CNTs and other additions” contents. Consider-
ing the value of Young's modulus of CNT-containing coat-
ings for application in biomedicine we can observe that the
coatings with 0.25 and 0.27 wt% addition of CNTs revealed
elastic modulus values similar to cortical bone. The addi-
tion of nanometals and nanoceramics causes a decrease in
Young's modulus. The CNTs applied in the YSZ and Al-
based coatings improve mechanical properties [125, 130].
For Al-based coatings, the CNTs enhance coatings prop-
erties through thermal expansion mismatch, and Orowan
looping as CNTs are generating high dislocation density and
limit dislocation migration. Also, CNTs play a reinforcing
role, dependent on content and distribution [130].

4.4 Corrosion resistance
The corrosion resistance testing focuses on the electrochemi-
cal behavior of the deposit by, almost exclusively, the elec-

trochemical potentiodynamic polarization test. The increase
in current density means the corrosion resistance decreases.
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The conditions of the test can be changed, such as tempera-
ture, electrolyte composition, scanning rate, and potential
range. For biomedical applications mostly the temperature of
the body is imitated and SBF solution is used as an electro-
lyte. Before the main test, the open circuit potential (OCFP)
value is checked, which is the potential at zero current value
and gives information about the thermodynamic stability of
the examined material. Mostly OCP value is negative, but
sometimes it could be positive, which means a passivation
phenomenon of the coating can occur [136]. The OCP value
also gives a clue about the potential range that should be
used during the electrochemical polarization test. Table 9
shows a brief conclusion about the corrosion behavior of
CNTs-based coatings.

For the coatings with YSZ, Cr, and Al prepared using
PS the addition of CNTs enhanced the corrosion resistance
[125, 127, 130, 136]. Tripathi et al. [136] reported better
corrosion resistance for the Cr—=CNT and Cr-YSZ-CNT
compared to the bare Cr material, with the highest poten-
tial achieved for the Cr=-YSZ-CNT coating. For the Cr sub-
strate the corrosion current density and corrosion potential
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Table 9 A state-of-the-art corrosion behavior of CNT-containing coatings

Coating Substrate Crucial parameters of coating preparation E (V) I (nAfem®) References
CNTs-Ti0, Til3Mb13Zr EPD (0.25% CNTs, TiO, 0.15 g, 50 ¥, 4 min) =0.169 1.4 [177]
EFD (0.25% CNTs, TiO, 0.15 g, 60 V. 4 min) =0.282 2064
EFD (0.25% CNTs, TiQ, 0.30 g, 50 ¥, 4 min) =0.217 17.5
EFD (0.25% CNTs, TiO, 0.30 g, 60 V. 4 min) =0439 4985
CNTs EPD (0.25% CNTs, 20V, 30 ) =0.233 176.2
NiTi + HAp-Ti-CNT NiTi EPD (1% CNTs, 60 V. 2 min) =0.0391 091 [145]
Cr—-CNT Cr ECD (20 g/L. of CNTs) =0.509 6900 [136]
Cr-YSZ-CNT Cr ECD (25 g/L of 3 mol% Y,0,, 20 g/L of CNTs) =0470 7200
CNT-Al AZ9] Mg alloy  C5 (1 wi CNTs) =0.941 2030 [120]
CNT-Al AZ9] Mg alloy  CS5+PEO (1 wi% CNTs) -1126 3734 [107]
CNT Ti EPD {28V, 30 5) 0270 112 [140]
Nickel-plated CNTs/FeCoNbBSi 45 steel HSLC (0.25 wi% CNTs) =0.592 547 [119]
Nickel-plated CNTs/FeCoNbBSi 45 steel HSLC (0.5 wi% CNTs) =0.502 454
Nickel-plated CNTs/FeCoNbBSi 45 steel HSLC (1 wi% CNTs) -0.518 436

were 15.9+3.7 pAfcmz and — 534 + 19 mV, respectively,
and for Cr—CNT 6.9+ 1.3 pAjem® and — 509 £23 mV, and
Cr-YSZ-CNT 7.2+0.9 pAjem” and — 470+ 13 mV, what
gives information that two-phase boundaries inhibit the
cracks and limits corrosion [136]. On the other hand, the
increase of MWCNTs content in MWCNTs/PU coatings
increases the corrosion current density, thus weakening the
corrosion resistance. This phenomenon could be explained
by the formulation of micro-defects in the PU matrix, which
facilitate the substrate metal corrosion. The maximum cor-
rosion rate for MWCNTs/PU coating deposited on Q235
steel is at 8 wt% of MWNCTSs and the maximum corrosion
resistance appears for 2 wi% of MWCNTs [110]. The same
effect was seen for 1 wit%-CNT-AIl coating deposited on
AF91 Mg alloy, achieved using the CS method according
to the substrate and pure Al coating. The phenomenon was
explained by thermal mismatch between the Al matrix and
CNTs. which can strengthen the matrix, limit dislocation
looping, and suppress crack propagation [ 107, 130]. Maleki-
Ghaleh et al. [145] prepared HAp-Ti-1wt%-MWCNTSs coat-
ing using the EPD process on NiTi substrate, which pos-
sessed the best corrosion resistance in comparison to the
substrate and coatings without MWCNTs addition. Never-
theless, there are the same reports about CNT coating EPD-
deposited on Ti, which decreases corrosion resistance, due to
the porous fibrous structure of the coating and the presence
of TiQ, [ 140]. Thus, the results are ambiguous indicating the
complex roles of components and microstructure, roughness,
and uniformity of the surface.

Another method to check corrosion resistance on a
micro-scale 1s the scanning Kelvin probe. The test allows
for achieving information about electron work. The higher
the escape electron work is, the higher the corrosion resist-
ance. The test indicated the best corrosion resistance for the

CNTs/Fe-based coating with 1 wt% of CNTs prepared by
HSLC, confirmed by the electrochemical corrosion test. The
increase in CNT content caused the decrease in corrosion
current density. and the CNTs presence allowed to join the
cracks improving corrosion resistance [119].

4.5 Wettability

The contact angle is used to describe the wettability of
CNTs coatings. The higher the contact angle is the higher
the wettability of a surface, and thus such a surface is named
hydrophilic. In the literature, the contact angle between 40
and 607 1s the best in terms of promoting cells adhesion
and improving the bioactivity of the coating [178]. Lin et al.
reported on the decrease in contact angle of the Ta,04/CNT
coating deposited on TI6AI4V to 137 [31]. The wettability
of Cu-CNT-Ti0, coating is also hydrophilic (the contact
angle value 1s 12.857), due to the presence of Ti0, parti-
cles [135]. The pure CNT coatings prepared using the EPD
technique deposited on Til3Nb13Zr are also hydrophilic and
their contact angle is about 567, while the contact angle of
CNTs coatings with HAp and nanometal additions highly
increases to hydrophobic values, which is unwelcome in bio-
medical applications [142]. The impact of laser modification
on the wettability of CNTs coatings was also checked and
revealed the increasing contact angle to the value of about
80° [112]. The wettability of CNTs coatings is then strongly
dependent on the bonding effect and the method of syn-
thesis. Most MWCNTS used to prepare coatings employing
electrochemical methods are functionalized to give a nega-
tive charge and enable the deposition. Such a modification
and changes in the pH of the solution during the process
may impact the linking of CNTs to other components of the
suspension, thus changing the contact angle of the coating
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[142]. On the other hand, the wettability of CNTs coatings

is dependent on the roughness.
4.6 Bioactivity and cytotoxicity

Most commonly the MWCNTS bioactivity and cytotoxicity,
namely positive and negative effects on adhesion, viability,
proliferation, and mortality of cells were tested in human
umbilical vein endothelial cells (HUVECs). Zhao et al. [52]
examined three types of MWCNTS with different diameters,
named XFM4 (diameter: 10-20 nm), XFM22 (length: 0.5-2
pm; diameter: 20-30 nm), and XFM34 (length: 0.5-2 pm;
diameter: > 50 nm) and concluded that the smallest diameter,
the higher level of cytotoxicity, the HUVECs are the most
internalized, the level of cytokine released is the highest.
They also observed the highest level of ER. stress biomark-
ers, due to the highest specific surface area of the MWCNTS,
causing autophagy of HUVECs, thus eliminating MWCNTs
with such dimensions to be applied in biomedicine, espe-
cially in blood vessels. Also, the dose-dependence impact
on cytotoxicity was seen. The MWCNTs with the smallest
diameter exposed cytotoxicity at concentrations higher than
16 pg/mL. On the other hand, for higher MWCNTs diam-
eters, a greater content of MWCNTSs caused higher cytotox-
ieity to HUVECs, while its addition didn™t indicate obvious
changes in the ultrastructure of HUVECs cells.

The MWCNTSs diameter cytotoxicity impact on the other
cells was also checked for NRB383 cells (normal rat alve-
olar macrophage cells) [179] and human mesothelial cell
lines (MeT5A, E&/E7, and hTERT-immortalized human
peritoneal mesothelial cells) [180] and the length impact
of MWCNTS on cytotoxicity to HUVECs was investigated.
Long et al. [181] examined two types of MWCNTs (XFMI19
of length 10-30 pm and XFM22 of length 0.5-2 pm, both
outer diameter of 20-30 nm and inner diameter of 5-10
nmy) with different concentrations from 2 to 32 pg/mL. The
longer the MWCNTS were, the higher level of cytotoxicity
to HUVECS, the higher oxidative stress, the higher level of
THP-1 monocyte adhesion to MWCNTS, the higher level of
ER stress biomarkers were observed. which gives informa-
tion about the inflammation-inducing effect of longer MWC-
NTs species. Another parameter discussed in the literature
is a surface modification of MWCNTSs, which could affect
interaction with proteins and cells [182]. According to Sun
et al. [183], pristine MWCNTs (XFM19, diameter: 28.97
nm, average length: 1181.14 nm), hydroxylated MWCNTs
(XFM20), diameter: 30.46 nm, average length: 1323.94 nm),
and carboxylated MWNCTs (XFM21, diameter: 31.03 nm,
average length: 1256.59 nm) are cytotoxic to HUVECs
and induce oxidative stress to a similar extent while used
with MWCNTs concentration of 32 pg/mL or 64 pg/mL.
Dine et al. reported the functionalized (oxidized) MWC-
NTs were less toxic to HUVECs and MDA-MB-231 cells
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(breast cancer cells) than pristine MWCNTSs [182]. Thus,
MWCNTSs with a longer length and smaller diameters could
induce cytotoxicity to HUVECs, regardless of the type of
used functionalization of MWCNTs. However, Dlugon et al.
[140] checked the biological activity of CNTs coatings EPD
deposited on Ti using the human osteoblast NHOst cell line
and after 7 days observed higher cell viability for CNTs
maodified Ti than for pure substrate. Also, the SWCNTSs were
investigated in terms of cytotoxicity and showed that the
oxidized SWCNTSs caused malformed placentas in female
mince already after administration of 100 ng/ml of oxidized
SWCNTSs [184, 185].

The toxicity of MWCNTSs is then dependent on their
dimensions, such as the diameter, length, and also physico-
chemical properties, like surface chemistry, and dose. So far
studies show that the examined parameters in terms of cyto-
toxicity are: (1) the internalization of MWCNTSs to human
cells, (2) the release of inflammatory cytokines (THP-1
monocyte), {(3) the mechanism of cytotoxicity activation-
reactive oxygen species (ROS) or activation of endoplas-
mic reticulum (ER) stress biomarkers, such as ddird (DNA
damage-inducible transcript 3) or other named chap (C/EBP
homologous protein); xbp-1s (spliced X-box binding protein
I}, and the protein level of BiP (binding immunoglobulin
protein; GRP78, 78 kDa glucose-regulated protein) [32, 181,
183].

The cytotoxicity is a serious problem that has been
attempted to limit by several solutions. In [186] the toxicity
of CNTs was shown to be mainly related to their dimensions:
toxicity decreases with increasing length of the nanotubes.
The toxicity was also reduced for CNTs of small diameter
[187]. thus the use of smooth CNTs is favorable. Besides
this passive way, the functionalization of CNTs is likely the
single approach to decrease cytotoxicity, with effectiveness
dependent on chemical structure. The carboxylic SWCNTSs
and MWCNTS, with cytotoxicity investigated by adsorption
of human serum albumin [188], of bovine serum albumin
[189, 190], and by MTT assay [191] were the least toxic as
compared to hydroxylated SWCNTs and amined SWCNTSs.
The natural bio-resin shellac applied for the functionaliza-
tion of CNTs also reduces cytotoxicity [192].

The bioactivity of CNTs has been seldom investigated
as elementary carbon is an inert body. The high surface
properties, including the creation of chemical covalent or
van der Waals bonds, are achieved due to nanosized tubes.
However, it is now well known that to make CNTs bioactive,
chemical functionalization is necessary. There are several
indirect evidence for an enhancement or improvement of
bioactivity by CNTs in multicomponent coatings. In [193]
the multivalent polyanion-dispersed CNTs were used after
their functionalization with polyglycerol sulfate and depos-
ited on PCL. That results in higher neural differentiation
efficiency creating then highly bioactive nanostructured
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fibrous scaffolds. In [194] low-dimensional nanomaterials
such as CNTs or graphene exhibited noticed in vitro bioac-
tivity and osteoinductivity. In [195] polymer-bioglass—CNTs
composite material was investigated. The results showed
that the presence of MWCNTS in low quantities enhanced
osteoblast-like cell attachment and proliferation compared to
composites with high concentrations of MWCNTSs, and the
mechanism of CNTs-enhanced bioactivity is unclear. Con-
sidering the test results for [196] the coatings composed of
functionalized multi-walled carbon nanotubes (f-MWCNTS)
and hydroxyapatite on 316L steel, it was concluded that the
addition of f-MWCNTSs in the HAp increases the number
of active sites responsible for the formation of carbon-
ated apatite layer. In [197], the use of functionalized car-
bon nanotubes in the hybrid composition of chitosan/silica
showed favorable tissue responses of the CNT-incorporated
membrane.

The bioactivity is most often checked using in vitro tests,
mostly in SBF solution. Lin et al. [31] reported a com-
plete coverage by hemispherical-shaped particle samples
of TibAl4V coated with Ta,0, and Ta,0,/CNTs. Never-
theless, there could be an observed relationship between
the increasing content of CNTs in the coating and with
decreasing size of adhered apatite particles. The same team
checked the adhesion of osteoblast-like cells, such as osteo-
sarcoma MG-63 cells, which showed satisfactory adhesion
and spreading behavior after 7 days of culture, but without
an impact of CNTs presence. It means that CNT-decorated
coatings could promote cell proliferation and differentiation,
and thus they are candidates for use in biomaterials [183].

4.7 Antibacterial efficiency

CNTs have been reported to exhibit killing properties over a
wide range of bacteria including human pathogens such as
Escherichia coli (E. coli), Salmonella typhimurium, Bacil-
lus subtilis (B. subtilis). Staphviococcus aureus (5. aureus),
Micrococcus lvsodeikticus and Streptococcus mutans. Sev-
eral studies have disclosed that pristine CNTs exhibit anti-
bacterial activity by physical contact and collisions leading
to puncturing of the bacterial cell membrane and its damage
[198, 199]. It was reported in [198] that the force of 100
nN is enough to make AFM-detectable holes in bacteria
cells, even though the checked force is unrealistic to appear
between bacteria and CNTs in normal conditions, thus this
mechanism 1s unlike. The second mechanism assumed the
CNTs are connecting to the bacteria cell membrane in the
form of CNT dense network, thus changing cell membrane
architecture, and its mechanical properties [ 198-200]. Liu
et al. reported the SWCNTs after 10 min of exposure to
E.coli and B. subrilis increasing cell wall roughness, causing
increased cytoplasm leakage and bacteria cell death after
120 min [198], while Schifrano et al. reported a significant

reduction of cell number after 24 h incubation in contact
with CNTs [200]. Further investigation leads to the assertion
that the antibacterial activity of CNTs is light-dependent
[201, 202]. Rajavel et al. reported that the SWCNTs and
MWCNTSs are ROS generators (producing singlet oxygen
'0,, superoxide anions 0% and hydroxyl radicals OH) in
sunlight with a light intensity of 903 Im/m” and ambient light
of 180 Im/m” [201]. Such ROS production increases oxida-
tive stress, makes bacteria cell membrane disruption (due
to lipid peroxidation) and causes bacteria death [200-202].
Nevertheless, the antibacterial effectiveness of CNTs also
depends on bacteria peptidoglycan cell wall thickness and
strain resistance, showing the CNTs antibacterial properties
are more significant for Gram-negative bacteria (e.g., E.coli,
P aeruginosa) than Gram-positive ones (e.g., S. aureus, B.
subrtilis) [ 198, 200]. The above mechanisms of antibacterial
activity of CNTs are well established in [200], where both
the mechanical injury and ROS production play important
roles in the bactericidal effect of CNTs. Figure 8A shows
a diagram, summarizing the antibacterial mechanisms of
CNTs.

There are many reports about the antibacterial efficiency
of CNTs with additions, where the main mechanism of
antibacterial efficiency is again the generation of ROS. The
cellulose acetate (CA)-CNT-Ag [203] was shown as effec-
tive against E. coli and S. aureus, with the CA matrix cre-
ating protection against the harmful effects of silver (Le.,
argyria and argyrosis) [203]. Also, CNTs-Ag composites
exhibit antibacterial properties against E.coli [204]. The
addition of CNTs to Ag colloid lowers the minimal inhibi-
tory concentration value of Ag particles in suspension,
both against Gram-negative and Gram-positive bacteria.
Here, a good dispersion of the Ag nanoparticles on the
CNTs is the reason for the high antibacterial activity of
CNT-Ag composites [204]. There is evidence about the
antibacterial activity of MWCNTs—Ag composites against
E. coli [205=207], 5. aureus [203, 208-211], Staphylococ-
cus haemolyticus [212], and also against B. subrilis and
Psendomonas aeruginosa [213]. The other CNTs-contain-
ing coating components were reported to have antibacterial
properties [212], in particular for composite coatings such
as the CNTs-ZnO [214, 215], hydroxyapatite/ZnO/CNT
[216], Co doped-ZnO/MWCNTSs [214] and MWCNTs-Ag/
TiD, [217] against E. coli and §. aureus. Also, the MWC-
NTs-Ti0, [218] and Ag-TiO,-MWCNT [219] were lethal
to E. coli, and CNTs/Ti0./polyurethane films to 5. aureus
[220]. Also, SWCNTs composites with Ag nanoparticles
inhibited the growth and multiplication of bacteria, such
as 8. aureus, B. cereus, E. coli, and F. aeruginosa [221].
Zhu et al. reported very strong antibacterial performance
of SWCNTs in combination with silica and Ag against E.
coli and 8. aurens [222]. The same antibacterial activity
showed SWCNTs—Ag/Ti0, hybrids [217]. Although CNT
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Fig.8 A schematic illustration of antibacterial mechanisms for A CNTs and B CNTs with Ag NPs addition

coating improves cell adhesion, and antibacterial proper-
ties and promotes osteoblast differentiation of Ti species
[202, 223], pristine CNTs are reported to increase oxida-
tive stress and cause cell death [202].

In the example of Ag-MWCNTs coating, the mecha-
nisms of antibacterial activity slightly differ depending on
the form of silver, either ionic Ag+ cations or NPs [153,
224, 225]. Both silver forms specifically interact with bac-
teria. For Ag NPs, the contact mechanism is typical which
occurs through the touch of bacteria to silver particulates
and ROS appearance, which leads to damage to the cell
membrane and vacuolization of cytoplasm [226-230].
According to [231], all contacted Ag NPs influence the
permeability and flow through the outer membrane, but
only smaller Ag NPs can pass through the cell membrane,
then interact with DNA, and affect the respiratory system.
Whereas, the antibacterial mechanism for Ag™ starts with
their adhesion to the bacteria cell, its adsorption inside the
bacteria cell, and the production of ROS [226, 228, 229,
232]. As Zhao et al. propose [230], the silver ions on the
cell membrane inhibit the expression of outer membrane
proteins, i.e., retard the reproduction of bacteria cells
by inducing the release of nucleic acids, what is accord-
ing to Du et al. [232] typical of large agglomerates of
Ag NPs. The synergy of the combination of CNTs with
Ag enhances the bactericidal efficiency of the CNTs, thus
the Ag NPs are characterized by a high surface-to-volume
ratio and MWCNTSs high aspect ratio, this way produce a
higher contact area [199]. Figure 8 schematically illus-
trates the differences in antibacterial mechanisms of CNTs
and CNTs with Ag addition.

'@ Springer

69

4.8 Perspectives and challanges

The CNTs gain more and more attention in biomedical,
energy and thermal applications due to its excellent prop-
erties, such as crack bridging, increase in elastic modulus,
improvement of thermal conductivity and heat transfer, and
lubricating effect, which lowers the friction coefficient and
improves wear resistance of coatings composed of CNTs.
What 1s more, the CNTs addition generally improves the
corrosion resistance of coatings by sealing pores, increases
coating adhesion strength, due to the formation of a network
in the coating and has antibacterial properties, especially
against gram-negative bacteria. In endoprosthesis applica-
tions, Young's modulus near the cortical bone (of 15-30
GPa [233]), reported in [142] causes the MWCNTSs coat-
ings to be a suitable candidate for biomedical applications.
Besides medical applications, the most promising perspec-
tives for nanocarbon can be considered for the production of
advanced, highly anticorrosive and self-repairing coatings
[16], for green energy applications [234], for electronic and
photonics [235].

Although there are many reports analyzing the properties
of various CNTs coatings and composites, there are still sev-
eral challenges and further questions to answer. The first one
is the cytotoxicity 1ssue of CNTs. Even if the studies demon-
strate a general role of increasing the cytotoxicity of CNTs a
high dose of CNTs in the coating, the smallest diameter, and
the longer length of CNTSs, the impact of functionalization
on cytotoxic activity is still not enough known. The func-
tionalization of CNTs enables its solubility, its deposition
via electrochemical methods, thus the charged particles are
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required in this group of methods to prepare the coating,
but there are also reports about its impact on decreasing the
CNTs cytotoxicity [188-192], which still should be an open
question to scientists.

Also, the adhesion mechanism of the CNTs coatings 1s
a challenge to discuss. Up to now the adhesion of CNTS to
some substrate occurs probably due to physical contact or
weak van der Waals interaction, when describing coatings
deposited electrochemically or by thermal sprayed methods.
Nevertheless, the knowledge of CNTs adhesion mechanisms
might be valuable when creating the solution for the problem
with improvement of the adhesion strength of CNTs, which
is also still challenging.

The same question might be posed on the subject of the
bioactivity mechanism of CNTs, which is connected with the
functionalization and adhesion strength of the CNTs-con-
taining coating. The CNTs functionalization has an impact
on coating surface architecture and thus cell adhesion, while
the poor adhesion strength might be the reason for the exces-
sive release of toxic substances in the human body.

The least but not last challenge for CNTs coatings 15 an
improvement of its antibacterial properties against gram-
positive bacteria. The gram-negative bacteria are protected
by a narrow membrane, thus it is easier to break it and cause
bacteria cell leakage, while gram-positive bacteria have up
to 10 times thicker peptidoglycan walls and for, e.g., B. sub-
tilis has peritrichous fagella structures which have smooth
structure, so are unfavorable substrate for CNTs adhesion
[198].

This review is a summary of coating properties com-
posed of CNTs and different metals, ceramics and polymers,
deposited on different substrates. The development of CNTs
coatings still needs more research.

5 Conclusions

The state-of-the-art in the carbon nanotubes field shows a
huge amount of research performed on CNTs coatings. The
different forms of CNTs, deposition methods, and param-
eters, and substrates were applied as process variables. The
microstructures, chemical and phase compositions, mechani-
cal properties at the micro and nanoscale such as coating
Young's modulus and hardness, interface adhesion strength
and delaminating force, open corrosion potential and corro-
sion current density, contact angle in wettability assessment,
and bioactivity, cytotoxicity, and antibacterial efficiency
among biological properties were determined. The follow-
ing conclusions demonstrating valuable results and their
implications, and still observed inefficiencies, can be drawn:

1. The MWCNTS are the most frequently and promising
carbon nanoforms presumably because of the highest

strength and the lowest Young's modulus which is
important for the mechanical behavior of coatings on
artificial implants.

There 1s a diversity of deposition techniques applied for
CNTs-containing coatings, all relatively similarly used.
a choice of which depends on the expected properties
and destination of the coated substrate.
Electrophoretic deposition is widely used for titanium
and its alloys at the most preferred voltage of 5-30'V,
time 0.5-5 min.

The roughness is the most plausible for biological
application by coatings obtained by EPD, 0.2-1.0 pm,
and the roughness of coatings prepared by thermal
spray and plasma electrochemical oxidation seems
excessive, 4-20 pm.

The shear strength test seems the most used technique
to assess the adhesion which ranges between 15 and 35
MPa. The nanoindentation scratch technique seems the
most precise for a great number of softer coatings, but
it urgently needs to be quantified and standardized.
Hardness and Young's modulus are measured by
microhardness and nanoindentation tests and their
vilues vary in wide limits depending on the substrate
and phase and microstructure of a coating. The best
hardness values reach 19 and 32 MPa for pure CNTs
and CNTs strengthened with YSZ on steel substrate,
relatively, and the lowest Young' s modulus is observed
for the softer coatings on titanium and its alloys, 3-15
GPa. The use of either micro or nanohardness testing
depends on the presumed toughness of a coating, and
in such coatings is not highly accurate as evidenced
by high values of standard deviations as compared to
means.

Corrosion current density 1s only determined by poten-
tiodynamic technique, and the obtained values range
between some or tens of pMcmz. The corrosion resist-
ance can presumably increase with a fraction of CNTs
due to increasing inhomogeneity of coatings, still,
however, remaining in a low corrosion rate area. The
highest corrosion resistivity was observed for coatings
with 1 wi% of CNTs.

The coatings CNTs-containing are hydrophilic, but
their increasing content seems to lead toward higher
contact angles. Such an effect might be expected for
carbon nanoforms and likely can disappear after proper
CNTs" functionalization.

The CNTs promote bioactivity assessed by the deposi-
tion of bone-like phosphates. However, the cytotoxicity
of coatings implemented with long and narrow carbon
nanotubes can be toxic, and this problem needs further
thorough studies.
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10, The coatings based on the CNTs show significant kill-
ing properties against the number of various bacteria,
including the most dangerous encountered in hospitals.

1l.  Further research on the design and deposition of CNTs-
including coatings 1s desired, in particular, to improve
the adhesion of CNTs and the other components or a
substrate, optimization of hardness and elasticity of
coatings, and an assessment of relationships between
cytotoxicity, functionalization, and content of CNTs in
the coating.
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Abstract: Titanium implants are commonly used because of several advantages, but their surface
maodification is necessary to enhance bivactivity. Recently, their surface coatings were developed
to induce local antibacterial properties. The aim of this research was to investigate and compare
mechanical properties of three coatings: multi-wall carbon nanotubes (MWCNTs), bi-layer composed
of an inner MWCNTs layer and an outer Ti(), layer, and dispersion coatings comprised of simulta-
neously deposited MWCNTs and nanoCu, each electrophoretically deposited on the Til3Nb13Zr
alloy. Orptical microscopy, scanning electron microscopy, X-ray electron diffraction spectroscopy,
and nanoindentation technigue were applied to study topography, chemical composition, hardness,
plastic and elastic properties. The results demonstrate that the addition of nanocopper or titanium
dioxide to MWCNTS coating increases hardness, lowers Young's modulus, improves plastic and
elastic properties, wear resistance under deflection, and plastic deformation resistance. The results
can be attributed to different properties, structure and geometry of applied particles, various de-
position techniques, and the possible appearance of porous structures. These innovative coatings
of simultaneously high strength and elasticity are promising to apply for deposition on long-term
titanium implants.

Keywords: coatings; composites; electrophoretic deposition; carbon nanotubes; nanocopper; tita-
nium oxide; nanoindentation; hardness; Young's modulus; titanium alloy

1. Introduction

Carbon thin coatings continue to attract attention, fueled by their potential for in-
dustrial and commercial applications. Carbon nanotubes (CNTs) demonstrate unique
properties, such as high aspect ratio, enhanced tensile (tensile strength up to 30 GPa [1])
and elastic properties (elastic modulus of 1 TFa or maore [1]), and excellent electrical and
thermal conductivity, resulting from their unique molecular structure and dependent on
the synthesis method [2]. Extraordinary high mechanical properties led to extensive re-
search on the use of CNTs as a reinforcing agent to produce composites [3-5] and laminar
coatings [5] with various materials, such as Al; O3 [6-8], hydroxvapatite (HAp) [4,9-13],
titanium [4], titanium dioxide (TiOs) [5,8,14-16], ultra-high molecular weight polyethylene
(UHMWTPE]) [17,18], nickel [19-22], aluminum [23-25], chromium [26], and copper [22].

After the reports on CNTs bioactive properties, their application in the biomedical
field increased [1,27]. Sasani et al. [25] used copper decorated multi-wall carbon nanotubes
(MWCNTSs) to incorporate fluorapatite-titania coating onto a Ti-based implant, which
improved composite coating in terms of nanomechanical properties. The toxicity profile
and biocompatibility of CNTs were the main concerns as confirmed by numerous reports
available on this issue [2,29-37]. The size (diameter and length [30,31]) and surface area
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of the CNTs play an important role in toxicology—the smaller the size structure and
increased surface area, the larger probability of the interactions with living cells and
translocation into the cells, thus adverse biological effects. Kumar et al. [34]. reported on
many other important factors determining the cytotoxicity of CNTs, such as the type of
CNTs, the type of functionalization, the purification of the product, and dispersion. These
parameters should be controlled to reduce the adverse effects of MWCNTs [31,52]. Benko
et al. [29] conducted biocompatibility tests on titanium modified with CNTs using the
human osteoblast-like cell line MG63. The result confirmed the non-toxic character of the
tested materials and showed improvement in the biocompatibility of the modified titanium
substrate. What is more, structural disorder and the presence of functional groups, together
with an increased surface area of the material, caused better cell adhesion and growth, than
for pure titanium [29]. Portan et al. [33] investigated the human bone cells (osteoblasts)
behavior when cultured on biomaterials like polymer, titanium, titania nanotubes (TNTs),
and CNTs. In this case, osteoblasts cultured on nanostructured topographies, like TNTs and
CNTs, improved the proliferation. However, Li et al. [31] reported on MWCNTs harmful
activity in the human immune system as impairment of the phagocytic ability, which
finally led to cell apoptosis or necrosis. General assumption is that MWCNTs with larger
dimensions (long, rigid, a needle-like shape) show higher bicactivity and the shorter the
MWCNTs are, the lower the inflammatory response. Literature shows that MWCNTs with a
smaller dimension and smaller agglomerate size or with less metal impurities demonsirate
lower cytotoxicity [30]. Another study of Zhao et al. [30] revealed that, at the same mass
concenkration, the cytotoxicity decreased with an increase in the diameter of MWCNTs.
Whereas, smaller diameters of MWCNTs generally displayed stronger toxicity towards
bacteria [30]. Thus, as so far reports on suspected toxicity are inconsistent and the use
of CNTs against bacteria as promising and easy, to achieve titanium surface modification
cannot be excluded.

Titanium dioxide (TiQ2) appears in four natural polymorphs-TiOu(B), brookite, anatase,
and rutile. Most widely studied are the anatase and rutile crystalline polymorphs, but
there is also an amorphous form of TiO; [38]. TiO; is a biocompatible ceramic, which can
be used to achieve the antibacterial effect, corrosion resistance, and high biocompatibility
in biomedical appliances [5]. For this reason, titanium dioxide is a candidate material for
developing protective coatings on metallic substrates [39]. What is more, TiO, is widely
used in many different areas, such as gas sensors, and for air purification or dye-sensitized
solar cell applications [15]. TiOz has some prominent properties, it is photocatalytically
active, has a self-cleaning ability on surfaces, is low-toxic [40]. Ikono et al. [40] carried
out cytotoxicity analysis for chitosan-50% TiO; nanoparticles sponges which proved the
material to be biocompatible; the cells could proliferate well with a trend of increasing
cell number with TiO: concentration. This suggests that such a huge percentage of TiOs
nanoparticles in the material could be used for bone tissue engineering. Hsiao et al. [41] also
checked TiO); nanoparticles in terms of cytotoxicity which showed that not only the size,
surface area, and shape, but also the phase of the nanoparticles played an important role.
The cytotoxicity of the Ti0); nanoparticles increased in the following order: amorphous
> anatase > anatase/rutile. Uboldi et al. [42] showed that rutile induced toxic effects in
Balb/3T3 mouse fibroblasts, whereas it was dependent on the particle size. Additionally,
Louro [32] claimed that widely used TiO; (as a pigment in paints, varnishes, and plastics,
as an additive to food—E171, as UV-filter in cosmetic products), especially the rutile, pre-
sented the most genotoxic effects. The literature showed also the induction of micronuclei
by anatase Ti(); and negative results for rutile when testing genatoxicity using human cell
lines [42].

CNTs have a high surface area, which gives them the possibility to build a mesoporous
structure, thus they are excellent carrier substrates for Ti0; nanoparticles. The combination
of CNTs and TiO» nanoparticles can lead to achieving relevant properties for a variety of
functional applications. There are some reports on preparing CNTs/TiQ: nanoparticle
coatings. Boccaccini et al. [43] discussed the mechanism of electrophoretic deposition (EPDY)

81


http://mostwiedzy.pl

Materials 2021, 14, 2905 3of19

of CNT/TiO; nanoparticle composites and laminates. The subject of the investigation was
a four-layer laminate coating of CNTs and TiO,, which showed that non-sintered ceramic
coating could be reinforced by the addition of CNTs, which provided a crack deflection
and delamination path. Jarernboon et al. [15] used CNTs to protect TiO; coating against
microcracks. The TiOz coatings deposited using the EPD process showed that the number
and length of the microcracks increased with the TiO; layer thickness. The addition of
multiwalled carbon nanotubes (MWCNTs) minimized the crack problem because hydroxyl
groups and carboxylic groups from CNTs bind to TiO; particles. As a result, microcrack
formation was diminished. The reinforcement effect of CINTs was also seen when the CNTs
coating was synthesized by air plasma spraying [43]. The CNTs were resistant to damage
at increasing temperatures during the spraying process, and the pores of such coatings
and their roughness demonstrated to decrease with an increasing percentage of CNTs in
the coating microstructure [44]. Jambagi et al. [5] tested plasma-sprayed CNTs/TiO; and
CNTs/alumina {AlyO3) coatings, noticing an improvement of scratch resistance of the listed
ceramic coatings. Wang et al. [14] verified the CNTs influence on the friction coefficient of
the CMNTs /TiO» nanocomposite coating using a ball-on-disk tribometer under dry-sliding
conditions. The comparison between nanocomposite and Ti0» showed a moderate decrease
in friction coefficient and a significant reduction (~93.6%) in wear volume. There were also
reports about hydroxyapatite (HAp) coating with titanium and MWCNTs addition (HAp-
Ti(20 wt.%)-MWCNTs (1 wt.%) [4] deposited using the EPD method, which showed relevant
improvement in hardness and adhesion strength. Moreover, the biological tests revealed an
incredible improvement in the apatite and bone cell growth on the nanocomposite coating
compared to pure HAp coating.

Copper is an element with proved antibacterial efficiency attributed to its influence
on cellular permeability, resulting in malfunction and death of bacteria [45]. Such effects
against 5. aurcus and E. coli were shown by Hidalgo-Robatto et al. [46] for the nanocopper—
HAp coating. The antibacterial activity was observed against E. coli, 5. aureus, and C. albicans
by Shanmugam and Gopal [47] for Cu substituted HAp coating. For bone phosphate an
addition of copper ions eliminated E. coli, P aeruginosa, and 5. enteritidis bacteria [48].
Copper is tolerated by human body, but nanocopper is suspected to destroy the liver
and kidneys [49]. The safe content of copper in coatings can be estimated as 2 wt.% as
concerns the compatibility [46]. However, as demonstrated by Radovanovic et al. [50] high
antibacterial functions can be obtained at low cytotoxicity of coatings. As such, no harmful
content of Cu was assessed as of 2 wt.pct in a coating [46]. Moreover, there are several
reports of introducing antibacterial properties together with increasing bioactivity and
biocompatibility for Cu-incorporated HAp [51], Cu-doped polymer—ceramic coating [52],
and Cu-implemented anodic coatings [53].

The most commonly used processing method for the production of ceramic and
ceramic-based composite coatings is EPD, which is characterized by many advantages
including, low cost, simplicity, low coating time and temperature, control of deposit thick-
ness, uniformity of deposits, the ability to coat the complicated shapes, and microstructural
homogeneity [15,54-56]. The EPD method has proved to be effective in a relatively simple
way to obtain layers from nanometric particles, whose adhesiveness to the substrate may
be higher than those containing micrometric size particles [57]. In order to obtain a homoge-
nous deposition, the suspension used in the process has to be well-dispersed and stable [5].
EPD is fundamentally combined with two processes, electrophoresis and deposition. In the
first step, material (charged particles) suspended in a liquid is forced to migrate towards an
electrode under an applied electric field. In the second step, the particles coagulate at the
electrode and form a coherent deposit [4,5,55]. There are numerous publications of CNTs
coatings and their hybrids obtained using the EPD process, like [4,5,15,22,54-56,58-03].

Due to excellent physical (low density, the strength of ~500 MPa and relatively low
Young's modulus close to the value of cortical bone [64]) and chemical properties, titanium
and its alloys are applied in medicine, especially in the field of tissue engineering [65]. For
long-term bearing implants, mostly TieAl4V or TioAlI7Nb alloys are used. There are also
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studies about the Ti13Nb13Zr alloy, which show the relatively low Young modulus and its
non-toxic potential on the human body (the elements Ti, Nb, Zr are non-toxic) [64,66].

So far, research has shown that surface coatings are numerous as well as their proper-
ties, and different determinants for optimization of surface treatment can be chosen. In this
research, we have focused only on the creation of two composite coatings which would
possess greater hardness at simultaneously high elasticity than the present coatings to
prevent possible damage by stresses imposed during surgery and use of an implant. To
achieve this objective, we have decided to apply nanoparticles of carbon (carbon nanotubes
with high surface /volume ratio), ceramic nanooxides (nanotitania) and nanocopper, in
different combinations. The nanoparticles are well-known to have high mechanical proper-
ties. We have also assumed that electrophoretically deposited coatings would possess a
certain porosity, resulting in lowering Young’s modulus and enlarging the elastic region.
Therefore, we have prepared composite coatings as bi-layer (sandwich) deposits obtained
by two consecutive processes, and the dispersion coating, formed in a one-stage process.

2. Materials and Methods
2.1. Surface Preparation

The Ti13Nb13Zr alloy (Xi‘an SATE Metal Materials Development Co., Ltd., Xi‘an,
China) of the composition shown in Table 1 was used as substrate. Specimens of 40 mm
in diameter and 4 mm thick slices were cut from the rod and divided into quarters using
a precision cutter (Brillant 220, ATM GmbH, Mammelzen, Germany). The surface was
ground using abrasive paper SiC up to grit # 800 on a metallographic grinding machine
(Saphir 330, ATM GmbH, Mammelzen, Germany). Then, specimens were rinsed with
acetone for analysis (Chempur, Piekary Slaskie, Poland), distilled water, dried in the air,
picked in 5% hydrofluoric acid (Chempur, Piekary élaskie, Poland) for 30 s to remove oxide
layers from the surface and finally rinsed with distilled water.

Table 1. Chemical composition of the Ti13Nb13Zr alloy.

Element Nb Zr Fe (& H o S Hf Ti
wt. pet. 13.18 1349 0.085 0.035 0004 0078 <0001 0055 rem.

The multi-wall carbon nanotubes (MWCNTs) had an outer diameter 10-15 nm, inner
diameter 2-6 nm, length 1-10 um, number of walls 3-15 (3D-Nano, Krakow, Poland).
Nanocopper (nanoCu) had a mean grain size distribution of 80 nm (Hongwu International
Group Ltd., Guangzhou, Guangdong, China). Titanium dioxide (TiO;), rutile structure,
(3D-Nano, Krakow, Poland) possessed an extremely small grain size in the range of 1 to
2 nm.

2.2. Preparation of MWCNT5/TiO; Bi-Layer and MWCNTs_Cu Dispersion Coatings

The electrophoretic deposition (EPD) method was used to prepare coatings, of which
parameters of synthesis are shown in Table 2. The Ti13Nb13Zr substrate was used as an
anode and stainless steel as a counter electrode. The electrodes were placed parallel to each
other within a distance of 5 mm and connected to the DC power source (MCP/SPN110-01C,
Shanghai MCP Corp., Shanghai, China).

The EPD process was conducted at parameters selected from preliminary studies and
based on the Cho et al. report [5]. The MWCNTs/TiO; bi-layer coating was prepared in
two steps. First, the electrophoretic suspension comprised of 0.1 g MWCNTs suspended in
40 mL of distilled water was prepared and the EPD process on the Til13Nb13Zr substrate
was proceeded. At this stage, preparation of the MWCNTs coating was finished. The
MWCNTS coated samples were then subjected to EPD in suspension consisting of 0.15 g
TiO, dispersed in 50 mL of isopropanol and 0.5 mL of surfactant Polysorbate 20 (Tween 20,
Sigma-Aldrich Sp. z.0.0, Poznan, Poland).
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Table 2. Parameters of synthesis of coatings.

) R
Coating Substrate Deposited in a Bath EPD Time (min)  EPD Voltage (V)
Materials
(wt. pct))
MWCNTs Til3Nb13Zr MWCNTs 025 05 20
) (I) MWCNTs 025 05 20
MWCNTs/TiO; Ti13Nb13Zr (1) TiO, 030 4 50
‘ MWCNTs + 025 ,
MWCNTs Cu  Til3Ze13Nb b i 4 50

To prepare the MWCNTs_Cu dispersion coating, 0.1 g of MWCNTs, 0.005 g of nanoCu,
and 0.5 mL of Polysorbate 20 were dispersed in 40 mL of distilled water and deposited
using the EPD method on the Til13Nb13Zr substrate.

2.3. Structure and Morphology

To study the surface topography, the optical microscope (VHX Keyence, Keyence
International (Belgium) NV /SA, Mechelen, Belgium) was used. The average roughness
index Sa values were estimated based on 512 lines made in the area of approximately
150 um x 140 pm.

The specimens’ surfaces and cross-sections were observed using a high-resolution
scanning electron microscope (SEM) (JSM-7800F, JOEL, Tokyo, Japan) with a LED detector,
at 5 kV acceleration voltage.

The chemical composition of the coatings was investigated by the X-ray energy dis-
persive spectrometer (EDS) (Octane Elite 25, EDAX Ametek, Berwyn, PA, USA).

2.4. Nanoindentation Studies

Nanoindentation tests were performed with the NanoTest™ Vantage (NanoTest™ Van-
tage, Micro Materials, Wrexham, Great Britain) using a Berkovich three-sided pyramidal
diamond. The twenty-five measurements were carried out on each sample. The maximum
applied force was 10 mN, the loading and unloading rate were set up at 20 s, and the
dwell period at maximum load was 10 s. The distances between the subsequent indents
were 20 um. During the indent, the load-displacement curves were determined by the
Oliver and Pharr method. Based on the load-penetration curves, surface hardness (H),
reduced Young's modulus (E;), plasticity index (PI), and elastic recovery index (EI) were
calculated using the integrated software. Young's modulus (E) parameter was calculated
based on E; value and the Poisson’s ratio (v). The v of 0.25 [67] was preconceived for the
MWOCNTS coating, 0.26 for TiO; [68], and 0.352 for Cu [69]. Assuming the MWCNTs/TiO2
and MWCNTs_Cu coatings as unidirectional composite materials, the Halpin-Tsai (H-P)
model was used to evaluate their v, E [70], and H [71] values using the following relations:

v=vVYmVm+ v V; 1)
E=EnVm+E/V, 2)
H=HpnVm + HV, (3)

where Vi, vy, E;, Hy and Vi, Vi, Em, Hy are volume fraction, Poisson’s ratio, Young'’s
modulus, and hardness of the reinforcement and matrix, respectively. The volume fraction
was calculated according to [71] and assuming densities of 2.10 g /cm? [72], 423 g /em? [73],
and 8.94 g/cm? [74] for MWCNTS, TiO», and nanoCu, respectively.

According to Equation (1), the v values of 0.254 and 0.251 were assessed for the
MWCNTs/TiO2 and MWCNTs_Cu coating, respectively.
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3. Results and Discussion
3.1. Structure and Morphology

Figure 1 shows the topography of the MWCNTs coating, MWCNTs/TiO; bi-layer
coating, and MWCNTs_Cu dispersion coating. The coating surface roughness increased
after composition modification with both metal and oxide particles, as proven by the
results presented in Table 3 (the experimental error has been estimated as of <0.05 um). A
similar effect was shown previously in our earlier work [57] for MWCNTSs coating with the
addition of nanoCu particles. The observed effects are easy to explain. For bi-layer coating,
small titania particles located on the surface form a rough surface. For dispersion coating,
the geometries of MWCNTSs and nanocopper particles are different, i.e., misfit occurs. The
increase in hardness is not large and can be positive for biological applications as such
roughness enhances the adhesion of cells.

4.99um B
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3.84

0.00pm 0.00pm
0.00pum

9.66pm

9.66
» » ym

»

400.00

v g

e

200.00'¢

0.00pm 0.00pm

Figure 1. Surface topography for (A) the MWCNTs coating, (B) the MWCNTs/TiO; coating, (C) the MWCNTs_Cu coating.

Table 3. The surface roughness of the deposited coatings.

Sample Roughness Sa (um)
MWCNTs 0.34
MWCNTs/Ti0; 0.65
MWCNTs_Cu 0.41

Figure 2 present SEM images of the MWCNTs sample, the MWCNTs/TiO; bi-layer
coating, and the MWCNTs_Cu dispersion coating deposited on the Til3Nb13Zr alloy.
Figure 2 demonstrates the uniform distribution of MWCNTs. Figure 2C,D illustrates a
more diverse surface with visible agglomerates of many TiO; particles with an average
aggregates surface area of about 1.5 um?®. The surface topography of the MWCNTs_Cu
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coating (Figure 3E,F) is different: The MWCNTs coating is significantly cracked due to
deposition of nanoCu particles, especially at the crossover and edge-contact locations of
MWOCNTs as previously observed [28,75,76]. Such a phenomenon can be attributed again
to a significant difference in geometry (misfit) in both nanoforms.

NA

x25,000

x10,000

Figure 2. SEM surface topography of the MWCNTS coating (A,B), the MWCNTs/TiO2 bi-layer coating (C,D) and the
MWCNTs_Cu dispersion coating (EF) in different resolutions.

Figure 3 illustrates the EDS spectrum of the MWCNTs, the MWCNTs_Cu dispersion
coating, and the MWCNTs/TiO; bi-layer coating, confirming its formation by the presence
of carbon, copper, titanium, and oxide peaks together with those from alloying elements
(except the MWCNTs/TiO: coating as a result of the largest thickness of examined coatings,
which is shown in Figure 4), and iron, sodium, chlorine, and copper in MWCNTs/TiO,
likely as possible contaminants.
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Figure 3. EDS spectra of the (A) MWCNTSs reference coating, (B) MWCNTs/TiO; bi-layer coating, (C) MWCNTs_Cu

dispersion coating.

Figure 4. Cross-sectional SEM images of the MWCNTSs reference coating (A,B), MWCNTs /TiO; bi-layer coating (C,D) in

different resolutions and MWCNTs_Cu dispersion coating (E,F) in different places, with an indicated coating thickness.
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Figure 4 shows the cross-sectional SEM images of the MWCNTs reference coating,
the MWCNTs /TiO; bi-layer coating, and the MWCNTs_Cu dispersion coating with an
indicated coatings thickness (Y). As seen, the thickness of the coatings, shown in both
images, extended roughly between 0.5 and 2 um. The greatest values are observed for
the MWCNTs /TiOz coating which could be explained by the deposition method resulting
in the bi-layer coating. What is important, all coatings possess the thickness sufficient to
separate the substrate surface, with the greatest thickness of the MWCNTs/TiO; coating
being the most appropriate for application as sufficiently thick for retardation of possible
penetration of liquids.

3.2. Nanoindentation Studies

The load-displacement hysteresis curve, as an example of the results of nanoin-
dentation tests, is shown in Figure 5. Three stages of the nanoindentation test can be
distinguished in the graph: raising the load until maximum value, a pause (to stabilize the
probe at maximum depth), and offloading. Due to temperature drift, an irregularity in the
form of the stage can be observed. The drift is adjusted at the end of nanoindentation.

Load [mN)
o

-9
1

1] T T T T T T { T
o 500 1000 1500 2000
Displacement (nm)

Figure 5. Manoindentation load—displacement curve obtained for the MWCNTs/ TiO; coating.

The exact values of measured mechanical properties are listed in Table 4. The addition
of both metal and oxide particles resulted in an increase in nanohardness over 100% and
over 36%, respectively, with regard to the reference. The composite coatings demonstrate
Young's modulus lower than that of the reference coating and measured values are approx-
imately close to that of bone, reported as of 18.6 GFPa for cortical bone [63], but only 1 GPa
for immature and 6 GPa for mature bone [77].

Such behavior, an inverse relationship between hardness and Young's modulus, al-
ready anticipated by us [67], has been achieved. The decreasing Young's modulus may
be explained by several reasons as the most obvious strengthening of material under
nanoindenter load by freshly created dislocations [75]. However, we believe that the
main mechanism is related to the presence of local pores/voids in the microstructure
of investigated composite coatings. As well-known, for homogenous composites, both
hardness (strictly: strength} and Young's modulus are additive values calculated based on
values of mechanical properties and relative fractions of components. Table 4 shows the
values of hardness and Young's modulus for pure components (for MWCNTs twice, as
isolated nanofilm and as a coating on Ti alloy). Taking into account the weight fractions

in composite coatings, theoretical hardness, and Young's modulus values were calculated
(using Equations (2) and (3)).
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Table 4. A statement of weight fraction, real H, and real E parameters for pure components and MWCNTs composite
coatings, compared with H and E parameters calculated based on H-P model for MWCNTs composite coatings.

Weight Weight Weight Calculated Calculated Real Real
Material Fraction of Fraction of Fraction of H E H E
MWCNTs TiO, nanoCu (GPa) (GPa) (GPa) (GPa)
Til3Zr13Nb alloy 0 0 - - 3.760 [67] 8332 [67]
MWCNTs 1 0 0 - - 0.204 [79] 2659 [79)
O, 0 1 0 - - 1.000 [80] 68.00 [80]
nanoCu 0 0 1 - - 1.200 [81]) 104.20 [69]
MWCNTS coating 1 0 0 - - 0.101 1417
MWCNTs/TiO; coating 04 06 0 0.485 37.15 0.137 7.69
MWCNT5_Cu coating 0.952 0 0.048 0114 1522 0213 1083

Assuming that Young's modulus values are also additive, porosity might be expressed
as a ratio of real Young's modulus to the calculated above value. However, such an ap-
proach is unjustified as it is no perfect composite. Zhang et al. tried to find a relation
between porosity and mechanical properties (such as microhardness and Young's modulus)
and reported that, from the statistical trend, the coating porosity increases when micro-
hardness decreases, the same as Young's modulus decreases [82]. In literature, porosity
phenomenon is related to a presence of empty spaces, named pores, and manifests itself as
lower density and compactness of porous material than those of the same bulk material.
Most methods evaluating the porosity of the coatings are based on image analysis, which is
subjective [82,83]. On the other hand, coating porosity affects also the corrosion resistance
of the coating’s substrate, as revealed in [83,84]. Besides, as Praveen et al. reported [85],
the CNTs addition to zinc deposit reduces pore volume, and thus improves the corrosion
resistance of CNT-Zn coatings. The decrease in Young’s modulus can be caused by pores
which do not oppose the nanoindenter, but also by weak adhesion between MWCNTs
and other nanoparticles. The physical image of occurring processes is different in solid
materials and composites. Moreover, this composite coating has a specific structure: the
main component, always placed on a metallic base, is a film composed of carbon nanotubes.
If the ceramic layer is deposited on the previous MWCNTs layer, the randomly positioned
nanotubes relatively easily bend off under a load of the penetrating nanoindenter and
allow the layer comprised of titanium oxide nanoparticles also to deflect. Thus, the elastic
elongation is easy and Young’s modulus is low. For the dispersion composite coating
with nanocopper particles, the course of the process is similar even if, in this case, the
nanocopper particles directly penetrate the “forest” of nanotubes not encountering any
serious opposition, to some extent.

The hardness, on the other side, has an understandable relation with the strengths of
the components. The higher hardness values of layers comprising of titania or nanocopper
can be explained by a specific nanohardness measurement which starts at the surface
provided then that the minimal hardness is required to begin measurement (no test in
the air might start). In such a case, in composite coatings, the hardness values which are
means of several measurements may fulfill the relation between properties of composites,
properties of each component, and fractions of individual components (Table 4). Differences
between hardness values here measured and those assessed by the Halpin-Tsai model are
simple to understand as the considered model has been prepared for composite materials
in which there have been no empty spaces (pores, voids, cracks) and, on the other hand, a
specific nature of isolated various nanoforms, bonded by presumably weak chemical and
physical bonds. Despite that, these differences in hardness are not very high and, therefore,
the obtained coatings may be assumed as of composite type, roughly approaching the
properties of ideal composite solid. The applicable models for such composites which
would take into account the inhomogeneous structure of a solid and adhesion forces
between nanoparticles are, unfortunately, unknown at the moment.
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Even more exciting is a comparison of real and theoretical values for Young's modulus.
For both coatings, these values are lower than those predicted by the model, and again the
3D structure is useful to understand such behavior. For the bi-layer, the nanoindenter tip
likely bends the titania layer and this motion is not substantially impeded by the MWCNTs
inner layer with its long tubes, random positioning and significant free space between
nanotubes. For MWCNTs_Cu, the mechanism of deformation is different and related likely
more to the misfit between MWCNTs and nanocopper particles creating additional free
spaces. Therefore, the difference between real and anticipated values is, in the last case,
distinctly lower than for the bi-layer coating,.

Figure 6 shows the 30 Young’s modulus and nanohardness distribution for the MWC-
NTs sample, the MWCNTs /TiO;z bi-layer coating, and the MWCNTs_Cu dispersion coating.
As high fluctuations of both values can be observed depending on the specific measured
area, these results are evidence that the coatings possess a highly non-uniform rough
surface as already shown in topography tests and by great standard deviations in Table 5.
The 3D-mechanical properties’ distributions demonstrate “elevations”, which result from
the probe’s contact with the surface of the native material for the MWCNTs reference
coating, the presence of TiO; agglomerates for the MWCNTs /TiO bi-layer coating and the
presence of nanoCu aggregates, or in the aftermath of the microcracks, the probe’s contact
with the substrate of the MWCNTs_Cu dispersion coating,.

Table 5. Mechanical properties and maximum indent depth for the substrate and achieved coatings.

Reduced Young’s Young’s Maximum Plasticity Elastic Recovery
— Nanohardness Modulus Modulus Indent Index Index
P (GPa) Er E Depth PI EI
(GPPa) (GPa) (pm) (m]) (n])
MWCNTs 0.101 + 0.049 1859 + 566 1417 £432 207 £035 3.88 £ 0.85 0.378 + 0.056
MWCNTs/Ti0;  0.137 & 0.048 1022 +233 769 £ 175 1.81 + 0.33 5.87 + 1.08 0.722 + 0.084
MWCNTs_Cu  0.213 £ 0.061 1428 £ 280 10.83 £ 2.12 143 +0.23 3.53 & 0.53 0.688 + 0.065

Generally, when hardness decreases, Young's modulus decreases as well, and vice
versa, as shown by several examples such as for Ti-based alloys with Ta and Fe addi-
tions [86], MWCNTs [87], LayOs-modified HIC-5iC coating for 5iC-coated C/C compos-
ites [85], HAp-Ti-CNTs [4], YSZ-C-alumina [89], Ti-C-TiN coatings [4(], MWCNTs / graphene
Al nanocompaosite [91], YSZ/Al;O coatings [92], MWCNTs/HAp [4,9,93], and our pre-
vious results [67], but also such simple relationships have not been observed in presence
of Ti( in BN sheets [94] and for Cu-5i composites [95]. Moreover, as perfectly shown in
the review [96], nanoindentation measurements in multiphase solids are very complicated.
For coatings, also the ratio of indenter displacement to coating thickness as it is important
to know whether coating or substrate determines the indentation response.

Among the problems that contribute to the difficulty in the application of indentation
techniques to natural inhomogeneous materials is the presence of pores, microcracks, and
voids [97]. In porous materials, mechanical properties usually decrease with increasing
porosity as flexural strength and hardness in ZrBs-based composites [98], hardness in
porous chromium carbide [99], Young's modulus for plasma-sprayed YSZ coatings [100].
In [101], Young's modulus and strength of single-phase TCP distinctly decrease with
increasing porosity, for the first property over 50% at 20% porosity, but toughness was
independent on porosity. On the other hand, for CryC; ceramics, hardness increased at
increasing pore size in the range 0.8 to 3.5 um [99], but no explanation of this observation
was proposed. Even for Zr0;-Y;0; coatings, again the same relationship between Young’s
modulus and hardness on porosity was observed, but only in some side regions so that
this relation was sensitive to the morphology of the coating [102]. It is also to underline
that hardness is related not only to elastic modulus but also to flexural strength, toughness,
compression, and wear resistance in a complex way.

Two factors in multicomponent components determine mechanical properties. The
first is the presence of tough particles, such as here, rutile nanograins and nanocopper
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particles (tough species in nanoform). The hard particles counteract the indenter pene-
tration through the matrix due to the accumulation of dislocations in the deformed area.
Another determinant is adhesion and bond strength between components [95]. We think
that in tested composite coatings, the dislocation effect is negligible, hardness is deter-
mined by tough particles, but weak adhesion of components results in easy separation
of nanoparticles and movement of the nanoindenter tip between them, utilizing the free

spaces (intrinsic pores).
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Figure 6. 3D Young’s modulus and nanohardness distribution for the MWCNTSs sample (A,B), the MWCNTs /TiO; coating
(C,D), the MWCNTs_Cu coating (EF), respectively.
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The mechanical behavior and the wear resistance of the examined coatings were
further assessed from the nanoindentation results by evaluating elastic recovery index
(El), plasticity index (PI), ratio of the nanohardness to the reduced elastic modulus (H/Er)
and yield pressure (H2/Er®). The EI represents the amount of energy released by the
material under the influence of load. Whereas, the PI demonstrates the energy dissipated
in the coating due to plastic deformation [56,587,103]. Figure 7 shows the EI and PI of the
MWCNTs sample, the MWCNTs/TiO: bi-layer and the MWCNTs_Cu dispersion coating
deposited on the Til3MNb13Zr alloy. The highest PI is observed for the MWCNTs/Ti0;
coating, indicating its highest plastic deformation during the nanoindentation test, while
the PI for MWCNTs_Cu is the lowest. Nevertheless, the El of the nanoCu and TiOs-
modified coatings were 2-fold improved in the contrary to the MWCNTs sample, which
demonstrates the stiffening effect of the additives.

® Elastic recovery index B Plasticity index
10.07

8.0 -

o |

0 NN m

MWCNTs MWCNTs/TiO2 MWCNTs_Cu

Figure 7. The diagram of EI and PI calculated for the MWCNTs coating, MWCNTs/Ti0, bi-layer, and MWCNTs_Cu
deposition coating, examined under indentation load of 10 mN.

Further crucial parameters are the ratio of the nanohardness to elastic modulus (H/Er),
which shows the endurance capability of a surface coating, especially its ability to accom-
modate substrate deflections under load [103], and the yield pressure I[ijErZ], used to
evaluate the resistance to plastic deformation of materials under nanoindenter tip load [56].
The H/Er and H'J‘s‘.-’Er2 parameters for the MWCNTs sample, the MWCNTs/TiO; bi-layer,
and the MWCNTs_Cu dispersion coating, examined under indentation load of 10 mN are
shown in Figure 5. The addition to the MWCNTs coating-based Til3MNb13Zr substrate, sev-
eral nanoCu or TiO, particles improves the wear resistance under surface deflections and
the resistance to plastic deformation under applied load [36]. This means that the higher
the H* /Er? parameter is, the higher the fraction of plastic work during stress applying on
coating surface should be. Conversely, the diagram showed in Figure 5 demonstrates the
lowest P'I for the MWCNTs_Cu dispersion coating, what indicates the release of energy
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dissipated in the coating under nanoindenter tip load and explains the appearance of the
cracks shown in Figure 2.

These results are favorable for both composite coatings. These coatings are innovative
and, being able to oppose some stresses during and after implantation surgery, are plausible
for clinical practice. Moreover, they potentially may express some antibacterial efficiency,
all of the tested components. However, the coating composed of two layers, inner MWCNTs
and rutile outer layer, is sufficiently thick and does not contain Cu, that above certain limits
of content might be toxic for a biological organism. Therefore, in the next step, we are
going to verify, for both coatings, their biological properties, including their wettability,
bioactivity of live cells, cytotoxicity, and antibacterial efficiency.

0.05 0.08
1 0.06 -
0.03- ]
@ :1': 0.04 - §
T 0.02 ' & 1
] § T 0.02- \ \
ol NN §; T \N
MWCNTs  MWCNTs/TiO2 MWCNTs_Cu MWCNTs  MWCNTs/TiO2 MWCNTs_Cu

Figure 8. The diagrams for the H/Er (A) and the H3/Er? parameter (B) calculated for the MWCNTSs bi-layer and the
MWCNTs_Cu dispersion coating, examined under indentation load of 10 mN.

4. Conclusions

In this study, the influence of titanium dioxide and nanocopper additions on the
mechanical properties of the Til13Nb13Zr substrate covered with the multi-wall carbon
nanotube-based nanocomposites was investigated. The mechanical properties of the coat-
ings were evaluated using the nanoindentation technique and the following conclusions
were drawn from the investigations:

(1)  The results show Young's modulus value tends to decrease with rising nanohardness,
which is a positive effect resulting from the structure of composite coatings, i.e., a
simultaneous presence of elastic carbon nanotubes and tough nanoparticles of copper
or rutile.

(2) Both composite coatings demonstrate the mechanical properties better than the MWC-
NTs coating on Ti alloy. The additions of nanocopper or titanium dioxide to the
MWCNTs coating-based Til3Nb13Zr alloy substrate improve plastic and elastic re-
covery index, wear resistance to surface deflection, and to plastic deformation under
applied load.

(3) Comparing composite coatings to each other, the dispersion coating with nanocopper
has distinctly higher hardness, slightly higher yield pressure and Young'’s modulus,
comparable endurance capability and elasticity recovery index, and substantially
lower plasticity index. On the other side, the bi-layer coating has the greatest thickness
combined with a satisfactory ability to accommodate the substrate under applied
load, and the highest plasticity index, which indicates its best resistance to plastic
deformation.

(4) The yield pressure parameter is strictly related to the plasticity index, which shows
the endurance of material to plastic deformation.

(5) The observed stiffening effect can be attributed to dislocation strengthening under a
load of the nanoindenter tip in presence of tough and hard nanoparticles.
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(6) The noticed decreasing Young's modulus in both composite coatings compared to the
MWCNTs coating may be explained by an appearance of porosity of coatings.
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Abstract: Three coatings suitable for biomedical applications, including the dispersion coating com-
posed of multi-wall carbon nanotubes (MWCNTs), MWCNTs/ TiOs bi-layer coating, and MWCNTs-
Cu dispersion coating, were fabricated by electrophoretic deposition (EPD) on Ti Grade II substrate.
Optical microscopy, scanning electron microscopy, energy-dispersive X-ray spectroscopy, and nanoin-
dentation were applied to study topography, chemical, and phase composition, roughness, hardness,
Young's modulus, plastic, and elastic behavior. The results showed that the best mechanical proper-
ties in terms of biomedical application were achieved for the MWCNT: coating with titania outer
layer. Nevertheless, both the addition of nanocopper and titania improved the mechanical resistance
of the base MWCNTSs coating. Compared to our previous experiments on TiL3Nb13Zr alloy, a general
tendency 15 observed to form more homogenous coatings on pure metal than on the alloy, in which

chemical and phase compositions are more complex.

Keywords: carbon nanotubes; coatings; nanohardness; Young's modulus

1. Introduction

The carbon nanotubes (CNTs) belong to highly promising functional materials due
to their extraordinary properties as electrical semiconductivity, high mechanical stiffness,
tensile strength, high elasticity, significant thermal conductivity, and, in certain conditions,
superconductivity [1,2]. The CNTs may appear in different forms as single-, double-,
and multi-wall carbon nanotubes (MWCNTs) [3], nanchorns, and nanobuds [1]. They
find applications in different fields as many branches of nanotechnology, nanomedicine,
membranes and biosensors, electrochemical, piezoelectric and gas sensors, capacitors, and
transistors in electronics 3], and high-performance batteries [4,5]. In particular, in medicine,
they are proposed for drug targeting, cancer diagnosis, and treatment, as antibacterial and
antifungal structures [2], and as gene carriers [6].

The most popular development direction of CMTs is their application in multi-component
materials. The typical recent examples include cellulose—CNTs for methylene adsorption [7],
ni en-doped graphene—CNTs for microwave absorption [5], polypyrrole—CNTs for
storage devices [9], ZnO—CNTs dispersed in PU for better anti-corrosion resistance [10],
cement [11,12], and Al alloy reinforced with CNTs [13]. The specific optical and electrical
properties, high specific surface area, high chemical activity, and significant mechani-
cal behavior are the reasons for the development of a great number of such compaosite
materials [14,15].

CNTs can also form coatings, layers, or films. They have been, rather seldomly,
proposed as single coating, e.g., to enhance the adsorption of albumins on Ti [16], in
condensation heat transfer systems [17], to enhance biotribological resistance of Ti al-
loy [18], to mitigate biofouling [19], and in environmental protection [20]. However, they
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are more often used as one of the layers in sandwich (hybrid) coatings, or as one of the
components of the coating. The most frequently studied composite coatings are those
based on CNTs and CNTs reinforced hydroxyapatite (HAp) [21-23], and HAp substi-
tuted by (Sr + Mg + Zn) [24], Hap-collagen-MWCNTs [25], and Hap-titanium-CNTs [26].
Other research focused on composite coatings such as tantalum oxide-CNTs [27], collagen-
CNTs [28], collagen-CNTs-acrylic acid [29], CNTs-polysiloxane [30], and Al;Ti-Cu-SiC-
CNTs [31]. As concerns the noble metals, it is important to note the electrodes obtained
by atomic layer deposition and composed of MWCNTs, TiO,, and Pt [32]. The possibility
of interaction of Ni, Ti, Pd, and Au with CNTs was shown for different forms of carbon
nanotubes [33]. Nanochitosan capped gold nanoparticles were also obtained [34]. The
important role of nanogold in the immobilization of proteins associated with SARS-CoV-2
was shown by Yokohama et al. [35,36].

The use of noble or semi-noble metals is justified by their antibacterial properties.
However, if silver is assumed to be a safe element to human cells [37], the higher potential
risk comes from the use of nanocopper than two-valent copper ions, related to different
mechanisms of their toxic effects [38]. On the other hand, rGO (reduced graphene oxide)—
nanoCu scaffolds demonstrated high antibacterial efficiency [39]. The nanogold was shown
to eliminate pathogenic bacteria and even cancer cells [40], but no data about the side
effects of this element are known.

The research studies described in this article are aimed at determining several proper-
ties of some new promising multi-component systems for medicine, which are based on
MWCNTs. The titanium dioxide is added to the MWCNTs-based coating to enhance its
mechanical behavior, while nanocopper is implemented to create the antibacterial activity
of titanium implants. The MWCNTs-titanium oxide systems were developed for differ-
ent purposes as nanocomposites obtained by sol-gel technique [41], by high energy ball
milling [42], and by atomic layer deposition of titania on MWCNTs [43]. Nanocopper was
a component of several coatings: HAp-nanoCu [44,45] and polyelectrolyte-nanoCu [46].
However, there is no sufficient research or knowledge on such material systems, which
are potentially promising in the development of antibacterial, bioactive, and mechanically
strong coatings for titanium implants.

2. Materials and Methods
2.1. Materials

The Ti Grade II (EkspresStal, Lubon, Poland) was used as a substrate. Specimens
in form of 40 mm in diameter and 4 mm thick slices were cut from the rod and divided
into quarters using a precision cutter (Brillant 220, ATM GmbH, Mammelzen, Germany).
The surface was ground using abrasive paper SiC up to grit # 800 on a metallographic
grinding machine (Saphir 330, ATM GmbH, Mammelzen, Germany). Then, specimens
were rinsed with acetone (Chempur, Piekary Slaskie, Poland), distilled water, dried in the
air, and pickled in 5% HF (Chempur, Piekary Slaskie, Poland) for 30 s to remove oxide
layers from the surface, and finally rinsed with distilled water.

The multi-wall carbon nanotubes (MWCNTs) had an outer diameter of 10-15 nm, an
inner diameter of 2-6 nm, a length of 1-10 pm, and the number of walls 3-15 (3D-Nano,
Krakow, Poland). Nanocopper (nanoCu) had a mean grain size of 80 nm (Hongwu Inter-
national Group Ltd., Guangzhou, Guangdong, China). Titanium dioxide (TiO,) of rutile
structure (3D-Nano, Krakow, Poland), possessed a grain size in the range of 1 to 2 nm.

2.2. Fabrication of the Bi-Layer MWCNTs/TiO; Coating and MWCNTs_Cu Dispersion Coating

The electrophoretic deposition (EPD) method was used to prepare coatings, for which
synthesis parameters are shown in Table 1. The Ti Grade II substrate was used as an anode
and stainless steel as a counter-electrode for the MWCNTSs coating, and inversely for both
other coatings. The electrodes were placed parallel to each other within a distance of
5 mm and connected to the DC power source (MCP/SPN110-01C, Shanghai MCP Corp.,
Shanghai, China).
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Table 1. Parameters of synthesis of coatings.

. , . Content of Component EPD Time EPD Voltage
Coating Substrate Deposited Materials in a Bath (wt. pet.) {enin) vy
MWCNTs Ti Grade I MWCNTs 0.25 1 20
X {I) MWCNTs 0.25 1 20
MWCNTs_Ti0; Ti Grade 11 (II) TiO2 0.30 4 50
MWCNTs,/Cu Ti Grade I MWCNTs + nanoCu ﬂ-odijﬁ 4 50

The EPD process was conducted at parameters selected based on the preliminary
studies. The bi-layer coating MWNCTs_Ti(» was prepared in two steps. First, the elec-
trophoretic suspension of 0.1 g MWCNTSs in 40 mL of distilled water was prepared and
the EPD process on Ti Grade II substrate proceeded (designation: MWCNTs). Second, the
same samples were deposited in suspension consisted of 0.15 g Ti0, dispersed in 50 mL of
isopropanol together with (.5 mL of surfactant -Polysorbate 20 (Tween 20, Sigma-Aldrich,
Poznan, Poland).

To prepare the dispersion coating MWCNTs_Cu, 0.1 g of MWCNTS, 0.005 g of nanoCu,
and 0.5 mL of Polysorbate 20 were dispersed in 40 mL of distilled water and deposited
using the EPD method on Ti Grade II substrate.

2.3. Structure and Morphology

To study the surface topography, the optical microscope (VHX Keyence, Keyence
International (Belgium) NV /SA, Mechelen, Belgium) was used. The average roughness
index Sa values were estimated based on 512 lines made in the area of approximately
150 pm % 140 pm. Additionally, the atomic force microscopy (MNanite AFM, Manosurf AG,
Liestal, Switzerland) at a non-contact mode of testing with a 20 nN force was applied for
the same purpose. Tests were made on the surface of dimensions 50 pm » 50 pm and the
5, parameter was estimated based on 256 lines (time for a single line of 2 s).

The specimens’ surfaces and cross-sections were observed using a high-resolution
scanning electron microscope (SEM) (JSM-7800F, JOEL, Tokyo, Japan) with a LED detector,
at 5 kV acceleration voltage.

The chemical composition of the coatings was investigated by the X-ray energy dis-
persive spectrometer (EDS) (Octane Elite 25, EDAX Ametek, Berwyn, PA, USA).

2.4. Nanoindentation Studies

Nanoindentation tests were performed with the NanoTest™ Vantage (Micro Materials,
Wrexham, Great Britain) equipment, except for the MWCNTs reference coating which
was measured with the nanoindentation tester NHT? (Anton Paar, Buchs, Switzerland),
equipped with an optical microscope. All samples were tested using a Berkovich three-
sided pyramidal diamond probe. The combined samples: the MWCNTs/TiO» and the
MWCNTs_Cu coatings were measured in twenty-five (5 x 5) points, while the MWCNTs
reference coating was tested in the best place, based on optical microscopy observation.
The measurements were carried out according to a test method following the IS0 14577
standard (the maximum applied force: 10 mN, the loading and unloading rate: 20 s, the
dwell period at maximum load: 10 s). The distances between the subsequent indents were
20 pm. The load-displacement curve was determined by the Oliver and Pharr method,
and surface hardness (H), reduced Young's modulus (Er), elastic and plastic deformation
energies were calculated using the integrated software. Young's modulus (E) parameter
was estimated based on the reduced Young's modulus (Er) parameter and the Poisson’s
ratio (v). Assuming the MWCNTs/TiO; and MWCNTs_Cu coatings as unidirectional
composite materials, the values of v, E, and H parameters were calculated from the Halpin-
Tsai (H-P) model, explained in our previous publication [47]. The volume fraction was
calculated according to [48] and assuming densities of 2.10 g,fcm:‘ [49], 4.23 g,."cma [50],
and 8.94 g!cmg [51] for MWCNTs, TiO3z, and nanoCu, respectively.

102

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

-
Z -
e


http://mostwiedzy.pl

Pobrano z mostwiedzy.pl

A\ MOST

Appl. Sci. 2021, 11, 7862

4of 15

The v values of 0.254 and 0.251 were assessed for the MWCNTs/Ti0Q> and MWC-
NTs_Cu coating, respectively.

3. Results
3.1. Structure and Morphology

The surface topographies of the MWCNTs, MWCNTs /TiO,, and MWCNTs_Cu coat-
ings are shown in Figure 1. The reference MWCNTs coating is characterized with high ups
and downs, while for the MWCNTs/TiO, and the MWCNTs_Cu coatings, the roughness is
higher, but the distance between ups and downs is lower. The surface of the MWCNTs_Cu
coating is significantly leaned—the left side of the sample is higher than the other, which
could be the reason for an unevenly put force during the grinding process or the difference
in the MWCNTs_Cu coating thickness on both sides of the sample. The values of the
roughness parameter (S,) calculated both with the optical microscope and the atomic force
microscope are demonstrated in Table 2. It could be observed that the S, parameter is
higher for all surfaces when using the atomic force microscopy, which could be attributed
to the use of the non-contact mode AFM and thus lower accuracy.

Figure 1. Surface topography based on optical microscopy tests for (A) the MWCNTS coating, (B) the MWCNTs/TiO,
coating, and (C) the MWCNTs_Cu coating,.

Table 2. Surface roughness of the deposited coatings.

Sample Roughness S, Based on Optical Roughness S, Based on Atomic

Microscopy Tests (um) Force Microscopy Tests (um)
MWCNTs 029+ 0.353 + 0.107
MWCNTs/TiO; 0.56 * 1.033 £ 0.107
MWCNTs_Cu 0.36* 0.495 + 0.034

* the experimental error has been estimated as less than 0.05 pum.

Figure 2 shows the AFM images for tested surfaces, confirming the roughness Sa
parameter values shown in Table 2. The surface of the MWCNTs/TiO, demonstrates
the highest ups and downs, which is caused by the TiO; agglomerates deposited on the
MWCNTs surface, while the MWCNTs surface is the smoothest, as assumed.

Figure 3 demonstrates the SEM images of the surface topography of the MWCNTs,
MWCNTs/TiO,, and MWCNTs_Cu coatings at different resolutions. The surface of
the MWCNTs coating shows uniformly distributed carbon nanotubes. There are light
points /areas for high ups, as demonstrated in Figure 1A, supposedly places where the coat-
ing is thicker. There are many agglomerates on the combined MWCNTs/TiO> and MWC-
NTs_Cu coatings, however the structure of agglomerates is different. The MWCNTs/TiO»
contains uniformly positioned angular particles of TiO2, which adhere to the surface of the
MWCOCNTs coating, while the Cu agglomerates in the MWCNTs_Cu coating are built into
the MWCNT structure. Therefore, they are almost invisible, but nevertheless influence
mechanical properties of the coating, as previously observed in [47]. The areas, where the
SEM image of the MWCNTs_Cu coating is blurred, are probably spaces in which the cracks
of the MWCNTs coating occur.
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Figure 2. Surface topography based on atomic force microscopy tests for (A) the MWCNTS coating, (B) the MWCNTs/TiO;
coating, (C) the MWCNTs_Cu coating.

Figure 3. SEM surface topography of the MWCNTs coating (A,B), the MWCNTs/TiO, bi-layer
coating (C,D), and the MWCNTs_Cu dispersion coating (EF) at different resolutions.

The EDS spectra of the examined coatings are shown in Figure 4, confirming the
appearance of the MWCNTs, MWCNTs/TiO;, and MWCNTs_Cu coatings. There are
also present some impurities (silicon, chlorine, sodium, and fluorine) that result from the
samples preparation.
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Figure 4. EDS spectra of the (A) MWCNT reference, (B) MWCNTs/TiO, bi-layer coating, and (C) MWCNTs_Cu dispersion
coating.

Moreover, the ASTM D3359-97 pressure-sensitive tape test was carried out on every
single coating to check the thickness and the adhesion to the substrate. None of the
examined coatings was removed during the test, which gives us valuable information of
significantly strong coatings’ adhesion to the Ti grade II substrate.

3.2. Nanoindentation Studies

The results of the nanoindentation test are illustrated as the load-displacement hys-
teresis curves in Figure 5. There are three stages distinguished in the nanoindentation test,
which are pointed in the graph. Firstly, the increasing curve shows the force raising during
the test until the maximum load is achieved. Secondly, the horizontal line demonstrates
the pause, where the probe is stabilized at maximum depth. The third stage is the result
of temperature drift, adjusted at the end of the nanoindentation measurement. The dis-
placement, and thus maximum indent depth, was observed for the MWCNTs coating. Both
the metal and metallic oxide additions to the MWCNTs based coating made it harder, as
confirmed by mechanical properties (Table 3).

A B C

Load (mN)
-
Load (mN)
o
Load (mN)
=

2

o+
0 500 1000 1500 2000 2500 300 3500
Displacement (am)

0 %0 1000 1%0 000 L} S0 1020 1500 000
Displacement (nm) Displacement (nm)

Figure 5. Nanoindentation load-displacement curves obtained for (A) the MWCNTS coating, (B) the MWCNTs/TiO;
coating, and (C) the MWCNTs_Cu coating.

Table 3. Mechanical properties and maximum indent depth for the substrate and tested coatings.

Nanohardness Reduced Young’s . 1o"°8* Mk PARAE i
Sample H (GPa) Modulus E, (GPa) Modulus E Indent Deformation Recovery
i (GPa) Depth hmax (um)  Energy (n]) Energy (n])
MWCNTs! 0.032  0.0003 454005 3414003 358 4 0.04 7.06 + 0.07 0.958 -+ 0.0096
MWCNTs/TiO;  0.183 4 0.0572 134 +3.20 10.11 £ 242 1.55 + 0.28 5.01 + 0.87 0.644 + 0.0664
MWCNTs_Cu  0.079 + 0.0354 47 4240 351+ 1.84 255 4 0.69 1923 4 683  6.821 + 2.0237
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Table 3 demonstrates the mean values and standard deviations of several mechanical
properties of the MWCNTs, MWCNTs/TiO,, and MWCNTs_Cu coatings. The hybrid and
composite coatings have higher hardness and Young's modulus, and lower maximum
indent depth compared to the reference MWCNTS coating, as the addition of nanoceramics
and nanometals, in general, improves mechanical properties. However, we can observe
the nanohardness increase when Young'’s modulus decreases (regarding the reference
MWCNTs coating), differently than in our previous research [47], in which the same
coatings have been deposited on Ti alloy substrate. The mechanical properties of the
MWCNTs_Cu coating are pretty close to the reference sample, except plastic and elastic
properties, while different for the MWCNTs/TiO, coating.

The elastic recovery and plastic deformation energies are also shown by an area under
load-displacement curves during the nanoindentation test.

Figure 6 shows the comparison of elastic recovery and plastic deformation energy
of the examined coatings. The MWCNTs_Cu coating was the most both plastically and
elastically deformed, comparing to the others. It can be attributed to the nanoCu presence
in the crossover sections of carbon nanotubes, which influences the coating’s properties,
whereas the MWCNTs/TiO, coating achieved better properties. After the nanoindentation
test, the material was the least deformed both plastically and elastically, even less than
the reference sample, which was certainly caused by hard TiO, particles strengthening the
MWOCNTSs coating.

« Elastic Recovery Energy i1 Plastic Deformation Energy
25.0-

20.0-

III

15.0

nl

10.0-

0.0 -

MWCNTs MWCNTs/Ti0O2 MWCNTs_Cu

Figure 6. The comparison of plastic deformation and elastic energy for the tested coatings.

Other crucial parameters, further explaining mechanical properties of the MWC-
NTs, MWCNTs/TiO;, and MWCNTs_Cu, are the ratio of the nanohardness to reduced
elastic modulus (H/E;), which shows the coating ability to accommodate substrate deflec-
tions under load (the coating endurance for chipping off under substrate bending), and
the yield pressure (H*/E,?), determining the resistance to plastic deformation under the
nanoindenter probe load (the distortion of the coating material during nanoindentation
test), as previously discussed in [47] for the Ti alloy. The addition of nanoceramics and
nanometals to the MWCNTSs coating improves its ability to accommodate the substrate
deformation under applied load as the H/E; parameter for both composite coatings is
higher than that of the MWCNTS as illustrated in Figure 7A. In particular, the resistance to
plastic deformation was significantly increased for coating implemented with hard ceramic
nanotitania particles.
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Figure 7. The diagrams for the H/Er (A) and the H3/E2 parameter (B), calculated for the MWCNTs, MWCINTs/TiO2
bi-layer, and the MWCNTs_Cu dispersion coating, examined under indentation load of 10 mN.

Figure 7B shows the best ability to resist plastic deformation under nanocindenter tip
load for the MWCNTs/Ti0; coating, as also demonstrated in Figure 6, where the same
coating was the least plastically deformed. The MWCNTs_Cu coating was significantly
less susceptible to plastic deformation under nanoindenter tip action (Figure 7B) than the
MWUCNTs coating with the TiO; addition. Figure 6 shows the MWCNTs_Cu coating as the
most elastically deformed during the nancindentation test (the coating partially returned
to its shape).

4. Discussion

The results can be discussed in two aspects. At first, the change in surface properties
due to surface modification by either of the two tested coatings can be attributed to different
phenomena and determinants. Secondly, the influence of substrate surface on observed
topography and mechanical appearance can be considered. To summarize, two variables,
the coating microstructure and composition, and substrate composition are two variables
to discuss.

The ceramic-carbon coating has roughness greater than the MWCNTS layer (Figures 1 and 2,
and Table 2). It is a hybrid coating with inner CNTs and an outer titania layer. Highly
rough topography is observed (Figure 3) with many separated nanoparticles of titanium
dioxide or their aggregates. Figure 4 justifies the real presence of titanium in the layer.
Unfortunately, the authors have failed to obtain a homogenous coating by simultaneous
deposition of MWCNTs and TiO:. On the other hand, the design and preparation of such
bi-layer coatings on the titanium alloys appears a highly fruitful strategy if the inner layer
is elastic (soft) and allows cracks to bridge, deviate or passivate, or absorb energy [52].
In other words, the layered structure (hybrid or sandwich structure) of a coating permits
the simultaneous creation of the hard outer layer and the elastic, impact and high stress
absorbent, resistant-to-damage inner layer. The last phenomenon results from preventing
the occurrence of cracks and, in particular, their movement across the whole coating. There
are opinions [53] that such a two-stage deposition process offers more flexibility in the
composition of the coatings, but as it has been shown here, the EPD mechanisms are in
such a case becoming complex, and to develop the coatings with optimal characteristics
is difficult and needs several attempts, which will be made in the future for the most
promising MWCNTs/TiO;. In particular, an aggregation of nanoparticles is an unnecessary
phenomenon that should be avoided or eliminated by chemical functionalization, solvent
exchange, ultrasonication, or in another way [54,55].

The composite carbon-metal coating also has roughness greater than the MWCNTs
coating (Table 2), but lower than that of the hybrid coating, and a more homogenous surface
(Figure 3). The Cu nanoparticles are well dispersed in the matrix, and in such a manner
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they do not seriously contribute to the roughness. Figure 4 proves the real presence of
copper in the layer.

When comparing the mechanical values for both tested coatings, the difference be-
tween hybrid MWCNTs-titania and composite MWCNTs_Cu coatings is apparent. The
MWUCNTs-oxide coating has greater hardness and Young's modulus than the carbon
nanotube-metal coating. The first coating may be then considered in such applications in
which the coating opposes high stresses and must be resistant to wear or cracking. The
second coating, which includes antibacterial metal, can be recommended for particular
coatings that should actively kill bacteria in their neighborhood [56], but with no excessive
loads during surgery and further use of the implant.

The obtained results are similar to those previously obtained for Ti alloy [47], but to
some extent only. For hybrid coating, the network of carbon nanotubes forms an elastic
sub-layer that immobilizes the titania nanoparticles; in such a way, the hardness is similar
to that of titanium dioxide. Such a formula gives hard coating, but presumably, due to
nanoform and the existence of inner layer, it is also not prone to brittle cracking which
appears often in the case of ceramic coatings. For composite coating, low hardness can
be attributed to small, relatively soft metallic nanoparticles, well-positioned in the CNTs
network. Therefore, in this case, they do not play an important role in creating hardness
and strength.

As concerns Young's modulus value, it is close to the values observed for human bones:
about 19 GFa for cortical bone [57] and 6 GPa for mature bone [58]. It may be expected
that the hardness and Young's modulus either both increase or decrease as observed for
CNTs-TieAl4V nanocomposite [59], MWCNTs-graphene-Al alloy [60], and HAp-CNTs
on Ti [61].

The mechanical behavior can also be characterized by the elastic recovery energy, plas-
tic deformation energy; a ratio of the nanohardness to the reduced elastic modulus (H/E;),
and the yield pressure {Ha,f'Erz}. The deep plastic deformation during the nanoindentation
test is, based on these results, observed for composite coating MWCNT_Cu.

The thickness of obtained coatings has not been here determined, but comparing to
previous reports and applied voltage and time of deposition it is likely to be in the range
of 50-80 um [53]. Therefore, the nanoindentation results have not been influenced by
the substrate.

Finally, it is interesting to assess whether the chemical and phase composition of a
substrate may affect the mechanical appearance after deposition of coatings at the same
conditions. The appropriate values are listed in Table 4. Considering the above results,
almost all of them can be satisfactorily explained. In particular, the higher hardness, the
greater Young's modulus. However, it is true only for the same substrate, either titanium
or its alloy, and with the exception of MWCNTs-titania coating, likely due to the highly
nonhomogeneous surface. More importantly, the chemical and phase composition for sub-
strate seems to play a significant role. For titanium substrate, the MWUNTs-oxide coating
has a greater hardness, Young's modulus, and lower indent depth than the MWCNTs-
nanocopper coating. For Ti alloy, the opposite relation was observed. These results might
be considered as not fully reliable as the standard deviations approach even 30-50%. There-
fore, this issue needs further experiments. On the other side, observed phenomena can
be explained by: (i) deposition of coating dependent on surface characteristics, and (ii)
interaction between nanoindenter tip and substrate (size effect) [62].

The mechanical properties of hybrid carbon-ceramic coatings on both substrates are,
within the limits of an experimental error, close to one another. It is acceptable, as the
MWCNTSs are deposited in both cases as inner layers, and become adherent to the surface
by chemical bonding and physical adsorption. They both depend on surface chemical
composition [18]. The weaker coating observed on the Ti alloy as a substrate may be
attributed to a general tendency to form more homogenous coatings on pure metals than
on alloys with their chemical segregation and two or more phase constituents. The elastic
and plastic resistances indicate that the outer titania layer is strong and brittle, which may
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be expected for the ceramic layer. The opposite effect is observed for composite coatings.
It is postulated that, in this case, the much harder surface for coating deposited on the
alloy, as compared to the pure titanium, may contribute to the hardness value at relatively
deep indents.

Table 4. Comparison of mechanical properties of two coatings deposited on different substrates: Ti (present work) and
Ti13Nb13Zr (previous research [47]).

Coating Substrate S, (um) H (GPa) E(GPa) hmax (um) PDE (n]) ERE (n)) H/E, 10(6)
MWCNTs Ti 0.29 0.032 341 358 7.06 0.958 el
MWCNTs Til3Nb13Zr 0.34 0.101 14.17 207 3.88 0.378 53

MWCNTs_TiO; Ti 0.56 0.183 10.11 1.55 5.01 0.644 13.7
MWCNTs_TiO;  Til3Zr13Nb 0.65 0.137 7.69 1.81 5.87 0722 13.1
MWCNTs/Cu Ti 0.36 0.079 351 255 19.23 6.821 16.8
MWCNTs/Cu Ti1l3Zr13Nb 041 0.213 10.83 143 353 0.688 147

Table 4 shows the mechanical parameters of coatings obtained on two different sub-
strates. The values to compare the previous results to those obtained in the present work
have not been found in the literature, except the MWCNTs coating. The elastic mod-
ulus of MWCNTs ranged between 270 and 2400 GPa [55], while in other work it was
467-507 GPa [63]. For TiO, reinforced with CNTs composites [64], hardness was about
250 GPa and elastic modulus about 190 GPa, and for fluorapatite-TiO, and fluorapatite-
Ti0,-CNT(Cu) coatings hardness was only 0.72 and 0.58 GPa, and Young’s modulus 14.5
and 19.3 GPa, respectively [65]. As regards composites with carbon nanotubes and copper,
hardness was determined as above 600 GPa for CNTs-1Cu composites in [66], hardness
was of 1.1-1.4 GPa and Young’s modulus 96-108 GPa in CNTs-Cu nanocomposites [67],
and H of 85-96 MPa and E of 9-10 GPa in other work of the same team was reported [65],
copper-based hybrid nanocomposites with 4 wt. pct. of SiC and MWCNTs showed hard-
ness increased from 0.96 to 1.61 GPa, and Young'’s modulus from 98 to 120 GPa for pure
copper and nanocomposite, respectively [69], for Cu-10MWCNTs the hardness was about
1 GPa and Young’s modulus about 100 GPa in [70] and for HAp-CNTs (20 wt. pct.) the
hardness and Young's modulus were 13.3 GPa and 189.5 GPa, respectively [71]. Here,
determined values of hardness and Young's modulus are lower than the above-reported
values which may be attributed to the specific microstructure of tested coatings, relatively
thick and containing not closely packed carbon nanotubes.

Figure 8 shows the comparison between the yield pressure parameter for each coating
deposited, both on Ti and Ti alloy substrate. It could be observed that also, in this case,
different relationships for coatings deposited either on Ti or Ti alloy appear. For Ti alloy,
the nanocopper addition improved the resistance to plastic deformation under indenter tip
load, but it also caused cracking in the MWCNTs coating. For Ti substrate, the cracks were
invisible, but the MWCNTs-nanocopper coating achieved a lower yield pressure parameter
than for the MWCNTs-titania coating. This shows that the substrate affects the properties
of deposited coatings.

Both coatings have been developed for the medical implantology field, for long-term
titanium implants. It is well-known that high mechanical stresses may appear during
implantation surgery. Therefore, the coatings need to be both elastic and resistant to plastic
deformation, well adjacent to the titanium surface, and possess Young's modulus close to
that of a bone. The present results show that the MWCNTs-titania coating, never before
investigated at the present setting, is especially plausible for such application.
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Figure 8. The diagram comparing the H? /Er? parameter for the MWCNTs, MWCNTs/ TiO, bi-layer, and the MWCNTs_Cu
dispersion coating deposited on Ti (present work) and Ti13Nb13Zr [47], examined under indentation load of 10 mN.

5. Conclusions

The best mechanical, plastic, and elastic properties were achieved for the multi-wall
carbon nanotubes coating combined with titania particles. This coating possesses the
highest Young’s modulus, close to that of natural human bone, and the best resistance to
plastic deformation so that it substantially improved the capability of the MWCNTSs coating
to accommodate stresses appearing under applied load during surgery or further use of
an implant. The addition of nanocopper to the MWCNTs coating made the material more
susceptible to plastic deformation; nevertheless, it also improved the MWCNTs coating
resistance to chipping off under deflection loading.

There is a general rule that more homogenous coatings form on pure metals than
on their alloys. The latter materials are more complex in terms of chemical and phase
composition, but also demonstrate a much harder surface compared to the pure titanium.
Therefore, the observed different mechanical behavior of coatings on the different substrates
is related to the difference in surface composition of the substrate and its influence on the
EDP process, mainly on the adhesion of the coating.

The applications of obtained coatings may be different, but they can be considered
plausible as coatings for implants for orthopedic applications. Such coatings need to
be both elastic and resistant to relatively high stresses during implantation surgery and
possess Young's modulus close to that of a bone. From a mechanical point of view, the
tested coatings, in particular MWCNTs-titania nanocomposite structure, can be particularly
considered useful for medical implantology if biological properties become appropriate.
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Characteristics of silver-dopped carbon nanotube coating destined for
medical applications
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Technology, 11 Marutowicsa str., 80-233 Gdarisk, Poland

ARTICLE INFO ABSTRACT

Keywords: Carbon nanotubes are materials demonsirating outstanding mechanical, chemical, and physical properties and
Carban nanctubes are considered coatings of titanium implants. The present research is aimed to characterize the microstructure
Siver ) and properties of the multi-wall carbon nanotubes (MWCNTs) layer decorated with silver nanoparticles (Ag NPs)
:;:_ﬁ‘::‘:::"‘ on the Til3Nb13Zr alloy destined for long-term implants. The electrophoretic depasition of coatings was per-
Adhesion formed in a two-stage process, at first at 0.25 wit. pet. of MWCNTs, and next at 0.30 wt. pet. of Ag NPs content in

the bath. The SEM, EDS, AFM, Raman spectroscopy, nanoindentation tests, nano-scratch test, wettability as-
sessments, and corrosion tests were carried out. The effects of the presence of Ag NPs onto the MWCNTs coating
were observed as the ronghness increased to 0.380 pm and thickness to 5.26 pm, the improved adhesion and
corrosion resistance, the water contact angle of 62.94°, the decreased nanohardness, Young's modulus and
resistance to plastic deformation under load, and slightly improved adhesion. The obtained results can be
explained by & specific two-layer structure of the coating, in which the Ag NPs agglomerates create the coating
less porous and permeable, but softer structure. Future research will focus on the improvement of the adhesion of
the component coatings in different ways.

Cormosion resistance

1. Intreduction nanohorns, nanobus, and nanotorus known for their outstanding me-
chanical, electronic, thermal, optical, and chemical properties [24,25].
Titanium and its alloys have excellent biocompatibility, the appro- Specifically, they approach 30 GPa in tensile strength, can have an
priate mechanical properties except for hardness, and are highly resis- elastic modulus of about 1 GPa [26,27], and demonstrate high me-
tant to comosion, while demonstrating low bicactivity and no chanical stiffness, remarkable thermal conductivity, and electrical
bactericidal protection. Therefore, they are usually surface-modified by semiconductivity or superconductivity [2528]. The CNTs were
several well-known techniques [1-4], mainly to attain antibacterial considered, among others, for use in diagnostic and therapy [28-30],
properties [5-8] and bioactivity [9-11]. specifically in drug transport [28], as gene carriers [31], in bone tissue
Nanotechnologies play an important role in civilization's progress. regeneration [32), neuroscience [29.33], and to improve the wear
The different nanoforms, especially nanoparticles, nanofilms, and sur- resistance of Ti implants [34].

face nanostructuring are increasingly applied in the economy. The The coatings based on CNTs are less popular than composite mate-
nanoparticles and nanofilms are nowadays proposed for different med- rials because of their specific loose microstructure. They were developed
ical and pharmaceutical applications [12-15], in electronics and energy to enhance the adsorption of proteins on titanium [35], improving the

storage [16-18], environment protection [19,20], agriculture and food resistance to tribocorrosion in biological conditions [36], strengthening
packaging [21,22], for inkjets [23], and in other applications. Among hydroxyapatite (HAp) deposits [37-40], as HAp-collagen [41], HAp-Ti
- them, appear such nanoforms as carbon nanotubes (CNTs) and silver [42], and CNTs with Cu NPs or titania [43,44], with collagen-acrylic

pl

nanoparticles (Ag NPs), the components of coatings developed in the acid [45], polysiloxane [46], or AlyTi-Cu-SiC [47], and also as electro-
present research. spun chitosan/CNT coatings on Mg alloy [48].
Carbon nanotubes and related structures include single-walled car- The silver nanoparticles Ag NPs are well-known for their strong

bon nanotubes {(SWCNTs), multi-wall carbon nanotubes (MWCNTS), antibacterial properties [49]. In medicine, the chitosan - Ag NPs [50],

* Corresponding author.
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silk fibroin/Ag co-functionalized strontium titanate nanotubes [51], Ag
NPs — polyaniline [52], Ag NPs — hydroxychloroquine [53], hyaluronic
acid — Ag NPs [54], PEG — Ag NPs [55], nanosilver - chitosan,/Eudragit
polymers [56-58]. In particular, they were proposed for the improve-
ment of behavior of orthodentic brackets [59], for drug delivery [60]
and bone engineering [61.62], as plant-based Ag NPs for car-
dioprotective treatment [63], in cancer therapy [64-66], anti-diabetic
treatment (67 ], wound healing [68], and for kidney injuries [69]. The
other popular technical applications include anti-corrosion protection
[70-74], environment protection [7576], conductive inks [77],
covering the touch sereen panels [75), in antibacterial protection of
cultural monuments [79], to improve thermal properties [80] and
reduce the wear of silicon-based components [81], and in photocatalysis
[42]. The antibacterial barrier on titanium can also be achieved by other
approaches, as recently proposed strontium titanate nanotubes func-
tionalized with peptides [83,84], and Mg-Cu/doped titanium oxide
layer [85].

Carbon nanotubes together with Ag nanoparticles are also frequent.
Silver nanoparticles are often used as antibacterial compounds in bulk
composites or coatings. They are considered for catalysis in enhancing
oxygen reduction [86], and in electrochemistry as the CNTs-silver
borate for ion-selective electrodes [87]. They can be used in construc-
tion materials such as a reinforcement of the copper matrix composites
[84], CNTs, Ag NPs, and PVA for electrospun nanofiber mate [89], as
titanium dioxide functionalized MWCNTs with Ag NPS to reinforce PU
nanofibers [90], and PTFE, Ag NPs, CNTs, and graphene oxide (GO) for
cement pastes [91). Similar solutions are considered in electronics and
energy storage as the combination of PP, CNTs, and Ag for electro-
magnetic interference shielding [92], for hydrogen storage (93], as film
composed of Ag selenide and MWCNTs to improve surface thermo-
electric properties [94], to increase durability of silicon solar cells [95],
as Ag-decorated MnO2/CNTs electrodes for supercapacitors [96],
together with GO for doping of amorphous selenium for optoelectronic
devices [97,98].

Our previous research was focused on checking the mechanical
properties of the coating composed of MWCNTs, hydroxyapatite, Ag
NPs, and Cu NPs [18] demonstrating satisfactory values for Young's
modulus of 8.88 GPa, but improper hardness, wettability, and adhesion.
The present research aims to verify whether the MWONTs layer deco-
rated with Ag nanoparticles at a three-fold higher amount of silver,
desired for antibacterial prevention, has all necessary mechanical,
corrosion, and wettability properties, and how microstructural features
can explain them.

2. Materials and methods
21. Materials

The 20 mm in diameter and 4 mm thick samples of Til 3Nb1 3Zr alloy
(MR) (Xi'an SATE Metal Materials Development Co., China), composed
of 13.18 wit. pet. Nb, 13.4% wt. pet. Zr, 0.085 wt. pet. Fe, 0,035 wt. pet. C,
0.004 wt. pet. H, 0.078 wt. pet. O, < 0,001 wt. pet. 5, 0,055 wit. pet. HF
and remaining Ti were cut from the rod and grounded with abrasive
paper ended at # 800 grit (Saphir 330, ATM GmbH, Germany). The
surfaces were subsequently rinsed with acetone (Chempur, Poland) for
2 min and distilled water, air-dried, pickled in 5% HF (Chempur,
Poland) for 30 s, and again water-rinsed.

22, Elecrrophoretic deposition

The MWCNTs modified with —COOH (3D-Nano, Poland), of outer
diameter 10-15 nm, inner diameter 2-6 nm, length 1-10 pm, number of
walls 3-15, were deposited on Til3Nb13Zr substrate using EPD method
at the parameters shown in Table 1 and based on previous research [43].
The MWCNTs were ultrasonically dispersed in distilled water by stirring
for 1 h. The DC power source (MCP/SPN110-01 C, Shanghai MCP Corp,
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Table 1
The parameters of the EPD synthesis of MWCNTs coatings.
Coating E 3 [ Do s D
assignment meaterial eontent Hme valtage
iwt. peL) (min]) (1]
MWCNTs MWCONTs 0.25 1 0
MWCNTs Ag MWONTs 0.25 1 20
Ag NP5 0.30 L] 50

The Ag layer was prepared by EPD on the previous MWONTs layer in the bath
containing 0.30 wi. pet. of Ag NPs (Hongwu International Group Lid., China) of
30 nm size as an average, and 1 wt. pet. of Polysorbate 20 (Tween 20, Sigma-
Aldrich, Poland) in isopropanol, ultrasonically dispersed for 2 h.

China), and two electrodes, an anode of the Til3Zr13Nb alloy and a
counter electrode of the stainless steel 316 L were placed parallel to each
other at a distance of 5 mm.

2.3 Investipations of the microstructural featires

A high-resolution scanning electron microscope (SEM JEOL JSM-
7BOO F, Japan) with a LED detector, was applied at a 5 kV to examine the
morphology of surfaces and cross-sections of coatings. The surface
topography was evaluated using an atomic force microscope (AFM
NaniteAFM, Nanosurf, Great Britain) in the non-contact mode at 20 mN
force. The average roughness index 5, was estimated based on 512 lines
made in the area of 80.4 » 80.4 pm®. The cross-sections were prepared
using a pressure-sensitive tape test according to the ASTM D3359-97 to
assess the thickness of the coatings. The chemical composition of the
coatings was investigated by the X-ray energy dispersive spectrometer
(EDS) (Octane Elite 25, EDAX Ametek, USA).

24, Wettability assessment

The wettability was examined at room temperature by the water
contact angle (CA) measurements (Contact Angle Goniometer, Zeiss,
Germany). The falling drop method was applied at 5 s time for a
dropout. Each specimen was tested three times in different areas, and
the means and standard deviations (SD) were calculated.

2.5, Raman spectroscopy

The Raman microscope (Renishaw InVia ple., UK) with an EMCCD
detector (Andor Technology Lid, Oxford Instruments, Belfast, UK) and
the objective lens set at 20x was used. The results were the graphs of the
means and SDs based on 100 points. The wavelength of the laser during
tests was 532 nm, the single measurement time 1 s or 0.5 5, the mea-
surement counts 5 or 10, and the laser power 0.2 or 1 mW, for the
coatings without or with Ag NPs, respectively.

2.6, Nanoindentation testing

The NanoTest™ Vantage (Micro Materials, Great Britain) with a
Berkovich indenter was used. The 25 measurements were carried out on
each sample, at the maximum applied force of 10 mN, loading and
unloading times set up at 20 s, the dwell period at a maximum load of 10
s, and the distance between the subsequent indents of 20 pm. The Oliver
and Pharr method was used to determine the load-displacement (L-D)
curve, and then the surface nanohardness (H), reduced Young's modulus
(Er), maximum indent depth (hmas), plasticity energy (PE), and elastic
recovery energy (ERE) with an integrated software. To assess the surface
Young's modulus (E), the Poisson’s ratio (v) values of 0.25, 0.37, and
0.36, for the MWCNTSs coating, Ag NPs, and Ti13Nb13Zr alloy [40,99].
Then the Halpin-Tsai (H-F) model was used to evaluate the v, E, and H
values for unidirectional composite MWCNTs/Ag coating, as described
in [44]. The volume fraction [100] was calculated assuming the density
of 4.0 g em = [99) and 2.1 g em ™ [101] for the MWCNTs and Ag NPs
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[99.101], respectively. Therefore, the assessed v value for the
MWCNTSs/Ag coating was set at 0.213.

Nanoscratch tests were performed also with NanoTest™ Vantage.
During the scratch tests, the load increased from 0 to 200 mN, and the
loading rate and distance were 1.3 mN s !, and 500 pm, respectively.
The assessment of coating adhesion was based on an abrupt change in
frictional force (F,) and indicated as critical load (L.). In the end, the
scratches were observed under an optical microscope (BX51, OLYMPUS,

a b
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WD 4.0 mer

WD 4.0 mm
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Japan).

2.7. Corrosion tests

The potentiodynamic polarization tests were carried out with a
potentiostat (Atlas 0531, Atlas Sollich, Poland), with software calcu-
lating the corrosion potential (E..;;), and corrosion current density (jeor)
based on Tafel extrapolation. The sample was the working electrode,

C

Sa=0.159 ym Sa=0.380 um

WD 4.0 mm

WD 4.0 mm

eft; 56.08 left: 68.15¢
right: 56.91 right: 57
mean: 56.50

mean: 62.94

Fig. 1. The AFM-estimated S, roughness for the MR (a), the MWCNTSs coating (b), and the MWCNTs/Ag coating (c); the SEM surface topography for the MWCNTs
coating (d, e, f) and the MWCNTs/Ag coating (g, h, i), and the CA results for the MR (j), the MWCNTSs coating (k) and the MWCNTs/Ag coating (I).

118


http://mostwiedzy.pl

-
2 -
e

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

D. Rogala- Wislgs e al.

platinum the counter-electrode, and a saturated calomel electrode (SCE)
the reference electrode. The tests were performed in the Ringer's solu-
tion (in g L L NaCl, 8.6; CaCls, 0.33; KCL 0.30) at a temperature of
37 “C. The open circuit potential (OCP) was measured after 1 h and then
the m:]asun:mmlx were performed from — 1.0-1.0 V at a scan rate of 1
mVs .

3. Results

The surface roughness of MWCNTs coating increased after the
deposition of the Ag NPs layer (Fig. 1a-c). The Ag-formed agglomerates
sized at 35 + 5.7 nm were located on the edges and surface of the
coatings. Each coating covered the substrate surface uniformly (Fig. 1d-
i)

In the wettability assessment, all surfaces were hydrophilic (Fig. 1j-
I). The Ag layer slightly increased the CA.

The EDS results for the MWCNTs/Ag coating (Fig. 2a) indicate the
alloy elements, carbon from the MWCNTS, and silver. Some impurities,
such as €l and §i also appear. The Raman spectra of the MWCNTs/Ag
coating (Fig. Zb) indicate the characteristic bands for the MWCNTS, such
as the D band at 1375.5 cm ! and G band at 1584.5 em ™! [102), and less
intense G' band at 2937 em ! also attributed to the [103]. The intensity
ratio I/l which informs about the degree of structural defecting,
reached 0.48 for the MWCNTs/Ag coating.

The addition of Ag NPs brings out hardness H of 0.024 £ 0.009 MPa,
E of 3.06 + 0.74 GPa, and hmax of 4.29 + 0.80 pm. Fig. Ja shows the
comparison between PE and ERE characterizing the elastic and plastic
properties. Young's modulus of the MWCNTs/Ag coating is 7-fold lower
than for the MWCNTs layer (Fig. Sh). The MWCNTs/Ag coating dem-
onstrates energy dissipated in the material higher than that released
under the influence of tip load, thus it is almost 5-fold more plastic than
the MWCNTSs reference coating. The parameters such as the ratio of
nanohardness to reduced Young s modulus (E/H,) and the yield pressure
(H*/E2) were also compared for the MWCNTSs and MWCNTs/Ag coating
(Fig. 3e-d) showing the MWCNTs/Ag coating is slightly more resistant to
substrate deflections and thus coating chipping (Fig. dc), and is 3-fold
less resistant to plastic deformation under tip load (Fig. 3d). The
observed L-D curves are shown in Fig. 4a-b.

Fig. 4e-d illustrates the relation of eritical foree (F,) to eritical fric-
tion (F,) for each coating subjected to a nano-scratch test together with
images of each scratch. The addition of Ag NPs to MWCNTs coating
increased the L. value to 57.74 £ 3.03 mN, thus improving its adhesion

BOOO0

FOO00

i

&
. Intensity (a.u.)
§83¢8
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Fig. 5 shows the cross-section images of the MWCNTs and MWCNTs/
Ag coating in two places with indicated coating thickness d. The
MWCNTs and MWCNTs/Ag average coating thicknesses were, respec-
tively, 3.58 + 0.84 pm and 5.26 + 0.31 pm.

The results of corrosion tests are shown in Fig. 6. The MWCNTs
coatings exhibit higher j.... and E.,, values than the MR reference
sample (Table 2), whereas the addition of the Ag NPs improved more
than twice the corrosion resistance of the coating. It is to note a high
OCP shift to anodic potentials for the MWNCTs coating.

4. Discussion

The EDS elementary analysis of the MWCNTs/Ag coating shows the
presence of all anticipated elements, where picks attributed to silver
clearly confirm the presence of this element in the coating. The Raman
spectra show all characteristics of MWCNTs. The low Ip/l; ratio in
contrary to another report [104] can be attributed to the high degree of
structural defects in the coating, decreased size and the number of sp?
clusters, or the degree of functionalization [105]. In this case, FTIR
spectroscopy is a better tool to show the presence of specific chemical
bonds, such as Ag-0, which was reparted in literature between 613 and
481 cm ! [104).

The silver addition certainly increases the surface roughness of
coatings. The silver agglomerates are sized at 35 £ 5.7 nm and located
on the edges and surface of the carbon nanotubes as already observed
[106]). Each MWCNTs coating covered evenly the substrate surface
(Fig. 1d-i). The previous results suggested the best osteoblast adhesion at
a roughness Ry of 3-5 pm [107,108], but nanoroughness is also impor-
tant [10%]. In our previous publication for the coating composed of
MWCNTs, Cu NPs, Ag NPs, and HAp, the achieved roughness was almost
twice higher as here [40]. This difference can be attributed to the
presence of HAp presumably increasing roughness as expected from
ceramic coatings, but in each case, the roughness is acceptable for ti-
tanium implants.

The addition of Ag nanoparticles on the coating of MWCNTS resulted
in a significant decrease in H and E values, and an increasing by,
(Table 3), caleulated based on the L-D curves, revealing three stages of
nanoindentation, observed previously [18]. Some earlier nano-
indentation results [40,44] were added to the table to have a full spec-
trum of the results to discuss the effects.

The investigated coatings are softer than the four-component

-
o
a

1100 1600 2100 2600 3100
Raman shift {em-1)

Fig. 2. The EDS (a) and Raman (b) spectra achieved for the MWCNTs/Ag coating.
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Fig. 3. The graphical comparison of nanoindentation test results between the tested materials: (a) PE and ERE, (b) E, (c), H/E,. and (d) HY/EZ
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Fig. 4. The L-D curves and the nano-scratch test results with optical microscopy images of a
MWCNTs/Ag coating (b, d).
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5.0 kV WD 10.0 mm

Fig. 5. Cross-sectional SEM images of the MWCNTs coating (a) and MWCNTSs/Ag coating (b) with an indicated coating thickness.
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Fig. 6. The OCP vs. time (a) and potentiodynamic polarization curves for all tested samples (b).
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Table 2
Corrosion test results for examined coatings.
Sample E e (V (SCE)) Jeure (A €m~%)
Til3Nb13Zr 0.019 = 0.007 38.66 = 5.92
MWCNTs 0.109 + 0.002 325.61 + 33.61
MWCNTs/Ag -0.165 = 0.001 147.38 £ 13.73

MWCNTs-based tested previously, for them the H and E reached,
respectively, 0.035 + 0.019 GPa and 8.88 = 3.26 GPa [40). Moreover,
the deposition of Ag NPs additionally decreases both parameters, pre-
sumably because silver aggregates are only physically adsorbed by
MWCNTSs and cannot resist indenter load.

The H/E and H*/E? indexes can characterize elastic strain to failure,
and resistance to plastic deformation. Comparing the other mechanical
indexes here calculated with the previous ones [40], in which the H/E;

and H%/E? values were, respectively, 0.003 and 0.31 kPa, the present
coatings demonstrate improved behavior, likely because of a specific
build-up of the coating. The slight increase of H/E; and decrease of
H*/E? nanoindentation parameters may be the reason for the addition of
the aggregated Ag NPs which are located on the MWCNTSs walls, making
it more plastic. Such a conclusion is by PE and ERE results: the first
values, for the MWCNTSs and MWCNTs/Ag, respectively, are 3.88 + 0.85
nJ and 15.91 + 3.12 nJ, and the second values, 0.38 = 0.056 nJ and
0.85 £ 0.18 nJ (¥ig. 3a), making the MWCNTSs/Ag coating more plastic
than the MWCNTSs coating. However, the model describing the me-
chanical behavior of a complex composite structure of MWCNs/Ag NPs
coating cannot be proposed yet.

The coating adhesion was improved by the addition of Ag NPs
achieving the highest L value. The adhesion determination by nano-
scratch tests is infrequent, but here obtained values, 23.90 and 57.74
mN, are comparable to 12-45 mN observed for PEO-made ceramic

Table 3
The nanoindentation results of the examined materials.
Sample d Young's lus E, Surface Young's modulus E H/E, /e Maximum indent
H (GPa) (GPa) ) (kPa) depth
(GPa) (jama)
Til3Nb13Zr 3.758 + 1.045 * 116.91 = 16.32 * 8332 +£11.63* 0.032 3880 0.34 = 0.037 *
MWCNTs 0.101 + 0.049 * 18.59 + 566 * 1417 £ 4.32* 0.005 298 207 =035*
MWCNTs/Ag 0.024 + 0.009 387 + 0.94 3.06 £ 0.74 0.006 092 4.29 = 0.80

* earlier results [40,44
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coatings on Mg-MWCNTs composite [110]. Whereas, the MWCNTs
coatings in our previous research achieved different values for the
MWCNTs and MWCNTs-based multicomponent coatings, respectively
89.42 + 36.19 mN and 29.56 + 6.92 mN [40]. The higher adhesion of
previously developed bi-layer coating can be attributed, however, to
higher hy,., and the more remarkable substrate influence.,

In the wettability assessment, all surfaces were hydrophilic. The Ag
layer slightly increased the CA, resulting in the values already observed
for composite CNTs-Ag-based coatings [111.112] and proper for appli-
cation in implantology. Compared to our previous research [40] the CA
value for the MWCNTs-based coatings was much higher, 1337 vs. 68°,
The present wettability of the coating is then improved in terms of
biomedical applications, presumably because of plausible surface ar-
chitecture, in which the presence of silver agglomerates only slightly
decreases the hydrophilicity.

The results of corrosion tests are shown in Fig. 6. All the OCP values
were positive due to surface passivation. The MWCNTSs coatings exhibit
higher joo and E.,; values than the MR sample, thus weakening the
corrosion resistance of the Til3Nb13Zr alloy (Table 2). The porous and
fibrous structure lowers the corrosion resistance of titanium [113] and
the presence of Ag NPs improves this behavior, likely by decreasing the
porosity. On the other side, here the CNTs coatings decreased the
corrosion current density, adversely to the substantial improvement in
corrosion resistance reported in [114], attributed to their chemical
inertness. Again, the architectural features such as porosity and com-
ponents of coatings play an important role. As concerns the silver
addition, its positive effect was already observed for polypyrrole coating
on titanium [115] and is considered as the effect of better passivation.
We think that the major cause of the corrosion behavior of CNTs-Ag
coating is better than CNTs alone is followed by its sealing by nano-
particles of noble metal and decreasing porosity. Comparing this result
to other coatings deposited on hydroxyapatite coatings on titanium, as
recently strontium doped HAp [84,116], HAp coating is certainly more
dense and less permeable for ions than HAp. Therefore, in future
research, either anodic oxidation, or an elevation of Ag NPs amount, or
including into the coating of the chemical compound sealing the pores
research,

Summarizing the results it can be concluded that the addition of Ag
NPs even in high amounts improves only some coating features, In
particular, the increasing adhesion is still not quite enough and an
addition of either a sub-layer or a component strongly coherent to bath
titanium and CNTs, or the mechanical/chemical preliminary surface
treatment, or reinforcement of CNTs network with oxide particles, or
EPD of silver at much higher voltage and time can be considered,
investigated and developed. The small hardness and resistance to plastic
deformation are acceptable or even desired taking into account the high
Ioads carried on implants during their placement in the body. The ad-
vantages are high corrosion resistance and wettability of Ag-doped CNTs
coatings.

5. Conelusions

Q. The coating composed of the MWCNTs layer decorated with the Ag
ghness in a nanoscale range
which can be accepted for medical applications. The relatively low
mechanical properties of MWCNTs/Ag coating result from the loose
MWCNTSs layer structure and the penetration of the inner layer by Ag
NPs only physically adsorbed on CNTs. The difference in adhesion of
both coatings might be caused by the bare metal effect. The increased
corrosion resistance compared to the MWCNTs base coating is likely
produced by decreasing penetration of the layer by Ag NPs.
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1 Introduction

Evaluation of adhesion strength, corrosion, and
biological properties of the MWCNT/TiO, coating
intended for medical applications

Dorota Rogala-Wielgus, *2 Beata Majkowska-Marzec, 2 Andrzej Zielinski, 2
Katarzyna Roszek ©° and Malwina Liszewska @ °©

Multi-wall carbon nanotube (MWCNT) coatings are gaining increasing interest because of their special
properties used in many science fields. The titania coatings are known for their improvemnent of
osteoblast adhesion, thus changing the surface architecture. Bi-layer coatings comprising 025 wi®% of
the MWCNTs and 0.30 wt¥ of titania (anatase structure) were synthesized in a two-stage procedure
using the electrophoretic deposition method (EPD). The MWCNT and TiO, coatings were deposited with
voltage and tirme parameters, respectively, of 20 WV and 05 min, and 50 V and 4 min. EDS, AFM, SEM,
Raman spectroscopy. nano-scratch test, potentiodynamic corrosion tests, wettability studies, and
cyltotoxicity determined with MTT {3-(4.5-dimethylthiazol-2-yl)- 2, 5-diphenyltetrazelium bromide) test on
human dermal fibroblasts {HDF) and mouse osteoblast precursors (MC3T3), and lactate dehydrogenase
[LDH] activity test were caried out on examined surfaces. The prepared MWCNT/TIO, coating is
unifarmly distributed by MWCNTs and agglomerated by TiO; particles of size ranging from 0.1 to 3 pm.
Raman spectroscopy confirmed the anatase structure of the TiO; addition and showed typical peaks of
the MWCNTs. The MWCNT/TIO; coating had higher roughness, higher adhesion strength, and improved
corrosion resistance compared to the MWCNT basic coating. The results of biological tests proved that
physicochemical properties of the surface, such as high porosity and wettability of MWCNT/TiO;-coated
material, would suppart cell adhesion, but toxic species could be released to the culture medium, thus
resulting in a decrease in proliferation.

development of construction reinforeed polymers® and rein-
forcement of cement concrete,™ and in chemistry for adsorp-

Among nanomaterials, carbon allotropes of carbon nanotubes
[CNTs) have gained significant attention owing to their unique
properties: chemical inertness, exceptionally high mechanical
strength, significant electrical conductivity, and often content-
related optical properties. Therefore, construction and fune-
tional materials containing CNTs have been developed in
various fields of interest. The last reviews on such materials
have shown the great potential of CNTs, in medicine as rein-
forced polymer-based compaosites,® in tissue engineering,®* and
as optical contrast agents for cell imaging,” in electronics for the
construction of CNT-based nanogenerators,” supercapacitors,
and high-performance batteries,* in industry for the

“Division of Biomaterials Techmology, Institute of Mamufacturing end Materials
Technology, Foculty of Mechanical Engineering and Ship Technology, Gdansk
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Toru, Lwswska 1 Str., E7-100 Torwk, Poland
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tive removal of metal ions,” and as catalysts in hydrogenation
processes."

CNTs have seldom been proposed as coating components
and exceptionally as single layers. Recently, such implementa-
tions have resulted in abrasion-resistant, photothermal, and
superhydrophobic anti-icing coatings,"™ anticorrosion and
mechanically resistant coatings,'" antifouling coating,"™ and
coatings designed especially for heat exchangers and
microwaves, ™

CNT-based coatings deposited on titanium and its alloys,
including NiTi, are infrequent and highly diversified. The
carboxylic multi-wall carbon nanotube (MWCNT) coating on Ti
alloy with CNT content from 0.05 to 0.2 wt% was designed to
decrease friction and wear rates. The most popular ones are
hydroxyapatite (HAp) coatings reinforced with CNTs in amounts
of up to 2 wt%™ or 0.01 to 0.1 wt%,* which are expected to
increase hardness and adhesion strength. The HAp-Ti coatings
doped with 1 wt% of MWCNTSs on NiTi alloy* and (Ce, Sr)HAp-
agar-chitosan-MWCNTs (an amount unknown) on Ti* were
proposed for their better hardness, adhesion, and biological
behavior. The tantalum oxide and CNTs were obtained by

© 2023 Tha Author(s). Published by the Reyal Society of Chamistry
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applying the sol-gel method to increase corrosion resistance,
adhesion, and bicactivity.®>* MWCNTs deposited on Ti in
amounts of 3, 10, and 20 pg cm * were planned to enhance
ossecintegration.™ All these coatings were specially designed
and investigated as potential candidates for surface modifica-
tions of titanium implants. Moreover, the self-lubricating
coatings Al3Ti-3CNTs-3Cu-75iC were produced by laser
melting for light material processing.® The CNT-polysiloxane
coating was proposed as chemically resistant, durable, and
highly hydrophobic,™ and epoxy resin vapor-deposited with
CNT coatings for aircraft applications™ was developed.

The coatings are prepared by employing different tech-
niques. They include mostly plasma spraying,™™ electropho-
retic deposition method (EPD),"™™ laser cladding,™ and
electrostatic spraying.™ However, electrophoretic deposition
(EPD] is also widely used to prepare CNT coatings™*" because it
enables the manipulation of the CNTs to deposit on surfaces
with variable shapes, including flat or balk, gives control over
coating parameters, is low-cost and time-saving.™

The addition of CNTs to the coatings deposited on titanium
and its alloys can improve several properties important for
implants. However, CNTs can form agglomerates because of the
significant van der Waals chemical force, which adversely
affects the properties of the coatings. The proposed techniques
include covalent or non-covalent functionalization in a liquid
rather than in a solid. Recently, modification of MWNCT
surfaces by Zr0O, nanoparticles was shown to enhance the
dispersion of MWCNTSs and increase their adhesion to the epoxy
matrix and its mechanical and fracture behavior.* Among them
are mechanical properties enhanced by CNTs present as the
adhesion strength from 18.5 to 24.2 MPa at 1 wt%,™ from
17.2 MPa to 32.1 MPa at 1 wt%,* from 21 to 29 MPa,* and from
17.5 to 32.1 MPa" and observed only qualitatively by the
homogenous dispersion of CNTs in the matrix for CNT content
in the range of 2-6 wt%.™ The hardness was elevated from 6.12
to 7.22 GPa at 2 wt%* and from 72 HV to 405 HV at 1 wt2%.
Young's modulus increased from 115 to 135 MPa at 2 wi%,™
and also from 70 to 400 MPa.” The deposition of MWNCTs on
titanium caused about a 10% decrease under dry conditions,
but even a 90% decrease in SBF (simulated body fluid),"* and
a moderate change in wear volume from 14.14 x 10" to 10.6 x
10" mm® was found after adding CNTs to TiQ; in the sprayed-
made coating.™ A decreasing current density was noticed for
the CNT-Hap coating from 0.54 to 0.05 pA cm * at 1 wi%
CNTs.* On the contrary, after adding MWCNTSs to HAp-Ta,0
coating, corrosion current density increased from 0.011 to 0.021
pA em ~.* The contact angle changed from 407 for Ti to 31° for
Ti-Ta,0..%

Biological behavior has often been reported to be positively
affected by the addition of CNTs. The coating composed of
tantalum oxide and CNTs modified with phosphonic acid**
improved bioactivity, and the titanium substrate electrochemi-
cally anodized and coated with CNTs increased the proliferation
of MC3T3 cells and induced the formation of hydroxyapatite,
making the surface proper for application in dental implants.*
The HAp-TIi-MWCNT composite coating was claimed to
improve cellular proliferation and growth on the surface of NiTi

2022 The Author(s). Published by the Roval Socety of Chemistry
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alloy.™ For Ti and its alloys as substrates, in hydroxyapatite
coatings, the addition of CNTs increased cell viability.* In more
complex carrageenan—chitosan—{Ce, Sr)HAp coatings, the
MWCNTs also positively affected cell adsorption in in vivo
tests,”™ for collagen-CNTs, enhanced cell proliferation was
observed,™ and for HAp-SCNTs, improved bicactivity deter-
mined by MTT and ALP essays, cell morphology and prolifera-
tion appeared.®

The basic mechanical properties of the multi-wall carbon
nanotube coating with titania (MWCNT/TiO,), which is the
object of this research, were examined and discussed in our
previous work.™ Herein, the presented results include adhesion
strength, corrosion resistance, and biological behavior, which
together strongly justify the potential application of the devel-
oped coating for implantology, particularly endoprosthesis and
dental implants. The literature shows that a mixture of TiO,
polymorphs at a concentration of 0% in anatase and 20% in
rutile is the most effective in biomedical applications.** Thus,
TiD; in crystalline anatase form is more active than TiO; in
rutile form, and at the same time, it is more effective for anti-
microbial purposes.” However, the anatase TiO, polymorph
shows worse corrosion resistance™ and cytotoxicity properties™
compared to the rutile form. In this study, we used the anatase;
it has a large Young's modulus of 177.24 GPa*™ and a small
share modulus of 42.69 GPa,™ which are properties demanded
by coatings intended for the endoprosthesis.

2 Experimental
2.1 Preparation of the substrate surface

The round-shaped specimens of 20 mm diameter and 4 mm
thick were prepared from Ti13Nb13Zr alloy (Xi'an SATE Metal
Materials Development Co., Ltd., Xi'an, China) of the following
composition: 13.18 wt% Nb, 13.49 wit% Zr, 0.085 wi% Fe,
0.035 wt¥ C, 0.004 wt% H, 0.078 wt¥% O, <0.001 wi% S,
0.053 wt% Hf and remaining Ti. The surface preparation was
further described in ref. 35 and included surface grounding
with SiC paper of up to #800 grit; cleaning in acetone (Chempur,
Piekary Slaskie, Poland) for 2 min; distilled water for 2 min;
etching in 5% solution of hydrofluoric acid (Chempur, Piekary
.?;laskie, Poland); and rinsing in distilled water. This prepared
substrate was assigned an MR value [native material).

2.2 Preparation of CNT coatings

The MWCNT (-COOH modified, 3D-Nano, Krakow, Poland)
coatings were prepared using EPD with parameters and bath
composition, as shown in Table 1.

The MWCNT EPD bath was composed of 0.25 wit% of
MWCNTs suspended in distilled water. Before the deposition
process, the suspension was ultrasonically dispersed for 1 h in
an ultrasonic bath (MKD-8, MKD Ultrasonic, Warsaw, Poland),
with power and frequency of 300 W and 25 kHz, respectively.
The MWCNT/TiO); coating was prepared in a two-stage process.
First, the MWCNT layer was formed by EPD in the bath of the
composition described above. Then, the second, TiO, (3D-
Nano, Krakow, Poland) layer was created by EPD in the bath

RSC Adi, 2023, 13, 30108-30M7 | 30109
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Table 1 EPD process pararmeters for the examined coatings
Content of component

Material Substrate Deposited materials in a bath [wt%) EPD time (min) EPD voltage (V)
MR Ti13Nb13Zr — — —_ —_
MWOCNTs™ Til3Nb13Zr MWCNTs 0.25 0.5 20
MWCNT/TiO, a8 Ti1l3Nb13Zr [I) MWCNTs 0.25 0.5 20

(1) TiO: 0.30 a 50

comprising 0.30 wt% of Ti0;, isopropyl alcohol as a solvent, and
1 wt% of polysorbate 20 (Tween 20, Sigma-Aldrich, Poznan,
Poland). The suspension was then ultrasonically dispersed for
& h, and the power and frequency were set the same as those
observed during the dispersion of the MWCNT suspension.

The EPD for the MWCNT coating was conducted with
Til3Nb13Zr as a positive electrode and stainless steel as
a negative electrode, while for the MWCNT/TiO, coating, the
electrodes were converted. The distance between the electrodes
was about 0.5 cm.

2.3 Chemical composition and topography

The surface topography was evaluated using an atomic force
microscope [(AFM NaniteAFM, Nanosurf, Bracknell, Great Brit-
ain) in non-contact mode at 20 mN force. The average rough-
ness index 5, values were estimated based on 512 lines made in
the area of 80.4 » 80.4 pm.

A high-resolution scanning electron microscope (SEM JEOL
J5M-7800F, Tokyo, Japan) with an LED detector was used ata 5
kV acceleration voltage to observe the surface morphology.

An X-ray energy dispersive spectrometer (EDS) (Octane Elite
25, EDAX Ametek, Berwyn, PA, USA) was used to evaluate the
chemical composition of the MWCNT/TiO, coating.

2.4 Chemical structure and crystallography

The measurements were carried out using a Raman microscope
(Renishaw InVia Ple., Wotton-under-Edge, UK) equipped with
an EMCCD detector (Andor Technology Ltd., Oxford Instru-
ments, Belfast, UK] and the objective lens set at 20x. The
wavelength of the laser radiation during Raman spectroscopy
tests was 532 nm; the measurement time, the measurement
counts at significant points, and the laser radiation power of the
MWCNT sample were 1 s, 5, and ca. 0.2 mW, respectively, and
those of the MWCNT/TiO; coating were 0.5 s, 10, and ca. 1 mW,
respectively. Raman spectra measurements were prepared as
maps consisting of the mean values of 100 points and the
standard deviation of the signal sample. The collected Raman
spectra were processed in WIiRE 5.5 software and then averaged
using CasaXP§ software.

2.5 Adhesion determination

Nano-scratch tests were carried out using the NanoTest™
Vantage (Micro Materials, Wrexham, Great Britain) in
increasing load mode from 0 to 200 mN at a distance of 500 pm,
with a loading rate of 1.3 mN s '. The adhesion strength was
evaluated based on the critical load (L.), which was determined

3010 | RSC Adv, 2023, 13, 30108-30117
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by the abrupt change in critical friction (F) in the F, to critical
force (F,) relation graph. In the end, the scratches were inves-
tigated using a light microscope (BX51, OLYMPUS, Tokyo,
Japan), and the results were shown as mean + SD (n = 5).

2.6 Corrosion behavior

Corrosion tests were carried out using a potentiostat (Atlas
0531, Atlas Sollich, Gdansk, Poland), with the AtlasCorr03
software, by calculating the corrosion potential (E.,) and
corrosion current density (fo..) based on Tafel extrapolation.
The sample served as the working electrode, a platinum rod as
the counter electrode, and a satwurated calomel electrode as the
reference electrode, immersed in Ringer's solution (composi-
tion: NaCl, 8.6; CaCly, 0.33; KCL, 0.30 gL 1] at a temperature of
37 °C. The open circuit potential (OCP) was stabilized for 1 h,
and potentiodynamic measurements were performed from
~1.0 Vto 1.0 V at a scan rate of 1 mV s '

2.7 Wettability

The water contact angle [CA) was evaluated using a goniometer
[Contact Angle Goniometer, Zeiss, Oberkochen, Germany) with
the pendant drop mode. Wettability was measured for 10 s after
the drop fell down the surface, and the CA result for each
surface, shown as a mean + SD (n = 3], was red after 5 s.

2.8 Biological characterization

Cytotoxicity studies were conducted using a human dermal
fibroblast (HDF, Biokom, Poland) cell line and mouse osteo-
blast precursors (MC3T3, Sigma-Aldrich, Germany). The HDF
cells were grown in DMEM-LG (Dulbecco's Modified Eagle's
Medium, Low Glucose) and MC3T3 in EMEM (Eagle’s Minimum
Essential Medium), both supplemented with 10% Fetal Bovine
Serum (FBS) according to ref. 50. Before the experiment, the
approximately 1 = 10" cells in culture media of 5 pL were seeded
on the tested materials, different specimens in separate wells of
a 12-well plate, and left for 3 h for adhesion. Then, the culture
medium was added and incubated for 24 h and 72 h in a direct
test. In an indirect test, the examined specimens were
immersed in culture media for 72 h, and then as prepared
suspension was used to HDF and MC3T3 cell culture seeded
24 h before in a 12-well plate. Cell viability was assessed based
on an MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium  bromide] (Sigma-Aldrich, Germany)
assay, which showed cell ability to reduce MTT. The absorbance
of the reduced formazan was measured at 570 nm using

@ 2023 The Author(s). Published by the Royal Society of Chemistry


http://mostwiedzy.pl

/\__/___\> MOST WIEDZY Pobrano z mostwiedzy.pl

e

Paper

a Synergy HT Multi-detection reader (BioTek Instruments,
Winooski, VT, USA).

To check the integrity of the cell membranes, a lactate
dehydrogenase (LDH) activity test was performed. The decrease
in NADH [nicotinamide adenine dinucleotide, reduced diso-
dium salt) (Sigma-Aldrich, Germany), indicating an increase in
the number of damaged cells in the culture medium, was
measured after 24 h and 72 h. To 150 pL of culture media, 25 pL
of NADH (2.5 mg mL ') and 25 uL of sodium pyruvate (2.5 mg
mL ') (Sigma-Aldrich, Germany) were added. The LDH activity
was assessed spectrophotometrically (Synergy HT Mult-
detection Reader, BioTek Instruments, Winooski, VT, USA] by
measuring absorbance at 340 nm. The result for each sample
was shown as a percentage of positive control samples treated
with 1% Triton X-100 and labeled as 100% damaged cells.

2.9 Statistical data

The experimental values were provided as mean + standard
deviation (SD), and the statistical significance of differences
between each specimen was evaluated utilizing Origin 8 by one-
way analysis of variance (ANOVA), as depicted in figures [*].

3 Results and discussion

3.1 Chemical composition and topography

A chemical EDS-based analysis of the MWCNT/TiIO, coating,
shown in Fig. 1, was conducted to detect the elements present
in the coating. Titanium, zirconium, and niobium are the
elements that originate from the substrate material, and
carbon, titanium, and oxygen originate from the coating.
Additionally, some elements, Cl and K, are impurities that
appear in the deposition process. The presence of high peaks of

cl
. i
w | ‘
1!1’ |
Zr || || | Ti
| ai 2R |lea A [ #
Iy | | | i
] ._‘/__‘_,_._.,-'\.' i "q.'i__ | |-\.JI I'._
| — -
1.0 2.0 3.0 4.0 5.0 6.0 7.0
keV

Fig.1 The EDS spectra of the MWCNT/TIO; coating.
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Table 2 Roughness 5, parameter for the examined surfaces

Material Roughness 5, parameter (pm)
MR 0.069°

MWCNTs 0.159°

MWCNT/TiO, 0.901

“ Results are shown before in ref. 64.

carbon and titanium proves the deposition of the MWCNT/TiO,
layer.

Table 2 shows the surface roughness §, values for all exam-
ined surfaces estimated with an experimental error of less than
0.05 pm.

The roughness of the MWCNT coating increased more than
5.5-fold with the addition of titania nanoparticles. A similar
effect was observed in our previous work.™ This is caused by the
small TiO, nanoparticles agglomerating on the MWCNT
surface, as observed in Fig. 2, showing the SEM topography of
the MWCNT and MWCNT/TiO, coatings.

The MWCNT coating (Fig. 2A-C) is uniformly distributed.
The difference in thickness in particular areas of the coatings
was previously estimated at 0.55 pm.™ Fig. 2D-F demonstrates
the SEM topography of the MWCNT/TiO; coating. The MWCNT
coating is transparent and thoroughly covered by titania
agglomerates of different shapes and sizes ranging from 0.1 to 3
pm. In our previous study, the average TiO, aggregate surface
area was approximately 1.5 pm** The lamellar structure of
each agglomerate can be observed, probably resulting from the
coating's synthesis method, where coatings are built layer by
layer during the EPD deposition process. The coating thickness
measured earlier was 2.016 um.™

3.2 Chemical structure and crystallography

The chemical characterization of the coatings was based on
Raman spectroscopy. The Raman spectra for the MWCNT and
the MWCNT/TIO; coating are shown in Fig. 3. The values of the
bands, with appropriate assignments for the characteristics of
the bands, are listed in Tables 3 and 4, for MWCNT and
MWCNT/Ti(); coatings, respectively.

For the MWCNT coating, the values of each band (Fig. 3A) are
similar to those shown in the literature, except for an extra
Raman shift at 2942 em ™! (second 2D (G') band). The MWCNT
coating exhibits three characteristic bands: disordered mode (D
band), tangential mode (G band), and G’ band. The D mode,
which appears for the MWCNTSs coating at 1350 cm ', repre-
sents the disorder in sp™-hybridized carbon atoms (graphene,
which creates carbon nanotubes), the extent of sidewall defects
or applied functionalization.® The G band appears at 1588 cm

" and the G’ band, called the first overtone of the D band, at
2699 cm ', which are called the two modes representing
graphitic materials. The G mode is related to the stretching of
the C-C bond, and the G’ mode can be distinguished for non-
defect sp* carbon materials.®* The second shift for the G’ band
is found at 2942 cm ', as observed several times for single-wall

RSC Adv, 202313, 30108-3017 | 30M
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Fig. 2 SEM surface topography of the MWCNT coating {A-C) and the MWCNT/TIO; coating (D~F) demonstrated in different resolutions.
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Fig. 3 Raman spectra of {A) the MWCNT coating and (B) the MWCNT/TIO, coating, where the black line presents an average Raman spectrum

and the gray area is a standard deviation of the signal.

carbon nanotubes (SWCNTs) and double-wall carbon nano-
tubes (DWCNTSs), and assigned to the tubes inside CNTs, whose
diameter is smaller than the outer ones or resonance with the
incident and scattered light or presence of structural defects,
which might be eliminated after thermal treatment.** The D and
G band intensity (I;,/I;;) ratios are used to identify the degree of
structural defects or the level of functionalization of
MWCNTs.**** The lowest Ip,/l; ratio occurs when more struc-
tural defects appear, which are the characteristics of the
MWCNTs compared to those of SWCNTs and DWCNTSs. The I,/
I; ratio for the MWCNT coating is about 1.34. The literature

30112 | RSC Adv, 2023, 13, 30108-30117
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reports an In/l; ratio of 1.1437 (ref. 51) or 1.46 (ref. 54),
according to our results.

The values of Raman shifts of the MWCNT/TiO, coating
(Fig. 3B) are close to those shown in the literature for the
anatase phase of the titania, as illustrated in Table 4. Five
optical phonon modes can be distinguished, and the assign-
ment of the bands indicated is based on ref. 55 and 56. All of
them represent five modes in the range of 150-630 cm ™' in
accordance with Kamil et al results,” as shown in Table 4.
Fig. 3B also demonstrates the mode characteristics of the
MW(CNT coating, which shifted and broadened and possessed

© 2023 The Author(s). Published by the Royal Socety of Chemistry
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Table3 Raman active optical phonon modes for the MWCNT coating compared with MWCNT powder and literature results for MWCNT coating

Dband (em™*) G band (em™') G band (2D band) (em™') G’ band (2D band) (em~')  Ref.

MWCNTs 1350 1588 2699 2042 —
MWOCNT coating on Til3Nb13Zr 1345 1580 2690 — (3]
substrate
MWOCNT powder 1346 1583 269 — (%3
MWCNT composite (prepared by 1340 1574 2694 - 51
evaporation and drying process)
Table 4 Raman active optical phonon modes for the MWCNT/TIO; coating compared with rutile and anatase TiO; structures

Egty) Egzj Bigiy  Auginy ¥ Bagiyy  Eg) Dhband G band G band (2D band) G’ band (2D band)

[em™) [em "] [em "] (em™) fem™) (em™) [em™] (em ' [em ™" Ref.
MWCNT/TiO; 150 200 401 519 B3l 1348 1587 2687 2938 —
MWCNT/TIO, composite 144 195.5 ao7 514 ®37 1356 1598.5 Doesn't indicated - 51
TiD; [anatase) 146 194 395 514 hib —_ — - - 55

a lower I/l rato of 0.97. It is evident that the addidon of
titania to the MWCNT coating resulted in more structural
defects than the bare MWCNT coating. The shift of the D and G
bands is due to the interaction between the TiO, nanoparticles
and the MWCNT coatings,** with the I'y/I; ratio slightly higher
than that shown by David et al. for the MWCNT/TiO, film, which
is 0.842. The archived values of the modes for both the
MWCNTs and the MWCNT/TIO; coating are slightly different
from those reported in the literature, presumably owing to the
effect of some impurities or a substrate.

3.3 Adhesion determination

Fig. 4 shows the adhesion nano-scratch test result for the
MWCNT/TiO, coating, with the indicated L, value demon-
strating the moment of the coating delamination, where F, is
the normal force and F, is the friction force.

Table 5 shows the estimated values of L, and critical friction
F. for the examined coatings. The MWCNT/TIO, coating

— s iy

oo ke
|
E-:L\:l .
=0t
&
1003
|
a } - - . R L - R
a 50 100 150 200
Fn (mN)

Fig.4 The nano-scratch test result for the MWCNT/TIO; coating, with
an indicated L.

2022 The Author(s) Published by the Royal Society of Chemistry

demonstrates an almost 3.5-fold higher L. value than the
MWOCNT coating, showing an improved adhesion strength. The
adhesion strength measured by the shear strength test
(according to ASTM standard F1044-949) for the MWCNT/TiO,/
HAp coating demonstrated the adhesion strength for the
coating EPD-deposited at 50 V for 1 min as 11.9 + 3.3 MPa.* The
literature values of adhesion strength are then comparable to
our results, within the limits of an experimental error. The
adhesion can depend on mechanical properties, such as hard-
ness, Young's modulus, and coating thickness, thus not only
the coating composition determines the interface between
a coating and a substrate. Therefore, the hardness of the tough
Ti0, agglomerates on the surface of the MWOCNT coating,
together with its good fit to the substrate material, allows the
coating to adhere better to the Til3Nb13Zr substrate. The
hardness of TiO, can be taken as 1 GPa and that of the MWCNTSs
as 0.204 GPa.** Owing to the higher hardness of TiO; nano-
particles, the indenter tip encountered the titania particles on
its way during the nano-scratch test and passed through the
MWOCNT/TiO, coating at a higher L. than in the MWCNT
coating.

The adhesion strength also depends on coating thickness,
coating structure, substrate architecture (evaluated using
surface preparation), and method of synthesis.* As regards the
MWCNT/TiO, coating thickness, it was assessed previously at
2.016 pm,™ while the thickness of the TiO, coatings below 3 pm

Table 5 The results of critical parameters after the nanc-scratch test,
where the result is presented as mean + SD (n = 5)

Critical load (L) Critical friction (F,)
Material [mMN]) (mN)
MWCNTs 253 +19 41.2 + 2.1
MWCNTs/Ti0, 88.3 + 1.8 248.5 + 3.7
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was reported to promote the loss of adhesion originating from
the presence of titania agglomerates.™

There is one more parameter describing the adhesion
strength of the coating, which is the ratio of hardness to
reduced Young's modulus (H/E,), reported previously in ref. 36,
which describes the coating endurance for substrate deflections
under load. The results of the H/E, ratio for the MWCNT and
MWCNT/TIO, coatings were 0.005 and 0.013, respectively,™
which agree with the present results of the nano-scratch test,
demonstrating the positive effect of the use of titania.

3.4 Corrosion behavior

The corrosion resistance test’s results are shown in Table 6. The
MR and MWCNT corrosion resistance parameters have been
discussed previously.™

The addition of TiO; to MWCNT coatings lowers the j.. and
Eeore of the MWOCNT coating, thus improving its corrosion
resistance. The same result was reported for CNT/TiO, coating
deposited on other substrates, such as Mg-Zn-Ca alloy,** MgZn
alloy,"™ and HA-Ti-MWCNTs on TiNi alloy.” Compared to the
MR material’s corrosion parameters, the application of
MWCNT/TIO; coating weakens the corrosion resistance of the
substrate Ti1iNb13Zr alloy. For composite material comprising
MWCNTs and Ti0,, excellent
observed,” but the MWCNT coating had a porous structure that
enhanced the transport of aggressive ions into the substrate and
localized corrosion. Moreover, adding TiO, into the coating
decreases its porosity by filling pores and voids, thus increasing
the corrosion resistance of the MWCNT coating, as observed in
other reports

COCrosion  resistance was

3.5 Wettability

Fig. 5 and Table 7 show the wettability measurement results for
the examined surfaces. All of the surfaces are hydrophilic and
both the MWCNTSs and the MWCNT/TiO, coatings demonstrate
a contact angle between 50 and 60°, which is required for

Table & Corrosion test results for examined surfaces

Material Ecoer [V [SCE]) Jeore (nA cm™)
ME* —0.019 £ 0,007 38.66 £ 592
MWCNTs" —0.109 = 0.002 325.61 £ 3361
MWCNT/TiO, —0.206 = 0.003 97.42 £ 939

“ Results previously discussed in ref. 64.

A 9 B9 <

Y- WY WS-

Fig- 5 Results of water contact angle measurements for MR (&), the
MWCNT coating (B], the MWCNT/TIO, coating (C), where the results
are presented as mean = 5D (n = 3).
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Table 7 Results of water contact angle measurements for the
examined surfaces

Material CA left (%) CA right (7] Mean CA [7)
MR 7422 + 4.96 73.09 £+ .46 73.65 £+ 6.58
MWCNTs 55.02 £+ 1.02 55.84 £+ 1.63 55.43 £+ 1.29
MWCNTs/Ti0,; 5716 £ 2.01 5946 £ 1.29 58.31 £ 1.60

biomedical applications. The achieved results for the MWCNT
coating are in accordance with our previous data shown in ref.
68. For the MWCNT/Ti0O, materials, the literature demonstrates
different results. For the MgZn/5TiO-0.5MWCNT composite
(composed of 5 wt% TiO; and 0.5 wt% MWCNTSs), the CA was
reported as 87.0 £ 2.1°.% Here, the difference might result in
the effect of MgZn in the composite.

Ho et al. reported the CA for the MWCNT/TiO, membrane of
45.55 + 1.13%" which is slightly lower than the CA of our
MWCNT/TiO, coating.

3.6 Biological characterization

The results of the in vitro cytotoxicity studies are shown in Fig. 6
and 7. The viability of the HDF and MC3T3 cells was assayed
using the MTT test. The highest cell viability for both HDF and
MC3T3, and in both the direct and indirect tests, was observed
for the MWCNT coating.

The MWCNT coating in the direct test demonstrated a slight
decrease in HDF cell viability after 24 h, followed by an increase
from 83.62% to 119.27% of the control after 72 h of incubation
(Fig. 6A). It can be underpinned by the topography of the
MWCNT coating, which promotes cell adhesion on a porous
structure during the first 24 h; then, it also supports cell
proliferation. There are reports on the carboxylated MWCNT-
chitosan material’s ability to achieve a porous microstructure,
improving cell adhesion.™ However, the HDF cell viability of the
MWCNT/TiO; coating in the direct test after 24 h of incubation
was negligibly lower than that for the MWCNT coating, while
after 72 h, the HDF cell viability for the MWCNT/TiO, coating
considerably decreased to 67.02% of the control but was still
higher than that of the pure substrate material. Herein, we can
conclude that the topography of the MWCNT/TiO, coating is as
desirable as that of the MWCNT coating for cell adhesion, while
after 72 h, the TiO, nanoparticles started to have a stronger toxic
effect on HDF cells and decreased their proliferation rate.
According to the literature, the cytotoxicity of MWCNT/TiO,
films is dose-dependent, but there are also reports about the
non-toxic effect of MWCNTSs decorated with TiO; after 24 h and
72 h, where the HDF cell viability was similar to that of the
control, and the MWCNT_TiO, composite concentrations were
0.02 and 0.05%.% However, the strong toxic influence of crystal
phase Ti0; and a decrease in A549 and MCF-7 cell viability have
also been reported in the literature.™

The HDF and MC3T3 cell viability in an indirect test (Fig. 6B)
was surprisingly low, suggesting that the tested specimens may
have a toxic effect on the cells. In the case of the MWCNT coating,
HDF cell viability in an indirect test is the highest and reaches

& 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 LDH activity in the culture media of HOF cells for 24 and 72 h (n
=3, *at a 0.05 level all the data was significantly drawn from a nar-
mally distributed population according to the Shapiro-Wilk norrmality
test and according to one-way ANOVA the data are significantly
different).

44.88% of the control but is still too low for successful applica-
tion in biomedicine. The MC3T3 cells in the indirect test
exhibited a viability of 55.88% of the control, but it is still
unsatisfactory. These observations can be explained by toxic
substances (eg some impurities) released from the material
surface or with nutrients and growth factor depletion through
their adsorption on the coating surface. Undoubtedly, the
processes underlying this phenomenon deserve further elucida-
tion. According to the literature, a carboxylated MWCNT—chito-
san compaosite sol-gel material with osteogenic growth peptide
(OGP(10-14)) showed potential for use in bone regeneration.™
Additionally, MWCNT scaffolds showed higher MC3T3 cell

viability contrary to poly(lactic-co-glycolic) acid (PLGA),™ and the

© MWCNT layer on collagen-coated titanium plates supported cell

N
o
C
©
=
o
o
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proliferation.™ The anodized TiO, nanoparticles (NPs) on tita-
nium EPD coated with CNTs showed higher MC3T3 proliferation
than Ti0, NPs,™ whereas a similar MWCNT coating reported by
Park et al. demonstrated approximately 25% lower cell prolifer-
ation after 5 days than pure titanium.™

023 The Author(s). Published by the Royal Socety of Chemistry
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The LDH activity in the culture media (Fig. 7] was determined
to check whether the MWCNT and MWCNT/TIO, coatings (or
substances released by them) have the ability to damage cell
membranes and induce necrosis of HDF cells. After 24 h, both the
MWCNT and the MWCNT/TiO; coatings demonstrated a higher
percentage of damaged HDF cells than the substrate material, but
these values did not exceed 11% of the cells. However, after 72 h,
the amount of damaged HDF cells was almost the same for the
MWCNT coating (9.43%) and substrate material (9.29%), while
the MWCNT/TiO; coating achieved 10.86% of the damaged cells.
The literature shows that LDH release from MWCNTS is dose- and
time-dependent. The MWCNT dose of 40 ug mL " and the longer
exposure time of HDF cells to carbon nanotubes induced cell
death. However, we can see that the percentage of damaged cells
exposed to MWCNTS is time dependent and much lower than that
reported in the literature.™™

4 Conclusions

In this study, employing the EPD method, we obtained
a uniformly distributed MWCNT coating agglomerated with
titania particles (of anatase structure, confirmed by Raman
spectroscopy) deposited on the Ti13Nb13Zr substrate material
to check its adhesion strength, corrosion resistance, wettability
and biocompatibility with HDF and MC3T3 cells.

The adhesion strength of the MWCNT/Ti0; coating was 3.5-
fold improved compared to that of the MWCNT coating owing
to the tough and good fitting of titania to the substrate material,
which was confirmed by calculating the H/E, nanoindentation
test parameter, reported previously in ref. 36.

The addition of titanium dioxide to the MWCNT coating
resulted in more than 3-fold higher corrosion resistance than
the basic MWCNT coating. TiO, particles fill the inside of the
MWCNT coating pores, making them denser. The MWCNT/
Ti0; coating still exhibited worse corrosion resistance
compared to the substrate material owing to its relatively high
porosity, which is, however, the advantage of coatings intended
for medical applications.
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The results of biological tests confirmed that the improved
mechanical and physicochemical properties of the surface,
such as high porosity and wettability, in MWCNTs alone and
MWOCNT/TiO,-coated material support cell adhesion. The
maodified coatings may also release toxic substances into the
culture medium, thus resulting in a decrease in proliferation.

The characterized coatings may be promising for biomedical
applications, but they undoubtedly require further research and
improvement, for example by reduction of the TiO; content in
the coating.
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