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Streszczenie

Od lat obserwowany jest wzrost zapotrzebowania na dtugoterminowe implanty
kostne i dentystyczne, niestety réwnoczesnie obserwowany jest wysoki odsetek
przedwczesnych reimplantacji. Pomimo wysitkéw naukowcdéw, medykow oraz firm
medycznych nie ma idealnego implanta ani materiatu. Powaznym problemem aktualnie
stosowanych dtugoterminowych implantow kostnych jest niedopasowanie wtasnosci
mechanicznych materiatu do wtasnosci kosci ludzkiej.

Dlatego zdecydowatam sie w swojej pracy badawczej na holistyczne podejscie do
projektowania dtugoterminowych implantow kostnych uwzgledniajgce: zaréwno
strukture, sktad chemiczny, wiasnosci mechaniczne i szereg innych wymagan stawianych
materiatom do potencjalnych aplikacji medycznych, jak rowniez projektujgc konstrukcje
catego elementu. Gtéwnym celem niniejszej rozprawy doktorskiej byto opracowanie
i wytworzenie metodg metalurgii proszkéw porowatych funkcjonalnych materiatéw
gradientowych na bazie tytanu z pierwiastkami witalnymi do potencjalnego zastosowania
w medycynie na dfugoterminowe implanty kostne.

W wprowadzeniu teoretycznym zostaty przedstawione informacje dotyczace
materiatéw metalicznych na dtugoterminowe implanty kostne, ze szczegélnym naciskiem
na materiaty na bazie tytanu. Dokonano rowniez przegladu literatury w odniesieniu do
metalicznych, porowatych materiatéw i ich pozytywnych cechach w odniesieniu do
potencjalnego zastosowania w medycynie. W dalszej czesci przegladu literaturowego
przedstawiono funkcjonalne materiaty gradientowe.

Podstawg wytwarzania materiatu byto opracowanie technologii wytwarzania
odpowiednio aglomerowanych czgstek i syntezy materiatu metodg metalurgii proszkéw,
a takze okreslenie wptywu parametréw procesu metalurgii proszkdw na rozmiar i ksztatt
czastek proszkdw oraz ich rozmieszczenie w kontekscie utworzenia poréow w materiale.
Zostat wytworzony i szeroko scharakteryzowany stop o kompozycji Ti-35Zr (% wag.)
w odniesieniu do zastosowanego zmiennego ci$nienia izostatycznego prasowania.
Wyznaczono warto$¢ graniczng cisnienia prasowania, ktére powoduje rozdrobnienie
ziarna, zmiane porowatosci, a poprzez to zmiane wtasnosci mechanicznych. Metode
mechanicznej syntezy wykorzystano do wytworzenia stopu na bazie tytanu

z pierwiastkami witalnymi o kompozycji Ti-26Nb-6Mo-1,55n (% at.). W tym przypadku



przeprowadzono analize wptywu czasu mielenia na strukture, mikrostrukture,
porowato$¢ i podstawowe wtasnosci mechaniczne. Otrzymane materiaty wykazaty
korzystne wartosci modutu Younga w nanoskali oraz wfasnosci tribologiczne. Doktadne
opracowanie metody kontroli wielkosci porow umozliwia personalizacje implantow dla
pacjentow uwzgledniajgce np. osteoporoze. Nowatorskim podejsciem byto zastosowanie
dodatku biozgodnej cyny jako czynnika kontrolujgcego proces mielenia pozwalajgcy na
regulacje wielkosci czgstek proszku, poprawe uzysku materiatu oraz jego homogenizacje,
a jednoczesnie nie wptywa negatywnie na uzyskany materiat. Synteze w tym przypadku
prowadzono w procesie wysokoenergetycznego mielenia z zastosowaniem zmiennego

czasu mielenia przy statych pozostatych parametrach procesu dla kompozycji

Ti-10Ta-8Mo(-3Sn) (% wag.).

Wszystkie etapy badan skutkowaty mozliwoscia wytworzenia materiatu
skonstruowanego z roznych materiatéw zaréwno w zakresie sktadu chemicznego
i fazowego, jak i zréznicowanej porowatosci rozmieszczonej z zachowaniem gradientu
czyli tworzgcych Funkcjonalne Materiaty Gradientowe. Na podstawie proszkéw
poddanych aglomeracji lub mieszaniu w mtynku planetarno-kulowym zostat stworzony
element zbudowany z trzech stref, utozonych koncentrycznie. Obserwacje mikroskopowe
potwierdzity, ze poszczegblne strefy sg stabilnie potgczone, a miedzy nimi
zaobserwowano stopniowa, gradientowg zmiane sktadu chemicznego oraz
mikrostruktury. Dodatkowo badania odpornosci korozyjnej sugeruja mozliwosc
potencjalnego zastosowania do rekonstrukcji kosci. Zostat rowniez uzyskany element
o budowie gradientowej otrzymany na bazie stopdéw Ti-25Nb-5Zr-(2Sn) (% wag.)
otrzymanych metoda metalurgii proszkéw. Separacja siewna pozwolita na lepsza kontrole
porowatosci poszczegdlnych strefach oraz uzyskanie w strefie zewnetrznej bardzo
duzego udziatu pordéw, ktorych przekrdj poprzeczny osigga wartosé powyzej 500 pm?.
Rozpoznanie wptywu poszczegdlnych obszarow pozwolito na kompleksowe okreslenie
mozliwosci projektowania implantéw o scisle okreslonych wtasnos$ciach mechanicznych
dopasowanych do kosci pacjentow, gdzie kazda strefa materiatowa moze odpowiadac na

rozne potrzeby pacjenta.



Abstract

The demand for long-term bone and dental implants increases year after year.
Unfortunately, a high rate of premature reimplantation is observed at the same time.
Despite the efforts of scientists, medics and medical companies, no perfect implant or
material exist. A significant problem of currently used long-term bone implants is the
mechanical mismatch between the material and the human bone.

For that reason, | decided to take a holistic approach to the design of long-term
bone implants, considering: the structure, chemical composition, mechanical properties
and several varieties of additional requirements for materials for potential medical
applications, as well as designing the construction of the complete element. The main
aim was to design and produce porous, functional gradient materials titanium-based with
vital elements for potential medical applications for long-term bone implants by powder
metallurgy.

The theoretical introduction presents information about metallic materials for
long-term bone implants, focusing on titanium-based materials. A literature review
focused on metallic porous materials and their favorable characteristics regarding
potential medical applications. In the following literature review, functional gradient
materials were described.

The core was the development of the technology for the production of
appropriately agglomerated particles and the synthesis of the material by powder
metallurgy method. In addition, the determination of the powder metallurgy parameters
influence on the size and shape of the powder particles and their distribution in the
perspective of the formation of the pores in the material. A Ti-35Zr (wt.%) alloy was
produced and widely characterized in relation to the used isostatic pressing pressure. The
limit value of the pressure, which causes grain fineness, modification of porosity, and
through this change in mechanical properties, was determined. The mechanical synthesis
method  produced a titanium-based alloy with  vital elements of
Ti-26Nb-6Mo0-1.55n (at.%) composition. In this case, the effect of milling time on the
structure, microstructure, porosity and basic mechanical properties was analyzed. The
obtained materials showed satisfied values of Young's modulus in nanoscale and
tribological properties. The precise development of a method to control pore size makes

it possible to personalize implants for patients considering, for example osteoporosis.



A novel concept was the use of biocompatible tin as a control agent for the milling
process, which allows for powder particle size control, improved material yield and
homogenization. The synthesis was carried out in a high-energy milling process using
various times with constant other process parameters for Ti-10Ta-8Mo(-3Sn) (wt.%).
The research stages resulted in the possibility of producing a material constructed
from a combination of different materials in terms of chemical and phase composition,
various porosity form a Functional Gradient Materials. Based on the agglomerated and
mixed powders, an element was built of three zones arranged concentrically. Microscopic
observations confirmed that the particular zones were stably connected and a gradient
change in chemical composition and microstructure was observed. The corrosion
resistance tests suggest the possibility of potential application to bone reconstruction.
A component with a gradient structure was obtained based on Ti-25Nb-5Zr-(2Sn) by
powder metallurgy. The sieve separation allowed for better control of the porosity of the
individual zones and the creation of a very high proportion of pores in the outer zone,
the cross-sectional area of which reaches a value of more than 500 um?. The recognition
of the influence of individual zones allowed to design of implants with well-defined
mechanical properties suited to the patient's bones, where each material zone can

respond to different patient needs.
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Praca doktorska pt. ,Porowate materiaty na bazie tytanu do potencjalnego
zastosowania w medycynie” zostata opracowana na podstawie jednotematycznego
cyklu oryginalnych 5 publikacji. Dysertacja jest oparta na wynikach otrzymanych w
ramach kierowanego przez mgr inz. lzabele Matuta projektu: PRELUDIUM — , Nowe
porowate stopy tytanowe do zastosowan medycznych o podniesionej odpornosci na
korozje wytworzone w procesie mechanicznego stopowania” (2016/23/N/ST8/03809),

finansowanego przez Narodowe Centrum Nauki.

[D1]

Matuta I., Dercz G., Zubko M., Maszybrocka J., Jurek-Suliga J., Golba S., Jedrzejewska 1.,
Microstructure and porosity evolution of the Ti-35Zr biomedical alloy produced by
elemental powder metallurgy;, Materials, 13 (2020) 4539, DOI: 10.3390/ma13204539;
MNiSW: 140, IF2019: 3,057

W pracy zbadano mikrostrukture i porowato$¢ stopu Ti-35Zr (% wag.) do
potencjalnej aplikacji medycznej. Wyznaczono zaleznos¢ wymienionych cech
materiatu od zmiennego cisnienia podczas izostatycznego prasowania. Zgodnie z
oczekiwaniami otrzymano materiat na bazie a-Ti o réznym stopniu porowatosci.
Struktura porowatosci oraz wtasnosci mechaniczne nie wykazywaty liniowej
zaleznosci z ci$nieniem prasowania. Pozwolito to na wyznaczenie granicznej
wartosci cisnienia prasowania, dla ktérej do materiatu wprowadzone sg istotne

zmiany odstajgce od liniowych zaleznosci.

Moj udziat polegat na opracowaniu koncepcji badan oraz metodologii
wytworzenia materiatdw oraz badan. Wytworzytam materiat oraz wykonatam
pomiary metodg dyfrakcji rentgenowskiej, skaningowg mikroskopia elektronowg
oraz wyznaczytam porowato$¢ metodg stereologiczng. Kierowatam catoscig prac
eksperymentalnych, opracowatam uzyskane wyniki i przygotowatam tekst

publikacji.

Mdj wktad w powstanie tej publikacji wynosi 65%.



[D2]

Dercz G., Matuta |., Maszybrocka J., Properties of porous Ti-26Nb-6Mo-1.55n alloy
produced via powder metallurgy for biomedical applications; Physics of Metals and
Metallography, 120 (2019) 142-149, DOI: 10.1134/S0031918X19130040; MNiSW: 40,
[F2019: 1,064

Podstawowym celem byto zaprojektowanie i wytworzenie metodg metalurgii
proszkOdw wraz z zastosowaniem wstepnej syntezy nowego stopu na bazie tytanu
z pierwiastkami witalnymi do potencjalnej aplikacji medycznej. Stop o skfadzie
Ti-26Nb-6Mo-1,55n (% at.) zostat przygotowany z zastosowaniem
wysokoenergetycznego mielenia, a analizowanym zmiennym parametrem byt
czas mielenia (20 i 40 godzin) Otrzymany materiat scharakteryzowano pod
wzgledem struktury, mikrostruktury oraz porowatosci. Gotowe elementy
poddano badaniom wfasnosci mechanicznych w nanobszarach oraz testom
tribologicznym. Zastosowana metoda wytwarzania okazata sie efektywng drogg
otrzymywania porowatych stopow na bazie tytanu, pozwalajaca na wstepng
synteze materiatu. Analiza stereologiczna wykazata, iz materiat otrzymany po
40 godzinach mielenia i spiekaniu wykazat bardziej optymalng strukture
porowatosci w odniesieniu do danych literaturowych dla potencjalnej

osteointegracji.

Moj udziat polegat na opracowaniu koncepcji badan oraz na wytworzeniu
materiatu i wykonaniu pomiaréw metodg dyfrakcji rentgenowskiej, skaningowej
mikroskopii elektronowej i mikrotwardosci. Kierowatam catoscig prac
eksperymentalnych, opracowatam uzyskane wyniki i przygotowatam tekst

publikacji.

Mdj wktad w powstanie tej publikacji wynosi 65%.
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[D3]

Matuta I., Dercz G., Zubko M., Role of Sn as a Process Control Agent on Mechanical
Alloying Behavior of Nanocrystalline Titanium Based Powders; Materials, 9 (2020) 1-18,
DOI: 10.3390/ma13092110; MNiSW: 140, IF2020: 3,601

Podstawg prowadzanych prac badawczych byta hipoteza, iz dodatek cyny do
materiatéw na bazie tytanu moze stanowi¢ czynnik kontrolujgcy proces (PCA), co
powinno pozwoli¢ na sterowanie wielkos$cig proszku, przebiegiem procesu oraz
wspiera¢ homogenizacje materiatu. W odniesieniu do materiatow do
potencjalnego zastosowania w medycynie, istotnym byto rowniez okreslenie
wptywu dodatku cyny na sktad fazowy, mikrostrukture i wtasnosci otrzymanego
materiatu. Analize morfologii proszku, sktadu fazowego przeprowadzono dla
proszkdw na réznych etapach proceséw mielenia. Wyniki skaningowego
mikroskopu elektronowego - SEM-BSE (ang. Scaning Electron Microscope-
Backscattered Electrons) potwierdzity, ze zastosowanie cyny jako PCA moze
zapewnic lepszg homogenizacje probek przygotowanych w wyniku co najmniej
60 godzinach mielenia kulowego. Niewielki dodatek cyny pozwolit rowniez na
poprawe nanokrystalizacji materiatu, w poréwnaniu do kompozycji bez Sn.
Ponadto, udziat cyny w procesie mielenia znacznie poprawit uzysk materiatu po

mieleniu.

M&j udziat w powyzszym artykule polegat na opracowaniu koncepcji badan oraz
na wytworzeniu materiatu i wykonaniu pomiaréw metodg dyfrakcji
rentgenowskiej, skaningowej mikroskopii elektronowej. Uczestniczytam w
pracach eksperymentalnych, opracowatam uzyskane wyniki i przygotowatam

tekst publikacji.

Moj wktad w powstanie tej publikacji wynosi 65%.
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[ D4]
Matuta I., Dercz G., Sowa M., Barylski A., Duda P., Fabrication and characterization of new
functional graded material based on Ti, Ta, and Zr by powder metallurgy method,

Materials, 21 (2021) 6609, 1-17, DOI: 10.3390/mal14216609, MNiSW: 140, IFx01: 3,623

Materiaty na bazie cyrkonu/tytanu o zréznicowanej porowatosci i sktadzie zostaty
przygotowane metodg metalurgii proszkdow z zastosowaniem stopniowego
izostatycznego prasowania. Catos¢ probki ztozone sg z trzech stref, potagczonych
w sposdb permanentny z promienistym gradientem w sktadzie fazowym,
mikrostrukturze i strukturze poréw. Zaobserwowano, ze mikrostruktura i
wtasciwosci zmieniajg sie stopniowo wraz z odlegtoscia od srodka probki,
odpowiednio dla poszczegdlnych stref. Analiza stereologiczna wykazata
zroznicowanie porowatosci w poszczegdlnych strefach. Ponadto porowatosé
warstwy wewnetrznej i zewnetrznej byfa znaczna oraz spetnia wymagania
wymieniane w literaturze jako optymalne dla osteointegracji. Dodatkowo
sprawdzono wtasciwosci mechaniczne otrzymanych materiatéw w zaleznosci od
odlegtosci od srodka proébki. Przeprowadzono rowniez analize witasciwosci
korozyjnych otrzymanych materiatdw. Przeprowadzono badania korozyjne,
potwierdzajgc przydatnos¢ opracowanych materiatdw stopniowanych do

zastosowania w srodowiskach umiarkowanie utleniajgcych.

M&j udziat polegat na zaprojektowaniu konstrukcji materiatu oraz jego wykonaniu
metodami metalurgii proszkdéw Ponadto, opracowatam zaréwno koncepcje badan
jak i metodologie badan. Kierowatam catoscig prac eksperymentalnych,
wykonatam pomiary metodg dyfrakcji rentgenowskiej oraz przeprowadzitam
obserwacje metodg skaningowej mikroskopii elektronowej. Opracowatam

uzyskane wyniki i przygotowatam tekst publikacji.

Moj wktad w powstanie tej publikacji wynosi 70%.

12



[D5]
Matuta I., Dercz G., Barylski A., Kubisztal J., Porous Functionally Graded Material based on
a new Ti-25Nb-57r-(25n) alloy produced using the powder metallurgy technique; Journal

of Alloys and Compounds, IF2022: 6.371 (praca po pierwszym etapie recenzji)

Artykut stanowi podsumowanie dotychczasowych doswiadczen w zakresie
metodyczno-technologicznym poruszanym w doktoracie, bowiem otrzymany
materiat skupia sie na porowatych stopach tytanu z witalnymi pierwiastkami
(Nb, Zr) do potencjalnego zastosowania w medycynie. Metoda metalurgii
proszkdw pozwolita na otrzymanie wstepnie zsyntezowanych materiatéw.
Zaprojektowany zostat caty element zbudowany strefowo z zastosowaniem
gradientowe] zmiany porowatosci. W artykule wykorzystano i potwierdzono, iz
uzycie cyny jako czynnik kontrolujgcy proces (PCA) pozwolito na sterowanie
wielkoscig proszku, przebiegiem procesu oraz umozliwito wsparcie homogenizacji
materiatu. Zastosowanie cyny oraz zastosowanie separacji siewnej w przypadku
sktadu bez cyny pozwolito na stosowanie do wytworzenia gradientowego

elementu proszkdw o odpowiedniej gradacji.

M&j udziat polegat na opracowaniu koncepcji badan, na opracowaniu metodologii
wytworzenia materiatéw oraz charakterystyce badawczej otrzymanych
materiatdw poprzez skaningowg mikroskopig elektronowg oraz dyfrakcjg
rentgenowska. Kierowatam catoscig prac eksperymentalnych, opracowatam

uzyskane wyniki i przygotowatam tekst publikacji.

Moj wktad w powstanie tej publikacji wynosi 80%.
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1. Dane bibliograficzne cyklu publikacji

Dane bibliograficzne cyklu publikacji stanowigcych osiggniecie naukowe:

Catkowita liczba publikacji: 5
Publikacje opublikowane: 4
Publikacje w trakcie procesu publikacyjnego: 1
Suma punktéw MNiSW: 460
Sumaryczny IF wg listy JCR, zgodnie z rokiem opublikowania: 11,345
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Il. Wprowadzenie teoretyczne
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1. Implanty

Naukowcy i lekarze od lat obserwujg wzrost zapotrzebowania na dtugoterminowe
implanty kostne oraz stomatologiczne. Co istotne, obecnie obok znacznego
zapotrzebowania iloSciowego sg rowniez stawiane istotne wymagania pod wzgledem
jakosci oraz wysokiej biozgodnosci. Szczegdlnie jest to zwigzane ze starzeniem sie
spoteczenstwa, a takze rozwojem chordb okreslanych mianem cywilizacyjnych. Wedtug
raportu WHO (Swiatowa Organizacja Zdrowia), blisko 60 milionéw ludzi w Europie cierpi
na cukrzyce Il typu, a blisko 50% wsrdd chorych cierpi na powiktanie, jakim jest neuropatia
cukrzycowa, ktéra objawia sie bdlem oraz ostabieniem konczyn. Dodatkowo
obserwowana jest obnizona wydajno$¢ uktadu krazenia, co powoduje wyrazny wzrost
zagrozenia, jakim jest potencjalna amputacja konczyn [1,2]. Sposrod wielu operacji
i zabiegdw medycznych, najbardziej popularng procedurg w kwestii dtugoterminowych
implantow kostnych, jest alloplastyka stawu biodrowego [3]. Organizacja The National
Joint Registry, tylko w samej Anglii pomiedzy latami 2003 - 2015 zarejestrowata ponad
790 000 zabiegdéw tego typu [4]. Natomiast w Stanach Zjednoczonych juz 2003 roku
szacowano, ze przeprowadzono ponad 200000 alloplastyk stawu biodrowego,
a jednoczesnie ponad 2,5 miliona ludzi zyto z implantem stawu biodrowego [5].
Co istotne, wskazniki te stale rosng, bowiem w 2007 roku w samych Stanach
Zjednoczonych liczba zabiegdw tego typu wzrosta do okoto miliona, co jednoznacznie

Swiadczy o olbrzymim wzroscie zapotrzebowania na implanty [6].

Pomimo wielu wysitkow lekarzy, inzynieréw oraz firm medycznych, zaréwno
element jakim jest implant jak i sama procedura wszczepienia znacznie odbiegajg od
zatozen. Dlatego tez obserwowany jest wysoki odsetek przedwczesnych procedur
usuniecia implantu oraz ewentualnej reimplantacji, co w oczywisty sposdb negatywnie
wptywa na zdrowie i samopoczucie pacjenta. Tylko w Anglii, na ponad 800 tys. zabiegdw
implantacji stawéw (kolanowego oraz biodrowego), koniecznym byto dokonanie blisko
90 tys. reimplantacji endoprotez stawu biodrowego [4]. W Polsce w roku 2019 roku
wykonano ponad 94 000 zabiegdw endoprotezoplastyki, z czego 8,2% zabiegéw byty to
przedwczesne rewizje wczesniej wszczepionych implantéw [7]. W oparciu o statystki
medyczne, wspomniane przedwczesne rewizje byty gtdwnie wynikiem niestabilnosci
mechanicznej implantu. Jednym z powoddw takiego niedopasowania mogg byc¢ réznice

we wiasnosciach mechanicznych, miedzy koscig a materiatem implantu. Duzym



problemem sg rowniez zakazenia i zapalenia bedgce zwigzane zaréwno z samym
zabiegiem operacyjnym, jak i odpowiedziag immunologiczng organizmu na materiat

z ktérego wykonany jest implant [8,9]

Podobnie dramatyczny wzrost zapotrzebowania dotyczy réwniez implantow
dentystycznych, w szczegdlnosci odnosi sie to do tych, ktore zapewniajg najwyzszy
poziom funkcjonowania. W przypadku spoteczenstwa europejskiego, problem w tym
zakresie jest znaczacy, bowiem wedtug informacji WHO, od 20% do 90% ludzi w wieku
65-75 lat utracito wiekszo$¢, o ile nie wszystkie swoje naturalne zeby. Ta sytuacja
prowadzi do wielu problemoéw w codziennym funkcjonowaniu i w sposéb istotny obniza
jakos¢ zycia oraz moze prowadzi¢ do problemoéw zdrowotnych [10]. Dla przyktadu,
The American Dental Association podaje, ze az 113 milionéw dorostych ludzi w Ameryce

Pdétnocnej stracito chociaz jeden zab [11].

Przedstawione statystyki dotyczace zdrowia i sytuacji na $wiecie zwigzanej
z implantami w powigzaniu do przewidywan naukowcow, stanowig wystarczajgca
motywacje do kontynuacji wzmozonych wysitkdw nad ulepszeniem juz istniejgcych
rozwigzan w zakresie implantéw. Gtdwnym celem powyzszego, powinno by¢ zatem
wdrozenie do produkcji nowych materiatdw, zarowno w zakresie zastosowania
tzw. witalnych pierwiastkdow, jak réwniez opracowania nowych rozwigzan w zakresie
struktury z uwzglednieniem optymalizacji ich wtasciwosci mechanicznych, ktére powinny
by¢ maksymalnie zblizone do cech kosci [12]. Innymi stowy, nalezy opracowac¢ nowy
rodzaj implantéw, tak aby mogty jak najlepiej spetnia¢ wysokie wymagania pacjentéw

i lekarzy, jednoczesnie minimalizujac ryzyko jakichkolwiek powikfan.

2. Aktualnie uzywane materiaty metaliczne oraz ich ograniczenia

Materiaty uzywane w medycynie mozna generalnie podzieli¢ na kilka
podstawowych grup materiatéw: polimery, ceramiki, metal, kompozyty czy materiaty
biologiczne. Kazda z tych grup ma swoje zalety, ktére pozwalajg na wypetnienie funkgcji
do ktorych zostat zaprojektowany. Niestety, pomimo wielowiekowych, siegajgcych
starozytnosci prac nad biomateriatami oraz nieustannych wysitkdw najlepszych
specjalistéw, stosowane materiaty wcigz majg szereg niedoskonatosci. Z uwagi na gtéwny

przedmiot niniejszej Dysertacji, w dalszych rozwazaniach teoretycznych, podjeta zostanie
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tematyka zwigzana z biomateriatami metalicznymi, ze szczegélnym uwzglednieniem

materiatéw z przeznaczeniem na dtugoterminowe implanty kostne i dentystyczne.

Materiaty metaliczne sg wybierane jako zastepstwo dla tkanek twardych
(m.in. endoprotezy, ptytki do zespolen kostnych, implanty dentystyczne), w szczegdlnosci
ze wzgledu na bardzo dobre wtasnosci mechaniczne, stosunkowo tatwe przetwdrstwo
technologiczne (plastycznosc) oraz szerokie mozliwosci modyfikacji zarowno w zakresie
ich struktury, jak i powierzchni. Dodatkowymi zaletami metali jest ich bardzo dobra
przewodnos$é, zapewniajgcy szybki transfer ciepta i wolnych elektrondéw [13,14]. Obecnie,
najszerzej stosowanymi materiatami metalicznymi na implanty chirurgiczne sg stopy za
stali nierdzewnej (316L), stopy na bazie kobaltu, a takze czysty tytan oraz jego stopy. Stale
nierdzewne charakteryzujg sie wysokg wytrzymatoscia, obojetnoscig chemiczng oraz
podniesiong odpornoscig na korozje, co zwigzane jest z obecnoscig w ich sktadzie chromu
w ilosci powyzej 12%, a najpowszechniej stosowanym rodzajem tej grupy materiatow jest
austenityczna stal 316L. Natomiast, materiaty na bazie kobaltu wyrdzniajg sie stosunkowa
dobrg odpornoscig na zuzycie oraz wytrzymatoscig na zmeczenie. Wsrod materiatow
opartych o kobalt, a uzywanych w medycynie mozemy wyrdzni¢ odlewniczy stop
Co-Cr-Mo (Vitallium) oraz stopy Co-Ni-Cr-Mo i Co-Cr-W-Ni [13,14]. Niestety, w przypadku
implantow wykonanych ze stali nierdzewnej oraz na bazie kobaltu, w wyniku proceséw
korozyjnych w $rodowisku organizmu, istnieje znaczne ryzyko uwolnienia sie
pierwiastkéw, np. niklu, chrom czy kobaltu do organizmu, co potencjalnie moze stanowié
bezposrednie zagrozenie dla zdrowia pacjenta [15,16]. Kolejnym niepokojgcym aspektem
zwigzanym z biomateriatami metalicznymi sg ich wtasnos$ci mechaniczne, ktére réznig sie

znaczgco od wtasnosci mechanicznych kosci [17].

Aktualnie, najszerzej uzywanym oraz najintensywniej rozwijanym materiatem
metalicznym w odniesieniu do kwestii dtugoterminowych implantéw kostnych ale nie
tylko, wydaje sie by¢ tytan oraz jego stopy. Materiat ten jest atrakcyjny nie tylko ze
wzgledu na swojg wysokg biozgodnos¢ potwierdzong badaniami, ale réwniez duzym
atutem, jest zdolnos¢ do samopasywacji, co znacznie podnosi jego odpornos¢ korozyjna.
Ponadto, tytan i jego stopy charakteryzujg sie dobrymi wtasnosciami mechanicznymi
w pordéwnaniu z innymi materiatami metalicznymi stosowanymi w medycynie,
w szczegdolnosci na implanty. Tytan cechuje sie wysokg wytrzymatoscig, a takze

stosunkowo niskim modutem Younga, w szczegdlnosci w pordwnaniu do innych
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stosowanych materiatéw metalicznych [18]. Wytrzymatosé stopdw tytanu jest bardzo
zblizona do wytrzymatosci 316L SS, natomiast jego gestosc jest o 55% nizsza niz stali.
Stad tez, w porownaniu do konkretnej wytrzymatosci (relacja wytrzymatosé-gestoscé), to
wtasnie stopy tytanu przewyzszajg wszelkie inne materiaty metaliczne stosowane
w implantacji [19]. W przypadku stopdw tytanu, ich nizszy modut Younga waha sie
w zakresie 55-110 GPa, gdy poréwnujemy ze stalg nierdzewng 316L (210 GPa) i stopami
kobaltu (240 GPa) (rys. 1) [19].

Materiat
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Rysunek 1 Modut Younga dla wybranych stopow biomedycznych w pordwnaniu do
usrednionej wartosci modutu Younga kosci ludzkiej [ opracowano na podstawie 19]

Jak wspomniano powyzej, kolejnym powaznym problemem, ktéry towarzyszy
aktualnie stosowanym biomateriatom opartym na tytanie i jego stopach
z przeznaczeniem na dtugoterminowe implanty kostne, sg ich wtasnosci mechaniczne,
a dokfadniej, niedopasowanie wtasnosci mechanicznych materiatu do wtasnosci kosci
ludzkiej. Taka niezgodnos$¢ mechaniczna, a w szczegdlnosci rdznica wartosci modutu
Younga pomiedzy implantem a kosScig, moze w sposodb istotny utrudniac¢ przenoszenie
obcigzen miedzy koscig, a implantem oraz powodowa¢ powstawanie dodatkowych,
niekorzystnych i niekontrolowanych naprezen w parze implant-kos¢. W konsekwencji,
moze to prowadzi¢ do osteolizy, uszkodzenia tkanek zywych czy ztaman i pekniec kosci,
jak réwniez uszkodzenia samego implantu, co w ostatecznosci moze prowadzi¢ do
przedwczesnej reimplantacji. W konsekwencji powyzszego, mogg powodowac dalsze

powazne powiktania zdrowotne oraz istotne pogorszenie jakosSci zycia pacjenta [20].
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Szacuje sie, ze wytrzymatosc ludzkiej kosci wynosi od 3 do 20 MPa, natomiast wartosc
modutu Younga od 10 do 40 GPa, w zaleznosci zardwno od rodzaju jak i miejsca badane;j
kosci. Natomiast modut Younga dla czystego tytanu (aTi) wynosi 105 GPa, a dla najczesciej
stosowanego w medycynie stopu Ti-6Al-4V szacuje sie, ze modut Younga wynosi 110 GPa
[21-23]. Nie moze zosta¢ pominiety istotny aspekt zmian kosci ludzkiej wraz z wiekiem
pacjenta, a tym samym zmiany ich wtasnosci mechanicznych. Currey [24], wykazat, ze
wartos¢  modutu  sprezystosci  dla  probek  kosci  trzylatka,  pieciolatka
i trzydziestopieciolatka wynosit odpowiednio 7,0; 12,8 oraz 16,7 GPa. Generalnie
przyjmuje sie, ze u cztowieka po osiggnieciu dojrzatosci ptciowej wartosci wytrzymatosci
na rozcigganie i modutu sprezystosci kosci korowej malejg o ok. 2% na kazde 10 lat zycia.
Badania mechaniczne prébek kosci udowej z ciata 90-latka (za pomocg préby
trzypunktowego zginania), pozwolity zaobserwowacd spadek modutu sprezystosci o 12,7%
w stosunku do prébek osobnika 35-letniego [25—27]. Rowniez aspekt zmian witasnosci
mechanicznych kosci ludzkiej w wyniku réznych stanéw chorobowych nie moze by¢
pomijany.

Stad tez, bazujac na wyzej wskazanych niekorzystnych aspektach i ograniczeniach,
w ramach niniejszej pracy doktorskiej, podjetam badania majace na celu prébe
wyeliminowania niektérych probleméw materiatowych, jak réwniez bedace preludium
do dalszych badarn w kierunku personalizacji implantéow i medycyny skupionej na

potrzebach jednostki.

Wyzej wspomniany stop Ti-6Al-4V jest najszerzej stosowanym aktualnie stopem
tytanu w medycynie, wykazuje najlepsze witasnosci mechaniczne oraz najwyziszg
biozgodnos¢  wsréd  znanych i stosowanych  materiatéw  metalicznych.
Do najpowazniejszych wad stopow tytanu uzywanych w chirurgii ortopedycznej naleza:
wcigz zbyt wysoki modut Younga w pordwnaniu do wtasnosci mechanicznej ludzkiej kosci,
niska wytrzymatos¢ na $cinanie oraz niska odpornos¢ na Scieranie [18]. Ta ostatnia cecha
jest niezwykle wazna w aspekcie sztucznych stawow, poniewaz niska odpornosé¢ na
Scieranie moze prowadzi¢ do pojawiania sie produktdw tarcia jako zanieczyszczen, a ktore
to sg powodem standw zapalnych szczegdlnie w okolicach implantu, ale mogg rowniez
oddziatywac na cate ciato [28]. Réwnie waznym i jednoczesnie negatywnym aspektem
jest stosowanie dodatkéw stopowych, takich jak aluminium czy wanad, ktére coraz
czesciej sg okreslane jako biotoksyczne dla ludzkiego organizmu, a co za tym idzie

stanowig potencjalne zagrozenie dla poprawnego funkcjonowania implantu, oraz
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zdrowia i zycia pacjentéw [29,30]. Nalezy jednakze wskazaé, ze te szeroko stosowane
implanty sg powierzchniowo zabezpieczane przed niekontrolowanym uwalnianiem
jondéw dodatkéw stopowych. Jednak juz niewielkie uszkodzenie powierzchni takiego
implantu moze mie¢ bardzo powazne skutki zdrowotne pacjenta. Uwalnianie sie jonéw
aluminium lub wanadu za stopu Ti-6Al-4V jest mozliwe, réwniez przenikanie tych
sktadnikéw do naczyn krwionosnych. Uznaje sie coraz czesSciej za przyczyny dtugotrwatych
problemoéw zdrowotnych takich jak neuropatia czy choroba Alzhaimera. Dodatkowo
udowodniono, ze nie tylko czysty wanad dziata toksycznie, a réwniez jego tlenki, ktére juz
mogg wystepowaé na powierzchni implantu [30-34]. W zwigzku z przytoczonymi
badaniami i watpliwosciami jakie wzbudzajg aluminium i wanad, wielu badaczy skupia sie
na rozwoju stopdéw tytanu z pierwiastkami uznawanymi za witalne np. niob, cyrkon czy
tantal (rys. 2). Jednoczesnie wymienione pierwiastki mogg stanowi¢ pozadany dodatek
stopowy do tytanu poprawiajacy wtasnosci mechaniczne czy korozyjne jak réwniez

np. jako B-stabilizator tytanu [35-38].
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Rysunek 2 Biologiczne bezpieczenstwo czystych pierwiastkow  metalicznych
Z zaznaczonym umiejscowieniem stosowanych stopow i czystych metali [37,57,58]

Zastosowanie cyrkonu jako pierwiastka stopowego jest wysoce bezpieczne dla
ludzkiego organizmu, poniewaz obok tego ze jest zaliczany do pierwiastkow
nietoksycznych, to nie wykazuje dziatania mutagennego czy rakotworczego. Cyrkon jest

potozony w IV grupie uktadu okresowego pierwiastkow, tej samej co tytan, wiec implikuje
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to zblizone witasnosci fizyko-chemiczne tych dwodch pierwiastkdow. Z materiatowego
punktu widzenia istotnym jest, ze przemiana alotropowa jest analogiczna dla tytanu
i cyrkonu, a mianowicie odmiane wysokotemperaturowg stanowi komadrka regularna
centralnie centrowana (bcc), a niskotemperaturowa heksagonalna (hcp). Pierwiastek ten
ma niemal catkowitg rozpuszczalnos¢ w obu fazach krystalicznych tytanu, tworzgc
roztwor staty. Mozliwe wiec jest uzyskanie stopu w szerokiej kompozycji przy
jednoczesnym umocnieniu roztworu wraz z wzrostem udziatu cyrkonu [39—42]. Rowniez
tantal jest zaliczany do najbardziej biokompatybilnych metali ze wzgledu na jego niska
toksycznos¢ oraz bardzo dobrg odpornosc korozyjng. Z tych wzgleddw tantal rozwazany
jest jako swietny dodatek stopowy, szczegdlnie w ujeciu biomedycznym. Ze wzgledu na
swojg strukture (bcc), Ta jako czysty pierwiastek jest bardzo twardy i wykazuje duzg
gestos¢ [14]. Ponadto, w przypadku stopdw opartych na tytanie, tantal jest takze
pierwiastkiem stabilizujgcym faze (. Powoduje obnizenie temperatury przemiany
martenzytycznej, co w rezultacie rozszerza zakres wystepowania fazy B. Naukowcy
potwierdzili rowniez, ze dodanie tantalu do stopdw tytanu moze skutecznie zahamowac
wystepowanie niepozgdanych faz (np. metastabilnej fazy w) [43,44]. Dodatkowo
wytworzone stopy Ti-Ta wykazujg najnizszg wartos¢ modutu Younga sposrod obecnie
stosowanych materiatéw na implanty [45]. Badania Zhou oraz Niinomi i in. [46,47]
wykazaty, ze stopy Ti-Ta wyprodukowane metodg topienia tukowego majg wytrzymatosc
w zakresie 510-690 MPa w zaleznosci od zmiennego procentowego udziatu tantalu.
Rowniez badania odpornosci korozyjnej stopdw Ti-Ta w réznych Srodowiskach
symulujgcych srodowisko ludzkiego organizmu (np. sztuczna $lina, zakwaszona sztuczna
$lina) wykazujg wyzszg odpornosc korozyjng w poréwnaniem do obecne uzywanych, jak
np. Ti-6Al-7Nb czy Ti-6Al-4V. Efekt ten jest zwigzany z obecnoscig tlenku Taz0s na
powierzchni materiatu, ktory zabezpiecza przed korozjg, a dodatkowo stabilizuje warstwe
pasywng tytanu [48,49]. Obok tantalu, réwnie obiecujgcym pierwiastkiem jest niob,
bowiem pierwiastek ten rowniez stabilizuje faze B w stopach na bazie tytanu [50,51]. Niob
sam w sobie wykazuje niskg cytotoksyczno$é oraz brak mutagennosci [43]. Ponadto,
stopy z uktadu Ti-Nb wykazujg efekt pamieci ksztattu oraz stosunkowo dobre wtasnosci
mechaniczne, a w szczegolnosci relatywnie niski modut Younga [37,43,52,53]. Szereg
badan potwierdzito wystepowanie efektu pamieci w materiatach o kompozycji Ti-26Nb

(% at.) oraz o wiekszej zawartosci niobu. Stad tez, materiat ten rozwazany jest jako
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obiecujace zastepstwo dla aktualnie szeroko uzywanego stopdw Ti-Ni wykazujgcych efekt

pamieci ksztattu [43,53-56].

Dodatkowo, odpowiedni dobdr pierwiastkow stopowych moze w pewnym
zakresie, poprzez ustalenie odpowiedniego sktadu fazowego, pozytywnie wptyngé na
wtasnosci mechaniczne materiatu w celu przyblizenia witasnosci catego implantu do
wtasnosci kosci. W zaleznosci od wptywu jaki wywierajg pierwiastki stopowe na
temperature przemiany fazowej mozemy je podzieli¢ jako neutralne (np. Sn, Zr), czyli
majgce pomijalnie maty wptyw na strukture, a takze stabilizujgce faze a (np. Al, O) czyli
powodujgce rozszerzenie zakresu temperatur wystepowania fazy a. Wyrézniamy réwniez
pierwiastki stabilizujgce faze B (np. Mo, Ta, Nb, V), ktére powodujg obnizenie
temperatury przemiany, a tym samym rozszerzajg zakres wystepowania fazy f w kierunku
niskich temperatur. W przypadku fazy a-Ti mamy do czynienia z strukturg heksagonalng
o gestym utozeniu (hcp), natomiast faza B wykazuje komorke elementarng regularng
przestrzennie centrowang (Im3m). Jak powszechnie wiadomo, wraz za zmiang skfadu
fazowego a przez to zmiang struktury, idg réwniez zmiany wtasnosci materiatu. Stad tez,
w zaleznosci od sktadu fazowego stopy tytanu charakteryzujg sie odmiennymi zaletami
i wadami, co prezentuje tab. 4. Jak wynika z zestawienia tabelarycznego, jednofazowe
stopy a wykazujg dobre witasnosci odlewnicze, charakteryzujg sie duzg stabilnoscia
cieplng, wytrzymatoscig na petzanie oraz odksztatceniem plastycznym. Natomiast B-stopy
tytanu wykazujg wysoki stosunek wytrzymatosci do gestosci materiatu, stosunkowo niski
modut sprezystosci, wysokg odpornos¢ na zuzycie zmeczeniowe oraz bardzo dobrg
odpornos¢ na korozje [37,38,43,59]. Pomiedzy tymi materiatami znajduje sie rowniez cate
spektrum stopow dwufazowych a+B, o wiasnosciach zaleznych od zawartosci
poszczegdlnych faz, uzyskanej mikrostruktury jak i zastosowanych procesow
technologicznych oraz ewentualnej dalszej obrébki. To wtasnie stopy a+B sg najczesciej
i najszerzej wykorzystywane na implanty jak np. wspomniany wyzej Ti-6Al-4V. Warto
wspomniec, ze stopy dwufazowe oraz metastabilne stopy B mogg by¢ poddane obrdbce
cieplnej ztozonej z zabiegdw przesycania i starzenia w celu podniesienia wytrzymatosci

materiatu [29,59,60].
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Tabela 1 Wybrane wtasnosci mechaniczne stopow a, a+8 Ti oraz 6-Ti [opracowano na
podstawie 53]

a a+p B

Gestosc + + -
Wytrzymatosé - + ++
Plastycznosc -/+ + +/-
Wytrzymatos$¢ na pekanie + -/+ +/-
Wytrzymatosé na pefzanie + +/- -
Odpornos¢ korozyjna ++ + +/-
Spawalno$¢ + +/- -
Formowalno$¢ na zimno -- - -/+

3. Materiaty porowate w ujeciu biomedycznym

Kolejng mozliwoscig zmiany wtasnosci mechanicznych implantu/materiatu jest
celowe wprowadzenie porowatosci do elementu. Powszechnie wiadomo, ze porowatosc
ma wptyw na wtasnosci mechaniczne, takie jak wytrzymatos¢ czy modut sprezystosci
catego elementu, a takze wykazano wptyw porowatosci na odpornos¢ korozyjng
materiatu [20,61-66]. Przywotujgc badania Oh i in. [67], mozna skonkludowa¢, ze
zmniejszenie wartosci modutu Younga jest skorelowane z wprowadzeniem porowatosci
do materiatu, co wiecej zaobserwowano liniowg zaleznos¢ pomiedzy porowatoscig,
a wartoscig modutu sprezystosci badanego materiatu. Wedtug przytoczonych badan, stop
na bazie tytanu z porowatoscig ok. 30%, wykazywat modut sprezystosci zblizony do
wartosci kosci korowej. Bansiddhi i in. [68] informuje o wprowadzeniu porowatosci
w wymiarze 50% do CP-Ti, dzieki czemu otrzymano materiat dla ktérego modut
sprezystosci wynosit 25 GPa, podczas gdy dla nieporowatego CP-Ti modut ten wynosi
ok. 100 GPa, a wiec rdznica w parametrach mechanicznych jest znaczna. Bardziej
komplementarne badania nad korelacjag porowatosci i wtasnosci mechanicznych
przeprowadzit Yang i in. [69], gdzie badaniom zostaty poddane materiaty na bazie tytanu
wytworzone metodg gelcasting, wykazujgce rdézny stopienn porowatosci. Generalnie,

zaobserwowano zaleznos$¢ pomiedzy spadkiem wartosci wytrzymatosci na Sciskanie oraz
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wartosci modutu Younga wraz z zwiekszeniem porowatosci materiatu. Wyniki dla
wtasnosci mechanicznych przebadanych prébek sg zaprezentowane na rysunku 3.
Wspomniane badania wskazaty, ze wprowadzenie 30-35% porowatosci do materiatu na
bazie tytanu pozwala na otrzymanie nizszej wartosci modutu Younga niz wartosci tej
wielkosci dla ludzkiej kosci. Dodatkowo, badania te potwierdzajg wczesniej wspomniane
mozliwosci wptywu na wiasnosci mechaniczne poprzez wprowadzenie dodatkdéw
stopowych, poniewaz zaobserwowano wzrost wytrzymatosci na Sciskanie wraz
z dodaniem niobu i molibdenu. Generalnie, wytrzymato$¢ na sciskanie litych stopéw na
bazie tytanu jest wyzsza od wytrzymatosci czystego porowatego tytanu czy tez kosci

ludzkiej.

Matenat,
zawartosc czesci stalych

Kosc

Ti3%
Ti3%

Ti-7 5Mo, 31% - |
Ti-12,5Mo, 31% ]
Ti-17,5Mo, 31%

Ti-10Nb, 31%

Ti-25Nb, 31%

Ti-35Nb, 31%

Ti7,5Mo, 35%
Ti-12.5Mo, 35%
Ti-17.5Mo, 35%

Ti-10Nb, 35%

Ti-25Nb, 35%

Ti-35Nb, 35%

0 5 10 15 20 25
Modut Younga [GPa]

Rysunek 3 Modut Younga dla porowatych stopow tytanu w porownaniu do kosci dorostego
cztowieka [opracowano na podstawie 69]
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Rysunek 4 Wytrzymatosc¢ na sciskanie dla porowatych stopow tytanu w pordwnaniu do
kosci dorostego cztowieka [opracowano na podstawie 69]

Porowate stopy w ujeciu biomedycznym znajdujg coraz szersze zainteresowanie
w literaturze naukowej. Takemoto i in. [70], przeprowadzit badania nad porowatymi
stopami do potencjalnego zastosowania w medycynie, w wyniku ktorych wskazat, ze
materiat tytanowy z 40% porowatoscig moze by¢ korzystng alternatywa dla tradycyjnych
materiatéw metalicznych do medycznych zastosowan. Dodatkowym, niezwykle waznym
z punktu widzenia medycznego aspektem wystepowania porowatosci w materiale, jest
rozwiniecie powierzchni elementu, bowiem w odpowiednich granicach stanowi aspekt
wspomagajgcy przyczep komorek do powierzchni oraz pozwala na wnikanie komadrek do
wnetrza implantu. Nalezy wskazaé, ze generalnie w tkance kostnej wystepujg cztery typy
komdrek odpowiedzialne za konkretne fazy wzrostu i utrzymanie kosci w nieustannym
stanie przebudowy: osteoblasty, osteoklasty, osteocyty oraz komaorki wysciotki kostnej,
ktore uznawane sg za prekursory osteoblastéw. Kazde z tych komdrek majg swoje scisle
okreslone zadania: komorki osteoblastow odpowiadajg za produkcje i mineralizacje
nowych komarek kostnych, osteocyty utrzymujg zyjgce komérki, natomiast osteoklasty
odpowiadajg za resorpcje macierzy [71]. Ze wzgledu na tak wysoka specyfikacje komaorek,
rowniez struktura porow w implancie musi by¢ scisle okreslona pod wzgledem ich
rozmiardow, rozmieszczenia oraz potaczenia. Tak zaprojektowana porowatos¢ w materiale

ma za zadanie jak najlepiej spetniac zatozone funkcje, w szczegdlnosci wyspecjalizowane
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na potrzeby poszczegdlnych komdrek kosci, a przez to prowadzi¢ do znacznego
polepszenia potaczenia implant-kos¢. Dodatkowym aspektem jest réwniez struktura
porowatosci, zaprojektowana tak by pozwalata, a nawet wspomagata formowanie
nowych, statych tkanek. Badacze zgadzajg sie co do tego, ze wysoka porowatosc¢
i stosunkowo duze pory utatwiajg wrastanie tkanek oraz osteointegracje tuz po zabiegu
wszczepienia materiatu. W latach 70. Hulbert i in. [72] przeprowadzit badania podczas
ktérych do kosci udowej psa wszczepiono ceramiki o 46% porowatosci. Badania te
pozwolity na okreélenie zrdéznicowania miedzy komdrkami, a takze relacji miedzy
konkretnymi porami i konkretnymi rodzajami poréw. W szczegdlnosci pozwolito to na
okreslenie tych komorek, ktére wykazywaty wieksze osiedlenie w konkretnych
wielkosciach porow. Najmniejsze pory o $rednicy, 10-75 um byty penetrowane przez
tkanke wtdknisty, natomiast w pory o srednicy 75-100 um wnikata niezmineralizowana
tkanka osteoidalna. Karageorgiou i in. [73] analizujgc wiele prac naukowych przedstawili,
ze dla optymalnego pofaczenia, minimalna srednica pora to 100 um. W przypadku badan
dotyczacych kosci krélikéw wykazano, iz pory o srednicy miedzy 150 um, a 600 um
wykazujg najbardziej optymalng wielko$¢ do wnikania komodrek i osteointegracii.
We wspomnianym badaniu, dodatkowo wyrdzniono réwniez pory o $rednicy od 50 um
do 125 um, jako te ktére rowniez pozwalajg na umiejscowienie komodrek wewngtrz poréw
[74,75]. Za najbardziej optymalny rozmiar poréw, umozliwiajgcy wzrost tkanki kostnej,
w wielu pracach uznano pory o srednicy w zakresie od 100 do 500 um, co wiecej wynik
ten zgadza sie z rozmiarami kanaftu Haversa w kosci ludzkiej [76,77]. W odniesieniu do
powyzszego, nie mniej istotnym wydaje sie by¢ zaprojektowanie i stworzenie struktury
potgczonych poroéw, ktéra powinna pozwoli¢ na transport ptyndw do wszystkich komaorek.
Przyjmuje sie, ze pory o $rednicy wiekszej niz 300 um pozwalajg na wnikanie drobnych
naczyn krwionosnych, zapewniajgcych ukrwienie tworzgcych sie komaérek, a tym samym
lepsze utlenienie nowo tworzacej sie tkanki [73]. Wymienione powyze] aspekty
jednoznacznie wptywajg na poprawe stabilnosci potgczenia miedzy koscig a implantem,
co skutkuje mniejszg mozliwoscig poluzowania implantu oraz znacznie polepsza zdolnosci
do przenoszenia naprezen [20,78,79]. Opierajagc sie na wieloletnich badaniach
naukowcow przyjmuje sie, ze najbardziej optymalny rozmiar poréw jest pomiedzy 50 um,
a kilkaset mikrometrow w srednicy Fereta. Znaczenie ma rowniez przestrzenne
rozmieszczenie porow i ich potaczenie, ktore umozliwia przemieszczanie sie ptynow

ustrojowych oraz odpowiednie odzywienie komorek.
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Rysunek 5. Wytrzymatosc¢ na sciskanie i modut Younga oraz modut Younga addytywnie
wytworzonych struktur kratowych naniesiono na wykresy Ashby'ego ludzkiej kosci
trabekularnej i korowej [80]

4. Funkcjonalne Materiaty Gradientowe

Funkcjonalne materiaty gradientowe (FGM — Functionally Graded Materials), sg to
materiaty, ktérych struktura, kompozycja czy porowatos¢ jest rozmieszczona pod
wzgledem konstrukcyjnym w sposdb gradientowy. Budowa takiego elementu
charakteryzuje sie mikroskopowymi obszarami niejednorodnego materiatu wraz
z przejsciami pomiedzy tymi obszarami, ktore w catoksztatcie tworzg gradient pod
wzgledem analizowanego czynnika [81-84]. Zmiane budowy i wtasnosci na przekroju
materiatu prezentuje rysunek 3. Przyktadem takiego elementu jest implant dentystyczny
o gradientowej kompozycji od czystego tytanu na jednym koncu elementu, do mieszaniny
tytanu i 20% hydroksyapatytu na przeciwlegtej stronie. Tytan jako pierwiastek metaliczny
ma zapewni¢ wytrzymatos¢ catego elementu, natomiast hydroksyapatyt jest materiatem,

ktory wykazuje najwyzsza biozgodnos$é z koscig [85].
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Rysunek 6 Zmiana wtasciwosci kompozytow konwencjonalnych i FGM [81]

Kolejnym przyktadem, sg tytanowe prébki o ksztatcie cylindra o zmiennej
porowatosci wzdtuz elementu. Torres i in. [86] wytworzyli probki mieszajgc proszek
tytanowy z NaCl (zastosowanym jako substancja porogenna) w rdoznych stosunkach oraz
stosujgc rézne ci$nienie podczas wytwarzania. Obok opracowania procedury produkcji
probek o powtarzalnej strukturze porowatos¢, autorzy metoda ultrasonograficzng
wykazali potencjat na poprawienie wartosci modutu sprezystosci bez znacznej straty
wytrzymatosci catego elementu. Podobng metode wytwarzania i podejscie do tworzenia
materiatéw z gradientowg porowatoscig przestawit Pavon i in. [87]. Wykazano, ze
najnizszy modut Younga zostat wyznaczony dla probki w ktérej stosunek porowatosci
poszczegdlnych stref wynosit odpowiednio 50-30-50 %. W kolejnych badaniach Torres
z grupg badawczy [88] wytworzyli prébki za pomocg metalurgii proszkdow i spiekania
0 porowatosci zmieniajgcej sie wzdtuz osi cylindra prébki. Porowatos¢ kolejnych warstw
wytworzonego materiatu zmieniata sie od 15 do 45 %. Opracowanie odpowiedniego
gradientu porowatosci pozwolito na poprawe wytrzymatosci wzgledem zwyktych
porowatych materiatow, a dodatkowo zanotowano obnizenie modutu Younga, od 75 GPa
do 34 GPa. Badania te wykazaty mozliwos¢ otrzymania materiatéw o lepszej rownowadze
mechanicznej pomiedzy granicg wytrzymatosci, przy jednoczesnie stosunkowo niskim

module Younga.
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Opisane powyzej doniesienia literaturowe wskazujg nie tylko na wysoki wptyw
obecnosci porowatosci na wifasnosci mechaniczne, ale rédwniez informuja o duzym
znaczeniu rozmieszczenia porowatosci i jej zmiennej wartosci dla osiggniecia najbardziej
pozadanego zestawienia cech pod wzgledem mechanicznym dla catego elementu

[84,89,90].

5. Zastosowanie metalurgii proszkow w produkcji porowatych
materiatow

Istnieje wiele metod wytwarzania materiatow, w szczegdlnosci tych na bazie
tytanu. Jedng z znajdujacych coraz szersze zastosowanie jest metoda metalurgii
proszkdw, obejmujaca rézne procesy, takie jak: spiekanie konwencjonalne (CS) [91],
samorozwijajgca sie synteza wysokotemperaturowa (SHS) [92], prasowanie izostatyczne
na gorgco (HIP) [93], spiekanie w plazmie iskrowej (SPS) oraz metoda metalurgii proszkéw

z zastosowanie substancji porogennych [94-97], celem otrzymania materiatow
o zroznicowanej budowie oraz witasciwosciach. Metalurgia proszkow jest to technologia
wytwarzania materiatu, w procesie ktorej nie zachodzi przeprowadzenie substratow, jak
i produktow do stanu ciektego. Okreslona porowatos$¢ moze by¢ osiggnieta w metalurgii
proszkédw na kilka sposobdéw, miedzy innymi poprzez kontrole parametrow mielenia,
ci$nienia zageszczania, temperatury i czasu spiekania materiatu. Sposrdod wielu metod
w metalurgii proszkéw, jedng z najczesciej wykorzystywanych odmian jest mechaniczne
stopowanie (MA) (ang. Mechanical Alloying). lest to technika, ktéra umozliwia
wytwarzanie jednorodnych materiatdéw z mieszanin proszkéw pierwiastkow. Proces ten
zachodzi w momencie, gdy proszki sg ze sobg mielone. Unikalnos¢ tego procesu pozwala
na produkcje elementéw z materiatow trudnych do przetworzenia innymi metodami, jak
np. metali ogniotrwatych, weglikdw czy metali o duzych réznicach w temperaturze
topnienia lub gestosci. Istnieje wiele parametrow zwigzanych z urzgdzeniami uzywanymi
w procesie metalurgii proszkéw w szczegdlnosci podczas mechanicznego stopowania,
ktére wptywajg na finalny materiat. Miedzy innymi jest to rodzaj mtyna i materiaf,
z ktéorego wykonane sg pojemniki i kulki. Ponadto, istotne sg parametry zwigzane

z procesem mielenia, takie jak predkos$¢ mielenia, czas, stosunek masy mielnikow do

proszku jak i rodzaj zastosowanej atmosfery podczas procesu. Obok samego zabiegu
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mielenia, istotne sg rowniez pozostatem parametry procesu metalurgii proszkéw jak
cisnienie prasowania czy temperatura spiekania [98—100]. Torres i in. [101] prébowali
okresli¢ wptyw cisnienia prasowania i temperatury spiekania na porowatos¢ tytanu.
Nizsze wartosci porowatosci catkowitej uzyskano dla wyzszych wartosci cisnienia
zageszczania i temperatury spiekania. Jednym z rozwigzan majgcych na celu zapewnié
porowatos$¢ produktu jest uzycie substancji porogennych (ang. space holders), ktérych
zadaniem jest utrzymywanie przestrzenni miedzy czgstkami proszku, a po wytworzeniu
materiatu sg z niego usuwane np. poprzez wygrzewanie [102]. Przyktadowo uzywane
materiaty jako porogeny to: skrobia z tapioki [103], mocznik [96], chlorek sodu [95,96],
karbamid [94], wodoroweglan amonu, amon, K.COs, PMMA czy magnez [97,104].
Substancje te sg wybierane na podstawie roznych kryteridw, takich jak: brak reaktywnosci
z tytanem oraz tatwy proces usuwania. Dodatkowg zaletg metody wykorzystujgcej
substancje porogenne, jest mozliwos¢ otrzymania materiatu  jednorodnego
o regulowanej porowatosci oraz ksztatcie poréw. Jednakze potencjalne zastosowanie
materiatu w medycynie wymusza dodatkowe kryteria, bowiem takie materiaty porogenne
powinny by¢ biokompatybilne a w procesie ich rozpadu powinny pozostawac zwigzki
obojetne dla ludzkiego organizmu. Jednym z proponowanych rozwigzan jest uzycie
mocznika czy wodoroweglanu amonu, jednak zwigzki te majg stosunkowo niskg
temperature topnienia/dysocjacji, co powoduje ich usuwane przez obrébke termiczng,
a zatem mogg powodowac utlenianie. Wenjuan iin. [94] wyprodukowat materiat na bazie
tytanu z uzyciem kulistych czgstek mocznika i z powodzeniem uzyskat materiat
o porowatosci w zakresie 55-75%. Warto odnotowac, iz rozmiar porow w materiale
koncowym byt wiekszy niz rozmiar uzytych czgstek weglika. Co bardziej znaczace dla
materiatéw na implanty, Modut Younga wytworzonych materiatow miescit sie w zakresie
3,0-6,4 GPa, co spetnia wymagania mechaniczne porowatych substytutéw kosci. W innym
analizowanym przypadku [105], badacze zmieszali proszek tytanu z NaCl jako porogenem,
i stosujagc technike swobodnego spiekania wytworzyli materiat ktory wykazywat
porowatos¢ w zakresie 40-70%. A takze zaobserwowano dwa rodzaje porow: pofgczone
makropory i izolowane pory powstate podczas spiekania. Inni badacze, Byounggab i in.
[96] okreslili wptyw ksztattu zastosowanych porogendw na strukture porow i wtasciwosci
mechaniczne catego elementu. Stwierdzili oni, ze wtfasciwosci mechaniczne materiatu
wytworzonego z uzyciem najwiekszych, kulistych czastek przestrzennych sg gorsze niz

materiatu wytworzonego z uzyciem mniejszych, nieregularnych czgstek. Niestety,
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zastosowanie wyzej wskazanych porogenow nie jest bezpieczne
w odniesieniu do materiatéw do zastosowania na dtugoterminowe implanty kostne.
Pozostatosci substancji porogennych lub produktéw ich rozpadu, mogg by¢ szkodliwe dla
ludzkiego organizmy. Dodatkowo pozostatosci mogg wchodzi¢ w reakcje z materiatem
implantu i tworzy¢ wegliki czy tlenki, ktére mogg by¢ niepozadane w materiale
i negatywnie wptywac na biokompatybilnos¢ czy wtasnosci mechaniczne. Problematyczne
sg rowniez substancje uzywane podczas procesu mielenia (PCA-Process Control Agent).
Tradycyjne srodki PCA mogg bowiem powodowac wprowadzenie pierwiastkdw takich jak
tlen, wodor czy wegiel do koricowego materiatu, co potencjalnie moze by¢ niekorzystne
z uwagi na mozliwos¢ tworzenia sie tlenkow czy weglikdw metali, co moze na przyktad

utrudni¢ np. obrobke mechaniczng otrzymanego materiatu.
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1. Cel pracy

Na podstawie analizy danych literaturowych w niniejszej pracy doktorskiej postawiono
teze:
Mozliwe jest wytworzenie metoda metalurgii proszkdw, funkcjonalnych
materiatow gradientowych do potencjalnego zastosowania w medycynie na
dtugoterminowe implanty kostne, poprzez opracowanie technologii produkcji
stopéw na bazie tytanu ze Scisle zdefiniowang porowatoscig, w szczegdlnosci:
okresleniem wptywu parametréw procesu na rozmiar i ksztatt czgstek proszkéw

oraz ich rozmieszczeniem w kontekscie utworzenia poréw w materiale.

Gtéwnym celem rozprawy doktorskiej jest opracowanie i wytworzenie metoda

metalurgii proszkdw porowatych funkcjonalnych materiatow gradientowych do

potencjalnego zastosowania w medycynie na dtugoterminowe implanty kostne

oraz okredleniem wptywu parametréw procesu na rozmiar i ksztatt czastek

proszkdbw oraz ich rozmieszczeniem w kontekScie utworzenia poréw

w materiale.

Podejscie holistyczne (w odniesieniu do kompozycji chemicznej, witasnosci
mechanicznych oraz porowatosci) do projektowania materiatéw na implanty moze
doprowadzi¢ do polepszenia wtasnosci w poréwnaniu z aktualnie szeroko stosowanymi

materiatami na implanty jak np. Ti6Al4V.

2. Metody wytwarzania materiatu

Wszystkie materiaty stuzgce do realizacji postawionej tezy badawczej, zostaty
wytworzone metodg metalurgii proszkdw z wyrdznieniem trzech etapdéw:
wysokoenergetyczne mielenie/mieszanie proszkdéw, izostatyczne prasowanie oraz
spiekanie. W pierwszym etapie produkcji materiatu stosowano planetarny mtyn kulowy
Fritsch Pulverisette 7 premium line, a podczas procesdow stosowano obojetny gaz
ochronny w postaci argonu o wysokiej czystosci (99,99%). Zastosowana technika
wytwarzania umozliwia przeprowadzenie kilku odmiennych proceséw technologicznych

w celu otrzymania finalnego materiatu w réznej postaci. Nalezy podkresli¢, ze zmiana



charakteru proszku po procesie jest mozliwa poprzez odpowiednie ustalenie zmiennych
parametrow procesu, na skutek czego mozliwe jest rézne oddziatywanie mielnikdow na
materiat. Tym samym jest mozliwe wykonanie mechanicznej syntezy, aglomeracji czy
mieszania proszkdw regulujac i znajgc wzajemne korelacje pomiedzy takimi parametrami
jak: czas mielenia, predkosc¢ obrotowa, stopien wypetnienia pojemnika, wielkos¢ i rodzaj
uzytego medium mielgcego, stosunek wagowy materiatu do medium mielgcego, uzyte
substancje wspomagajgce proces lub ich brak jak réwniez atmosfera w ktoérej
prowadzony byt proces. W szczegdlnosci, proces mieszania proszkéw wyjsciowych ma na
celu ich rownomierne rozmieszczenie oraz ujednolicenie sktadu w catej probce. Kolejna
mozliwoscig jest przeprowadzenie procesu rozdrabniania materiatéw proszkéw
wyjsciowych celem uzyskania materiatow o zréznicowanej dyspersji. Rozszerzeniem jest
proces mechanicznej syntezy, ktéra pozwala nie tylko na rozdrobnienie proszkéw
wyjsciowych, ale w szczegdlnosci na synteze zawartych materiatow. Jest to niezwykle
wazne szczegdlnie w odniesieniu do pierwiastkdw trudnych do potgczenia
konwencjonalnymi metodami, np. pierwiastkdw réznigcych sie znacznie temperaturg
topienia (Ti: 1668°C, Ta: 3020°C, Sn: 232°C) czy pierwiastkdw o rdoznej gestosci
(Ti: 4,51 g/cm3, Ta: 16,6 g/cm?, Sn:7,3 g/cm?) [35,106].

W ramach prac na doktoratem, w oparciu teorie na temat cyklicznych przebieg
procesOw majacych miejsce w miynie planetarno-kulowym, opracowatam parametry
procesu pozwalajgce takze na aglomeracje czgstek proszku. W ten sposéb prowadzony
proces pozwolit na otrzymanie stosunkowo duzych czgstek proszkéw [100,107], ktore
umozliwiajg otrzymanie odpowiedniej porowatosci w finalnym materiale.

Kolejnym etapem przygotowania prébek byto jednostronne izostatyczne
prasowanie na zimno z wykorzystaniem matryc cylindrycznych. Prasowanie odbywato sie
jednoetapowo w przypadku prébek nie gradientowych, oraz dwu- lub tréj- etapowo
w sposob pozwalajgcy na uzyskanie gradientowej konstrukcji wyprasek typu FGM.

Ostatnim etapem pozwalajgcym na dalszy przebieg syntezy oraz dyfuzji miedzy
sktadnikami czy czgstkami proszku byto spiekanie. Prébki kazdorazowo byty umieszczane
w kwarcowej ampule, ktora zapewniata proznie 10> MPa. Parametry spiekania, takie jak:
temperatura oraz czas byty dobierane w zaleznosci od zastosowanych materiatéow
i oczekiwanych efektéw.

Podsumowujgc, w zakresie wytwarzania materiatu badan w niniejszej dysertacji nalezy

wyrozni¢ dwa gtowne zadania.



Pierwszym zadaniem byto opracowanie technologii wytwarzania proszkow
z uzyciem metody metalurgii proszkdw, w tym dobrania parametru procesu, tak aby
w zaleznosci od wybranego procesu otrzymany materiat $cisle spetniat wstepne

zatozenia.

Drugim waznym aspektem byto takie faczenie proszkéw aby otrzymaé materiaty
o gradientowej budowie, o statym i stabilnym potaczeniu pomiedzy poszczegdlnymi

obszarami petnego elementu.

3. Metody badawcze

Podczas badan materiatéw na kazdym z etapow produkcji gotowych elementow
wykonywano badania réznymi technikami pozwalajgcymi  okreslic  strukture,
mikrostrukture, porowato$¢ oraz witasnosci wytworzonych materiatow. Wykorzystano

nastepujgce techniki badawcze:

e Dyfrakcja rentgenowska

e Analiza struktury metoda Rietvield’a

e Analiza mikronaprezen i sredniego rozmiaru krystalitéw z zastosowaniem metody
Williamsona-Halla

e Mikroskopia optyczna

e Skaningowa mikroskopia elektronowa

e Analiza sktadu chemicznego z zastosowanie detektora EDS

e Transmisyjna mikroskopia elektronowa

e Tomografia komputerowa

e Porozymetr

e Analiza stereologiczna

e Pomiary wtasnosci mechanicznych w nano- i mikroobszarach

e Pomiary tribologiczne na sucho i w roztworze Ringera

e Badania odpornosci korozyjnej



4. Omodwienie prac wchodzgcych w cykl publikacyjnych oraz
przedstawienie osiggnietych wynikow

Idea pracy nad nowymi metalicznymi materiatami do zastosowan jako
dtugoterminowe implanty kostne wychodzi poza schemat zaprojektowania tylko samego
materiatu, bowiem w swej pracy doktorskiej proponuje holistyczne podejscie celem
zaprojektowania catego elementu, w ktérym potgczone zostang wtasnosci samego

otrzymanego materiatu w postaci proszku, konstrukcji elementéw oraz wptyw
wystepujgcego gradientowego przejscia miedzy poszczegdlnymi strefami. Nalezy zwrdcic
uwage, ze stworzenie elementu zbudowanego z poszczegdlnych, odmiennych obszardw,
pozwala na to aby kazdy z obszarow mogt lepiej wypetnia¢ stawiane mu wymagania.
Dodatkowym aspektem jest wystepujgce pomiedzy nimi potgczenie gradientowe, ktére
stuzy solidnemu potgczeniu stref z uniknieciem skokowych zmian np. wtasnosci
mechanicznych czy sktadu chemicznego. Stad tez, tworzenie materiatdéw o gradiencie
wielkosci zaréwno czastek proszku jak i porow do potencjalnego zastosowania jako
implanty kostne, wydaje sie by¢ wysoce uzasadnione. Pozwala to na szerokie spojrzenie
na materiat uwzgledniajagc kompozycje chemiczng, wtasnosci, strukture poszczegdlnych
obszardow, ktdre tworzg caty element. Dlatego tez doktadne opracowanie technologii
wytwarzania poszczegélnych materiatéw jest niezwykle wazne w kontekscie
przysztosciowego projektowania materiatu z uwzglednieniem personalnych i osobniczych

potrzeb pacjenta.

Wyniki badan dotyczgce struktury i wtasciwosci poszczegdlnych grup otrzymanych
materiatow zostaty opublikowane w formie jednotematycznego cyklu [D1- D5] artykutow
0 zasiegu miedzynarodowym oraz zaprezentowane podczas wielu konferencji krajowych

oraz miedzynarodowych.

Analiza stanu zagadnienia oraz wstepnych wynikéw badan wtasnych, wykazata
zasadnos$¢ podjecia proby wytworzenia porowatych, funkcjonalnych materiatéw
gradientowych w oparciu o nietoksyczne stopy tytanu metodg metalurgii proszkdw jak
rowniez okreslenia ich struktury krystalicznej, morfologii proszkéw, mikrostruktury
elementéw gotowych oraz wybranych wtasciwosci mechanicznych i odpornosci

korozyjnej.
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Realizacja powyzszego zatozenia (hipotezy) wymagata ustalenia warunkow
wstepnej syntezy stopdw tytanowych zawierajgcych pierwiastki witalne (Zr, Nb, Mo, Ta,
i Sn), ktére polegaty na opracowaniu parametréw metalurgii proszkdw w tym procesu
aglomeracji lub mielenia, pozwalajgce na wstepng synteze uktadow wielosktadnikowych,
w szczegolnosci dwu-, tréj- oraz czterosktadnikowych. Na kazdym ze wskazanych etapow,
analizowano sktad fazowy i chemiczny oraz morfologie finalnego ziarna. Dalszym etapem
byta opracowanie technologii produkcji stopéw na bazie tytanu ze $cisle zdefiniowang
porowatoscig oraz okreslenie wptywu parametrow procesu na rozmiar i ksztatt czgstek
proszkow oraz ich rozmieszczeniem w kontek$cie utworzenia poréw w materiale.
Po otrzymaniu koncowego materiatu okreslono sktad fazowy, mikrostrukture,

porowatos$¢ oraz wybrane wtasciwosci mechaniczne.

Gtownym celem artykutu Microstructure and porosity evolution of the Ti-35Zr
biomedical alloy produced by elemental powder metallurgy [D1], byta obserwacja i ocena
wptywu cisnienia uzytego podczas izostatycznego prasowania na zimno na otrzymane
wypraski, szczegdlnie w aspekcie porowatosci. Obserwacje te przeprowadzono dla stopu
o sktadzie Ti-35Zr (% wag.), gdzie dla proszkdéw zastosowano identyczne parametry
procesu mielenia, jednak zmienng procesu byta wartos$¢ nacisku (250; 500; 750 i 1000
MPa) uzytego podczas izostatycznego jednoosiowego prasowania. W literaturze istnieje
wiele dowoddéw na zasadno$é¢ stosowania stopow z uktadu Ti-Zr do zastosowan
biomedycznych, bowiem nie wykazujg cytotoksycznosci komdrkowej, a co wiecej
wspierajg przytaczanie i rozprzestrzenianie komaérek. Istotnym jest réwniez fakt, ze stopy
z tego ukfadu wykazaty dtugoterminowg stabilnos¢ osteointegracyjng, co jest zwigzane
z wieloma czynnikami, w tym kompozycjg i dobrymi wtasnosciami mechanicznymi [6—9].
Obserwacje mikroskopowe oraz analiza stereologiczna materiatu po spieku ujawnity
znaczgce roznice w mikrostrukturze oraz porowatosci pomiedzy prébkami. Na podstawie
zdje¢ mikroskopowych (/D1] rysunek 3) wykonano stereologiczng analize mikrostruktury
poprzez ocene przekroju poprzecznego. Srednia wielko$¢ przekroju ziarna wyniosta
kolejno 35,06 pm?, 33,15 um?, 21,17 pum? oraz 34,85 pm? dla prébek wykonanych
z wykorzystaniem nacisku prasowania odpowiednio: 250, 500, 750 oraz 1000 MPa.
Zmiany wielkosci ziarna korelujg w pewnym stopniu z wartosciami mikrotwardosci
([D1] rysunek 7). Prébka wykonana z zastosowaniem nacisku 500 MPa wykazuje najnizszg
wartos¢ mikrotwardosci (136 HV), natomiast probka wykonana pod naciskiem 750 MPa

wykazuje odmienng mikrostrukture w ujeciu ilosciowym przy jednoczesnie najwyzszej
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mikrotwardosci (237 HV). Ta nieliniowa zmiana mikrotwardosci jest zwigzana z wielkoscig
ziarn, zgodnie z zaleznoscig Halla-Petch’a [10]. Dla przyktadu w literaturze [11,12] stop
Ti-10Zr (% wag.) wykazuje twardos$¢ 266 HV, materiat o kompozycji Ti-20Zr (% wag.)
wykazat mikrotwardos¢ na poziomie 300 HV, natomiast stop o sktadzie Ti-40Zr (% wag.)
wytworzony metodg topienia fukowego — 350 HV. Oczywiscie w tych przypadkach wzrost
twardosci powigzany jest z wzrostem zawartosci cyrkonu w sktadzie, ktéry uznawany jest
za dodatek stopowy utwardzajgcy stopy na bazie tytanu. Zwigzane jest to z wptywem
cyrkonu na zdeformowanie sieci krystalicznej i przesuniecia atomowe w wyniku
stosunkowo duzego promienia atomowego cyrkonu oraz z rozdrobnienia ziarna [13—-16].
Generalnie wszystkie probki z pracy [D1] wykonane metoda metalurgii proszkéow
wykazujg nizszg warto$s¢ mikrotwardosci niz stopy tytan-cyrkon otrzymane metoda
topienia tukowego, co moze wynikaé z porowatej natury otrzymanego materiatu przy

uzyciu PM.

Odnoszac sie do materiatu  wyprodukowanego ze zmiennym cisnieniem
prasowania o kompozycji Ti-35Zr (% wag.) [D1], udato sie ustali¢, ze catkowita procentowa
zawartos¢ poréw maleje wraz ze wzrostem cisnienia prasowania, poprzez wptyw na
gesto$¢ upakowania przestrzeni i wynosi odpowiednio 22,9% dla probki 250 MPa,
17,9% dla probki 500 MPa, 7,4% dla probki 750 MPa i 7,1% dla probki 1000MPa.
Przyjmuje sie ze optymalna wielko$¢ pordéw, ktére wspierajg wzrost komorek kosci to
100-500 um srednicy pora. Udziat tego typu poréw w konstrukcji otrzymanego materiatu,
odnotowano dla probek wykonanych przy nizszych cisnieniach prasowania 250 MPa oraz
500 MPa. Dodatkowo obecnos¢ potaczonych ze sobg poréw moze umozliwiaé wnikanie
i przeptyw ptyndw ustrojowych oraz sktadnikow odzywczych, dlatego tak wazna jest
obecnos¢ poréw o duzym przekroju. Jesli chodzi o warstwe zewnetrzng, przeznaczong do
kontaktu z kosScig, wazna jest nie tylko ogdlna porowatos¢, ale takze struktura i ksztatt

tych poréw [17-20].

Gtéwnym osiggnieciem zawartym w publikacji [D1] Microstructure and Porosity
Evolution of the Ti-35Zr Biomedical Alloy Produced by Elemental Powder metallurgy byto
wyprodukowanie porowatego stopu o kompozycji Ti-35Zr (% wag.) oraz sprawdzenie
wptywu ci$nienia prasowania na mikrostrukture, porowatos$¢ oraz wtasnosci materiatu.
W publikacji okreslono liniowg zalezno$¢ maksymalnej $rednicy Fereta poréw wzgledem

wzrostu ci$nienia prasowania. Ponadto, wyznaczono warto$¢ progowg prasowania
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(750 MPa), ktéra wprowadza znaczne rozdrobnienie ziarna, odmienng morfologie oraz
ksztatt poréw w materiale, ze szczegélnym uwzglednieniem zaniku poréw o duzym polu

przekroju.

Dalsze prowadzone prace w zakresie wstepnej syntezy materiatéw porowatych
przy uzyciu metody metalurgii proszkdw, pozwolity na wytworzenia materiatu
o kompozycji Ti-26Nb-6Mo-1,55n (% at.), ktdrego wyniki zostaty zamieszczone w artykule
Properties of porous Ti-26Nb-6Mo-1.55n alloy produced via powder metallurgy for
biomedical applications [D2]. W tej pracy, analizie poddano prébki po dwdch czasach
mielenia, a mianowicie po 20 i 40 godzinach. Analiza sktadu fazowego metoda dyfrakcji
rentgenowskiej, potwierdzita istnienie dwdéch faz o-Ti oraz B-Ti, zardwno po procesie
mielenia jak i spiekania (/D2] rysunek 3). Dodatkowo przeprowadzona analiza metoda
Rietvield’a wskazata ilosciowy udziat poszczegdlnych faz (/D2] tabele 2 i 3). Po mieleniu
udziat fazy B-Ti w probce po 20 godzinach mielenia wynosit 41(1) % wag., natomiast dla
proszku po 40h mielenia odnotowano wzrost do 51(1) % wag. Wskazuje to na obecnosé
procesu wstepnej syntezy oraz ciggtej jej kontynuacji w wyniku wydtuzenia czasu
mielenia. Analiza materiatdw po procesie spiekania ujawnita dalszy wzrost udziatu fazy
B-Ti na 89(1)% wag. oraz 91(1)% wag. odpowiednio dla prébek po spiekaniu wstepnie
mielonych przez 20 oraz 40 godzin. W oparciu na zmiany profilu linii dyfrakcyjnej i metode
Williamsona-Halla okreslono rowniez zmiany w wielkosci krystalitdw oraz odksztatcen
sieciowych wystepujgce w materiale po mieleniu. Stwierdzono, ze wraz ze wzrostem

czasu mielenia widoczny byt wzrost rozdrobnienia krystalitow do poziomu nanometrow.

Otrzymane proszki w procesie mielenia, niezaleznie od czasu mielenia, nie
wykazaty znaczgcych réoznic w morfologii czy rozmiarze czastek ([D2] rysunek 2). Jednakze
po 40 godzinach mielenia mozna zaobserwowac pojawienie sie oderwanych elementow
proszkéw, co sugeruje, ze cyklicznosé procesdow zachodzgcych w materiale osiggneta
poziom akumulacji naprezen i kruchego pekania, a tym samym rozpoczat sie etap
rozdrobnienia proszku. Nalezy wskazaé¢, ze w metodzie mechanicznej syntezy dochodzi
do cyklicznie nastepujgcych po sobie procesdw zgrzewania na zimno i kruchego pekania.
O zgrzewaniu na zimno moéwimy, gdy czastki proszku w wyniku kolizji z kulami
i pojemnikiem wzajemnie sie przenikajg. Natomiast kruche pekanie pojawia sie w wyniku
akumulacji naprezen w materiale proszkowym, rowniez w wyniku kolejnych kolizji.

Procesy te nastepujg po sobie cykliczne wraz z rosngcym czasem mielenia. W zaleznosci
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od zastosowanych parametréw procesu oraz charakteru proszkow wyjsciowych mozemy
obserwowac¢ dominacje jednego z proceséw [21-26].llosciowa analiza struktury porow
metodg stereologiczng ujawnita, ze dla probek po 20 oraz 40 godzin mielenia i spiekaniu
wykazata udziat porow o parametrach odpowiednich do osteointegracji na poziomie
odpowiednio: 16% i 17%. Jednakze blizsza analiza wykazata, ze dfuzszy czas mielenia
pozwolit otrzymac dwukrotnie wieksze rozmiary najwiekszych poréw pod wzgledem pola
przekroju. Pory o powierzchni przekroju poprzecznego mniejszej niz 50 um? dla probki
20h + A stanowity okoto 49% ilosci wszystkich pordw, podczas gdy dla prébki 40h + A byto
to tylko 28% ilosci wszystkich porow. W tym materiale wydfuzenie mielenia, przy
zastosowaniu statego cisnienia prasowania pozwolito na uzyskanie materiatu o lepszej
strukturze pordéw, ktéra potencjalnie, w oparciu o doniesienia literaturowe, moze
wspiera¢ proces osteointegracji i potgczenia z koscig w kontekscie dtugoterminowych

implantow kostnych.

Istotnym osiggnieciem zawartym w publikacji [D2] Properties of porous
Ti-26Nb-6Mo-1.55n alloy produced via powder metallurgy for biomedical applications
byto zastosowanie z powodzeniem wysokoenergetycznego mielenia do wstepnej syntezy
uktadu czterosktadnikowego. Ponadto, przeprowadzono analize wptywu czasu mielenia
na strukture, mikrostrukture, porowato$¢ czy wtasnosci mechaniczne otrzymanego
materiatu. Obserwacje wykazaty, ze 40 godzin mielenia pozwolito na otrzymanie
potencjalnie bardziej korzystnej struktury poréw. Dodatkowo prébka ta wykazata
najnizszy zredukowany modut Younga w nano skali i zadawalajace wifasnosci

tribologiczne.

Kolejnym etapem w rozwinieciu metody metalurgii proszkéw do syntezy
porowatych wielosktadnikowych stopdéw na bazie tytanu, byto zastosowanie procesu
wysokoenergetycznego mielenia. Takie podejscie, umozliwito przeprowadzenie syntezy
uktadu ztozonego z trzech pierwiastkdw, a mianowicie Ti-10Ta-8Mo (% wag.) [D3].
Synteze prowadzono w procesie wysokoenergetycznego mielenia z zastosowaniem

zmiennego czasu mielenia przy statych pozostatych parametrach procesu.

Dalsze prace w zakresie opracowywania parametryzacji procesu wstepnej syntezy
przy jednoczesnej analizie proceséw zachodzacych cyklicznie w  procesie
wysokoenergetycznego mielenia, byty ukierunkowane na ocene wptywu cyny jako

substancji kontrolujgcej proces [D3]. Substancje kontrolujgce proces mielenia (PCA) s3
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czesto uzywane w celu kontroli wielkosci i morfologii czgstek proszkow lub przebiegu
samego procesu. Najczesciej spotkane substancje sg pochodzenia organicznego
i docelowo majg ulegac absorbcji na powierzchni proszkdw wyjsciowych i ograniczad ilosé
kontaktoéw metal-metal. W literaturze czesto stosowanymi substancjami jest alkohol
metylowy lub etylowy [27,28], kwas stearynowy [29], glikol polietylenowy [30]. Jednak
w zwigzku z projektowaniem materiatéw do potencjalnego zastosowania w medycynie
i specjalnymi wymaganiami, ktore sg im stawiane, dgzy sie do wyeliminowania wszelkich
szkodliwych lub potencjalnie szkodliwych sktadnikéw. Dlatego tez w ramach prac przy
uzyciu metalurgii proszkéw, przeprowadzono badania sprawdzajgce zasadno$é uzycia
cyny jako czynnika kontrolujgcego proces. Nalezy podkresli¢, ze w ostatnich latach
doniesienia literaturowe klasyfikujg cyne jako pierwiastek neutralny dla stopdw tytanu.
Dodatkowo obecnosé cyny, pozwala na rozwigzanie problemu wystepowania w stopach
tytanu niekorzystnej metastabilnej fazy w, w przypadku ktérej obecnosé cyny powoduje
ograniczenie jej powstawania[31-34]. Dlatego tez, zasadnym jest stwierdzenie, ze
zastosowanie cyny jak czynnika kontrolujgcego proces moze by¢ bezpieczne i uzyteczne
w kontekscie biomateriatéw metalicznych. Aby okresli¢ wptyw cyny na proces mielenia
oraz otrzymywany materiat wytworzono metodg metalurgii proszkéw materiat

o kompozycji Ti-10Ta-8Mo oraz Ti-10Ta-8Mo-35n (% wag.) [D3].

Proszki zostaty poddane mieleniu ze statymi parametrami procesu, jednakze
proces prowadzono z przyrostowym czasem mielenia, co miato na celu sprawdzenie
wptywu cyny jako substancji kontrolujgcej w szerokim spektrum czasu oraz wptywu na
przebieg syntezy. Pozwolito to rowniez na okreslenie kolejnosci zachodzenia proceséw
podczas mielenia. Zdjecia SEM proszkow z kazdego z etapu (/D3] rysunek 4) pozwolity
zaobserwowac, iz obecnos¢ cyny wptyneta na znaczne rozdrobnienie czgstek proszkéw
juz w poczatkowych czasach mielenia. Rdznica jest najbardziej znaczgca po 40 godzinach
procesu. Jednoczes$nie obecnosé cyny nie wptyneta znaczgco na morfologie proszkow po
procesie mielenia w odniesieniu do ksztattu. Jednak obserwowane jest pewne
przesuniecie w kontekscie wystepowania proceséw kruchego pekania pomiedzy dwoma
obserwowanymi kompozycjami. W przypadku proszkdw z cyng szybciej nastgpity procesy
spawania na zimno, powodujgce wzrost wielkosci czgstek, jednak rownie szybko, bo juz
pomiedzy 20 a 40 godzin procesu, nastgpito rozdrobnienie proszku z udziatem kruchego
pekania. Dla poréwnania, dla kompozycji Ti-10Ta-8Mo jeszcze po 40 godzinach

obserwujemy duze czgstki proszku. Nalezy tu wskazaé, ze co prawda proces rozdrabniania

42



zostat rozpoczety, co jest wyraznie widoczne na zdjeciach przy wiekszym powiekszeniu,

obserwujac ptaskie o tupkowatym charakterze czgstki proszku.

Analiza sktadu fazowego przeprowadzona w oparciu w oparciu o metode dyfrakcji
rentgenowskiej dla proszkdw po procesie mielenia przez 10, 15, 20, 40, 60, 80 i 100
godzin, wykazata obecnos¢ a-Ti (ICDD PDF 00-044-1294) oraz [B-Ti
(ICDD PDF 00-034-0370), co potwierdzito wstepng synteze materiatu podczas mielenia
([D3] rysunek 6) . W otrzymanych proszkach Ti-10Ta-8Mo (% wag.), po roznych czasach
mielenia zostat rowniez zidentyfikowany czysty Mo (ICDD PDF 01-089-5158), czyli jeden
z pierwiastkdw sktadowych. Molibden jest pierwiastkiem silnie stabilizujgcym faze B-Ti,
wedtug literatury juz dodatek 5% Mo pozwala na otrzymanie fazy B-Ti w przypadku
topienia tukowego oraz z zastosowaniem obrobki cieplnej [35]. Natomiast Nilson iin. [36]
przedstawiajg, ze w przypadku jedynie topienia fukowego obecnos¢ fazy B-Ti zostata
odnotowana dopiero przy udziale 10% molibdenu, natomiast stop o strukturze
jednofazowej B-Ti zostat uzyskany dla Ti-15Mo. Réwniez tantal jest pierwiastkiem
witalnym oraz wspierajgcym tworzenie fazy B-Ti. Jednak produkcja stopdéw Ti-Ta
konwencjonalnymi metodami np. topienie indukcyjne, jest utrudniona, ze wzgledu na
wysoka temperature topnienia Ta (ok. 3020°C) oraz znaczgce rdznice w gestosci czystych
pierwiastkéw (Ti: 4,51 g/cm3, Ta: 16,6 g/cm? i Sn:7,3 g/cm3) [37,38]. Stad tez,
wykorzystanie w pracy doktorskiej metody metalurgii proszkéw wraz z mieleniem
wysokoenergetycznym, jawi sie jako bardzo dobra alternatywa do rozwigzania
wskazanego problemu syntezy wysokotopliwych pierwiastkdw z niskotopliwymi.
llosciowa analiza metodg Rietvield’a wykazata spadek zawartosci a-Ti oraz Mo wraz ze
wzrostem czasu mielenia, co Swiadczy ze dtuzszy czas mielenia wspiera synteze i zachodzi
ona sukcesywnie. Udziat ilosciowy B-Ti zmienia sie od 33,4(3) % wag. dla prébki po 10
godzinach mielenia, az do 53,3(3) % wag. dla proszkdw po 100 godzinach mielenia.
Metoda Rietvelda w oparciu o widma dyfrakcyjne (/D3] rysunek 11) przeprowadzono
ocene wptywu czasu mielenia i cyny na zaleznosci poszczegdlnych faz. Dla obu probek
wraz ze wzrostem czasu mielenia zaobserwowano spadek udziatu faz o-Ti oraz Mo.
Dodatkowo odnotowano, iz obecnos$¢ cyny wptyneta na polepszenie rozpuszczalnosci

molibdenu, jednakze w bardzo matym stopniu.

W celu lepszego zrozumienia procesow zachodzgcych w proszkach na

poszczegdlnych etapach mielenia niezaleznie od kompozycji wykonano zgtady z proszkow
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i wykonane powierzchnie poddano obserwacji za pomocg skaningowego mikroskopu
elektronowego w kontrascie elektrondw wstecznie rozproszonych (BSE) (/D3] rysunek 5).
Nalezy podkresli¢, ze jednoznacznie zaobserwowano i potwierdzono wptyw obecnosci
cyny na przebieg procesu mielenia, poprzez znacznie wczesniejsze rozdrobnienie udziatu
proszkdw wyjsciowych co jest widoczne na przekrojach proszkéw. Zaobserwowano
rowniez homogenizacje juz przy krétszych czasach mielenia. Ponadto analiza widma
dyfrakcyjnego oraz analiza za pomocg metody TEM potwierdzita nanokrystaliczny

charakter otrzymanego materiatu.

Nowatorskim podejsciem do proceséw metalurgii proszkdw w artykule [D3] Role
of Sn as a Process Control Agent on Mechanical Alloying Behavior of Nanocrystalline
Titanium Based Powders, byto zastosowanie cyny jako czynnika kontrolujgcego proces.
Jest to o tyle istotne ze niewielki dodatek cyny, w przeciwienstwie do tradycyjnie
uzywanych substancji, nie wptywa negatywnie na strukture czy wtasnosci otrzymanych
materiatdw do potencjalnego zastosowania w medycynie. Jednocze$nie znacznie
poprawia uzysk materiatu, homogenizacje proszkdw oraz pozwala na podniesienie
efektywnosci syntezy. Wptywa rdwniez na obnizenie wielkosci krystalitow przy

jednoczesnym statym poziomie znieksztatcen sieciowych Il rodzaju.

W oparciu o wyniki otrzymane na podstawie wczes$niejszych prac, w swoich
dalszych badaniach podjetam tematyke zwigzang z wytwarzaniem materiatéw
o gradientowej budowie majgcym na celu préobe odwzorowanie budowy kosci. Nalezy
wskazac, ze kos¢ zbudowana jest z dwdch stref, wsrdd ktorych wyrdzniamy czesc
ggbczastg o porowatosci 50-90% oraz kosci zbitej o porowatosci od 3-12% [105—-107].
W?zorujgc sie na budowie kosci ludzkiej zaproponowano projekt catych elementow
w sposodb zapewniajgcy pierécieniowg budowe gradientu ([D4] rysunek 1). W sposdb
gradientowy zmieniata sie zaréwno porowatosé jak i sktad chemiczny poszczegdlnych
stref. Zwracajgc uwage na procesy zachodzace w mtynku planetarno-kulowym,
a w szczegblnosci na spawanie na zimno, postanowiono wykorzysta¢ opracowang wiedze
do aglomeracji czastek proszku, zatozono bowiem Zze duze czastki proszku beda po
sprasowaniu skutkowaty stosunkowo duzymi przestrzeniami pomiedzy nimi, czyli innymi
stowy bedg prowadzity do relatywnie duzej porowatosci. Zastosowanie odpowiednich

parametrow proceséw w metodzie metalurgii proszkow, zostato wykorzystane do
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aglomeracji czastek proszku, a nastepnie do wytworzenia préobek o stosunkowo duzej

porowatosci [D4].

Kolejnym przyktadem wytworzonych materiatéw gradientowych sg ich trzy
konstrukcje zbudowane w oparciu o proszki wyjsciowe, aglomerowane i mieszane, ktére
zostaty skonstruowane z trzech stref i opisane w artykule Fabrication and characterization
of new functional graded material based on Ti, Ta, and Zr by powder metallurgy method
[D4]. Co istotne, strefa przejsciowa wykonana jest z proszkédw mieszanych, o matej
gradacji, majgca zapewni¢ bardziej swobodne stworzenie gradientu chemicznego oraz
stabilny trzon catego elementu. Srodek prébki stanowi cyrkon, a zewnetrzng cze$c¢ - tytan
. Oba te proszki zostaty poddane aglomeracji w mtynie planetarno-kulowym w celu
uzyskania czastek proszku o duzym rozmiarze. Dodatkowo, pomiedzy te dwie strefy zostat
wprowadzony pierscien o kompozycji Ti-50Zr (% wag.) lub Ti-50Ta (% wag.) poddany
wczesniej procesowi mieszania (/D4] tabela 1). Takie zaprojektowanie gradientu miato
zapewni¢ fagodniejsze przejscie w kontekscie sktadu chemicznego. Dodatkowo proszek
zostat przygotowany z uwzglednieniem réznej gradacji proszku, tak aby zapewnié
wewngtrz probki pierscien, staty element podnoszacy sztywnos$¢ catej konstrukcji.
W zakresie strefy zewnetrznej, zostata ona zbudowana z proszkéw tytanu
aglomerowanych na dwa rézne sposoby, co pozwolito na otrzymanie dwdch frakcji,
o $rednim rozmiarze czgstek (450 um oraz 1000 um). Objetosciowy udziat porow w strefie
zewnetrznej wynosit okoto 44%. Powinno mie¢ to istotne znaczenie nie tylko
w odniesieniu do poprawy stabilnosci bio-mechanicznej elementu w kontekscie poprawy
osteointegracji po implantacji, ale powinno réwniez powinno wptyngé pozytywnie na

wtasnosci mechaniczne samego materiatu.

W warstwie zewnetrznej zostat oceniony udziat procentowy poréw o polu
przekroju poprzecznego wiekszego niz 500 um? i wynidst odpowiednio: 28% w prébce
Zr-Ti/Ta-Ti450, 14% dla probki Zr-Ti/Ta-Til000 oraz 10% dla prébki Zr-Ti/Zr-Ti1000.
Obserwacje mikrostruktury oraz wyniki analizy obecnosci poréw o tak duzym przekroju
sugerujg obecnos¢ wzajemnie potgczonych uktadéw porowych. Jest to niezwykle istotne,
z uwagi na mozliwos¢ przenikania ptyndw ustrojowych i substancji odzywczych w celu
zapewnienia odzywienia komorek [41]. W analizie zwrdcono réwniez uwage na pory,
ktérych $rednica Fereta przekraczata 100um, a tym samym na pory ktore wykazujg

najwieksze wsparcie do zagniezdzania komarek, ich proliferacji a tym samym polepszenia
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osteointegracji. Udziat tych poréw dla prébki Zr-Ti/Ta-Ti450 wynosit 21%, dla probki
Zr-Ti/Ta-Ti1000 wynidst ponad 12% oraz ponad 10% dla prébki Zr-Ti/Zr-Ti1000. Nalezy
wskazac, ze otrzymany wynik jest odwrotny do poprzednich badan, poniewaz pomimo
zastosowanie proszkéw o wiekszej gradacji, otrzymana porowato$¢ w analizowanych
aspektach wykazata mniejsze wartosci dla probek, w przypadku ktérych zewnetrzna
warstwa zbudowana byta z czgstek o wiekszych rozmiarach. Podyktowane jest to faktem,
ze w metodzie metalurgii proszkdw procesy spawania na zimno oraz kruchego pekania
nastepuja po sobie w sposéb cykliczny. W konsekwencji mogto to spowodowac, ze proces
aglomeracji prowadzony dla proszku o mniejszym rozmiarze doprowadzit do jego
utwardzenia, stgd byt on mniej podatny na odksztatcenia w oparciu o sity zastosowane

podczas prasowania.

Obserwacja mikrostruktury na przekroju poprzecznym ujawnita widoczne rdznice
budowy pomiedzy kolejnymi obszarami, jednak zmiany te zachodzity w sposdb ciggty
z zachowaniem liniowosci. Potgczenia miedzy czastkami proszku oraz poszczegdlnymi
obszarami sg trwate, bowiem wytworzyty sie ,szyjki” bedace efektem proceséw dyfuzji.
Strefa wewnetrzna i zewnetrzna ujawnita charakterystyczng mikrostrukture odpowiednio
dla cyrkonu i tytanu ([D4] rysunek 3). W strefie przejsciowej, zaobserwowano stopniowe
rozdrobnienie struktury, w tym obserwuje sie mikrostrukture iglastg. Dodatkowo w celu
zobrazowania potwierdzenia konstrukcji trojstrefowej przeprowadzono obserwacje
struktury 3D technikg mikrotomografii rentgenowskiej (/D4] rysunek 4). Badanie to
pozwolito na ocene jakosci otrzymanych probek w petnej objetosci. Otrzymane probki

wykazywaty powtarzalng budowe oraz brak anomalii.

Obecnos¢ gradientu sktadu chemicznego potwierdza analiza sktadu chemicznego
wykonana przy uzyciu metody SEM EDS, ktora pozwolita na przygotowanie map rozktadu
pierwiastkdw (/D4] rysunek 5). Zgodnie z diagramem fazowym i literaturg uktady
tytan/cyrkon wykazujg catkowitg wzajemnej rozpuszczalnosci w catym zakresie sktadu, co
jest zwigzane z podobienstwem strukturalnym, fazowych i chemicznym obu pierwiastkow
[42—-45]. Pozwolito to na wytworzenie ciggtego gradientu sktadu chemicznego, a tym
samym podstawy do trwatego potgczenia strefy zewnetrznej oraz wewnetrznej. Warte
zauwazenia jest utrudniona dyfuzja pierwiastkdw w przypadku materiatéw porowatych.
Analiza udziatu ilosciowego poszczegdlnych pierwiastkow na powierzchni w odniesieniu

do przekroju poprzecznego przez poszczegblne przekroje probek trojstrefowych,
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ujawnita ciggta zmiane stezenia pierwiastkow (/D4] rysunek 6). Dla probek z pierscieniem
o sktadzie Ti-50Ta %wag. zaobserwowano wzrost stezenia tantalu, szczegdlnie w kierunku
warstwy zewnetrznej. Ponadto, w warstwie zewnetrznej zarejestrowano niewielkie ilosci
cyrkonu, wskazuje to na silng dyfuzje sktadnikéw ze strefy wewnetrznej do catej objetosci
przekroju. W przypadku analizy potgczenia rdzen-pierscien dla prébki z pierscieniem
Ti-50Ta %wag., zaobserwowano skokowe przejscie miedzy strefami, jednak wyrdznié
nalezy lepszg dyfuzje tytanu w kierunku rdzenia z cyrkonu w poréwnaniu z tantalem. Jest
to zwigzane zdwoma aspektami: podobiedstwem chemicznym oraz strukturalnym tytanu
i cyrkonu oraz roznymi wspotczynnikami dyfuzji tytanu i tantalu, szczegdlnie ze ten
wspotczynnik dyfuzji mocno zalezy od stezenia pierwiastkdw. Wykazano, ze przy nizszej
zawartosci tantalu wspdtczynnik dyfuzji jest znacznie wyzszy niz w przypadku duzej

zawartosci tego pierwiastka [37,46—49].

Réwniez analiza sktadu fazowego metodga dyfrakcji rentgenowskiej potwierdzita
obecnos¢ procesdw dyfuzyjnych poprzez identyfikacje faz niestechiometrycznych.
Dla prébek z pierscieniem Ti-50Zr % wag., zidentyfikowano trzy fazy: o-Ti
(ICDD PDF 01-089-4913), Zr (ICDD PDF 03-065-3366) oraz Zr0,5Ti0,5 (ICDD PDF 04-003-
1466), co jest zgodne z zatozeniami rozszerzonego gradientu. W przypadku probki
skomponowanej  Zr—Ti/Ta-Ti zaobserwowano obecno$¢ czterech faz: o-Ti
(ICDD PDF 01-089-4913), B-Ti (ICDD PDF 00-044-1294), Zr (ICDD PDF 03-065-3366) oraz
Zr0,11Ti0,89 (ICDD PDF 04-019-4075). Fazy a-Ti i Zr byty zgodne z proszkami wyjsciowymi,
natomiast pojawienie sie B-Ti byto zwigzane z obecnoscig tantalu w skfadzie pierscienia.
Sktad Ti-50Ta %wag. byt wstepnie wymieszany, natomiast dopiero spiekanie powodowato
synteze, wskazujac na obecnos¢ B-Ti. W literaturze podano, ze obecnos¢ juz 25% wag.
tantalu moze spowodowac¢ pojawienie sie fazy B, bowiem wraz ze wzrostem zawartosci
tantalu wzrasta udziat fazy B [2,42,50-52]. Jako pierwsze spojrzenie na witasnosci
mechaniczne otrzymanych materiatéw, wykonano badania mikrotwardosci w celu
sprawdzenia jak gradientowa budowa wptywa na wtasnosci mechaniczne elementu
w poszczegolnych jego mikroobszarach. W przypadku prébek ztozonych z trzech stref
([D4] rysunki 7 i 8), w celu wstepnej oceny wtasnosci mechanicznych wyznaczono
instrumentalny modut Younga oraz mikrotwardos¢ w zaleznosci od punktu pomiaru.
Punkty pomiarowe 1-3 dotyczyty rdzenia z cyrkonu, natomiast punkty 4-10 dotyczyty
pierscienia Ti-50Zr lub Ti-50Ta %wag., a pozostate punkty dotyczyty obszaru

zewnetrznego. Dla wszystkich prébek zaobserwowano stopniowe zmiany analizowanych
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parametrow mechanicznych, szczegdlnie w zakresie stref przejsciowych pomiedzy
obszarami. W przypadku probek Zr-Ti/Ta-Ti obszary zwiekszonej mikrotwardosci
zaobserwowano w okolicach 3 lub 4 punktu pomiarowego, a w przypadku proébki
Zr-Ti/Zr-Ti podobnie zaobserwowano w okolicach 9 punktu pomiarowego. Obszary te
pokrywajg sie z obszarami o mikrostrukturze iglastej, obserwowanych w strefach
przejsciowych w wymienionych prébkach. Podczas pomiaru instrumentalnego modutu
Younga z mikrobszaréw zaobserwowano znacznie mniejsze zmiany wartosci w obrebie
probek. Dodatkowo, pomiary w odniesieniu do potozenia na przekroju prébki doskonale
zobrazowaty ciggta zmiane wartosci, ze szczegdlnym uwzglednieniem obszaréw
przejsciowych. Co wazniejsze, dla wielu punktow w probce Zr-Ti/Ta-Til000 oraz dla
prawie catej probki Zr-Ti/Zr-Ti wartos¢ modutu Younga byta ponizej 100 GPa. Jest to
bardzo korzystne z punktu widzenia potencjalnego zastosowania zaprojektowanych
materiatéw w dtugoterminowych implantach kostnych, poniewaz modut Younga czystego
tytanu (aTi) wynosi 105 GPa, natomiast dla najczesciej stosowanego w medycynie stopu,

Ti-6Al-4V, wynosi 110 GPa [45,53,54].

W celu potwierdzenia potencjalnego zastosowania materiatu do uzytku
medycznego przeprowadzono badania odpornosci korozyjnej w roztworze Ringera w
temperaturze 379C. Dla tych prébek wystepowaty dos¢ znaczne oscylacje mierzonego
potencjatu w trakcie trwania pomiaru, co byto wyraznie widoczne w przypadku probki Zr-
Ti/Zr-Ti ([D4] rysunek 9). Powigzane jest to z infiltracjg elektrolitu poprzez skomplikowang
architekture poréw materiatu. Fakt, Ze materiat zawierat rozne fazy metaliczne potgczone
w jednej prdobce, stwarzat mozliwos¢ galwanicznego sprzezenia pomiedzy mniej
szlachetnymi (anodowymi) i bardziej szlachetnymi (katodowymi) obszarami. W efekcie,
tworzenie sie produktow korozji mogto zatka¢ kanaty wewnatrz materiatu, ograniczajac
tym samym ciggte wnikanie roztworu Ringera. Z punktu widzenia mozliwosci wrastania
tkanek w materiat, wyniki sugerujgce ciggte zwilzanie wewnetrznych powierzchni
zanurzonych probek wskazujg na mozliwos¢ ich potencjalnego zastosowania do
rekonstrukcji kosci. Potencjaty prébek bogatych w Zr charakteryzowaty sie podobnymi
wartosciami Eocp (ang. open-circuit potentials) pod koniec okresu stabilizacji, ktére
wynosity okoto -175 mV vs NEK. Potencjat korozyjny czystego cyrkonu w roztworze
Ringera miesci sie zwykle w zakresie od -400 do -350 mV vs NEK [43,55]. Zarejestrowane
krzywe potencjodynamiczne wskazujg, iz w trakcie badania pasywna warstwa tlenkowa

obecna na powierzchni badanych materiatéw ulegta przebiciu. Przerwanie warstwy
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ochronnej moze by¢ przyczyng braku integracji tkanki z wyrobem medycznym lub
prowadzi¢ w skrajnych przypadkach do uszkodzenia implantu w wyniku korozji i metalozy.
Potencjaty korozyjne (Ecor) probek, wyznaczona na podstawie zarejestrowanych krzywych
polaryzacyjnych, byty nieznacznie przesuniete w kierunku bardziej ujemnych potencjatéw
(w poréwnaniu do stabilnych wartosci Eoc), co wynika z charakteru skanowania.
Potencjaty przebicia (Epbg) wzrastaty w kolejnosci Zr-Ti/Ta-Til000 < Zr-Ti/Ta-Ti450 <
Zr-Ti/Zr-Ti, ale zaktada sie, ze te wyniki mogg by¢ jednak niejednoznaczne, ze wzgledu na

dos¢ szeroki zakres zmierzonych danych.

Istotng modyfikacja elementéw metalicznych opisanych w publikacji [D4]
Fabrication and Characterization of New Functional Graded Material Based on Ti, Ta, and
Zr by Powder Metallurgy Method, byto wprowadzenie dodatkowej, przejSciowe;] strefy,
w wyniku czego otrzymano element o cylindrycznej budowie tréjstrefowej. Wptyneto to
pozytywnie na stopniowg zmiane sktadu chemicznego i mikrostruktury na przekroju
poprzecznym prébki. Stwierdzono, ze parametry mechaniczne sg zrdinicowane
w obrebie badanych obszaréw prébek, z wyraznym wzrostem parametréw w strefach
przejsciowych pomiedzy poszczegdlnymi strefami. Przeprowadzone badania korozyjne
potwierdzity mozliwo$¢ zastosowania badanych elementéw w srodowiskach
umiarkowanie utleniajgcych oraz otrzymane wyniki sugerujg ciggte zwilzanie

wewnetrznej powierzchni dzieki dostosowanej porowatosci.

Wykazane w publikacji [D3] obserwacje wraz z wnioskami, zostaty wykorzystane
do produkcji metodg metalurgii proszkow materiatéw wyjsciowych dla konstrukcji
gradientowych, a wyniki zostaty przedstawione w artykule Porous Functionally Graded
Material based on a new Ti-25Nb-5Zr-(25n) alloy produced using the powder metallurgy
technique [D5]. Do realizacji zatozonego celu badan przygotowano dwie kompozycje

chemiczne, rdznigce sie obecnoscig cyny: Ti-25Nb-5Zr i Ti-25Nb-5Zr-2Sn (% wag.).

Rowniez w tym przypadku uzyto tytan jako materiat wyjsciowy wraz z innymi
pierwiastkami witalnymi, natomiast elementem rodznicujgcym byto zastosowanie cyny
w zwigzku z wykazanym wczesniej jej korzystnym wptywem jako PCA na proces mielenia
oraz syntezy [D3]. Potaczenie tytanu z cyrkonem jest jednym z najbardziej obiecujgcych
zestawien, bowiem oba te pierwiastki nalezg do tej samej grupy uktadu okresowego,
wykazujg takg samg strukture krystaliczng oraz zblizone wtasnosci chemiczne i fizyczne,

poprzez co wykazujg petng rozpuszczalnos$é w catym zakresie zawartosci Zr [43,49,56].
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Co wiecej, w literaturze wykazano iz oba te pierwiastki sg nietoksyczne, wspierajg
osteointegracje, a w wzajemnym potgczeniu wykazujg wysokag odpornosé na korozje, co
przypisuje sie stabilnej powierzchniowej warstwie tlenkowej opartej o te pierwiastki
metaliczne [11,57-59]. Ponadto, zastosowany w pracy [D5] niob jest uznawany za
pierwiastek wysoce biokompatybilny, nie wykazujgcy toksycznosci czy mutagennosci.
Nadto, stopy na bazie Ti-Nb zyskujg popularnos¢ ze wzgledu na mozliwos¢ wystgpienia
efektu pamieci ksztattu, co potwierdzity badania dla stopu Ti-26Nb (% at.) [3,38,60,61].
Stopy Ti-Nb-Zr sg obiecujgcymi materiatami w odniesieniu do potencjalnego
zastosowania w medycynie. W literaturze pojawiajg sie badania nad wspomnianym
materiatem ze wzgledu na kompozycje ztozong z pierwiastkow witalnych. Dodatkowo
dodatek niobu do uktadu Ti-Zr wptywa pozytywnie na wtasnosci odpornosci korozyjnej,
poprzez stabilizacje warstwy pasywnej i zmniejszenie wrazliwosci na korozje wzerowa
[62]. Zaobserwowano rowniez lepsze wtfasnosci mechaniczne w porownaniu do
najbardziej rozpowszechnionych materiatébw metalicznych. W uktadzie Ti-Nb-Zr
obserwowano spadek modutu Younga wraz ze wzrostem zawartosSci Zr i osiggniecie
wartosci 39 GPa dla sktadu Ti-14Nb-18Zr. Z drugiej strony, wspomniany uktad ma duzy
potencjat dla efektu pamieci ksztattu zwigzanego z odwracalng przemiang
martenzytyczng indukowang naprezeniem [31,63—66]. Ponadto, otrzymane materiaty sg
czesto modyfikowane w literaturze poprzez dodatek cyny, tantalu lub zelaza, co ma
wptywaé pozytywnie na efekt pamieci ksztattu. Uktad Ti-Nb-Zr jest rowniez

wykorzystywany jako baza do tworzenia stopdw o wysokiej entropi [70,71].

Ze wzgledu na zastosowanie cyny w kompozycji Ti-25Nb-5Zr-2Sn, otrzymane
proszki byty zblizonej wielkosci, jednakze proszki Ti-25Nb-5Zr po procesie wstepnej
homogenizacji okazaty sie zréznicowane pod wzgledem wielkosci czgstek, dlatego tez
poddano je separacji siewnej rozdzielajgc na trzy frakcje: <150 um, 150-300 um i >300
um (/D5] rysunek 3). Analiza chemiczna przeprowadzona na przygotowanych przekrojach
poprzecznych proszku Ti-25Nb-5Zr % wag., o rdznej gradacji, pozwolita ujawnic
segregacje pierwiastkow stopowych wewnatrz kazdej czgstki proszku (/D5] rysunek 4).
Wraz ze wzrostem frakcji czastek obserwujemy wieksze obszary elementéw
niezhomogenizowanych. Natomiast proszki z cyng reprezentujg znacznie wieksze
rozdrobnienie poszczegdlnych warstw materiatu, co wskazuje na lepszg homogenizacje
przy jednakowych parametrach procesu. Dodatkowo wykazujg bardziej wydtuzony

ksztatt. Taka dywersyfikacja wielkosci czgstek proszku jest efektem procesu fragmentacji

50



wiekszych czgstek, co wynika z procesdow utwardzania przez zderzenia mechaniczne
powodujgce akumulacje energii w proszku. Proszki z kompozycji bez cyny o frakcji
charakteryzujacej sie najmniejszym rozmiarem wykazujg ksztatt wieloscianu, zblizony do
proszkow Ti-25Nb-5Zr-2Sn % wag. Proszki Ti-25Nb-5Zr (>300 um) charakteryzowaty sie
bardziej kulistym ksztattem, i jest to charakterystyczna morfologia proszkdw powstatych
w wyniku kolejnych proceséw spawania na zimno. Na pewnym etapie mielenia proszki sg

na tyle plastyczne, ze mozna je napawac kolejnymi warstwami.

Dodatkowo przeprowadzono analize rentgenostrukturalng proszkéw po mieleniu
w zaleznosci od skfadu i zastosowanej separacji siewnej. Dla wszystkich probek wykazaty
istnienie  fazz Nb  (Im 3 m; ICDD PDF4 04-004-8311), o-Ti (P63/mmc;
ICDD PDF4 04-011-9045) oraz Zr (P63/mmc; ICDD PDF4 04-003-5041). Na podstawie
otrzymanych dyfraktogramoéw i obliczen metoda Rietvelda zaobserwowano, ze wraz
z zwiekszajgcym sie rozmiarem czastek proszkow obserwowany jest niewielki wzrost
parametru sieciowego a0 dla Nb z 0,33053 nm dla proszku Ti-25Nb-5Zr(<150 um) do
wartosci 0,33079 nm dla proszku Ti-25Nb-5Zr(>300 um). Parametry aTi wzrastajg
z 0,29519 nm do 0,29551 dla ap oraz z 0,46840 nm do 0,46912 nm dla co. Odwrotng
sytuacje zaobserwowano dla Zr, gdzie wraz ze wzrostem wielkosci czgstek obserwowano
niewielki spadek parametru sieciowego (z 0,32350 nm do 0,31075 nm). Obserwowane
zmiany strukturalne w materiale w wyniku procesu mieszania i mielenia odpowiadajg
charakterystyce i podziale proszkdw wyjsciowych na materiaty kruche i plastyczne. Do
kruchych proszkéw mozemy zaliczy¢ cyrkon, w przypadku ktérego w obrebie komorki
elementarnej obserwujemy jego delikatne kontrakcje sieci krystalicznej na skutek
proceséw powodujgcych wzrost naprezen wewnatrz czastek proszku. Natomiast tytan
i niob mozna zakwalifikowa¢ jako proszki plastyczne, co oznacza, ze procesy zachodzgce
pomiedzy tymi materiatami rozpoczynajg sie od spawania na zimno [21-23]. Mozna
stwierdzi¢, ze procesy mielenia, nawet w kontekscie mieszania proszkéw wyjsciowych,
nie tylko wptywaja na rozdrobnienie proszku czy krystalitéw ale réwniez obserwowany

jest wptyw na strukture materiatu w wymiarze elementarnych komaorek.

Obserwacja panoramicznych obrazéw SEM (/D5] rysunek 8) z przekrojow probek
spiekanych, potwierdzita znaczne rdéznice w konstrukcji i porowatosci poszczegdlnych
stref w zaleznosci od zastosowanych frakcji proszku. Mozna réwniez zaobserwowacd

waskie pasmo gradientowe pomiedzy tymi strefami. W catej obserwowanej objetosci
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probki pomiedzy czastkami proszku zaobserwowano swoiste ,szyjki”, innymi stowy,
stabilne potgczenia czastek powstate w wyniku proceséw dyfuzyjnych, co prowadzi do

stabilnego i statego potgczenia pomiedzy strefami.

Analizie poddano rowniez mapy topografii ze zgtadéw poprzecznych obszaréw
zewnetrznych dla prébek zbudowanych Ti-25Nb-5Zr(<150um)/( Ti-25Nb-5Zr-2Sn),
Ti-25Nb-5Zr(150-300um)/( Ti-25Nb-5Zr-2Sn) i Ti-25Nb-5Zr(>300um)/( Ti-25Nb-5Zr-25n)
([D5] rysunek 9), a otrzymane skany powierzchni potwierdzajg zréznicowanie zaréwno
ksztattu jak i wielkoéci poréw. Srednia arytmetyczna wysokosci (Sa) wyraza wartosé
bezwzgledng réznicy wysokosci kazdego punktu w stosunku do $redniej arytmetycznej
powierzchni. Parametr S, wzrdst dla prébek Ti-25Nb-5Zr(150-300 um)/( Ti-25Nb-5Zr-2Sn)
i Ti-25Nb-5Zr(>300 um)/( Ti-25Nb-5Zr-2Sn) odpowiednio okoto 4 i 8 razy w poréwnaniu
do proébki z najmniejszg gradacjg frakcji proszkéw, co jest bezposrednio zwigzane
z wielkoscig czagstek. Wielkos¢ poréw, w tym ich gtebokos¢ wynosi odpowiednio 2,3; 5,9
oraz 55,1 um dla probek wykonanych z kolejnych gradacji proszkéw. Ponadto poddano
analizie wfasnosci mechaniczne aby lepiej okresli¢ potencjat otrzymanego elementu.
Analiza stereologiczna przekroju przeprowadzona strefie zewnetrznej wskazata
porowatos¢ siegajgcy 43% dla probki zbudowanej z najwyzszej gradacji proszku, poprzez
26%, az do 20% dla strefy zewnetrznej zbudowanej z najmniejszej gradacji proszku.
Badania przeprowadzono na przekroju poprzecznym probki, od jej krawedzi do $rodka.
Rowniez ten materiat poddano wstepnej analizie mechanicznej w mikroobszarach
([D5] rysunek 10). W analizowanym obszarze zgtadu materiatu nie wystepujg istotne
zmiany wartosci twardosci, co jest zrozumiate ze wzgledu na brak znaczgcego gradientu
sktadu. Rdznica pomiedzy zewnetrzng i wewnetrzng czescig probki opiera sie gtéwnie na
gradacji pochodzacej z dodatku cyny. Punkty pomiarowe 1-6 pochodzg od strefy
zewnetrznej, a $rednia wartos¢ mikrotwardosci wynosi okoto 2,5 GPa dla wszystkich
probek, podczas gdy Srednia wartos¢ instrumentalnego modutu Younga wynosi

ok. 35 GPa.
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Istotnym osiggnieciem pracy [D5] Porous Functionally Graded Material based on
a new Ti-25Nb-5Zr-(25n) alloy produced using the powder metallurgy technique byto
ostateczne potwierdzenie mozliwos¢ otrzymywania materiatéw gradientowych, na bazie
stopdw przy zastosowaniu metody metalurgii proszkéw. Potwierdzono rdwniez
stosownos$¢ uzywania cyny jako zamiennika srodkéw kontrolujacych proces w odniesieniu
do wyzszych wymagan stawianych materiatom do potencjalnego uzycia w medycynie.
Dodatkowo separacja siewna proszkéw pozwolita na lepszg kontrole porowatosci
poszczegdlnych stref. Pod wzgledem przekroju poprzecznego strefy zewnetrznej dla
wszystkich trzech prdobek, az 90% pordw stanowity te o przekroju poprzecznym powyzej

500 pm?.

5. Whnioski

Przeprowadzone badania bedgce podstawg realizowanej pracy doktorskiej,
udowodnity sformutowang teze, ze mozliwe jest wytworzenie metodg metalurgii
proszkéw, funkcjonalnych materiatéw gradientowych opartych o pierwiastki witalne ze
zdefiniowang porowatoscig. Ponadto, wykazano wptyw parametrow procesow
technologicznych, zaréwno na rozmiar i ksztatt czgstek proszkéw jak réwniez ich
rozmieszczenie w odniesieniu do uzyskania osteointegracyjnie korzystnej porowatosci w
materiale. Zaproponowana technologia pozwala wytworzy¢é materiaty porowate bez
uzycia porogenow, w ktorych pory tworzg wzajemnie potgczone systemy a ich wielko$¢
jest znaczgca w odniesieniu do potencjalnego uzytku na dtugoterminowe implanty kostne
i dentystyczne. Opracowane procesy technologiczne umozliwity otrzymanie
zaprojektowanych proszkéw, ktére postuzyty do wytworzenia uktadéw dwu oraz troj-
strefowych z gradientem koncentrycznym. Badania wykazaty korzystng dyfuzyjng zmiane
mikrostruktury w zaleznosci od odlegtosci od $rodka prébki, jak réwniez sktadu
chemicznego przy jednoczesnym zachowaniu porowatego charakteru stref
wewnetrznych i zewnetrznych. Nalezy podkreslic znaczny udziat w otrzymanych
materiatach poréw uznawanych za potencjalnie korzystne do osteointegracji. Dodatkowo
wyniki wskazujg na ciggte zwilzanie wewnetrznych powierzchni zanurzonych w roztworze
Ringera. Nadto, przeprowadzone badania odpornosci korozyjnej potwierdzity

przydatnos¢ opracowanych materiatéw do zastosowania w $rodowisku umiarkowanie

53



utleniajgcym. Ponadto, w pracy wykazano korzystny wptyw zastosowania cyny jako
czynnik kontroli procesu podczas mielenia stopow tytanu, dzieki czemu byta mozliwosé
poprawy skutecznosci i wydajnosci bez wprowadzania do nich zanieczyszczen
pochodzacych od tlenu, wegla i innych. Poprzez zastosowanie dodatku cyny, mozliwa jest
poprawa jednorodnosci pod wzgledem sktadu chemicznego morfologii i wielkosci

proszkdw po mieleniu oraz polepszenie ich nonokrystalizacji.

Podsumowujac, przeprowadzone badania pozwolity na catosciowe podejscie do
projektowania materiatow na implanty uwzgledniajac nie tylko sam materiat w kontekscie
biozgodnosci ale rowniez jego konstrukcje strefowa. Powyisze jest kluczowe w
kontekscie przysztosciowego projektowania materiatu z uwzglednieniem personalnych i

osobniczych potrzeb pacjenta.
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1.1.  Dane bibliograficzne wszystkich publikacji

Catkowita liczba publikacji:
Suma punktéw MNiISW dla wszystkich publikacji:
Sumaryczny IF wg listy JCR dla wszystkich publikacji:

Publikacje opublikowane:

Publikacje w trakcie procesu publikacyjnego:
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Indeks Hirscha wg Scopus:
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Liczba cytowan wg Google Scholar:

179
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(01.04.2023r.)

(01.04.2023r.)
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2. Prezentacje na konferencjach krajowych i miedzynarodowych

W ramach doktoratu bratam udziat w 16 miedzynarodowych i 3 krajowych

konferencjach naukowych. Wyniki zostaty zaprezentowane podczas 14 prezentacji

ustnych i 21 posterdow. Zestawienie prezentacji ustnych i posterowych na poszczegdélnych

konferencjach zawiera tabela 2 oraz 3.
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70:6418888633



Tabela 3 Zestawienie wystgpien ustnych podczas miedzynarodowych oraz krajowych
konferencji naukowych, podczas ktorych prezentowane byty wyniki prac naukowo-

badawczych

L.p.  Tytut wystgpienia ustnego
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1 Powder metallurgy as a method to prepare
gradient nano materials for potential medical
applications

InterNano Poland,
Katowice, Polska,
18-19.10.2022r.

2021

2 Funkcjonalne materiaty o gradientowej
porowatosci na bazie tytanu i cyrkonu
wytworzone metodg metalurgii proszkdw

XXl Miedzynarodowa
Studencka Sesja Naukowa
»Materiaty i Technologie XXI
wieku”,

Gliwice, Polska
21.05.2021r.

2019

3 Stop Ti-Zr do potencjalnego zastosowania w
medycynie przygotowany za pomocq
metalurgii proszkow

4 Materiaty o gradientowej porowatosci na
bazie tytanu do potencjalnego zastosowania w
medycynie

XXI Miedzynarodowa
Studencka Sesja Naukowa
»Materiaty i Technologie XXI
wieku”,

Katowice, Polska
16.05.2019r.

8th edition of the conference

for young scientist ,Science
beyond Disciplines”,
Chorzow, Polska,
19-20.09.2019r.
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2018

5 Microstructure evolution and mechanical 10th International Scientific
properties of Ti/ZrO2 and Ti/Al203 cermet Conference of Civil
nanocrystalline composites prepared by high-  Engineering and Architecture
energy ball milling method Mlady Vedec/ Young Scientist,

High Tatras, Stowacja,
26-27.04.2018r

6 The zirconium/niobium material with gradient ~ 10th International Scientific
porosity prepared by two stages powder Conference of Civil
metallurgy method Engineering and Architecture

Mlady Vedec/ Young Scientist
High Tatras, Stowacja,
26-27.04.2018r.

7 Structure analysis of nanocrystalline 20th International
Ti/ceramic composites produced by powder Conference Materials,
metallurgy method Methods and Technologies

2018,

Elenite, Butgaria,
26-30.06.2018r.

8 The titanium/zirconium material with gradient  20th International
porosity for potential biomedical applications  Conference Materials,
Methods and Technologies
2018,
Elenite, Butgaria,
26-30.06.2018r.

9 Structure and properies of a porous Zr-X (X: XXIV Conference on Applied
Ti/Nb) materials with a porosity gradient Crystallography,
fabricated by powder metallurgy method for Artamow, Polska,
potential biomedical application 2-6.09.2018r.
2017

10 The porous Ti-26Nb-6Mo-1.55n (at.%) alloy 9th International Scientific
for potential medical applications produced by Conference of Civil
variable time of mechanical alloying Engineering and Architecture
Mlady Vedec/Young Scientist
High Tatras, Stowacja,
20-21.04.2017r.
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11 Structure and mechanical properties of porous NanoOstrava 2017,
Ti-Ta-Nb biomedical alloy prepared by Ostrava, Czechy
sintering process of high-energy ball milled 22-25.05.2017r.
nanocrystalline precursors

12 Dispersion and structure analysis of Ti- mZrO2  NanoOstrava 2017,
composite powder with nanocrystalline Ti Ostrava, Czechy
phase for biomedical applications 22-25.05.2017r.

13 Microstructure, porosity and wear resistance 9th International Conference
of new Ti-10Ta-8Mo (wag.%) biomedical alloy  of Mechanochemistry and
prepared by high-energy ball milling and Mechanical Alloying,
annealed processes Koszyce, Stowacja,

3-7.09.2017r.
2016
14 Effect of ball milling on the properties of the 24 International conference

porous Ti—26Nb alloy for biomedical
application

on materials and technology,
Portoroz, Stowenia,
28-30.09.2016r

Tabela 4 Zestawienie wystgpien posterowych podczas miedzynarodowych oraz
krajowych konferencji naukowych, podczas ktorych prezentowane byty wyniki prac

naukowo-badawczych

L.p. Autorzy i tytut posteru Nazwa, miejsce oraz termin
konferencji
2022
1 Dercz G., Matuta I., Sudot E., Prusik K., Kazek- 13™ Polish-Japanese Joint

Kesik A., Simka W., Szklarska M., Phase and
microstructural evolution of Ti-Ta-X (X=Zr/Nb)
alloys prepared by powder metallurgy and arc
melting methods

Seminar on Micro an Nano
Analysis,

Ustron, Polska,
25-28.09.2022r.
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Matuta l., Dercz G., Barylski A., Sowa M., Simka
W., Functional Grade Material based on new
Ti-25Nb-6Zr-(35n) alloy produced by powder
metallurgy technique

Dercz G., Matula I., Barylski A., Sowa M.,
Multifunctional ceramic coatings fabricated on
B-Ti15Mo for medical applications obtained by
PS-PVD method

Matula 1., Dercz G., Barylski A., Sowa M.,
Porous titanium-based gradient materials
prepared by powder metallurgy for potential
medical applications

13t Polish-Japanese Joint
Seminar on Micro an Nano
Analysis,

Ustron, Polska,
25-28.09.2022r.

XX Jubileuszowa Konferencja
Biomateriaty i Mechanika w
Stomatologii,

Ustron, Polska,
13-16.10.2022r.

XX Jubileuszowa Konferencja
Biomateriaty i Mechanika w
Stomatologii,

Ustron, Polska,
13-16.10.2022r.

2019

Barczyk J., Dercz G., Géral M., Matuta |., Effect
of the SBF on yttrium-stabilized zirconia
coatings prepared by PS-PVD technique for
potential biomedical applications

Dercz G., Matuta I., Maszybrocka J., Barczyk J.,
Porowaty stop Ti-Nb-Mo-Sn przygotowany z
zastosowaniem

Zmiennego parametru

mechanicznego stopowania

Barczyk J., Dercz G., Matuta 1., Szklarska M.,
Stach S., Bochanek D., Study of YSZ coatings
deposite on Til5Mo by PS-PVD for biomedical
application

XXI Miedzynarodowa
Studencka Sesja Naukowa
»Materiaty i Technologie XXI
wieku”,

Katowice, Polska
16.05.20109r.

XX| Miedzynarodowa
Studencka Sesja Naukowa
,Materiaty i Technologie XXI
wieku”,

Katowice, Polska
16.05.2019r.

International Conference on
Materials Research
&Nanotechnology,

Wtochy, Rzym

10-12.06. 2019r.
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8 Szklarska M., Dercz G., Matuta |., Barczyk J.,, International Conference on
tosiewicz B., Bioactive coatings obtained by Materials Research
electrophoretic deposition on Til5Mo alloy &Nanotechnology,

Wtochy, Rzym
10-12.06. 2019r.

9 Matuta I., Dercz G., Barczyk J., Szklarska M., International Conference on
The titanium based materials with gradient Materials Research
porosity fabricated by powder metallurgy &Nanotechnology,
method for potential biomedical applications ~ Wtochy, Rzym

10-12.06. 2019r.
2018

10 Gurdziel W., Wokulski Z.,, Matuta I., XXIV Conference on Applied
Characterization of Co0,50Ni0.50Si2 solid Crystallography,

solution obtained by Czochralski and Bridgman  Artamodw, Polska,
techniques 2-6.09.2018r.

11 Kierlik P., Hanc-Kuczkowska A., Matuta |., Dercz  XXIV Conference on Applied
G., Meczynski R., Phase composition of urban Crystallography,
soils  X-ray diffraction and Mossbauer Artamodw, Polska,
spectroscopy analysis 2-6.09.2018r.

12 Dercz G., Matuta 1., Barczyk J., Structural XXIV Conference on Applied
investigations of nanocrystalline  Crystallography,
Ti-182r-5Nb-35n-4Ta alloy prepared by high- Artamdw, Polska,
energy ball milling 2-6.09.2018r.

13 Dercz G., Barczyk J., Matuta I., Wytwarzanie i International Thermal
wiasciwosci  proszku Ti-Ta rdzeri powfoka Spraying and Hardfacing
otrzymanego metodq metalurgii proszku do Conference 2018,
zastosowaniu w natryskiwaniu cieplnym Wroctaw, Polska,

26-28.09.2018r.

14 Barczyk J., Dercz G., Matuta |.,, Goral M., International Thermal

Maszybrocka J., Bochenek D., Investigation the
properties of Yttria-Stabilized Zirconia coating
deposited by PS-PVD method on commercial
pure titanium for biomedical applications

Spraying and Hardfacing
Conference 2018,
Wroctaw, Polska,
26-28.09.2018r.
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15 Dercz G., Matuta |., Zubko M., Barczyk J., The HERCULES-SOLARIS Regional
new Ti-18Zr-5Nb-35n-4Ta alloy obtained by School,
high-energy ball milling - phase transformation Krakdw, Polska,
and powder morphology 5-9.11.2018r.
2017
16 Dercz G., Matuta |., The effect of Sn as the 9th International Conference
process control agent on the formation and of Mechanochemistry and
structural properties of new Ti-Ta-Mo-Sn Mechanical Alloying,
biomedical alloy synthesized by high energy Koszyce, Stowacja,
ball mill 3-7.09.2017r.
2016
17 Matuta |., Dercz G., Struktura i skftad fazowy 58 Konwersatorium
biomedycznego stopu Ti-xMo-35n  %wag. Krystalograficzne,
(x=2,6 oraz 10) otrzymanego metalurgii Wroctaw, Polska,
proszkow 23-24.06.2016r.
18 Dercz G., Matuta 1., Zubko M., Effect of ball- The European Powder
milling time on the B-type structure formation Diffraction Conference
in Ti-Ta—Nb—Zr alloy for medical application EPDIC15
Bari, Wtochy,
12-15.06.2016r.
19 Dercz G., Matuta I., Zubko M., Maszybrocka J., 3rd Mediterranean
Effect of porosity on the microstructure and Conference on Heat
properties of the Ti-35Zr biomedical alloy Treatment and Surfance
produced by elemental powder metallurgy Engineering,
Portoroz, Stowenia,
26-28.09.2016r.
20 Dercz G., Matuta I., Dercz J., Zubko M., Phase 24 International conference

composition and microstructure of new Ti-Ta-
Nb-zr
mechanical alloying method

biomedical alloys prepared by

on materials and technology,
Portoroz, Stowenia,
28-30.09.2016r.
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2015

21 Matuta I., Dercz G., Zubko M., Prusik K., Pajgk XXl Conference on Applied

L., Influence of high energy milling time on the Crystallography,

Ti-50Ta biomedical alloy structure Krynica-Zdrdj, Polska,
20-24.09.2015r

3. Wykaz udziatu i kierowania projektami

Kierownik projektu PRELUDIUM — Nowe porowate stopy tytanowe do zastosowan
medycznych o podniesionej odpornosci na korozje wytworzone w procesie
mechanicznego  stopowania (2016/23/N/ST8/03809) finansowanego przez
Narodowe Centrum Nauki; Projekt zostat uznany za wykonany przez Dyrektora
Narodowego Centrum Nauki na podstawie pozytywnej oceny merytorycznej Zespofu
Ekspertow oraz Rady Narodowego Centrum Nauki.

Udziat w projekcie - Multifunkcjonalne wfasciwosci oraz mikrostruktura nowych
stopow tytanowych do zastosowari biomedycznych (2011/03/D/ST8/04884).
Kierownik: dr hab. Grzegorz Dercz, Prof. US; 2015-2017

Udziat w ustudze opracowania materiatu elastomerowego przeznaczonego do
wytwarzania materiatéw barierowych wykorzystywanych w sektorze medycznym, na
zlecenie firmy Medintech z Rybnika w ramach projektu Bon na Innowacje, 2021-
2023;

Udziat w projekcie dydaktycznym Uniwersytetu Mtodego Odkrywcy przy
Uniwersytecie Slaskim — prowadzitam zajecia warsztatowe jako tutor, 2019-2020;

Udziat w projekcie dydaktycznym Uniwersytetu Slaskiego- Akcja Popularyzacja w
ramach programu Spoteczna Odpowiedzialno$s¢ Nauki — Popularyzacja Nauki i
Promocja Sportu- przygotowatam oraz prowadzitam wyktady i warsztaty; 2021-2022;

Udziat w projekcie dydaktycznym Uniwersytetu Slaskiego- PiN US- Popularyzacja i
Nauka; przygotowatam oraz prowadzitam wyktady i warsztaty; organizowatam piknik,
2022-2023;

Udziat w projekcie VINCI Zanurkuj w nauke- Interdyscyplinarna Miedzynarodowa
Szkofa Letnia, przygotowatam oraz prowadzitam wyktady i warsztaty w formie
tutoringu, 2022-2023;
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4. Kursy iszkolenia

Szkolenie Kreatywne budowanie wspdlnoty — wstep do metod: edukacyjny
escaperoom oraz storytelling; Uniwersytet Otwarty, Uniwersytet Slaski;
23-24.02.2023r.

Szkolenie on-line Widzialnos¢ badari naukowych; Centrum Informacji Naukowej;
marzec/kwiecien 2023r.

Szkolenie Wytyczne dotyczgce audytowania systemow zarzqdzania zgodnie z
wymaganiami normy PN-EN ISO 19011:2018-08; PakutaConsulting; 27.03.2022r.

Szkolenie Systemy Zarzgdzania Jakoscig zgodnie z wymaganiami normy PN-EN ISO
17025:2018-02; PakutaConsulting; 31.01.2022r.

Szkolenie System zarzqdzania wg normy PN-EN ISO/IEC 17025 w laboratorium
badawczym; Lab I1SO Consulting; 21.05.2021 r.

Szkolenie Inspektor Bezpieczeristwa Laserowego; LaserPRO; 07.12.2021 r.

Szkolenie Dydaktyka Cyfrowa w praktyce akademickiej; Uniwersytet Slaski;
15-16.V1.2020r.

Szkolenie Hodowla komorek in Vitro; Uniwersytet Jagiellonski, Wydziat Biochemii,
Biofizykii i Biotechnologii; 3-15.04.2010r.

Warsztaty Badania Materiatdw dla Przemystu; TechnoSolutions; 9-10.09.2019r.

Szkolenie Autodesk Fusion 360; Uniwersytet Slaski oraz Fimade-Autodesk
authorized training centre; 27.10.2019r.

Szkolenie GIMP-poziom podstawowy; Uniwersytet Slaski oraz Addlevel;
20.11.2019r.

Kurs Electrochemical methods for testing electrode processes; Uniwersytet Slaski,
prof. A. Lasia; 7-25.05.2018r.

Kurs EIS in studies of electrochemical processes and materials; Uniwersytet Slaski,
prof. A. Lasia; 7-25.05.2018r.

HERCULES-Solaris Regional School; Solaris, Krakéw; 5-9.11.2018r.

Kurs AutoCAD; Uniwersytet Slaski oraz Fimade-Autodesk authorized training
centre; 2016 .

Kurs Inventor; — Uniwersytet Slaski oraz Fimade-Autodesk authorized training
centre;2016r.
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5. Dziatalnos¢ organizacyjna

Udziat w Kierunkowym Zespole Zapewnienia Jakosci Ksztatcenia (2017-2019);

Udziat w Zespole Laboratoridw Akredytowanych- zastepca kierownika
Laboratorium Dyfrakcji Rentgenowskiej (od 11.2022- obecnie), wczesniej jako
specjalista L-DR (111.2017- 11.2022);

Prowadzenie warsztatéw i pokazéw podczas:

Slaskiego Festiwalu Nauki (2017);

Slaskiego Festiwalu Nauki on Tour (2021, 2022);

Swieta Liczby Pi (2018, 2019, 2021, 2022);

Dni Otwartych Instytutu Nauki o Materiatach (2018, 2019, 2021, 2022);
Chorzowski Festiwal Nauki (2019, 2021);

Podczas wizyt w szkotach np. Dnia Akademickiego w | LO im. M. Kopernika

O O O O O

w Bedzinie, w Szkole Podstawowej nr 3 w Zywcu;

o Prowadzenie zaje¢ laboratoryjnych ,Kolorowa chemia” dla uczniow szkét
podstawowych (2017, 2018, 2019, 2022);

o ,Nauki Sciste przez do$wiadczenie dla nauczycieli w ramach Festiwalu
Edukacyjnego Nowe Inspiracje WOM 2022;

o 0Ogolnopolskiego Dnia Inzynierii Materiatowej 2022;

Prowadzenie serii warsztatéw ,Wytwdrz TEN materiat” w ramach letnich
warsztatow  eksperymentalnych  dla  uczniow  szkét  podstawowych i
ponadpodstawowych (projekt dydaktyczny Akcja Popularyzacja), czerwiec 2022;

Wspotprowadzenie wyktadu oraz warsztatéw tutoringowych w ramach
Interdyscyplinarnej Miedzynarodowej Letniej Szkoty Vinci Dive Into Science
Interdisciplinary International Silesian Summer School, 2022;

Prowadzenie wykfadu ,Inzynier materiatowy na tropie kryminalnych zagadek”,
wspotprowadzenie stanowiska pokazowego oraz uczestnictwo w organizacji
Rodzinnego Pikniku Naukowego w ramach projektu dydaktycznego ,,Popularyzacja
i Nauka: PIN US - kod do przysztoéci”, wrzesiers 2022;

Prowadzenie zaje¢ w ramach Uniwersytetu Mtodego Odkrywcy przy Uniwersytecie
Slaskim (2019/2020) oraz warsztaty/wyktady w ramach projektu ,Akcja
Popularyzacja, 2019-2022;

Udziat w Instytutowym i Wydziatowym Zespole ds. Promocji, 2021;

Udziat w Wydziatowym Zespole ds. Umiedzynarodowienia, 2021;
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Cztonkini Rady Naukowej Instytutu Inzynierii Materiatowej w kadencji, 2022-2026;

Cztonkini:

o Polskiego Towarzystwa Mikroskopii, od 2023;
o European Microscopy Society (EMS), od 2023;
o Federation of Societes for Electron Microscopy (IFSM), od 2023;

6. Wspotpraca z otoczeniem gospodarczym

Kierownik 16 prac badawczych zleconych z przemystu

Wykonawca 30 prac badawczych zleconych z przemystu

/. Osiggniecia

Wyrdznienie JM Rektora Uniwersytetu Slaskiego w X! edycji Konkursu Wyréznien
JM Retora dla wybitnych doktorantow (2019);

Nagroda Zespotowa JM Rektora Il stopnia za osiggniecia naukowo-badawcze w
roku: 2019, 2021, 2022;

Nagroda Zespotowa JM Rektora Il stopnia za osiggniecia organizacyjne w roku 2020;

3 zgtoszenia patentowe:

o

LKatalizator do redukcji tlenkdw azotu oraz sposob katalitycznej redukcji
tlenkow azotu”, 2021;

»Katalizator do katalitycznej konwersji dwutlenku wegla do metanu oraz
sposdb katalitycznej konwersji dwutlenku wegla do metanu” , 2021;

,Sposob katalitycznej konwersji amoniaku do azotu
i wodoru” , 2021;

Ztoty medal na wystawie "Euro Invent 2021”;

Srebrny medal na wystawie "Euro Invent 2021";

Ztoty medal na Swiatowej wystawie wynalazkéow ,The 5th China International

Invention & Innovation Expo 2021”;

Brgzowy medal na $wiatowej wystawie wynalazkdw ,The 5th China International
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Dwa srebrne medale na wystawie ,2021 iWorld Invention Competition” (Taiwan,
2021);

Bragzowy medal ,International Perlis Engineering Research & Learninig Innovation
Symposium” (Malaysia, 2021);

Ztoty medal oraz nagroda Best International INEX Award targéw INEX 2022 — India
International Invention and Innovation Expo za Functional Grade Material based on
titanium and titanium-based alloys produced for potential individual implants
(Indie, 2022);

Nagroda za prezentacje posterowg Porowate gradientowe materiaty na bazie
stopow tytanu przygotowane za pomocq metalurgii proszkow do potencjalnych
aplikacji medycznych podczas XX Jubileuszowej Konferencji Biomateriaty i
Mechanika w Stomatologii, Ustron, Polska, 13-16.10.2022r.;

Nagroda za prezentacje posterowa Multifunkcjonalne powtoki ceramiczne
wytworzone na 8-Til5Mo do zastosowari medycznych otrzymywane metodq PS-
PVD podczas XX Jubileuszowej Konferencji Biomateriaty i Mechanika w
Stomatologii, Ustron, Polska, 13-16.10.2022r.;

Wyrdznienie (Il miejsce) posteru Porowaty stop Ti-Nb-Mo-Sn przygotowany z
zastosowaniem zmiennego parametru mechanicznego stopowania, G. Dercz, |.
Matuta, J. Maszybrocka, J. Barczyk; XXI Miedzynarodowa Studencka Sesja Naukowa
»Materiaty i Technologie XXI wieku”, Katowice, Polska 16.05.2019r.;
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VI. Spis rysunkow i tabel

Rysunek 1 Modut Younga dla wybranych stopow biomedycznych w poréwnaniu do
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VII. Zatgczniki
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Zatgcznik 1

Szczegdty procesu wytwarzania materiatu

Stop Ti-35Zr (% wag.) z publikacji [D1] Microstructure and porosity evolution of the Ti-35Zr
biomedical alloy produced by elemental powder metallurgy zostat wytworzony na
podstawie komercyjnie dostepnych proszkow (tytanu (Atlantic Equipment Engineers,
czystos$c 99,7%, wielkos¢ czgstek <20 um), cyrkon (Atlantic Equipment Engineers, czystosc
99.5%, wielkos¢ czgstek <300 um)). Materiat zostat zmieszany w mtynku
planetarno-kulowym Fritch Pulverisette 7 premium line z zastosowaniem pojemnikow
i medium mielgcego (10 mm) z stali hartowanej. Stosunek wagowy mielnika do materiafu
wynosit 10:1. Proces byt prowadzony w atmosferze ochronnej argonu, z zastosowanie
predkosci obrotowej 100 obrotdéw na minute przez 3 godziny.

Drugim etapem byto izostatyczne prasowanie na zimno, podczas ktérego zastosowano
zmienne cisnienie: 250, 500, 750 i 1000 MPa. Wypraski zostaty, zamkniete w kwarcowej
ampule (zapewniajacej préznie 10* Pa) i poddane spiekaniu w temperaturze 1000°C

przez 24 godziny, a nastepnie chtodzone z piecem.

Materiat badan w publikacji [D2] Properties of porous Ti-26Nb-6Mo-1.55n alloy produced
via powder metallurgy for biomedical applications; stanowit stop o kompozycji
Ti—26Nb—6Mo0—1,55n (% at.). Zostat on przygotowany z uzyciem proceséw mechanicznej
syntezy z komercyjnie dostepnych proszkéw tytanu (Atlantic Equipment Engineers,
czystosc 99,7%, wielkos¢ czgstek <20 um), niobu (Atlantic Equipment Engineers, czystosc
99,8%, rozmiar czastek <5um), molibdenu (Atlantic Equipment Engineers, czystosc
99.7%, rozmiar czastek <2 um) oraz cyny (Sigma Aldrich, czystos¢ 99,9%, rozmiar czgstek
5<um). Proces mechanicznej syntezy byt prowadzony w mtynie planetarno-kulowym
z wykorzystaniem pojemnikéw z stali hartowanej o powojennosci 80 cm3. Mielnik
stanowity 10mm kulki ze stali hartowanej, a zastosowany stosunek wagowy mielnika do
materiatu wynosit 10:1. Sam proces byt prowadzony w mtynku planetarno-kulowym
Fritch Pulverisette 7 premium line w atmosferze ochronnej argonu z zastosowaniem
predkosci obrotowej 400 obrotow na minute. Zmiennym parametrem byt czas, ktory
wynosit 20 oraz 40 godzin. Nastepnie otrzymane proszku zostaty poddane

izostatycznemu prasowaniu na zimno pod ci$nieniem 750 MPa.

83



Wypraski poddano spiekaniu w ampule kwarcowej (10% Pa) przez 24 godziny

w temperaturze 1000 °C, a nastepnie chtodzone z piecem.

Materiaty o kompozycji Ti-10Ta-8Mo i Ti-10Ta-8Mo-3Sn (% wag.) bedace podstawg
publikacji Role of Sn as a Process Control Agent on Mechanical Alloying Behavior of
Nanocrystalline Titanium Based Powders [D3] zostaty przygotowane z komercyjnie
dostepnych proszkéw (tytan Atlantic Equipment Engineers, czystos¢ 99,7%, rozmiar
czastek <45 um), tantalu (Sigma Aldrich; czystos¢ 99,9%, rozmiar czastek <44um),
molibden (Atlantic Equipment Engineers, czystos¢ 99.7%, rozmiar czgstek <2 um) oraz
cyna (Sigma Aldrich, czystos¢ 99,9%, rozmiar czastek 5<um). Proces mechanicznej
syntezy byt prowadzony w mtynie planetarno-kulowym z wykorzystaniem pojemnikow
z stali hartowanej o pojemnosci 80 cm?3. Jako mielnik zastosowano kulki z stali hartowane;j
o rozmiarze 10 mm. Stosunek wagowy mielnika do materiatu wynosit 10:1. Proces
prowadzono w zasypie 10 gramow z zastosowaniem predkosci obrotowej
250 obrotéow/minute z zmiennym czasem mielenia, wynoszgcym kolejno: 10, 15, 20, 40,

60, 80 i 100 godzin w atmosferze ochronnej argonu.

Materiat o konstrukcji strefowej opisany w publikacji Fabrication and characterization of
new functional graded material based on Ti, Ta, and Zr by powder metallurgy method
[D4]; zostat przygotowany z komercyjnie  dostepnych  proszkéw  tytanu
(Atlantic Equipment Engineers, czysto$¢ 99,7%, rozmiar czgstek <45 um), cyrkonu
(Atlantic Equipment Engineers, czystos¢ 99,5%, rozmiar czgstek <300 um) oraz tantalu
(Sigma Aldrich; czysto$¢ 99,9%, rozmiar czastek <44um) przy zastosowaniu metody
metalurgii  proszkédw. Materiat wyjsciowy zostat przygotowany w  mitynku
planetarno-kulowym Fritch Pulverisette 7 premium line z zastosowaniem pojemnikow
i medium mielgcego (10 mm) z stali hartowanej w atmosferze ochronnej argonu. Proszek
tytanu zostat poddany aglomeracji z zastopowaniem nastepujgcych parametrow:
200 obrotéw na minute, stosunek wagowy kul do materiatu to 10:1 przy 20 gramowym
zasypie pojemnika, a proces byt prowadzony odpowiednio przez 10 i 20 godzin. Rowniez
przy uzyciu mtynka zmieszano proszki tworzac dwie kompozycje: Ti-50Ta oraz
Ti-50Zr (% wag.). Proces mieszania prowadzony byt przy zasypie 10 gramow i predkosci
obrotowej 100 obrotow na minute, a stosunek wagowy mielnika do materiatu wynosit

5:1. Proces byt prowadzony przez 75 godzin.
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Budowe strefowg uzyskano poprzez stosowanie trojstopniowego zasypu podczas
izostatycznego prasowania na zimno, przy zastosowaniu odpowiednio cisnienie
prasowania odpowiednio ok. 1000 MPa, 500 MPa oraz 200 MPa w kolejnych krokach,
przy kolejnym zasypie. Tak przygotowane wypraski zostaty umieszczone w wysokiej
prozni, w kwarcowej ampule (10* Pa) i poddane spiekaniu przez 24 godziny

w temperaturze 1000 °C, a nastepnie byty chtodzone z piecem.

Materiat o konstrukcji strefowej oparty na wstepnie przygotowanych proszkach zostat
wytworzony z uzyciem metody metalurgii proszkéw, a wyniki badan zostaty zawarte
w publikacji [D5] Porous Functionally Graded Material based on a new Ti-25Nb-5Zr-(25n)
alloy produced using the powder metallurgy technique. Materiat wyjsciowy stanowity
proszki dostepne komercynie: tytan (Atlantic Equipment Engineers, czystos¢ 99,5%,
rozmiar czastek <20 um), niob (Atlantic Equipment Engineers, czystos¢ 99,8%, rozmiar
czastek <5um), cyrkon (Atlantic Equipment Engineers, czysto$¢ 99,5%, rozmiar czgstek
<300 pum) oraz cyna (Sigma Aldrich, czystos¢ 99,9%, rozmiar czastek 5<um). W mtynie
planterno-kulowym Fritch Pulverisette 7 premium line, w atmosferze ochronnej argonu
przeprowadzono proces wstepnej homogenizacji przygotowanych sktadow: Ti-25Nb-5Zr
oraz Ti-25Nb-5Zr-25n (% wag.). Zastosowano pojemniki o pojemnosci 80 cm? i medium
mielgcego (10 mm) wykonane ze stali hartowanej. Stosunek wagowy mielnikow do
materiatu wynosit 10:1. Proces wstepnej homogenizacji byt prowadzony przez 20 godzin
z zastosowaniem predkosci obrotowej 200 obrotow/minute. Otrzymane proszki
w przypadku kompozycji Ti-25Nb-5Zr poddano separacji siewnej i uzyskano trzy frakcje
materiatu: <150 um, 150-300 um and > 300 pm.

W nastepnym kroku przygotowano wypraski ztozone z dwdch stref konstrukcyjnych
W procesie izostatycznego prasowania na zimno. Rowniez w tym przypadku zastosowano
dwustopniowy zasyp, stosujgc odpowiednio cisnienie 200 MPa i 300 MPa. Wypraski
poddano spiekaniu w ampule kwarcowej (10* Pa) przez 24 godziny w temperaturze

1000 °C, a nastepnie chtodzone z piecem.
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Abstract: In the present study, the structure and porosity of binary Ti-35Zr (wt.%) alloy were
investigated, allowing to consider powder metallurgy as a production method for new metallic
materials for potential medical applications. The porous Ti-Zr alloys were obtained by milling,
cold isostatic pressing and sintering. The pressure during cold isostatic pressing was a changing
parameter and was respectively 250, 500, 750 and 1000 MPa. The X-ray diffraction study revealed
only the o phase, which corresponds to the Ti-Zr phase diagram. The microstructure of the Ti-35Zr
was observed by optical microscopy and scanning electron microscopy. These observations revealed
that the volume fraction of the pores decreased from over 20% to about 7% with increasing pressure
during the cold isostatic pressing. The microhardness measurements showed changes from 137 HV0.5
to 225 HVO0.5.

Keywords: Ti—Zr alloys; biomaterial; powder metallurgy; porosity

1. Introduction

The demand for novel metallic biomaterials is increasing year after year in terms of an ageing
population with the expectation of a high quality of life [1,2]. Nowadays, conventional metallic
biomaterials such as commercially pure titanium (CP Ti) and Ti-6Al-4V ELI (Ti64 ELI) alloy are widely
use in medicine as implants. The CP Ti and Ti64 ELI alloys exhibit mechanical properties, which are
different in terms of properties of bone. Additionally, in the case of Ti64 ELI, the toxic vanadium (V)
ions released from metal implants severely affect the long-term biocompatibility of these alloys [2,3].
Also, aluminum (Al) ions are neurotoxic and inhibit bone mineralization [2,4-8]. Thereby, scientists
focus on the study of Al- and V-free titanium alloys [9-14].

It is well known that the properties of Ti alloys are sensitive to their phases structure. This is
important because the phases may be stabilized by the addition of appropriate alloying elements. Thus,
the mechanical properties of titanium might be enhanced by alloying [15,16]. A good candidate for
alloying is Zr. Titanium and zirconium have been extensively investigated as biomedical materials due
to their similarity in properties because both Ti and Zr have the same crystal structure and belong
to the same group in the periodic table of elements. The system Ti-Zr has a hexagonal structure
closely packed with the (0002) plane. The phase diagram revealed the complete solution over the
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whole range of components [17,18]. Both elements have similar chemical and physical properties,
such as low density, good mechanical properties, high melting point, high corrosion resistance and
excellent biocompatibility, which is attributed to a stable surface oxide layer [19]. Also, it has been
confirmed that both elements are non-toxic and promote osseointegration [20]. Thereby, it is a material
of interest for surgical implants with superior corrosion resistance compared to most other alloy
systems [21-24]. In the literature, there is evidence for the good osseointegration of zirconium implants
in vivo [21,25,26], and studies comparing zirconium and titanium implants showed that the degree
of bone-implant contact is higher in the case of zirconium [21,27]. Another advantage of alloying
zirconium to titanium is that the phase transition of the alloy is lowered with an increase in the amount
(max 55 wt.%) of zirconium [28]. Reducing the phase transition temperature of Ti-Zr alloy increases
the capabilities to change properties and microstructure.

The major problem of using metals for implants that their Young’s modulus is too large in
comparison to the properties of human bones. The Young’s modulus of « (pure Ti) and « + 3
(Ti-6Al-4V) titanium alloys, respectively, 105 GPa and 110 GPa, are about three times higher than
that of bone (30 GPa) [11,12]. This mismatch induces stress between the implant material and natural
bone, which can cause damage to the tissues and premature failure of the implants [13]. It should
be emphasized that the Zr—Ti alloys exhibit elastic modulus ranging from 68 GPa for Zr-30Ti alloy
to 78 GPa for Zr-40Ti. The Zr-Ti alloy with 30 wt.% Ti content shows the lowest bending modulus,
and it had a significantly lower (p < 0.05) bending modulus than Zr—20Ti and Zr—40Ti alloys [29].
The hardness of c.p. Ti was 186 HV. Generally, the hardness value of the Ti-Zr alloys increased with
increasing Zr content, for example for Ti-10Zr ranged from 266 HV and 350 HV for Ti—40Zr [20].
In Ti—Zr alloy, adding up to 50 at% of Zr an increase in hardness of approximately 2.5 times of pure
titanium can be obtained. This phenomenon is an effect of solid solution strengthening caused by the
difference between the atomic radii of Ti and Zr (1.47 and 1.62 A, respectively) [20,29,30]. Another way
to further reduce Young’s modulus is to develop new porous titanium alloys containing non-toxic
and non-allergenic elements, thereby minimizing damages to bone tissues adjacent to the implant
and, prolonging the device lifetime. The powder metallurgy (PM) method combined with sintering
in a strong vacuum has been widely used, producing porous structures and also protecting against
oxidation of the material. Pores are formed from the interstices of powder particle arrangements [31].
The PM production method allows to control pore size, shape, orientation and distribution, including
the creation of hierarchical and functionally graded pore structures. PM has been successfully used in
the production of several titanium alloys and appears to be an ideal method for the preparation of
porous materials [20,32-34]. Moreover, the porous material promotes bone ingrowth into the pores
and allows stress to be transferred from the implant to the bone [10]. In view of the stability of
the implant, a material should be of high porosity and the preferred pore size for osseointegration
is from 50 micrometers to a few hundred micrometers. In addition, pores should be connected
together, which allows the new bone tissue to penetrate into the material and enables the flow of body
fluids [14-16]. The presence of pores can lower the Young’s modulus of the material [10,15]. This is
the reason why in the production of biomaterials scientists focus their attention on the porosity of
the material.

Based on these data and previous experience about the properties of alloys of Ti-Zr, the authors
have proposed a new porous Ti-35Zr (wt.%) alloy composition. The research is based on literature
reports on materials used for implants and, in particular, on the porosity structure suitable for improving
metal-bone osteointegration. The produced material is supposed to be a hypothetical starting point
for the material for long-term bone implants. The aim of the undertaken studies was the production
of porous Ti-35Zr alloy by the powder metallurgy method, combined with annealing in vacuum,
and to investigate the effect of the isostatic cold pressing on the structure, porosity microstructure
and microhardness. The result of the carried analyses will be a starting point for further material
development and extended research.
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2. Materials and Methods

Commercial powders of Ti (Atlantic Equipment Engineers (AEE, Upper Saddle River, NJ, USA),
purity 99.7%, particle size < 20 um), and Zr (Atlantic Equipment Engineers (AEE), purity 99.5%, particle
size < 300 um), were used for the synthesis of the alloy as the initial materials. The elemental metal
powders with a nominal composition of 65 wt.% titanium and 35 wt.% zirconium were blended in a
high-purity argon atmosphere (> 99.99%) thoroughly at a rotation rate of 100 rpm for 3 h in the planetary
ball mill Fritch Pulverisette 7 premium line. The material was prepared without any substances (e.g.,
space holders) which improve the porosity. The changing parameter was the pressure during cold
isostatic pressing after blending and were respectively 250, 500, 750 and 1000 MPa. The samples
were labelled TZ-250, TZ-500, TZ-750 and TZ-1000 according to the pressure used. Then, the green
compacts were sintered in a strong vacuum (10~* Pa) at 1000 °C for 24 h and cooled with the furnace to
room temperature.

The phase contents of the obtained materials were studied by the X-ray diffraction method.
The refinement of the X-ray diffraction pattern to assess the crystal structure was carried out using the
Rietveld’s whole X-ray profile fitting technique with the DBWS 9807a program [35]. The pseudo-Voigt’s
function was used to refine the observed ones to the calculated diffractograms [36,37]. The weight
fraction of each component was determined based on the optimized scale factors with the use of the
relation proposed by Hill and Howard [38].

The morphology of the initial powders and microstructure of sintered materials were observed by
the scanning electron microscope (SEM) JSM 6480 (JEOL, Tokyo, Japan) with the accelerating voltage
of 20 kV. Chemical analysis was performed using the energy dispersive X-ray spectroscopy (EDS),
(IXRF, Austin, TX, USA) using the standard calibration method. The electron backscattered diffraction
(EBSD) measurements were performed on the JSM 6480 SEM microscope equipped with Nordlys II
EBSD detector from HKL company (Hobro, Denmark).

The specimens for observation were ground and polished by standard metallographic procedure.
The analysis of three regions of a total actual area of about 1 mm? for each sample was performed
using Image] (1.8.0_172) image processing and analysis software. The planimetric method was used to
calculate porosity and size of the pores using the following stereological parameters: the surface area of
the pores ay (um?); volume fraction of the pores Vy (%); and Feret’s diameter (largest distance between
two points along the selection area). The shape of the pores was also assessed by the circularity

4 xnxF
fplZT, 1)

where F and L denote the area and perimeter of the analyzed object). Further, the porosity was
assessed using the Archimedes method (as per the ASTM C373-88 standard). As a complementary test,
measurements of surface area by the Brunauer—-Emmett-Teller (BET) method with the use of nitrogen
gas were carried out. The measurements were performed by Gemini VII powered by Micrometrics
Instrument Corp (Norcross, GA, USA).

The analysis of the grains and subgrains size and shape was carried out on the images of the
sample actual surface of approx. 0.1 mm?. To assess the microstructure, the following parameters were
used: grain section surface area aq (1m?); grain size change ability factor

0= 7/ (2)

where 0,—grain size standard deviation; a—grain mean value; number of analyzed elements per the
area unit of the image—Nu (%)
mm:-

The microhardness measurement was carried out as the first look at the mechanical properties of
the obtained material. Vickers microhardness measurement was conducted with the load of 500 N for
a loading time of 10 s on the microhardness tester 401MVD (Wolpert, Worcester, MA, USA).
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3. Results and Discussion

In Figurel, the SEM micrographs of initial metal powders are present. The titanium powder
morphology is irregular with sharp corners. The zirconium powder has larger particles, in addition
they are joined into agglomerates. The nominal composition Ti-35Zr (wt.%) was designated so as
to balance the strength, hardness and Young modulus for binary Ti—Zr alloy based on the literature.
The materials for long-lasting implants should combine the high strength and the lowest possible
Young modulus. The hardness and strength of Ti—Zr alloys increase with increasing content of Zr up to
50 wt.%, with relatively acceptable calculated values of Young Modulus [19,29,39-41].

Figure 1. Scanning electron microscope (SEM) micrographs of Ti and Zr initial powders—scale bar
50 um.

The X-ray diffraction patterns of Ti-35Zr (wt.%) alloys are shown in Figure2. For the Ti-35Zr
alloy, all the diffraction peaks matched well with those of the o« phase (ICDD PDF 00-044-1294).
This study reveals that the material possesses structure of the « phase, which corresponds to the
phase expected from the phase diagram. The Ti—Zr system shows a completely solid solution for
both the high-temperature beta phase and the low-temperature alpha phase [28]. The 3 phase or
any intermediate phases were not observed in the recorded XRD patterns. It should be mentioned
that the Zr is a neutral alloying element added to a solid solution with titanium because it has an
identical allotropic transformation with similar temperature of phase transition [28,29,42]. Previous
research [43] has shown that the addition of Zr causes an increase of lattice parameters of the « phase in
titanium alloys, due to the larger atomic radius of Zr (1.616 A) than Ti (1.475 A) [40]. The results of the
refinement using Rietveld’s method confirmed that the addition of Zr causes distortion in an increase
of the lattice parameters of the unit cell (Tablel). The change of pressure during manufacturing of the
material decreases the unit cell parameters for all of the samples.

Table 1. Lattice parameters of « phase of samples after different isostatic pressure and sintering at 1000

°C for 24 h.
. Samples
Phase Lattice Parameters ICDD *
TZ-250 TZ-500 TZ-750 TZ-1000
N ap (nm) 0.2951*  0.3013(2)  0.3011(2)  0.3006(2)  0.3005(3)
co (nm) 0.4683*  04783(5)  04780(5)  04773(5)  0.4772(5)

* International Centre for Diffraction Data®; ** ICDD PDF 00-044-1294.

90:9447427771
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Figure 2. X-ray diffraction patterns of the material prepared with using different pressure

during production.

The optical and SEM micrographs of the studied samples are presented in Figure3. For all
samples, it was also observed that the particles were connected permanently. The ‘connecting necks’
were created through the diffusion processes during the sintering. The interdiffusion depends a little
bit on composition, time and temperature of sintering and also the surface energy. The surface energy
per unit volume depends on the inverse of the particle diameter. Thus, smaller particles with high
specific surface area have higher energy, so that they could be sintered faster in spite of lower sintering
temperature [44-46]. Additionally, the microphotographs clearly show progressive changes of the
sample morphology according to pressure parameters during the isostatic pressing. All of the Ti-35Zr
(wt.%) alloys showed a structure consisting of lamellae and needles, which is typical of « phase.
This microstructure is related to the inherent anisotropy of the hexagonal crystal structure of « phase,
which is shown by Hsu et al. [40,47]. In the micrographs of the TZ-750 sample, we observe finer
lamellae of the grain in comparison to the other samples.

Electron backscatter diffraction measurements confirmed the presence of « phase in all studied
samples of the manufactured material. Figure4a,b,d,e shows the crystallographic orientation maps of
the grains for the samples after pressing under the pressure of 250 MPa and 1000 MPa respectively.
Grey, unindexed regions correspond to the pores occurring in the studied material. The grain
boundary was defined by a misorientation angle higher than 3°. On the EBSD maps, not all grain
boundaries observed in the images taken using SEM were marked. After detailed analysis of the
EBSD measurements, the low-angle boundaries characterized by the disorientation angle below 3°
occurring among the subgrains can also be visible. Such an observation shows that the structure
of the material is a hierarchical one, where the bigger grains are composed of a series of smaller,
needle-like subgrains. Based on literature reports, the introduction of a hierarchical microstructure on
the surface of a titanium implant and supporting it with bioactive elements is a very effective way to
improve osseointegration between bone and implant [48-50]. Twin boundaries were also observed
(Figure4b,e). Figure4c,f presents the pole figures calculated from the orientation maps obtained from
the EBSD measurements for sample TZ-250 and TZ-1000. An almost statistical distribution of the
orientations without the preferred orientations can be visible. The above-mentioned research and
the crystallographic orientation maps prove that the obtained material does not exhibit preferred
orientation even though it was prepared using cold isostatic pressing.
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Figure 3. Optical micrographs (a-d) and SEM micrographs (e-h) of Ti-35Zr (wt.%) for different pressure
during cold isostatic pressuring of 250 MPa (a,e), 500 MPa (b,f), 750 MPa (c,g) and 1000 MPa (d,h).

Chemical elements distribution maps (Figure5) performed using the EDS detector showed
homogeneous distribution of the elements within the grains. However, on the grain boundaries a
small decrease of titanium and a small increase of the zirconium can be observed. Such observations
can indicate that the surface of the grain is slightly enriched with the zirconium. Also, small holes
were observed at the grain boundaries, the location and nature of the cavities suggest that those were
formed during the etching process for metallurgical structure observation, and would not influence the
corrosion stability [40]. However, there is the possibility that the loss of titanium was also connected
with the etching process, because the solution used for etching could be more favorable for boundaries
of grains and titanium [51-53].

92:8665571613
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Figure 4. High-resolution electron backscatter diffraction pattern for the samples TZ-250 (a) and
TZ-1000 (d) with representation of disorientation angle between grains for sample TZ-250 (b) and
TZ-1000 (e). Pole figures for the sample TZ-250 (c) and TZ-1000 (f).
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Figure 5. Distribution maps of the elements for the sample under isostatic pressure of 250 MPa (SEM
micrograph (a), Ti (b) and Zr (c)) and 1000 MPa (SEM micrograph (d), Ti (e) and Zr (f)).

The percentage of the pores (volume fraction) in the observation area was estimated based on that
pores surface fraction on the material image taken from an optic microscope. It was found that the

93:1045132686
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degree of porosity is influenced by the pressure of isostatic pressing. For the samples after isostatic
pressing under 250, 500, 750 and 1000 MPa, the percentage fraction of the pores was on average 22.9%,
17.9%, 7.4% and 7.1%, respectively. In the literature, the expectation that all the pores are closed when
the porosity level is below 6 vol% [54] was checked by the Archimedes method. The Archimedes
method demonstrated porosity values that were approximately 6.4-8.6% lower than those obtained
by the image analysis (Figure 6b). This is probably due to the partial participation of the closed
pores. Production of the porous materials by powder metallurgy makes porosity control possible by
applying various pressure forces during isostatic pressing. More significant changes in the average
pore cross-sectional area (ap) can be observed. An increase in the pressure force during isostatic
pressing causes a decrease in the a, parameter. For the samples after different isostatic pressing under
250, 500, 750 and 1000 MPa of pressure, the cross-sectional area of the pores was on average 291.2,
153.7,21.5 and 34.9 pmz, respectively. The average cross-sectional area of the pore for the material after
applying the pressure of 250 MPa is over five times higher than that of the case of the pores of the
sample treated with the pressure of 750 MPa. Regarding the changes of the maximum cross-sectional
area of the pores, for the 250 MPa sample, this value was 4717.91 um?, while for the sample made with
the highest pressure maximum cross-sectional area was 372.17 um?. As investigated, it was shown
that the maximum pore diameter has a dominant effect on the mechanical properties, given that they
have a similar level of density in the compacts [55,56].

A more detailed analysis of the number and size of the pores in the samples is also presented
in Figure 6a. The number of pores with a cross-sectional area higher than 500 um? was the largest
for the pressure force of 250 MPa and was about 5% of all pores. The amount of large surface pores
gradually decreases when the pressure force of isostatic pressing increases. Such a large cross-sectional
area results from the existence of the interconnected pores systems. In the case of materials to be used
for implants, interconnection of the pores is of great importance due to the ability of the cells and body
fluids to penetrate into the implant.

The analysis of Feret’s diameter (Table 2 and Figure 6a) revealed that for the sample produced
under 250 MPa pressure, the pores with diameter larger than 50 um represent 5% of all pores in this
sample. Also, for the sample produced with 500 MPa isostatic pressing, participation of these pores
was estimated to be over 3%. Such pore structure can favor osseointegration. For the osseointegration
process, the most desirable are those pores with size ranging from 50 pm to several hundred pm [57,58].
The largest proportion of the pores with the cross-sectional area in range 50-500 um? (Figure 6b)
was in the sample manufactured with the application of the pressure of 500 MPa. At the same time,
microscopic images show that the systems of interconnected pores still exists. The largest amount of
pores with the ap below 50 pm? can be observed for the samples under the pressure of 750 MPa. It is
possible that the greater the pressure force, the smaller the amount of pores in this range. It is a result of
gradual disappearance of the smallest pores due to the application of a very large pressure force. It can
be assumed that we are left with the artefacts of the pores which are smaller than those that can be
detected with the use of optical methods. The dimensionless coefficient of circularity (Table 2) increases
almost linearly when the applied pressure increases. In this case, the diffusion processes taking place
during sintering might be of great significance. The total percentage of pores decreases with increasing
pressure while manufacturing material, however other parameters of porosity did not behave linearly
depending on pressure. Generally, the pore size in the sintered Ti compacts should decrease with
decreasing level of porosity is attributable to the surface energy per unit volume. The porosity level
could be controlled by the use of different powder particle size. The shape and size of particles
results in green packing density. Furthermore, the space between the coarse powder particles may
be filled by the fine powder during preparation of the sample under 750 MPa, which resulted in a
different microstructure [45,55,59,60]. As complementary research, BET testes to assess surface area
were performed. For the samples TZ-250, TZ-500, TZ-750 and TZ-1000, the surface area was on average
0.71,0.79, 0.28 and 0.47 m?/g respectively. Generally, the obtained values correspond to participation
of pores, however the TZ-750 sample revealed the lowest surface of absorption. The prepared research
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suggests layer-by-layer absorption, which suggested that there could be a layer of oxides on the surface
as an effect of sample preparation.
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Figure 6. Graphs describing parameters of porosity: percentage of pores in the surface area section
within the pre-defined ranges for all samples (a) and percentage of pores (b) in the sample after pressing
with different pressures.

Table 2. Results of the Feret’s diameter and circularity of the pores for the samples manufactured under
different pressure forces.

S 1 Feret’s Diameter (um) Circularity
ample

Minimum Value Maximum Value  Average Value  Standard Deviation  Average Value
TZ-250 2.29 218.99 14.84 18.66 0.58
TZ-500 217 169.00 12.69 13.10 0.61
TZ-750 217 43.44 6.53 441 0.70
TZ-1000 217 42.86 7.44 5.64 0.70

The quantitative analysis of the microstructure, including the determination of the cross-sectional
area of the grains and the subgrains as well as the coefficient of grain variability, were performed
based on optic microscope images. For the samples TZ-250, TZ-500, TZ-750 and TZ-1000, the average
section areas of grains were 35.06 um?, 33.15 um?, 21.17 um? and 34.85 um? respectively (Table3).
In terms of the stereological parameter, the sample produced under the pressure of 750 MPa had
a different microstructure. The coefficient of the grain variability was also determined. For all the

95:5224705111
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samples this was over 1 (from 1.13 to 1.40). This means that in terms of the size of the cross-sectional
area, the resulting structure is strongly diversified. The number of elements that were tested per unit
area of the image were also determined and for samples TZ-250, TZ-500, TZ-750 and TZ-1000 were
14,279, 15,967, 25,526 and 3675 (1/mm?), respectively. This value correlates with the other analyzed
parameters, especially in the case of material made under 750 MPa pressure. The surface adsorption
theory can be used to explain the differences of the grain growth, which can be connected with the
size of particles or pressure used. The theory of adsorption says that the plane that has higher surface
tension grows fastest, while its adsorption amount of surface-active material is maximized. As a result,
the surface energy decreases and therefore the growth of this plane reduces [44].

Table 3. Results of the section area of the grains for the samples manufactured under different
pressure forces.

Parameter Sample Minimum Value Maximum Value Average Value  Standard Deviation
TZ-250 2.03 492.58 35.06 40.99
2, (1m?) TZ-500 2.01 496.13 33.15 44.50
g (M TZ-750 2.01 474.56 21.17 30.77
TZ-1000 2.03 492.58 34.85 41.04

In general, the aim of scientific research is to produce material for which the mechanical properties
of the implant are as close as possible to human bone. Studies of mechanical properties carried out on
human bone prove that the mechanical properties of bones depend on the type of bone, as well as
the type of structure analyzed (compact or spongy). The mean hardness of bone ranged from 33 HV
(the head) to 44 HV (the diaphysis). The hardest part of the radius was the shaft, with a value of
42 + 6 HV. The proximal metaphysis had a hardness value of 34 + 6 HV, and the distal metaphysis
hardness value was 35 + 5 HV [61-63]. Generally, the hardness of material is related to its atomic
mobility capacity, distortion of crystalline lattice and atomic displacement. Addition of Zr content
caused a crystalline lattice and atomic displacement, which correlate with higher microhardness of
alloy [29,30,64]. The measured microhardness (Figure 7) does not exhibit a linear correlation with the
applied pressure force. The sample pressed at 500 MPa revealed the lowest value of microhardness,
which was 137 HV0.5. Also, for the sample pressed at 1000 MPa, a slight decrease of microhardness
in comparison to the sample produced under the pressure of 750 MPa was observed. Compared to
Ti-10Zr (wt.%) (266 HV), the results obtained for Ti-40Zr (wt.%) (350 HV) produced by commercial
arc-melting vacuum-pressure were lower, which could be connected with the introduction of porosity
to samples. What is more, the hardness value of sample prepared under 500 MPa pressure was lower
than c.p. Ti (186 HV) [19]. The non-linear behavior of hardness could be connected with grain size,
structure of pores or oxygen participation. It is widely known that the mechanical properties of Ti alloys
depend essentially on the microstructure. It should be noted that the effect of smaller grain size (i.e.,
Hall-Patch effect) could reflected in the hardness data since [44], which correlates with the results of
stereological analysis of grain size. The literature focuses on the Young’s Module as the most significant
parameter in the context of using material for long-term bone implants. Generally, Young’s modulus is
characterized by material hardness (understood as resistance to elastic deformation). However, we do
not refer to this dependence because there have been measurements of microhardness which do not
fully reflect the properties of the whole element, including pores.



Materials 2020, 13, 4539 11 of 14

237(27)
1 183(27) r .
W 2004 ‘ : |
o
=
f I 136(19)
% 150 T
5 o
=
=
S 100
.24
S
50
0 T T T T
TZ-250 TZ-500 TZ-750 TZ-1000
Samples

Figure 7. Microhardness values of the obtained materials.
4. Conclusions

The porous Ti-35Zr (wt.%) alloy has been successfully produced from the mixture of the elemental
metal powders. Based on the investigation into the microstructure and mechanical properties,
the following main conclusions can be drawn:

Based on the results of the XRD and EBSD methods, all the Ti-35Zr samples showed the  phase.
Moreover, the change of pressure after the PM production of the material did not significantly change
the unit cell of the « phase.

The material that was analyzed does not reveal the preferred orientation and texture. The low
angle boundaries can be seen, which indicate that the structure of the studied material possesses
hierarchical character (the bigger grains are composed of a series of smaller subgrains).

The shape and size of the pores, as well as the microhardness value, do not display a linear
dependence in relation to the pressure used during the material manufacturing process.

It was found that the most optimal materials for a hypothetical application as implants were those
obtained by isostatic pressing of 500 MPa due to the largest number of pores in the cross-sectional
area ranging between 50-500 pm? and the presence of the connections between the pores, and also the
higher participation of pores with diameter larger than 50 um.

The pressure of 750 MPa during the manufacturing process of the Ti-35Zr (wt.%) alloys seems
to be the threshold value, introducing different morphology of the material as well as the size and
shape of the pores. According to conducted structural and microstructural analysis, the samples
will be subjected to further research to determine the possibility of using this material as an implant.
In the first stage, mechanical properties such as hardness and Young’s modulus of the whole element
will be evaluated. The tests of the influence of the PEO process, thermal and alkaline treatments on
electrochemical maintenance of samples in simulated physiological solutions (e.g., Tyrode’s solution,
Ringer’s solution, artificial saliva) will be carried out. The following fundamental electrochemical
techniques will be applied: registration of the open circuit potential (OCP), linear voltammetry (LV),
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The last stage of research
on the material will be biological research. Life testing will be performed using human fibroblasts. For
staining, cell cultures will be incubated using fluorescence.
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Abstract—The aim of the present study was to assess the possibility of producing porous Ti—26 Nb—6Mo—
1.5Sn (at %) alloy using combined mechanical alloying and sintering for potential biomedical application.
The use of high energy ball milling method was helpful for initial synthesis of initial elements and for obtaining
a powder with particulates of different grain size, which exerts an effect on the presence and different size of
pores in the alloy. X-ray diffraction results confirmed the formation of the o nanocrystalline phase and the
partially phase transformation from o phase to nanocrystalline B phase during high-energy ball milling pro-
cess. During the sintering process of green compacts the phase transformation to the B phase and slightly
change of the lattice parameters depending on the milling time are observed. The material was also tested by
the nanointedation and tribological tests, the latter being considered as a first look at the mechanical prop-
erties of the material obtained by mechanical alloying. The samples—after sintering powder mixture previ-
ously milled for 40 h—exhibit the lowest reduced elastic modulus among the studied alloys. In the case of slid-
ing tests in Ringer’s solution, the alloy specimens exhibited a surface deformation with some visible grooves,
which indicates a greater fraction of abrasive wear component during the sliding test in Ringer solution.

Keywords: Ti—Nb—Mo—Sn alloys, Rietveld method, mechanical alloying, wear resistance, porous materials
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INTRODUCTION

Nowadays, the most attractive metallic material for
orthopaedic long-lasting service applications and den-
tal implants seems to be the titanium-based alloy,
because this material is characterize by good biocom-
patibility, high corrosion resistance, and the ability to
self-passivation [1]. Some of Ti-based alloys have been
extensively investigated as the shape memory alloys
(SMA) [3—6]. The nickel-titanium alloys have been
found to be the most useful of all SMA. There has been
a prohibition tendency for the nickel—titanium alloy
system in the biomedical field in the European coun-
tries in recent years because of the problem of the
human nickel allergy and carcinogenicity of nickle.
Therefore, it is preferred to develop absolutely safe
nickel-free titanium-based shape memory alloys for
biomedical applications. A shape memory effect
(SME) of 3% has been obtained in Ti—(22—29 at %)
Nb alloys. Furthermore, by adding some alloying ele-
ments such as Sn and Mo can adjust the martensitic
temperature and improve the mechanical and shape
memory behaviors of Ti—Nb alloys [2]. The Mo ele-
ment has a stronger effect on the martensitic transfor-
mation start temperature than Nb, indicating that Mo
is a stronger B-stabilizer, from which the solid solution
hardening effect of Mo is expected to be higher than
that of Nb [3, 4]. The use of Mo is controversial, but

some studies have demonstrated adequate mechanical
compatibility and good cytocompatibility [5, 6]. The
researchers put emphasis on using the non-toxic addi-
tives like Nb, Ta, Zr, Mo, and Sn because they are the
most promising for designing the alloys based on tita-
nium with a lower elastic modulus, greater strength,
and good corrosion resistance in comparison with the
materials currently used for implants [7]. Nb and Ta
exhibit very good biocompatibility and corrosion
resistance in the simulated body fluid. Also Sn can be
considered as an additional element suitable for bio-
medical uses [8]. An alloy with a suitable composition
and porosity structure seems to be a possible solution
to the mechanical properties mismatch between the
natural bone and an implant, which damages the tis-
sues and causes premature failure of an implant [5, 9].
It is noted that porosity has an actual effect on the
most important mechanical properties, that is on the
mechanical strength, on Young modulus, and also on
the fatigue life [10]. The unique porous structure pro-
vides a suitable environment for the bone tissue
ingrowth and nutrition exchange within the human
body, which can improve the connection between an
implant and the bone. Additionally, it can positively
influence on the transfer of stress from the implant to
the bone [11]. The elastic modulus and resistance of
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the porous material can be controlled through adjust-
ing the porosity during production.

In this study, mechanical alloying was used to fab-
ricate the porous Ti—26Nb—6Mo—1.5Sn (at %) alloy,
because this technique has shown great potential in
synthesizing a wide variety of nanocrystalline, super-
saturated solid solutions, and an amorphous phase
with unique characteristics [ 12—14].

Moreover, the mechanical alloying technique
allows to create alloys from materials with a large dif-
ference in their melting temperature (e.g. tin and nio-
bium 232 and 2477°C, respectively) or weight density
of elements (e.g. titanium and molybdenum 4.51 and
10.28 g/cm?, respectively). This method also allows to
produce materials with a wide range of porosity [15—17].

The aim of the present study was to determine the
possibility of producing a new porous Ti—26Nb—
6Mo—1.5Sn (at %) alloy for potential medical applica-
tions using mechanical alloying method. Further-
more, the structure, microstructure, wear resistance,
and mechanical properties of the obtained material
have been widely characterized.

EXPERIMENTAL DETAILS

The nominal Ti—26Nb—6Mo—1.5Sn (at %) alloy
composition was prepared using commercial powders:
Ti (Atlantic Equipment Engineers (AEE), 99.7%,
<20 um), Nb (Atlantic Equipment Engineers (AEE),
99.8%, <5 um), Mo (AEE, purity 99.7%, particulate
size €2 um) and Sn (Sigma Aldrich, purity 99.9%,
<44 um) powders. The material was milled for two dif-
ferent milling times: 20 and 40 h in a Fritsch Pulveri-
sette 7 premium line planter-ball mill in an Ar protec-
tive-gas atmosphere (samples labelled: 20 and 40 h,
respectively). The process of milling was carried out at
the rotational speed of 400 rpm and the weight ratio of
the balls to the powder was 10 : 1. Then, the green
compacts were prepared by cold isostatic pressing with
the pressure of 750 MPa and then sintering at 1000°C
for 24 h (samples labelled 20 h + A and 40 h + A).

The crystal structure and phase content of the
obtained milled powders were studied by X-ray dif-
fraction (XRD) with the use of a Phillips X-ray X’ Pert
diffractometer with lamp with a copper anode (Cu Ko
A = 1.54178 A). The Rietveld analysis was performed
applying DBWS-9807 program [18]. The quantitative
phase analysis was performed using the relation pro-
posed by Hill and Howard [19, 20]. The crystallite
sizes and the lattice distortion of the o and 3 phases
were estimated using Williamson—Hall method [21].

The morphology and microstructure of the sam-
ples were tested using the scanning electron micro-
scope (SEM) JEOL JSM 6480 with the accelerating
voltage of 20 kV. Chemical analysis was performed
using the energy dispersive X-ray spectroscopy (EDS)
detector manufactured by IXRF using the standard
calibration method.
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Quantitative analysis of the pore morphology was
performed on the optic microscopy images of the
actual surface of ~0.66 mm? for each sample with the
use of the Image] software and the planimetric
method. Analysis was performed using following ste-
reological parameters: cross-sectional area of the pore
area in 2D a, [um?];); Ferret’s diameter; dimension-
less shape factor of the circularity number of analysed
grains per unit area of the image (N,).

Mechanical properties were tested by measurement
of microhardness, nanoindentation, and tribological
tests. The Vickers microhardness measurement was
conducted with a load of 500 N for a loading time of
10s using a Wolpert Micro Vickers tester 401MVD.
Such mechanical properties like hardness and reduced
elastic modulus in the nanoscale were tested using
Hysitron Tribointender Ti950. The measurements
were calculated from the load—displacement curves
obtained by nanoindentation tests, performed with
using a three-sided pyramidal diamond (Berkovich)
indenter tip.

A dry sliding wear test and a sliding test in simu-
lated human body fluids (Ringer’s solution) were per-
formed on Anton-Paar tribotester with ball-on-plate
contact. Balls were ceramics (ZrO,) with the diameter
of 3 mm. All tests were performed sliding back and
forth in a straight line with the sliding speed of 2 cm/s,
the stroke length was 4 mm for 7500 cycles, and the
force applied was 5 N. The total test track length was
30 m. The wear loss was quantified using the profiles
registered by the Mitutoyo SURFTEST SJ-500 profi-
lometr.

RESULTS AND DISCUSSION

SEM microphotographs of the initial metal pow-
ders are presented in Fig. 1. The titanium and niobium
powder morphologies were similar. The dispersion of
the Ti particulates ranges from a few um to even 50 um
diameter, but the niobium powder had a much wider
dispersion of the particles. The particles of molybde-
num powders have the size below 5 um, also the Sn
powder had very fine particles.

Figure 2 shows the morphology of the Ti—26Nb—
6Mo—1.5Sn (at %) powders after high-energy ball
milling. The powders show a more globular shape but
with irregular formation of particles for both samples
after different milling times. In the microphotographs
of the powder, further welded layers of material were
observed as a result of successive steps of high energy
milling. The formation of such particles was proof of
the predominance of cold welding over fracturing at
this stage of milling. For sample of 40 h more notice-
able welded portion of material was observed and
additionally, in the higher magnification some cracks
were observed, almost separate small particles, which
appear as a result of fracturing processes. Such situa-
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Fig. 2. SEM microphotographs (scale bar-top—50 pm; bottom—100 um) of particles after different times of milling.

tion was the result of a cyclic process of material mill-
ing during high energy ball milling [22, 23].

The XRD data used for the structural and qualita-
tive phase analysis of the milled powder and sintered
samples are shown in Fig. 3 The analysis of XRD pat-
terns of powders revealed only the B and o phases
present in the material after milling, which confirmed

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 120

partially synthesis of element powders during the mill-
ing. The participation of B was 41(1)% for 20 h sample
and 54(1)% for 40 h sample based on an XRD research
and a quantitative Rietveld analysis.

Based on the changes of the profile line on individ-
val diffraction patterns and the Williamson—Hall
method, the crystallite sizes (D) and lattice strain
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(Aa/a) for the phases in the obtained powders at differ-
ent milling times were determined (Table 1). A
decrease of the crystallite size of the a phase during
milling was observed and for the B phase also, where
crystallites become more distributed. In addition,
there appeared a tendency to increase the lattice strain
value (Aa/a) for the [ phases simultaneously with an
increase of the milling time (Table 1). It is typical to
observe a decrease in the crystallite size and an
increase in the lattice distortion for milled materials
[17, 22, 24—29].

Adequately to the analysis of the milled powders,
the diffraction patterns of samples after sintering
revealed only the B and o phases present in the material
after sintering. The 89(1) and 91(1)% of the titanium
B phase was estimated for the samples 20 h + A and
40 h + A, respectively. The quantitative phase analysis
of the samples after milling and sintering showed suc-
cessive synthesis progression of the [3 phase with
increasing milling time.

The analysis, using the Rietveld method of the
obtained diffraction patterns of the sintered samples
from the powder previously milled for 20 hand 40 h,—
was also left to estimate the lattice parameters of both
phases (Tables 2 and 3). The analysis showed that the
designated parameters were rather constant and devi-
ations were within the uncertainty limits, depending
on the stage of the production method. The lattice
parameters of the o phase for the samples 20 h + A and
40 h + A are higher and closer to the corresponding
ICDD data (International Centre for Diffraction
Data®) sheets in comparison with those lattice param-
eters for the samples after milling only (Table 3). The
a, of the B phase for the samples after sintering were
slightly lower than for the samples after milling only,
whereas the situation was reverse with respect to the
parameters of the o phase. In addition, we observed

Table 1. Changes of the average crystallite size (D) and lat-
tice distortion ({(Aa/a)) of the o. and B phases of the milled
powders

Phase Parameter 20 h 40 h

o D, nm >100 71(4)
(Aa/a), % - 0.26(3)

5 D, nm 91(6) 56(4)
(Aa/a), % 0.12(3) 0.26(3)

Table 2. The unit-cell parameters of the o and B phases of
the sample after milling

1387
Counts
p
5000 - I
ol
a | i B a
40h - S goa B o B
20h AV ! _ . o
0 B
5000
o
B o
40h+Aa0}.|‘." o ,~°‘ a a_'l. wo oPa o b
20h+A . , _ .
0 E= I 1 TN | —— R R—
30 40 50 60 70 80 90 100
20, deg

Fig. 3. X-ray diffraction patterns of the powder after milling
(20 and 40 h) and after sintering (20 h + A and 40 h + A).

permanent connections (necks) between the particles,
formed by diffusion processes during sintering. The
SEM micrographs revealed the presence of single
areas with a different microstructure in the sample
after a shorter milling time and even more of these
regions in the sample 40 h + A.

The analysis performed using the EDS detector
allowed to determine the chemical composition of
these regions on the surface of the samples. Distribu-
tion maps of the chemical elements (Fig. 5) showed
the regions of unreacted titanium. This corresponds to
the results of an X-ray qualitative analysis, which
revealed the presence of the titanium o phase for all
samples. However, the distribution maps of the ele-
ments revealed regular distribution of other elements
on the surface of the sample, excluding areas of unre-
acted titanium. Based on an X-ray diffraction and
observation of microstructure it can be assumed that
the partially mechanical synthesis was successful for
both of the times of milling.

Quantitative analysis of the pore structure was con-
ducted to determine the applicability of the material
for potential biomedical applications. For the samples
20 h + A and 40 h + A the percentage fraction of the
pores was estimated as 16 and 17%, respectively.

The differences in the overall porosity were not sig-
nificant, however differences in the pore structures
between the samples were more visible during closer

Table 3. The unit-cell parameters of the o and B phases of
the sample after milling and sintering

Phase | L33 | jcDD 20h 40 h
nm
o ap 0.2951 | 0.2948(3) | 0.2971(3)
¢ 0.4683 | 0.4688(4) | 0.4686(4)
B ap 0.3307 | 0.3284(4) | 0.3281(4)

PHYSICS OF METALS AND METALLOGRAPHY  Vol.

Phase | Para. ICDD 20h+ A 40h+ A
a, 0.2951 0.2967(3) 0.2971(3)
¢ o 0.4683 0.4772(4) 0.4776(4)
B a, 0.3307 0.3305(4) | 0.3302(4)
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Fig. 4. Optical micrographs (top; scale bar—200 um) and SEM micrographs (bottom; scale bar—10 pm) of the samples sintered

and previously milled for 20 h.

20h + A Ti Nb Mo Sn
1 pm

2

Fig. 5. Distribution maps of the elements for the samples 20 h + A and 40 h + A (scale bar—5 pum).

analysis of the cross-sectional area and Feret’s diameter
of the pores. The maximum of the a, was 2783.0 um? for

sample 20 h + A and 7376.8 um? for the sample 40 h + A.
The pores with a cross-sectional area smaller than
50 um? were the largest for the sample 20 h + A and it
was about 49% of the amount of all pores, whereas for
40 h + A it was only 28% of the amount of all pores.
Longer time of previous milling caused that the pores
with the cross-section area within the range 50—
500 um? represent 57% of the amount of all pores.
Also a more detailed analysis of the distributions of the
pores in respect of the Feret’s diameter was prepared.
For the samples 20 h + A and 40 h + A the average
Feret’s diameters of the pores were estimated at 29.1
and 23.2 um, respectively. The structure of pores in the
sample 20 h + A theoretically favors the osseointegra-
tion in comparison with the sample 40 h + A in the case
of the analysis of the Feret’s diameter. It is connected

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 120

with participation of pores with Feret’s diameter in
ranges 50—500 um, which was 10% for 20 h + A sample
and 7% for sample 40 h + A. Scientific literature reveals
that the pore Feret’s diameter ranging from 50 um to
even several hundred um are most optimal for osse-
ointegration and thereby better connection between the
bone and the implant. The systems of interconnected
pores are also important because of the ability of the
cells and body fluids to penetrate into the implant
[30, 31]. Both samples revealed about 3% of Feret’s
diameter greater than 500 um, which could be indica-
tive of the open pores presence. The analysis of the
shape of the pores revealed that the circularity of pores
was 0.32 for 20 h + A and 0.35 for 40 h + A. For the
samples 20 h + A and 40 h + A the number of pores per
area was estimated as 1202/mm? and 1494/mm?, respec-
tively. In this case, 40 h of previously milling allowed to
obtain the material with a better structure of pores in
terms of its potential use for long-lasting implants.

No. 13 2019
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Dry sliding wear test

 Sliding
direction

Fig. 6. Representative SEM micrographs of Ti—26Nb—6Mo—1.5Sn (at %) of the worn surface for the samples after a dry sliding
wear test and the surface and after a sliding test in simulated human body fluids.

The microhardness measurement of the sample
20 h + A revealed a lower value of the microhardness
and it was 242(55), which is approximately 2.37 GPa.
Whereas for the sample 40 h + A the revealed value
was 292(43) (2.86 GPa). The observed uncertainty was
higher than the difference between the values for each
sample, making it difficult to clearly evaluate any dif-
ferences due to sintering time. The measurement per-
formed by the nanointender were the supplement to the
assessment of mechanical properties. The nanoscale
hardness and reduced Young modulus were determined
from the load—displacement curves for both samples.
The value of hardness in the nanoscale for the subse-
quent measurements was slightly decreasing with
increased contact depth. For the sample 20 h + A the
average value was calculated at 4.5(0.3) GPa, and for
the sample 40 h + A it was 4.9(0.5) GPa. The situation
of the measurement ratio and uncertainty was similar
to microhardness, but the value of hardness was
almost twice higher in the nanoscale. This is related to
the specific nanoindentation measurements (nanosize
of indent and small forces used during the test), as the
areas chosen for analysis did not contain any pores or
defects. What is more, in these two methods the loan
is different, which also has influence on the obtained
results [32, 33]. This method of research also revealed
to obtain values of reduced modulus in the nano areas
of the material. For the samples 20 h + Aand40h + A
the average reduced modulus was calculated at

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 120

100.9(5.9) and 91.6(8.9) GPa, respectively. It should
be mentioned that this method do not include the
influence of pores on mechanical properties of whole
element, however the obtained values are smaller

than elastic modulus of popular biomedical alloys as
Ti—6A1—4V [34].

The additional aspect of the assessment of the
mechanical properties was dry sliding wear test and
sliding test in the simulated human body fluids
(Ringer’s solution). Ringer’s solution is commonly
used as the test fluid in biotribology under simulated
physiological conditions [35]. The difference in the
coefficient of friction (COF) between the two ana-
lyzed samples was small, however. During dry sliding
tests the COF was 0.89(4) and 0.85(6) for the 20 h + A
and 40 h + A samples, respectively. In the case of sliding
tests in simulated human body fluids for the 20 h + A
sample the COF was 0.83(4), and for the 40 h + A
sample it was 0.84(4). It is worth to be mentioned, that
the Ringer’s solution has low-viscosity (water-like),
therefore COF could drop slightly or even increase
[35]. Additionally, the presence of pores in the mate-
rial leads to the presence of numerous contact area
between the sample and counterspecimen [36]. The
analysis of the morphology of the worn surface after
tests was performed to define the mechanism of fric-
tion (Fig. 6). In the case of sliding tests in Ringer’s
solution, the specimens exhibited a surface deforma-
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tion with some visible grooves, which were the main
part of morphology of the analyzed surfaces, in com-
parison with the samples after a dry sliding test, where
the grooves were shallower and less clear. Thit indi-
cates a greater fraction of abrasive wear component
during the sliding test in Ringer’s solution. Probably, it
is connected with the impact of products, which stay
in the contact zone. In case of dry sliding tests, the
adhesive-abrasive mechanism of wear predominated.
The piled-up material and defragmented particles of
the material were observed, which also confirmed the
adhesive wear mechanism. However, an even greater
number of such regions were observed on the surface
of the samples after a sliding test in Ringer’s solution,
which appeared to result from the extrusion of a
metallic layer. There is a possibility that the mentioned
mechanisms of the detachment of material particles
were more common for the analyzed material due to
porosity. Simultaneously, the entrapped material com-
bined with fluids could make a kind of lubricant [37].

The volume wear of the material after dry sliding tests
was determined based on the profiles registered by the

3
profilometr and it was calculated as 9.19 x 10~ {—Em }
m

3
mm

and 10.89 x 10 for20h + Aand40 h + A

m
samples, respectively. In the case of sliding tests in
simulated human body fluids for sample 20 h + A and
40 h + A, the volume of the wear lost material was

3 3
0~ 1M | and 2.16 x 10~ | 1T

m N m

tively. In case of sliding test in the Ringer’s solution,
the lubricant could get into the pores and ensured ade-
quate lubricant conditions for the cooperating sur-
faces, which could be the cause for almost 5 times
reduction of wear loss. In the case of a dry sliding test,
the volume of abrasion is higher for the sample with a
higher value of hardness, and a similar situation was in
the case of a sliding test in Ringer’s solution, however
the difference was small.

2.02x 1

, respec-

CONCLUSIONS

In this study, the influence of various milling times
on the structure, microstructure, and properties of the
Ti—26Nb—6Mo—1.5Sn (at %) alloy have been investi-
gated. The use of high energy ball milling method was
helpful for synthesis of initial elements and for obtain-
ing a powder with different grain size, which exerted
an effect on the presence and different sizes of pores in
the alloy. Based on the X-ray diffraction and observa-
tion of the microstructure it can be assumed that the
mechanical synthesis was successful for both durations
of milling. The effect of the high-energy milling time
on the structure of the substrates and phase composi-
tion of the Ti—26Nb—6Mo—1.5Sn (at %) alloy was
also observed. The X-ray studies confirmed the pres-
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ence of the o and [ as nanocrystalline phases. Micros-
copy results indicated that architecture of the porous
structure of the material after 40 h of milling can have
more benefits for the osseointegration in comparison
with the sample after milling for 20 h in terms of
porosity of the structure. Also, research has shown
that the parameters of mechanical properties allow for
potential medical applications of the new Ti—26Nb—
6Mo—1.5Sn (at %) alloy. The samples 40 h + A exhibit
the lowest reduced elastic modulus in nanoscale
among the studied alloys. Based on the results, it was
found that the milling and sintering processes are
promising alternative for the melted Ti alloy.
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Abstract: In this study, the effects of Sn as a process control agent (PCA) on the final powder
sizes, morphology, homogenization and alloying process of a new titanium alloy were investigated.
Two kinds of powders, Til0Ta8Mo and Til0Ta8Mo3Sn (wt %), were prepared using a mechanical
alloying process. For the Til0Ta8Mo35n (wt %) alloy, the Sn element was used as PCA to enhance the
milling process in the planetary ball mill. The milling process of both compositions was carried out
with 200 rpm for 10, 15, 20, 40, 60, 80 and 100 h. The results confirmed that using Sn as a process
control agent can result in a relatively good size distribution and better yield performance compared
to samples without Sn addition. The phase analysis using X-ray diffraction proved the formation of
the « nanocrystalline phase and the partial phase transformation from o to nanocrystalline (3 phases
of both alloy compositions. The Scaning Electron Micoscope- Backscattered Electrons SEM-BSE
results confirmed that the use of Sn as the PCA can provide a better homogenization of samples
prepared by at least 60 h of ball milling. Furthermore, the presence of Sn yielded the most uniform,
spheroidal and finest particles after the longest milling time.

Keywords: Sn; process control agent; nanocrystalline Ti based alloy; mechanical alloying;
Rietveld method

1. Introduction

Considered to be an unconventional production method, the ball mill is a simple and
cost-effective way of producing homogeneous and ultrafine powders in small production runs [1,2].
Mechanical Alloying (MA) is a method of processing a powder without liquefaction, which consists in
the repetitive cold welding and cracking of particles as a result of the reciprocal collision of milling balls
and powder particles [1,3-5]. Cold welding of different powder particles takes place when particles
mutually penetrate each other after subsequent collisions with the balls [6]. The fracture process occurs
when the larger particles disintegrate into smaller pieces due to overloading as a result of continuous
collisions [7,8]. Depending on the ductility of the used material being milled, fracturing or cold
welding can dominate and result in the formation of a lot of small particles, or when there is complete
cold welding with the balls and the walls of the milling bowls the process’s efficiency and material
recovery are negatively affected [3,9-12]. Therefore, maintaining a suitable relationship regarding the
cold welding and fracturing phenomena ensures a stable particle size. Furthermore, the maintenance
of said balance allows the milling balls to mill the powder continuously without slowing or halting
the process. Therefore, in order to ensure that the milling process proceeds correctly, it is necessary
to use additional lubricants as process control agents (PCAs) [10]. The use of a PCA usually leads
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to homogenous and fine particles as well as a reduction in the crystallite size of the powders to a
nanometer scale. This is due to the fact that, in the case of a planetary ball mill, the mechanical alloying
of the material results mainly from the strong interactions of the material with the balls during the
rotation of the bowls [13,14]. In addition, MA is a process that allows materials of different structure
types to result in amorphous [15], nanocrystalline [12,16,17] and porous materials [13,17-19].

The PCA is added to the starting powders for the milling process to limit the effect of cold welding.
This is due to the fact that true alloying of powders can occur only when the right balance between
cold welding and fracturing of powder particles is maintained [20].

Where ductile metals are milled, the PCA should be used to reduce excessive cold welding,
which can lead to excessive particles. PCAs are typically of organic origin and adsorb on the surface
of the metal, reducing the surface stress of the milled powders by limiting the pure metal-metal
contact [21-23]. The type of PCA also affects the balance of cold welding and cracking of particles and
may be stearic acid [24], methyl alcohol [25], ethyl alcohol [26], polyethylene glycol [27], calcium [28] or
magnesium. In MA, the PCA is usually used in an amount from 1 to 5 wt %. total mass of the powder.
We use olefinic PCAs, because we limit the possibility of introducing elements such as O, N, Hand C
into the mixture, occupying interstitial positions, which is potentially unfavorable to the final material
as a result of the formation of oxides, nitrides, hydrides and carbides during the sintering process.
Due to the challenging local conditions (mechanical and thermal) at the moment when the balls collide,
milled powders are decomposed, and additionally they become contaminated as result of interactions
between PCAs and the milled material [7,29-31]. In previous studies, it was noted that Mg [32] or Ca [7]
and all rare earth(RE) metals [33] have low dissolution rates in titanium, thus delaying the phenomenon
of cold welding. Therefore, it is extremely hard to find optimal PCAs that would allow a high efficiency
of mechanical titanium alloying while maintaining a similar chemistry. Based on the above, the authors
used Sn as the PCA for the mechanical alloying of titanium. In recent years, Sn has been classified as a
neutral alloying element for titanium alloys [34-36]. It has been reported in the literature that Sn has no
noticeable impact on the stability of the & or 3 phases. Sn forms solid solutions with Ti, and hence it is
considered a neutral element [37,38]. In addition, it was noted that the presence of Sn limits the creation
of an unfavorable w-phase in titanium alloys [39,40]. High-dissolution of Sn in Ti (up to about 20%
by weight) provides relatively high possibilities in terms of the amount of PCA used [41]. However,
in order to reduce the undesirable effects, it is assumed that the content is limited to 5% by weight [42].
Additionally, different authors [38] showed that Sn (<5 wt %) in the cast Ti-Sn binary alloy clearly
improved Young’s modulus and bending strength. In summary, the addition of 3 wt % Sn proved to
be a very good way to maximize the powder yield and stabilize the alloy microstructure [41,43-46].
While PM studies on the addition of Sn in Ti are relatively limited, generally demonstrating minimal
benefits, Sn additives for biomedical applications were studied [47,48]. The use of Ti alloy with Sn,
Mo and Ta alloying elements in orthopedic biomaterials has been previously investigated, and the
biocompatibility, mechanical properties and corrosion resistance of Ti alloys [15,32,49,50] have been
reported as being improved.

The aim of this study was to investigate the influence of pure Sn as a PCA on the structural
characteristics, morphology and alloying process of precursors of two kinds of powders, Til0Ta8Mo
and Til0Ta8Mo35n, with Sn as the PCA. One PCA quantity was used to ensure the high efficiency
of the milling process, uniform morphology of the powder and appropriate particle size, with the
objective of producing a new type of porous titanium biomedical alloy. These studies are designed to
yield nanocrystalline and homogeneous pre-alloyed powders for use in further synthesis by sintering
or additive techniques.
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2. Experimental Details

Specimen Preparation

The Til0Ta8Mo and Til0Ta8Mo35Sn (wt %) (samples labeled TTM and TTMS3S, respectively) alloy
compositions were obtained from commercial powders; Ti (Atlantic Equipment Engineers (AEE,
New York, NY, USA), 99.7%, < 45 um), Nb (AEE, 99.8%, < 5um), Mo (AEE, New York, NY, USA,
purity 99.7%, particle size < 2 pm) and Sn (Sigma Aldrich, Darmstand, Germany, purity 99.9%, <5 um).
The nanocrystalline powders were formed in a high-energy milling mill (Fritsch Pulverisette 7 premium
line) in a gas-protective atmosphere (Ar). The powders were fresh each time and were operated in a
glove box under Ar protective gas atmosphere. Table 1 summarizes the parameters of the mechanical
alloying process. The milling bowls and balls were made of hardened steel (AISI 52100). Table 2 shows
the chemical composition of the AISI 52100 steel balls.

Table 1. Experimental parameters of the ball milling process.

Parameters Values
Rotation speed [rpm] 250
Milling bowl volume, [em?] 80
Milling balls Steel (AISI 52100)
Ball to powder weight ratio 10:1
Rotation speed [rpm] 200
Ball size, [mm] 10
Milling time, [h] 10; 15; 20; 40; 60; 80; 100

Table 2. Chemical composition of the AISI 52100 steel balls.

Element Fe Cr C Mn Si S P
Content (%) 96.5-97.32 1.30-1.60 0.980-1.10 0.250-0.450 0.150-0.300 <0.0250  <0.0250

The qualitative phase analysis and structure of the powders after the milling process were
conducted using X-ray diffraction by a Phillips X’Pert diffractometer made in Almelo, Holland (CuKa
— A = 1.54178 A) with the following operating parameter: 30 mA and 40 kV, steps of 0.04° (20) and an
angle range of 20° to 140° (20). The LaB6 powder (SRM660a) was applied as a reference material for the
linear profile to measure the instrumental broadening. The accuracies of the unit cell parameters were
measured using an «-Al,Oj3 plate standard (SRM 1976) and found to be +0.02%. The parameters of
profiles of particular diffraction peaks were defined by the Toray PRO-FIT method [51], which uses the
Pearson VII function to fit the lines. Rietveld analysis was carried out with the DBWS-9807 program,
which is an updated version of DBWS programs for improving Rietveld with PC and mainframe [52].
The pseudo-Voigt function proved to be the most useful in describing the profiles of diffraction lines
in the Rietveld analysis [53,54]. The quantitative analysis of the phase was conducted using the
relationship proposed by Hill and Howard [55,56]. The crystallite sizes and lattice distortion of the &
and  phases were determined by the Williamson—Hall method [57].

A microscopic analysis of crystallites was carried out using at transmission electron microscope
JEM 3010, operating at an acceleration voltage of 300 kV. The morphology of the powders was analyzed
by a scanning electron microscope JEOL JSM 6480 (Tokyo, Japan, accelerating voltage of 20 kV).
A chemical analysis was carried out using an X-ray detector (EDS) manufactured by IXRF (Houston,
TX, USA) using a traditional/standard calibration method.

3. Results and Discussion

The morphology of the commercial powders is presented in Figure 1. The powders showed a
significant difference in their morphology and size. Titanium showed irregular shapes of sharp-edged
particles and a broader size distribution. Most particles of Ti had a size below 50 um. In contrast,
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tantalum, molybdenum and tin had very fine particles, and Ta and Mo were observed to have
formed agglomerates.

b

¢ x500 SOQm_ XS_OO §Q|_J_m_

Figure 1. Scanning Electron Microscope (SEM) micrographs of the initial powders, Ti, Ta, Mo and Sn,
showing different particle morphologies. The scale bar represents 50 pum.

An important parameter of the milling process is the powder yield. Figure2shows the graph
depicting the relationship between the yield and milling time of powders with and without Sn as a
PCA. The milling results clearly show that tin is a highly efficient PCA for titanium milling.
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Figure 2. Process yield characteristics of Til0Ta8Mo and Til0Ta8Mo3Sn (wt %) powders after 10, 15, 20,
40, 60, 80 and 100 h of milling.

The graph clearly shows that for powder without Sn as a PCA, the cold welding process dominated.
The results show that the obtained yield mainly depends on the applied milling time. For the two
shortest milling times (10 and 15 h), the yields of the non-PCA powder were 88% and 86%, respectively.
On the other hand, when using 3 wt % tin as a PCA, there was a noticeable (above 10%) increase
in the powder yield. Excellent yields of 99% and 98% were obtained for 10 and 15 h of milling
(Figure2), respectively.

112:7748883699
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In the case of the two longest milling times for both the Til0Ta8Mo and Til0Ta8Mo35Sn samples,
there was a slight increase in the yield of powders due to the detachment of part of the welded coating
from the balls and the walls of the milling bowls. This was probably due to the increase of stress as a
result of the prolonged and continuous impacts of the milling balls.

Unfortunately, for a milling time between 15 and 20 h, the tin used as a PCA did not completely
limit the cold welding, resulting in a decrease of the process yield. On the other hand, as shown in
other studies, the use of magnesium as a PCA also has a beneficial effect in terms of a fast and cheap
alloying powder formation process. Adamek [32] showed that the use of Mg (10%, 15%, 20%) results
in about a 94%-96% yield after 15 h of milling. After 100 h of milling, powder yields of over 90% were
obtained for all the studied materials. Notably, the yield was found to increase with an increasing
Mg content. Unfortunately, the medical use of magnesium is limited because, at a physiological pH,
magnesium alloys quickly corrode. This can lead to muscular paralysis, hypotension and respiratory
failure, as well as cardiac arrest [58—61]. In contrast, the presence of tin is neutral for the human body.

However, the yield parameter is not the only indicator of a properly mechanically alloyed powder.
Figure 3 shows the surface of balls with the material, which became welded onto the balls at each
milling stage. It is clear that the welding and fracturing processes alternate (e.g., balls for 20 h of TTM
powder). It should be highlighted that there was a lack of powder deposited on the balls’ surface after
10 and 15 h of milling for the TTM3S series. SEM images of the cross-section of the balls used for 15 h
and 60 h milling with the cold-welded material (Figure 3) revealed further stages and processes which
occur during the successive cold welding of the material onto the balls. The distribution map of the
elements shows the cold welding of initial elements and their alloys in a layered manner. This indicates
that an incomplete alloying process occurred. Similar observations of the cross-section of the balls were
made by Dercz et al. [3,62]. In addition, the mentioned studies have shown that there is no diffusion
of Fe and C into the milled material. Observations of the microstructure showed that, after 15 h of
milling of the initial powders, the materials were partially synthesized. For the longer milling time,
the distribution map of the elements shows a rather uniform microstructure, indicating that a superior
alloying process occurred. It was found that prolonging the milling time caused a higher fractionation
of the powder and reduction of the surface area of one element concentration. A comparison of the
morphologies of TTM and TTM3S powders at different milling stages is presented in Figure 4.

The SEM images show consecutive changes in the morphology of powders with an increasing
milling time. It should be noted that, for TTM powders during milling, significant changes in the
morphology of powder particles were observed and consisted mainly of two stages. SEM images
from the initial grinding stage show the gradual enlargement of particles, from initial powders with a
different morphology to the synthesis of polygonal particles (from 10 to 20 h). At the second stage
(above 40 h of milling), the particle size gradually decreased, and eventually a homogenous and finer
powder was obtained. For the Til0Ta8Mo35n powder, the formation of polygonal particles took place
from 20 h onwards (Figure 4). For two (20 and 40 h) milling times of TTM powders, the formation
of large particles with a size of up to 500 um was visible. On the other hand, for TTM3S powders,
further fracturing and comminuting of particles were observed. For longer milling times (>40 h)
of TTM and TTMB3S powders, the powders were brittle and the fracturing process was significant,
as a result of which a change in the particle morphology is seen. The morphologies of both powder
compositions after long milling time processes were similar, except that the particles sizes were smaller
owing to the use of tin as a PCA. For the longest milling time, the milling process regulated the
particle size of both components. It should be mentioned that finer TTM3S powder particles were
obtained in contrast to TTM powder. The formation of fine, spheroidal particles and less variation in
composition between particles for longer milling times resulted in better homogeneity. The increase in
particle spheroidization was the result of the minimization of the Gibbs powder-free energy during the
mechanical alloying process [63]. Some scientific works noted that the mechanical alloying process
causes the powder particles to undergo multiple flattening, cold welding, fracturing and, again,
welding processes. Cold welding or fracturing processes may be predominant at each stage and
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depend mainly on the deformations typical of the starting powders and their kinetics [1,63,64]. It has
been found that the most uniform, spheroidal and finest powder particles were observed for the
TTM3S powder obtained after the longest milling time. This is a good prognostic for further processing
in powder metallurgy, because it will potentially enable a homogenous solid with a low porosity to
be obtained.

To better appreciate the influence of the tin on the microstructure, SEM-BEI backscattered electron
images of both types of powders were performed for different ball milling times. The components can
be distinguished by regions of light and dark contrast using SEM-BEI, while the elemental composition
of these regions is determined by SEM-EDS analysis. As can be seen on the cross-section of the milled
powders, the formation of the alloy was strongly dependent on the ball milling time and the presence of
tin (Figure5). Image analysis showed that after 10 and 15 h of milling of both types of powders, the Ti
and Mo fragments were trapped inside the particles (Figure5(point A) and (point B)), which may have
resulted from the covering of molybdenum and titanium particles by ductile tantalum. Separately,
fragments of Sn and Ta in particles were not observed. The results of the EDS analysis revealed that
after 10 h of milling, Sn did not show a high solubility in o-Ti (Figure5(point D)).

TTM TTM3S

=1

W

Figure 3. The balls and cross-sections of the balls with the milling product obtained during the milling
process, with the distribution of Ti, Ta, Mo and Sn elements observed on the surface of the ball.

114:8185787465
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scale bar = 500 um | | scale bar =50 pm

Figure 4. SEM images of TTM and TTM3S powders after 10, 15, 20, 40, 60, 80 and 100 h of milling:
left side—scale bar represents 500 um; right side—scale bar represents 50 pm.

At this stage of the milling process, the collision force between the starting powders and the
balls was a predominant factor in the deformation process. A progressive ball milling time led to
the creation, refinements and homogenization of layered particles that were formed from different
compositions of the initial components. This was due to an increase of the cold welding superiority
and an increase of the coefficient of mutual diffusion of the alloying elements as a result of generating
a large number of defects (i.e., dislocations and vacancies).

In general, a more homogeneous distribution is expected when the bead time increases because
the homogeneity of the particles after milling is the result of a balance between cracking and cold
welding processes during the MA. The increase in the milling time to above 15 h for each particle

115:1600629016
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resulted in a plate-like structure consisting of a fine and relatively homogeneous distribution of solute
components in the Ti matrix (Figure5(points E-H)).

Increasing the ball milling time to over 40 h caused significant changes in the microstructure
and homogeneity of the particles because the dissolved Mo, Ta and Sn elements were deposited at
interfaces and were incorporated into the Ti matrix (Figure5(point I-])).

T
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Figure 5. SEM-Backscattered electrons images and SEM-EDS point analysis of TTM and TTM3S
powders after 10, 15, 20, 40, 60, 80 and 100 h of milling.
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For the TTM3S powders, for milling times above 60 h, the results of the SEM-EDS studies reveal
that the material was more homogenous compared to TTM powders (Figure 5 (point K-N)). It is
therefore correct to state that tin, when used as a PCA, also improves the mutual solubility of the
starting components.

In order to control the phase transformations, an analysis of the milled powders was carried out
using XRD. Figure 6 show the XRD patterns of the powders after mechanical alloying according to the
milling time. The X-ray phase analysis showed that the powders were free of oxides and impurities,
and contained the following phases: oTi (ICDD PDF 00-044-1294), 3 Ti (ICDD PDF 00-034-0370) and
the starting element Mo (ICDD PDF 01-089-5158). As shown in Figure 6, the intensity of the XRD
peaks slightly decreases with an increasing milling time. A considerable broadening of the diffraction
peaks was noted because the powders were deformed as a result of the permanent collisions of balls
and splitting of the powders. This can be attributed to the severity of the lattice distortions and the
reduction in the crystallite size. This indicates the correct course of mechanical alloying leading to the
synthesis of the 3 phase. Additionally, increasing the mechanical alloying time causes the shift and
expansion of Ti peaks due to the accumulation of lattice defects and the supersaturation of Ta, Mo and
Sn atomes.

This statement is strongly supported by the gradually reduced crystalline-to-nanocrystalline size
(Figure 7). When the milled powder is greatly deformed, not only can the grain size be reduced to
nanometric dimensions, but the chemical long-range and short-range orders simultaneously decrease,
leading to the formation of a nanocrystalline phase and then an amorphous phase.

Based on the Williamson-Hall method, it was concluded that after almost every milling time
nanocrystalline materials were obtained. The only deviations were noted for the molybdenum phase
at the two shorter milling times in both types of powders. For all phases, a reduction in the crystallite
size and an increase in the lattice distortion occurred simultaneously with an increase in the milling
time. Figure 7 shows that the change in the estimated crystallite size of the beta phase is logarithmic.
It was found that the milling process causes a rapid reduction in the crystallite size in the early steps
before stabilizing in the later steps. The average crystallite size of the 3 phase for the TTM powder
was approximately 94(5) nm and 24(3) nm after ball milling for 10 and 40 h, respectively. The rate
of the size decrease was approximately 2.3 nm/h. After subsequent ball milling from 40 to 100 h,
the average crystallite size decreased from 24(3) to 12(2) nm, and the rate of size slowed down and was
approximately 0.2 nm/h. Similar logarithmic trends of crystallite size variations at various milling
times were observed for powders containing 3% of tin (TTM3S). An analysis of the results from Figure 7
shows that the presence of PCA increases the efficiency of the nanocrystallization process. This is
particularly evident for the 3 phase in the TTM3S sample; it was noted that a reduction in the crystallite
size took place simultaneously with the presence of tin, finally reaching 5(1) nm after the longest
milling time. The average crystallite size of the (3 phase for the TTM3S sample was approximately
98(8) nm and 14(3) nm after ball milling for 10 and 40 h, respectively. The rate of the size decrease was
approximately 2.8 nm/h.

After subsequent ball milling from 40 to 100 h, the average crystallite size decreased from 14(3) to
5(1) nm, and the rate of the size decrease slowed down and was approximately 0.15 nm/h. After 100 h
of milling, the lowest values of the crystallite sizes for the « phase were estimated at values of 28(3)
nm and 18(2) nm, respectively for the TTM and TTM3S powders. For the « phase, an increase in
the dispersion of the crystallites was also noticed. After 100 h of milling, the lowest values of the
crystallite size for the o phase were estimated at 41(4) nm and 37(4) nm, respectively for TTM and
TTM3S powders.
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Figure 6. X-ray diffraction patterns and changes in the weight fractions of the «, § and Mo phases of
(a) TTM and (b) TTM3S powders after 10, 15, 20, 40, 60, 80 and 100 h of milling.
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Figure 7. Changes in the average crystallite size (D) and lattice distortion (<Aa/a>) of the weight
fractions of the &, 3 and Mo phases of the TTM and TTM3S powders after 10, 15, 20, 40, 60, 80 and 100

h of milling.
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The continuous increase in the lattice distortion of the & and 3 phases can be observed, which for
the § phase ultimately achieved the same value, 0.80%, for the TTM and TTM3S powders after ball
milling for 100 h. The crystallite size of molybdenum after 10 h of milling was over 100 nm, and hence
no data point is provided on the graph. It can be observed that milling leads to a rapid reduction in the
Mo crystallite sizes. For the TTM sample, the average crystallite size of the Mo phase was approximately
85(7) nm and 24(4) nm after ball milling for 20 and 100 h, respectively. The rate of the size decrease was
approximately 15 nm/h. Ball milling of the TTM3S powder to 100 h caused the rate of the size decrease
to become approximately 9 nm/h, and the average crystallite size decreased from 90(7) nm to 45(5) nm
for powder milled for 20 and 100 h, respectively. The lattice strains <Aa/a>, calculated from the X-ray
broadening exhibited for both types of powders, were comparable and demonstrated the same upward
trend. The total lattice distortions of the Mo phase were approximately 0.23(3)% and 0.28(3)% after
100 h of ball milling for the TTM and TTM3S powders, respectively. The trends whereby the crystallite
size decreased and the lattice distortion increased are typical of the milled materials [15-17,63-65].
Compared with the results of similar compositions, the resulting nanocrystalline process depends on
the alloying elements. Due to the high deformation rates, bands with a high dislocation density were
formed at the initial milling stage. Further milling increases the average dislocation density until it
reaches a critical point, when the grain breaks down into smaller particle sizes that are separated from
each other by low-angular boundaries. During the subsequent milling stages, this process is repeated,
except that the deformation is concentrated in areas that have not been previously deformed, as a
result of which the size of the grains constantly decreases. Subsequently, grain boundaries with a small
angle of inclination are replaced by grain boundaries with a larger angle of inclination, resulting in
nanocrystalline particles [1,66,67].

The influence of the longest milling time (100 h) on the nanocrystallization of the TTM and TTM3S
powders was also analyzed using the TEM method. Figures8—-10show the TEM images of the TTM and
TTM3S powders after milling. Both materials presented the same type of microstructure, which was
characterized by big particles.

a)

200 nm 20 mrad

Figure 8. TEM analysis of the TTM powder milled for 100 h; (a) TEM bright-field image; (b) TEM
dark-field images; (c) HR-TEM image; and (d) SAED pattern of the 3 phase.
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20 mrad

Figure 9. TEM analysis of the TTM powder milled for 100 h; (a) TEM bright-field image; (b) TEM
dark-field images; (c) HR-TEM image; and (d) SAED pattern of the « and {3 phases.

Figure 10. TEM analysis of the TTM3S powder that was milled for 100 h; (a) TEM bright field image;
(b) TEM dark field images; (¢) HR-TEM image; and (d) SAED pattern of the (3 phase.
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The analysis of the recorded ring-shaped Selected-Area Electron Diffraction (SAED) patterns
revealed that in both materials the « + 5 phases or only the 3 phase were present. The study of
the diffraction images and bright- and dark-field images confirms the nanocrystallization of the
TTM and TTM3S powders. It was found that nanocrystalline molybdenum and strongly distorted
nanocrystallites were present as remaining phases. Visible Mo nanocrystallites were elongated and
their grain boundaries were clearly marked for both types of powders. The lack of full alloying
even during the long-term milling of molybdenum results from its lower ductility when compared to
the titanium and titanium alloy. The electron microscopy results were in good accordance with the
XRD studies.

Rietveld refinements were used for the investigation of the milling process effect and the addition
of Ta, Mo and Sn to the structure. Rietveld refinement was also used to determine the quantitative
content of individual phases (Figure 11). Quantitative analysis has shown that, as the milling time
increased, the content of the x and Mo phases were reduced. The analysis of the results did not show
any significant effect of the PCA agent on the change in the phase contents during milling, but a slight
improvement in the solubility of molybdenum for the sample containing a PCA was noted.

a) S « phase [l p phase [ 7] Mo b) S8 a phase [l ¢ phase [T Mo
™ N N ) ~ ) ) ) TIM3S & ) N N & N &N
< 7] ] & - @ o = ~ & & <
L © © ) 0 o TA00L L8 gls iR B i
7 . . ; ‘ ; :
H 2 wi|s ol
w 9 o | 2 |
2 S 60 ‘:3'\\- i @ ¥
L a. |
5 S 40 :\\N N
4 N |
: £ 1R\ 1
9 ] N X \
= t 20- N
S 3 S N
0 AN : k‘ N
1 60
Time of milling [h] Times of milling [h]

Figure 11. Changes in the weight fraction contents of the «, # and Mo phases of (a) TTM and (b)
TTM3S powders after 10, 15, 20, 40, 60, 80 and 100 h of milling.

The changes in the lattice parameter for each phase as a function of the milling time with and
without a PCA and the corresponding ICDD data sheets are shown in Figure 12. During the milling
without a PCA, the lattice parameters and unit cell volume first decreased, then increased and, finally,
were reduced. It should be emphasized that for the TTM3S powder containing Sn as the PCA the
above changes were observed only for the 3 phase.

This variable for TTM and TTM3S may be the result of the appearance of a large number of
defects in the ordered lattice, such as vacancies, stacking faults and dislocations [68,69]. For all the
phases when the milling times were increased, a decrease of the lattice parameter was observed due to
alternating cold welding and particle build-up during the milling process. A similar behavior was
previously observed in other titanium alloys obtained by mechanical alloying [11,16,17,63-65].

In the case of the g9 parameter of the « phase, the lattice parameters of the TTM and TTM3S
powders did not deviate significantly, and the deviations were within the uncertainty limits. For other
lattice parameters, the  and Mo phases clearly showed that the tin caused a greater reduction in
the unit cell of the individual phases. The biggest decrease of the lattice parameters was visible for a
milling time of 40 h.
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Figure 12. The unit-cell parameters of the o, 3 and Mo phases of the TTM and TTM3S powders after
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4. Conclusions

In this work, the effect of using tin as a PCA during the milling of titanium alloys was assessed.
Nanocrystallization, improvement of homogenization and maximization of the process yield were
considered as the primary aims. The addition of 3 wt % Sn allowed for an increased efficiency of
the milling process, while maintaining a stable microstructure. Tin provides an effective method of
controlling mechanical alloying without introducing the contamination of oxygen or carbon into the
titanium alloy. The results showed that the samples prepared by 10 and 15 h of ball milling using
Sn as a PCA had a higher yield of powder than the samples prepared without a PCA. After each
milling time, greater yields were obtained for powders with Sn than for powders without Sn. A small
addition of tin (3 wt %) as the PCA improved the nanocrystallization of the  and (3 phases of titanium
(decrease of the crystallite size (D) in comparison to samples without Sn) and, simultaneously, allowed
for a considerable refinement of particles and their homogenization by diminishing the cold welding
and agglomeration of the pulverized particles. The X-ray diffraction and TEM studies confirmed the
nanocrystallization of the new alloys Til0Ta8Mo and Til0Ta8Mo03Sn, as well as the transformation from
the «-Ti phase to the 3-Ti phase after the ball milling process. It should be mentioned that TEM and
XRD tests showed the presence of nanocrystalline molybdenum particles due to their lower plasticity
compared to titanium. For all the phases, increasing the milling times resulted in a decrease in the
lattice parameters. In addition, the SEM-BEI results confirmed that the use of Sn as a PCA provided a
better homogenization of samples prepared with at least 60 h of ball milling.
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Abstract: In view of the aging population and various diseases worldwide, the demand for implants
has been rapidly increasing. Despite the efforts of doctors, engineers, and medical companies, the
fabrication of and procedures associated with implants have not yet been perfected. Therefore, a high
percentage of premature implantations has been observed. The main problem with metal implants is
the mechanical mismatch between human bone and the implant material. Zirconium/titanium-based
materials with graded porosity and composition were prepared by powder metallurgy. The whole
samples are comprised of three zones, with a radial gradient in the phase composition, microstructure,
and pore structure. The samples were prepared by a three-step powder metallurgy method. The
microstructure and properties were observed to change gradually with the distance from the center
of the sample. The x-ray diffraction analysis and microstructure observation confirmed the formation
of diffusive connections between the particular areas. Additionally, the mechanical properties of
the obtained materials were checked, with respect to the distance from the center of the sample. An
analysis of the corrosion properties of the obtained materials was also carried out.

Keywords: titanium-based alloy; porosity; FGM

1. Introduction

Medical reports have presented alarming statistics on the development of diseases and
the demand for implants worldwide. The most common long-term bone implant procedure
is hip alloplasty [1]. The National Joint Registry registered 790,000 such procedures between
2003 and 2015 in England [2]. It has been estimated that, by the end of 2030, the number of
total hip replacements will increase by 174%, compared to that in 2005 [3]. Despite the many
efforts of engineers and medical companies, the implantation procedures and materials
have not yet been perfected. Therefore, a high percentage of early re-implantations has
been observed; for example, in England, considering more than 800,000 procedures, it was
necessary to perform almost 90,000 hip endoprosthesis re-implantations [2].

At present, titanium-based alloys in particular, Ti-6Al-4V, are widely used for bone
implants; however, such alloys still have a number of disadvantages that need to be
improved. The most serious defects of titanium alloys for orthopedic surgery include their
high Young’s modulus compared to human bone, low shear strength, and low abrasion
resistance. Additionally, there have been reports in the literature regarding the alloying
additives such as Al and V, which can be harmful to the human body and, thus, pose a
threat to the health and life of patients [4].

The first method is to indirectly affect the mechanical properties by chemical com-
position control. For example, L.Verestiuc et al. [5,6] analyzed the effect of Si addition
on Ti-15Mo alloy and confirmed significant changes of elastic modulus. Zirconium, as
an alloying element for titanium, is highly safe for the human body, as it is a non-toxic
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element, having shown no mutagenic or carcinogenic effects. An additional advantage is
the fact that Ti-Zr alloys have very high corrosion resistance [7-9]. Tantalum is another
biocompatible metal, due to its low toxicity and excellent corrosion resistance. Additionally,
it has been shown that Ti-Ta alloys possess the lowest Young’s modulus values among
materials currently used for implants. The Ta coat on a traditional titanium plate can
promote fixing of bone fractures [10,11]. The studies of Zhou and Niinomi [12,13] have
shown that Ti-Ta alloys produced by the arc melting method have strength in the range
510-690 MPa, depending on the percentage of tantalum. The second method for influenc-
ing the mechanical properties of the element—and, in particular, the value of the Young's
Modulus is to introduce porosity into the material. It is well-known that porosity has
effects on mechanical properties, such as the strength or elasticity, of the whole element.
Additionally, there have been reports focused on the effect of the porosity on the corrosion
resistance of the material [14-17]. In the study of Oh et al. [18], a decrease of Young's
modulus with the introduction of porosity into the material was observed; moreover, a
linear relationship between the porosity and elasticity was confirmed. According to the
cited studies, a titanium-based alloy with a porosity of approx. 30% will have a modulus
of elasticity similar to that of human cortical bone. Creating materials with a gradient
structure of porosity for potential use as bone implants seems to be appropriate, due to the
combination of functions performed by pores of specific size. Such a situation is attractive,
due to the maximum strengthening of the bone-implant connection [19-21]. Additionally,
the arrangement of pores of a particular size, and thus, the presence of areas of different
porosity in a very specific way, can affect the mechanical properties of the whole element,
as mentioned above. Recognition of the influence of particular areas will allow for determi-
nation of the possibility of designing implants with strictly defined mechanical properties
individually adjusted to the bones of patients. The architecture of human bone itself shows
heterogeneous porosity, which can be observed on the longitudinal section of long bones,
consisting of both spongy and compact bone [22].

Functionally graded materials (FGMs) are materials whose structure, composition, or
porosity is distributed in a gradient. The areas are characterized by microscopic areas of
non-homogeneous material which, in the whole, form a gradient of the analyzed factor.
For example, a dental implant material with a gradient composition ranging from pure
titanium at one end to a mixture of titanium and 20% hydroxyapatite at the other end
has been reported in the literature. Titanium, as a metallic element, is used to ensure
the strength of the whole element, while hydroxyapatite has high biocompatibility with
bone [23,24]. Torres et al. [22] have produced samples by mixing titanium powder with
NaCl in different ratios and using different pressure during production. In addition
to developing a procedure for the production of samples with a reproducible porosity
structure, the authors used the ultrasound method to demonstrate its potential to improve
the modulus of elasticity without a significant loss of strength. In subsequent studies, Torres
et al. [25] produced samples with porosity varying along sample cylinders, using powder
metallurgy and sintering. The porosity of the subsequent layers of material produced
varied from 15-45%. The development of an appropriate porosity gradient improved the
strength, compared to ordinary porous materials, and a change in the Young’s modulus,
from 75 GPa to 34 GPa, was additionally noted.

The main aim of our research was to determine the possibility of producing Func-
tionally Grade Materials comprised of three areas arranged concentrically, using powder
metallurgy. The effects of the milling parameters on the degree of powder agglomeration
and, consequently, the porosity of sintered samples were studied.

2. Materials and Methods

Commercial powders of Ti (Atlantic Equipment Engineers (AEE); purity 99.5%,), Ta
(Sigma Aldrich; 99.9%; 325 mesh; <44 um), and Zr (Atlantic Equipment Engineers (AEE);
purity 99.5%; particle size < 300 pm) were used for preparation of the initial materials. Zr
elemental metal was used in commercial form. The titanium powder was agglomerated in
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a planetary-ball mill with containers and balls (10 mm) made from hardener steel, in order
to obtain two different fractions, in terms of powder size (about 450 pm and 1000 pm).
The process was performed by the following parameters: 200 rpm, charge weight 20 g,
balls: powder ratio was 10:1 and process were performed 10/20 h. Additionally, they
were blended Ti-50Ta (wt.%) and Ti-50Zr (wt.%) compositions. The process of mixing
was performed by the following parameters: 100 rpm, charge weight 10 g, balls: powder
ratio was 5:1 and process were performed 75 h. These two processes were performed
in a planetary ball mill (Fritch Pulverisette 7 premium line) under a high-purity argon
atmosphere (99.99%). The material was prepared without any substances to improve the
porosity (e.g., space holders). The key task was the preparation of graded cylindrical green
compacts comprised of three areas with different porosity and composition, as shown
in Figureland Tablel. This was achieved by three-step cold isostatic pressing. The
samples were prepared without any binder or lubricant. Then, the green compacts were
sintered in a vacuum at 1000 °C for 24 h and cooled in the furnace to room temperature. The
sintered specimens for observation were ground and polished by a standard metallographic
procedure and etched in Kroll’s solution.

Figure 1. Schematic representation of sample construction.

Table 1. Schematic representation of sample construction.

Sample Zr-Ti/Ta-Ti450 Zr-Ti/Ta-Ti1000 Zr-Ti/Zx-Ti
Areal-inside Zr Zr Zr
Area2-ring Ti-50Ta Ti-50Ta Ti-50Zr
Area3-outer Ti-450 Ti-1000 Ti-1000

Areal/2/3 is mark in Figurel.

The phase composition of the obtained material after sintering were studied by X-
ray diffraction method (XRD), using a Phillips X-ray X'Pert diffractometer (PANalytical,
Almelo, The Netherlands) with a lamp with a copper anode (CuKa-A = 1.54178 A). The
phase analyses were performed using the ICDD PDF-4+ database.

The microstructure of sintered materials was observed using the scanning electron
microscope (SEM) JSM 6480 (JEOL, Tokyo, Japan) with an accelerating voltage of 20 kV.
Additionally, we performed chemical composition analyses using an energy dispersive
X-ray spectroscopy detector (EDS; IXRF, Austin, TX, USA) using the standard calibration
method.

The analysis of porosity in particular regions was performed by stereological methods
based on optical microscope (OM; Olympus, Tokyo, Japan) imagery. A number of images
were combined to obtain the largest possible area of analysis. The assessment of porosity

129:8425390007



Materials 2021, 14, 6609

40f17

and size of the pores was performed using the planimetric method with the Image] software
(version 1.50b). We used the following stereological parameters: The surface area of the
pores, ap (um?); volume fraction of the pores, Vy (%); the Feret diameter (largest distance
between two points along the selection area); and the shape of the pores, which was
assessed through the circularity parameter.

Micromechanical tests were performed using a Micro Combi Tester MCT3 (Anton
Paar, Corcelles-Cormondreche, Switzerland). Measurements were performed according to
the recommendations of ISO 14577 [21]. A Berkovich indenter was used, with a maximum
load 300 mN (0.3 N), loading and unloading time 30s each, and endurance time under
maximum load of 10 s. Instrumental hardness (Hjt) and instrumental elastic modulus (Ejt)
were determined by the Oliver-Pharr method [26]. Measurements were made to determine
whether there was a gradual change in mechanical properties. Therefore, measurements
were taken in a single line, moving from the center to the outside of the specimen.

The corrosion resistance measurements were conducted in a 250 mL glass cell with
temperature control. The samples were mounted in resin with a copper wire, and their
surface was ground to a surface finish of P4000. The resulting samples had a geometrical
surface area of 1.131 cm?. Apart from the sample (serving as the working electrode), two
more electrodes were inserted into the cell. The reference electrode for the experiments was
a saturated calomel electrode (SCE), while the counter-electrode was a platinum mesh. The
studies were performed in naturally aerated Ringer’s solution (8.6 g/dm3 NaCl, 0.3 g/dm?
KCl, and 0.48 g/ dm?3 CaCl2-6H,0; Fresenius Kabi, Poland) at 37 °C. The measurements
were controlled using a potentiostat-galvanostat (PARSTAT4000A, Ametek, Princeton
Applied Research/Solartron, Tennessee, USA /the U.K.) with the VersaStudio software.
The following experimental procedures were performed: open-circuit potential (EOCP)
stabilization for 7200 s; and potentiodynamic polarization (PDP), starting from —200 mV
vs. EOC up to 1500 mV vs. SCE with a scan rate of 20 mV/min. When the current exceeded
50 pA/cm?, the polarization direction was reversed, in order to check whether the rise in
the current was due to the breakdown of the passive oxide layer on the substrate.

3. Results and Discussion

The XRD diffraction patterns of the sintered samples revealed the presence of four
different phases. For Zr-Ti/Ta-Ti samples (see Figure 2a), we observed the following phases:
«-Ti (ICDD PDF 01-089-4913), 3-Ti (ICDD PDF 00-044-1294), Zr (ICDD PDF 03-065-3366),
and Zr(0.11Ti0.89 (ICDD PDF 04-019-4075). The «-Ti and Zr phases were consistent with
the initial materials, while the appearance of 3-Ti was related to the presence of tantalum
in the ring composition. The Ti-50Ta wt.% composition was pre-mixed, but sintering
resulted in synthesis, indicating the presence of 3-Ti. Pure tantalum is a good (3-stabilizing
element of titanium. The literature has indicated that as little as 25% wt. Ta can cause the
appearance of the 3-phase and, with increasing tantalum content, the 3-phase proportion
increases [13,27-30]. We also detected a non-stoichiometric phase of Zr0.11Ti0.89, likely
located in the transition zones. In the samples, the zirconium and pure titanium zones had
no mechanical contact. However, we suppose that diffusion allowed for the formation of a
non-stoichiometric phase. It should be noted that the contact area between titanium and
zirconium in the gradient material was found to be relatively small, compared to that in
the conventional blending of powders.

In case of Zr-Ti/Zr-Ti samples (Figure 2b), we found three phases. Two of them, «-Ti
(01-089-4913) and Zr (03-065-3366), were similar to that of the initial material. Additionally,
a Zr(0.5Ti0.5 (04-003-1466) phase was present. The direct contact between Ti and Ti-50Zr,
as well as Zr and Ti-50Zr, allowed for the diffusion. Generally, diffusion proceeds in the
direction of the chemical potential gradient, resulting in the formation of a stoichiometric
phase. The Ti-Zr phase diagram revealed the complete solution over the whole range of
components. The interdiffusion in a binary solid system is determined by the flux of the
atoms diffusing in the direction of the chemical potential gradient. For the Ti-Zr binary
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system, interdiffusion is dominated by the vacancy mechanism of diffusion and determined
by the diffusion coefficients of the titanium and zirconium atoms [31-34].

Counts

(a]
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Figure 2. X-ray diffraction patterns of: (a) Zr-Ti/Ta-Ti system; and (b) Zr-Ti/Zr-Ti system.

Observation of all samples at lower magnification demonstrated differences between
samples with transition zone between Ti-50Ta wt.% and Ti-50Zr wt.%. In the samples
containing tantalum, more distinct transition zones could be distinguished. Additionally,
observation revealed, for all samples, a continuous and gradual change in microstructure.
However, it is clear that all the samples had three areas.

Observations at higher magnification indicated that the microstructure changed in a
manner dependent on the distance from center of the sample (Figure3). For all samples,
the center was zircon with the same gradation and, therefore, for all samples, this part
revealed a microstructure characteristic of zircon, with similar pore structure. The transition
zone in all samples revealed a transitional and continuous change in the microstructure.

131:2517647020



Materials 2021, 14, 6609 60f17

Additionally, for all cases, a significant microstructure was observed in this zone, with
needle-shaped grains. The outer part was formed of titanium after agglomeration, as
confirmed by observation of the microstructure, which was characteristic of titanium. More
importantly, for all cases, there were solid connections between the powder particles,
regardless of the position in the sample. The sintering and diffusion processes that create
these solid interfaces allow for the formation of permanent bonds between the different
areas, which is crucial in the case of samples comprised of different zones.

inside area transition area outer area

1

|[ Zr-Ti/Zr-Tia50 I[ Zr-Ti/Ta-Ti

Zr-Ti/Zr-Ti1000

Figure 3. SEM images, with higher magnification, of the sintered samples.

In order to confirm the repeatability of this structure in the whole volume of the
samples, observations of the 3D structure were carried out through the use of X-ray
tomography (see Figure4). We confirmed that all of the samples preserved the three-
zone structure in their whole volume. Additionally, no anomalies were observed in the
construction of the whole sample, indicating that three-stage isostatic pressing allows for
reproducible construction. We only observed differences in the case of the ring; however,
this was due to the fact that the ring itself was made of fine powder after mixing, and this
powder filled the empty spaces in the inner and outer zones to a varying extent.
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Figure 4. Microtomography observations of the Zr-Ti/Zr-Ti sample. Cross-section of the specimen
(top photo), section along the specimen (middle photo) and in the last photo the location where the
above images were taken.

The elemental distribution maps (see Figure5) in the transition zones between the
core and ring and between the ring and outer zone clearly illustrate the degree of elemental
diffusion between the particular zones. These observations were also complemented by a
quantitative analysis of the concentration of individual elements as a function of distance
from the sample center, as shown in Figure6. It is worth noting that quantitative chemical
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composition measurements were conducted at equal intervals, in order to ensure the most
meaningful results across the sample cross-section.

overlap

Zr-Ti/Ta-Ti450

Zr-Ti/Ta-Til000

Zr-Ti/Zr-Ti

Figure 5. SEM images and distribution elements maps for all samples, with marked observation locations.
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Figure 6. Quantitative analysis of chemical composition, in relation to the location at which the measurement was made.
Point 1 is for the outside sample edge and with increase of number the measurement it is closer to zirconium core (point 35).

For samples with a ring having a Ti-50Ta wt.% composition, we observed a smooth
transition of tantalum concentration towards the outer layer. Moreover, in the outer layer,
we observed small amounts of zirconium, which may indicate that there was a diffusion
process of the zirconium, from the center of the sample to the outer zone. In the case of the
core-ring diffusion zone, we observed a more edgy cut-off between the components; which
was very well observed for zirconium and tantalum. In contrast, a much better diffusion of
titanium towards the zirconium core was observed. The different diffusion coefficients of
Ti and Ta in the structure resulted in the unbalanced transport of atoms from one zone to
the other [35,36]. Ansel et al. [36] have shown that the diffusion coefficient in Ti-Ta alloys
strongly depends on the concentrations of the elements. Thus, at a lower tantalum content,
this coefficient is many times higher than for a higher tantalum concentration. Therefore,
it is reasonable to consider rings with lower tantalum content; in particular, considering
that a much lower content of tantalum (approx. 25%) can allow for the appearance and
stabilization of a f3-titanium phase [27]. It should be mentioned that diffusion is limited in
porous materials, where diffusion of the elements takes place within the diffusive necks
between the powder particles.

Quantitative analysis of pores revealed differences between the samples, due to the
different porosity of the outer zone. For the sample in which a fraction of smaller titanium
particles was used for the outer layer, a significant elongation of the ring—external diffusion
zone was observed. This is likely related to the fact that the smaller particles of powder
effectively obtained a smaller porosity and, thus, there was more material at the interface
between the two areas, which allowed for more efficient diffusion of tantalum. It is worth
noting that the use of a fine powder after mixing to create a ring allowed for a better
connection with more porous materials, both inside and outside. In addition, unfortunately,
the zirconium diffusion region towards the Ti-50Ta wt.% ring was found to be small. We can
clearly see from the graphs that the change in zircon concentration was rapid. In contrast,
in the case of the Zr-Ti/Zr-Ti structure, we observed a gradual and gentle change of the
components. Introducing a Ti-50Zr wt.% ring affected a slight change in the concentration
of the components, additionally extending the zone of occurrence of diffusion. Quantitative
analysis showed that approximately 20% of zirconium was observed in the outer zone of
the sample and a low percentage of titanium was observed in the center of the sample. In
this case, the diffusion of the components took place over the entire cross-section of the
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sample. Titanium and zirconium have the same crystal structure and belong to the same
group in the periodic table of elements, which greatly promotes their interdiffusion. The
phase diagram revealed the complete solution over the whole range of components [33,34].
Additionally, the Ti-50Zr wt.% composition material showed low activation energies,
similar to the values previously reported for pure Zr or Ti [31].

The presence of pores in materials for potential use as long-lasting implants can
decrease the stiffness of whole element. The percentage of the pores (volume fraction) in
the observation area for particular areas was estimated, based on the pore surface fraction
on the material assessed using optical microscope (Table 2). For the inside zone, composed
of the same material, similar levels of porosity were observed for all three sample types,
between 20 and 30%. Closer analysis of the cross-sectional area revealed the first differences
for the inner part of the sample. In the Zr-Ti/Ta-Ti450 sample, more than 22% of the pores
were larger than 500 um?. In the case of the Zr-Ti/Ta-Ti1000 sample, the amount of these
pores was 7% and, for the Zr-Ti/Zr-Ti sample, it was 25%. Differences in porosity appeared
at the ring zone for samples where the transition zone was a mixture of Ti-50Ta wt.%. For
the Zr-Ti/Ta-Ti450 sample, the porosity of this region was 7% while, for the Zr-Ti/Ta-Ti1000
sample, it was 6%. In contrast, for the sample in which the transition zone was a mixture
of Ti-50Zr wt.%, the volume fraction of pores was 12%. It is worth noting that the size of
the powders was not observed after mixing, regardless of the composition; therefore, this
difference in porosity was not due to the particle size. It can be assumed that diffusion is
important here, which occurs much more easily for binary systems, in terms of the whole
sample, than when considering three components.

Table 2. The volume fraction of particular areas of all samples.

Zx-Ti/Ta-Ti450 Zx-Ti/Ta-Ti1000 Zx-Ti/Zx-Ti
Area 1-inside 21% 25% 29%
Area 2-transition 7% 6% 12%
Area 3-outer 44% 25% 44%

The specimens were designed, based on literature reports, to support osteointegration
as much as possible and, thus, to improve the implant-bone interface. The volume fraction
of pores in the outer zone was 44% for the Zr-Ti/Ta-Ti450 and Zr-Ti/Zr-Ti samples. In
both of these cases, the outer layer was composed of particles that were homogenized in
a uniform manner, suggesting that the porosity results are reproducible. The presence
of interconnected pores may allow for the entry and flow of body fluids and nutrients,
which is why the presence of pores with a large cross-section is so important. When
it comes to the outer layer, designed for bone contact, not only is the overall porosity
important, but also the structure and shape of these pores. This is extremely important for
osteointegration. Research in the literature [19,37,38] has demonstrated that a pore size
(Feret diameter) greater than 100 um is suitable for cell migration. The presence of larger
pore sizes supports further important processes, such as osteoprogenitor cell migration,
adhesion, and proliferation of cells. The average pore cross-section sizes understood
as cross-section area for Zr-Ti/Ta-Ti450, Zr-Ti/Ta-Ti1000, and Zr-Ti/Zr-Ti samples were
4752 pm?, 1488 um?, and 3670 um?, respectively. In general, for the outer layer, we
noted differences in the number of pores with cross-section area larger than 500 um?.
The Zr-Ti/Ta-Ti450 sample showed more than 28% of these pores. In the case of the Zr-
Ti/Ta-Ti1000 sample, the amount of these pores was 14% in the outer region while, for the
Zx-Ti/Zx-Ti sample, it was 10%. The microscopic observations of the microstructure and
the results of the analysis of the presence of pores with such a large cross-section suggest
the presence of interconnected pore systems. This is extremely important, in terms of
facilitating the penetration of body fluids and nutrients to ensure cell nourishment [21].
Another stereological quantity analyzed was Feret diameter, understood as the distance
between the two parallel planes restricting the object perpendicular to that direction. The
maximum Feret diameters for Zr-Ti/Ta-Ti450, Zr-Ti/Ta-Ti1000, and Zr-Ti/Zr-Ti samples
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were 2323 um, 2158 um, and 1510 pum, respectively. As above, the percentage of pores for
which the Feret diameter was greater than 100 um was performed. The Zr-Ti/Ta-Ti450
sample showed more than 21% of these pores, the Zr-Ti/Ta-Ti1l000 samples had over 12% in
the outer region and, for the Zr-Ti/Zr-Ti sample, it was 10%. The dimensionless coefficient
of circularity for the outer layer of all sample types was 0.5. Contrary to predictions, the
Zr-Ti/Ta-Til000 sample-that is, the one where larger particles were used for the outer
layer—revealed a smaller proportion of large pores in both the inner and outer regions.
Previous studies have revealed that the larger the powder particles used, the greater the
porosity obtained and the proportion of pores with a large cross-sectional area. However,
in the case of gradient materials, when we used a material with large particles for the outer
layer, these values changed. This may be related to the three-step isostatic pressing process,
having a relatively small space for the outer layer. This led to a tighter compression of
both the outer and inner layers, through compression from the outside. In addition, the
agglomeration of powders of different sizes may have resulted in powders of different
sizes being in different locations between the curing and plasticizing of the material. In
powder metallurgy, these processes follow one another cyclically; which is evident from
the theory of the method, as well as from previous studies.

In an attempt to examine the mechanical properties of the samples, we performed
microhardness and instrumental Young’s modulus measurements across the samples
(Figures 7 and 8). Points 1-3 were for the zirconium core, while points 4-10 were for the
Ti-50Zr or Ti-50Ta wt.% ring and the remaining points were for the outside area. For all
samples, we observed gradual changes of analyzed mechanical parameters, particularly in
terms of the transition zones between the areas. It is worth noting that this change was
generally not continuous over the entire sample. First, this may have been related to the
different degree of diffusion of components from the ring towards the core. The second
reason for these differences may be the high porosity of the core. For Zr-Ti/Ta-Ti samples,
areas of increased microhardness were observed around the 3rd or 4th measurement point,
while the same was observed for the Zr-Ti/Zr-Ti sample around the 9th measurement point.
These areas coincide with the significantly smaller needle-like grains in the transition zones
in the aforementioned samples, which were related to a local increase in microhardness.
The lowest microhardness values were found throughout the Zr-Ti/Zr-Ti sample section.
When measuring Young’s modulus, we observed much smaller changes in values within
samples. Additionally, measurements in relation to the position on the cross-section of the
specimen perfectly illustrated the continuous change of values, with particular emphasis
on the transition areas. More importantly, for many points in the Zr-Ti/Ta-Ti1l000 sample
and for almost the entire Zr-Ti/Zr-Ti sample, the Young’s modulus value was below
100 GPa. This is very important for the potential application of the designed materials in
long-term bone implants. It has been estimated that the value of Young’s modulus of bone
varies from 10 to 40 GPa, depending on the bone tested; however, the Young’s modulus of
pure titanium (xTi) is 105 GPa, while that for the most commonly used alloy in medicine,
Ti-6Al-4V, is 110 GPa [39-41].
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Figure 7. The relationship between the microhardness and measurement location (from core to
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Ti1000, (c) Zr-Ti/ Zr-Ti.
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Figure 8. The relationship between the Young’s modulus and measurement location (from core to
outside zone of sample, representation at the bottom) for samples (a) Zr-Ti/Ta-Ti450, (b) Zr-Ti/ Ta-
Ti1000, (c) Zr-Ti/ Zr-Ti.

The samples that were subjected to the corrosion studies were first mounted in a resin,
which was utilized to limit the surface area of the cross-section of the material with different
core-shell configurations of microstructure, as well as composition. The porous subsection
of the materials was prone to becoming infiltrated by the corrosion medium during the
measurements, which was readily visible in the case of the E-OCP time progression curves
(see Figure9). The effect was the most pronounced for the group of materials that had a
pure zirconium phase embedded within their architecture.
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Figure 9. Open-circuit potentials (EOCP) registered for the metal samples during immersion in
Ringer’s solution.

For these specimens, there were quite significant oscillations in the measured potential
throughout the experiments. The Zr-Ti/Zr-Ti sample experienced the most pronounced
changes. The reason for this observation might be the slow infiltration of the electrolyte
through the intricate pore architecture of the material. The fact that the material had
different metallic phases interlocked into a single sample gave rise to the possibility of
galvanic coupling between the less noble (anodic) and more noble (cathodic) regions.
As a result, the formation of corrosion products could obstruct the channels within the
material, thus limiting the continued ingress of Ringer’s solution. From the point of view
of the possibility of ingrowth of body tissue within the material, the results suggesting the
continual wetting of the inner surfaces of the immersed samples indicate some promise
for their potential use in bone reconstruction. The potentials of the Zr-rich samples were
characterized by similar Eocp (open-circuit potentials) values at the end of the stabilization
period (Table3), which were around —175 mV vs. SCE. The corrosion potential of pure
zirconium in Ringer’s solution is typically in the range of —400 to —350 mV vs. SCE [34,42].
The PDP results signified that almost all of the studied materials had undergone passive
oxide film breakdown during the polarization scans (Figurel0). The rupture of the
protective layer may give rise to a lack of integration of the tissue with the medical device
or lead, in extreme cases, to the failure of the implant as a result of corrosion and metallosis.
The corrosion potentials (Ecor) of the samples, as measured from the PDP curves (Figure9
and Table3), were slightly shifted towards more negative potentials (as compared with
the stable Eqcp values), due to the nature of the scan. The sweeping of potential generates
a capacitive charging current through the electrochemical interface, which skews the
current readings to higher values (and the E @ i = 0 point to more negative potentials).
The Epq potentials were increasing in the order Zr-Ti/Ta-Til000 < Zr-Ti/Ta-Ti450 < Zr-
Ti/Zr-Ti; however, these results may be inconclusive, due to the fairly wide range of the
measured data.

Table 3. Electrochemical corrosion investigations results. All potentials are reported with respect
to SCE.

Sample EOCP (mV) Ecor (mV) Ebd (mV)
Zr-Ti/ Ta-Ti450 —174 £22 —194 £23 357 £5
Zr-Ti/Ta-Ti1000 —195 £ 81 —220 £43 309 £+ 46

Zr-Ti/ Zr-Ti —152 £13 —-175+ 4 428 £+ 86
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Figure 10. Potentiodynamic polarization (PDP) curves, recorded for the metal samples after EOCP
stabilization in Ringer’s solution.

4. Conclusions

For this paper, a powder metallurgy method was successfully used to produce ma-
terials with gradient composition and structure (with reference to porosity) in the whole
element. The materials were obtained from powders, which were properly prepared and
subjected to three-step isostatic pressing. The extensive characterization of the materials
allowed us to draw the following conclusions:

Microscopic observation confirmed a gradual change in microstructure, depending
on the distance from the center of the sample. In addition, chemical composition analysis
confirmed the occurrence of diffusion processes, despite the high porosity of the outer and
inner zones. Qualitative analysis by X-ray diffraction also confirmed these results.

Stereological analysis demonstrated the variation of porosity in individual zones.
In addition, the porosity of the inner and outer layers was quite significant, which can
effectively affect the properties of the whole component. In addition, the pore structures
partially complied with the requirements listed in the literature as being optimal for
osteointegration.

The mechanical parameters were found to be differentiated through the studied areas
of the samples, with a clear increase in the parameters within the transition zones between
the individual zones.

Corrosion tests were performed, confirming the suitability of the developed graded
materials for application in moderately oxidizing environments. From the point of view
of the possibility of ingrowth of body tissue within the material, results suggesting the
continual wetting of the inner surfaces of the immersed samples show promise for their
potential use in bone reconstruction.
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Abstract:

Developments in engineering and medicine have allowed patients' health and
guality of life to be supported by implants. Unfortunately, widely used titanium-
based alloys with aluminum and vanadium are not ideal materials. The first
problem is a mechanical mismatch between human bone and the implant
material, and the second issue is the presence of Al or V, which are harmful for
the human body and health. This article focuses on the holistic design and
production of titanium-based materials with vital elements. The zoned, gradient
element can exhibit better mechanical properties and improve the connection
between the implant and the bone.

The samples in two constructions were built with two different zones. The
powders for samples were prepared by powder metallurgy technique with sieve
separation. Phillips X-ray X'Pert diffractometer and PDF4+ database performed
the phase composition analysis. The Scanning electron microscope allows the
observation of the samples. Stereological methods assessed porosity and PAR
M370 Scanning Electrochemical Workstation.

The designed technology based on the powder metallurgy method allows
producing functionally, two-zoned graded materials with variable porosity. The
phase composition analysis confirmed partially synthesis. Additionally, the
observation of the microstructure of the sintered samples revealed the presence
of two permanently connected zones. Preliminary mechanical research was
conducted to evaluate the potential use of the material as an implant material.
The proposal to use two-zone construction of implant components is dictated by
the possibility of personalizing implants for patients, considering personal

characteristics and needs.



Keywords: metals and alloys, powder metallurgy, microstructure, porous

structures
Introduction:

Despite the many efforts of the medical industry, the materials for implants are
not perfect, and by implication, a high percentage of premature reimplantation
is observed [1-3]. Scientists identify two main problems in implant material in
terms of patient needs. One is the mechanical mismatch between the human
bone and the implant material. The second one is using harmful to the human
body and highly allergic alloying elements. Therefore the scientific community
increased attention on vital elements (Ti, Zr, Nb or Ta). For biomedical
applications, titanium-based alloys with their vital elements have been
increasing in significance for years [1,4,5]. They are promising for designing
metallic materials for biomedical uses to lower elastic modulus and improve
strength and biomedical properties. Extensive research is being conducted on
the Ti-Nb-Zr alloy in medical use due to the presence of vital elements and
obtaining of considerably better mechanical properties. In the Ti-Nb-Zr system
were observed the Young’s modulus decreased with an increase of Zr content
and reached a value of 39 GPa for the Ti-14Nb-18Zr composition. On the other
hand, the mentioned system has a high potential for a shape memory effect
connected with a reversible stress-induced martensitic transformation [6—10]. In
addition, the materials obtained are often modified by the addition of tin,
tantalum or iron, which affects the shape memory effect [11-13]. Additionally,
the Ti-Nb-Zr is an extremely promising base for high-entropy alloys [14,15].
Based on literature reports and previous research, we suggest a holistic solution
to construct zoned element with gradient for potential use as implants. Design
of the whole element, not only the material, can positively impact on mechanical
properties and the further connection between the implant and the bone [1,5,16—
19]. This approach can be provided by gradient materials based on non-toxic
elements. By definition, functionally graded materials (FGMs) are advanced
materials that are a buildup of non-homogeneous material areas connected in
the form of a gradient. FGMs are high-performance or functional materials,
where gradation in structure, composition, and porosity results in the reach of

properties with the optimum amount of material [20-22]. In the study, individual



material zones can be designed to comply with strict requirements (e.g.,
biocompatibility, appropriate mechanical properties such as adequate strength
and Young's modulus similar to bone), high corrosion resistance, and safety
connection between bone and implant) for long-term bone implant materials.

The previous research and literature reports confirm the possibility of
manufacturing titanium-based materials by the powder metallurgy (PM)
technique. PM method includes various processes, such as blended elements,
mechanical alloying (MA), additive layer manufacturing, hot/cold isostatic
pressing and many more [23-27]. This unconventional producing method has
significant advantages, such as low-cost production. Powder metallurgy allows
the combination of elements that differ considerably in melting point or density,
which is challenging to do with arc melting. In terms of design material for
implants, the PM technique for producing porosity materials, what more allows
to adjust of porosity structure [28,29]. Powder material prepared in a planetary-
ball mill reveals the wide distribution of particle sizes, leading to different
porosity in the case of samples after sintering. Such disparity of particle fractions
can be used to produce gradient materials in the pressing [18,23,30—34]. The
basis of this research is the use of powders that are at different stages in the

cyclic process, which occurs inside the mill.

The basis of this study is the development of a methodology for producing
concentrically zoned materials from pre-synthesized powders by powder
metallurgy. The main aim was to determine the influence of tin addition on
composition and the use of sieve separation. The processes in the mill and their
effect on the morphology and size of the powders were analyzed. The obtained
materials were characterized by structure, microstructure, and mechanical

properties with respect to the particle size fraction.

Materials and Methods:

The material was prepared by powder metallurgy technique. Commercially
available powders of Ti (Atlantic Equipment Engineers (AEE); purity 99.5%;
particle size <20 microns), Nb (Atlantic Equipment Engineers (AEE), purity
99.8%, particle size 1-5 microns), Zr (Atlantic Equipment Engineers (AEE);
purity 99.5%; particle size < 300 ym) and Sn (Sigma Aldrich, purity 99.9%,



particle size<5 um) were used to prepare two chemical compositions Ti-25Nb-
5Zr (wt.%) and Ti-25Nb-5Zr-2Sn (wt.%). The initial Ti and Nb powders were
similar in polygonal morphology and patrticle size, although niobium powders
have a large amount of particles with a significantly smaller size (fig. 1). Both
powders have particle size 1-50 ym. Similar morphology was observed for Sn
powders. However, the powder has higher dispersion of particle size. The Zr
powder has considerably larger particles joined into agglomerates. The
significant differences in the morphology and particle size of the different types
of powders that it is reasonable to use a milling process to obtain the powder

material as an alloy [35]. This approach to synthesis allows for to avoidance of

segregation of chemical composition.

Figure 1. SEM images of initial powders of Ti, Nb, Zr, and Sn

The processes of pre-homogenization of both materials were performed in a
planetary ball mill under a high-purity argon atmosphere (99.999%). Table 1
summarises the details of the pre-homogenization.

Table 1. Experimental parameters for pre-homogenization.
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Milling conditions

Max. rotation speed of jar, rpm 200

Jar volume, cm?3 80
Milling ball Steel (AISI 52100)

Milling atmosphere Argon
Ball-to-powder weight ratio 10:1
Ball weight, g 100
Powder weight, g 10
Milling time, h 20
Ball size, mm 10

In terms of the large deviation of particle size of Ti-25Nb-5Zr (wt.%) composition,
a sieve separation by two sieves #150 uym and #300 ym was applied after
milling, which resulted in three fractions of material: <150 pym, 150-300 um and
> 300 um. The following essential step was two-step cold isostatic pressing to
prepare graded cylindrical green compacts with 15 mm diameter, as shown in
Figure 2. The first step of cold isostatic pressing was conducted under 200 MPa,
and the second step under 300 MPa. Sample designations according to the
designed construction of samples used in the article are shown in Table 2. At
the final stage, the green compacts were sintered in a quartz tube at 1000°C for

24 h and cooled in the furnace to room temperature.



Ti-25Nb-5Zr-2Sn

Ti-25Nb-5Zr
e (1) <150 um
e (I1) 150-300 um
e (1) >300 pm

<=Ti-25Nb-5Zr-2Sn

Ti-25Nb-5Zr
e (1) <150 pm
s e (1) 150-300 um
- e (1) >300 pm
5mm

Figure 2. Schematic representation of samples construction.

Table 2 Scheme of sample construction and designation

Sample designation Area 1 — inside of sample | Area 2 — outside of the
sample

Ti-25Nb-5Zr(1)/(Sn) | Ti-25Nb-5Zr (I) Ti-25Nb-5Zr-2Sn
Ti-25Nb-5Zr(11)/(Sn) | Ti-25Nb-5Zr (II) Ti-25Nb-5Zr-2Sn
Ti-25Nb-5Zr(1I)/(Sn) | Ti-25Nb-5Zr (Il1) Ti-25Nb-5Zr-2Sn

(Sn)/ Ti-25Nb-5Zr(I) | Ti-25Nb-5Zr-2Sn Ti-25Nb-5Zr (1)

(Sn)/ Ti-25Nb-5Zr(I) | Ti-25Nb-5Zr-2Sn Ti-25Nb-5Zr (1)

(Sn)/ Ti-25Nb-5Zr(Ill) | Ti-25Nb-5Zr-2Sn Ti-25Nb-5Zr (111)

The phase composition of powders after pre-homogenization and gradient
sample after sintering were studied by X-ray diffraction method (XRD), using a
Phillips X-ray X'Pert diffractometer with a copper anode (CuKa — A=1.54178 A).
The phase analyses were performed using the ICDD PDF-4+ database.
Additionally, the Rietveld refinement analyzed the powder diffraction patterns
regarding lattice parameters and phase contribution in powders to understand
structural changes inside the material better. The Rietveld analysis was
performed by applying the DBWS-9807 program, an updated version of the
DBWS programs for Rietveld refinement with PC and mainframe computers
[36]. The Rwp (weighted-pattern factor) and S (goodness-of-fit) parameters were



used as numerical criteria for the quality of the fit of the calculated to

experimental diffraction data [37—41].

The sintered samples for microscopy observation were ground and polished by
a standard metallographic procedure and etched in Kroll's solution. The
morphology of powders and microstructure of sintered materials were observed
using the optic microscope (OM) Olympus GX1 and scanning electron
microscope (SEM) JSM 6480 (JEOL, Tokyo, Japan) with an accelerating
voltage of 20 kV. Additionally, were performed chemical composition analyses
using an energy dispersive X-ray spectroscopy detector (EDS; IXRF, Austin,
TX, USA).

Based on optical microscope images, stereological analysis of porosity was
performed using the planimetric method and ImageJ software (version 1.50b).
Were designated parameters such as the volume fraction of the pores (Vv [%)]),
the area of the pores cross-section (ap [um?]) and the Feret's diameter.
Surface topography maps of the investigated materials were recorded using
PAR M370 Scanning Electrochemical Workstation (Princeton Applied
Research, Oak Ridge, USA) apparatus equipped with a tungsten Kelvin probe.
The scanning area was 5 x 5 mm?, and the distance between the sample and
the Kelvin probe was ca. 100 ym. The Kelvin probe passed over the sample
surface in a sweep scan mode with a velocity of 40 ums-1.

Micromechanical tests were performed using a Micro Combi Tester MCT3
(Anton Paar, Corcelles-Cormondréche, Switzerland) with a Berkovich indenter.
Measurements were performed according to ISO 14577 standards [42] with a
maximum load of 300 mN (0.3 N), loading and unloading time of 30 s each, and
endurance time under a maximum load of 10 s. Instrumental hardness and

elastic modulus were determined by the Oliver—Pharr method [43].

3. Results and Discussion



Fig. 3. SEM images of the powders Ti-25Nb-5Zr after sieve segregation <150um
(), 150- 300um (11), > 300um (Ill), and Ti-25Nb-5Zr-2Sn (wt.%)

The powders after milling and sieve segregation are presented in Figure 3. The
observation of the material after milling revealed different powders' morphology
depending on composition and sieve separation. The Ti-25Nb-5Zr wt.% powder,
after milling, presents a larger range of powder particle sizes, which indicates
effective sieve separation. Three powder fractions were obtained, uniform in
size and morphology. However, the Ti-25Nb-5Zr-2Sn wt.% powder showed
much finer sizes and unified morphology in the whole sample. This phenomenon
has been observed in previous studies [44,45], which revealed that the small
addition of tin into composition functions as a process control agent (PCA),
significantly improving powder yield and allowing control and improved
fragmentation of powders. Moreover, it should be emphasized that a small
addition of tin does not influence on the phase composition and stability (a-Ti or
B-Ti phases). The presence of Sn has a positive impact on the suppression of
the unfavorable w phase formation [46—49]. Regarding the biomedical aspect,

the use of Sn exhibits high cytocompatibility and good cell adhesion in the case
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of the addition of tin [50-52]. Additionally, the literature indicates that small tin
addition can positively affect the material's mechanical properties, by lowering
the Young’s modulus [53-56].

In terms of morphology, the powders of the smallest size from compositions

without tin exhibit a polyhedral shape, similar shape to Ti-25Nb-5Zr-2Sn wt.%
powders. These fractions are an effect of the fragmentation process of larger
particles such an outcome results from hardening processes by mechanical
collisions and energy accumulation in powder. The Ti-25Nb-5Zr (lll) powders
are characterized by a more circular-like with a rounded shape. This is the
characteristic morphology of powders created by successive cold welding
processes. At a certain milling stage, the powders are sufficiently ductile to be
welded on in successive layers. However, in photo observed the first cracks in
the powder, which indicate the hardening of the particles and the start of the
fragmentation processes [57-59]. Generally, powders in the mill are alternately
subjected to two successive processes. The first is cold welding, when powder
particles are re-combined with each other due to collisions. The second process
is a fracturing of larger particles after continuous impacts as a result of stresses
accumulated inside the material [25,57,60—-63]. Depending on the material, in
particular, whether we can classify the material as ductile or brittle, the cold
welding or fracturing may overwhelm the other process. Moreover, these
processes can be shifted in the phase of occurrence depending on the type of
starting material [35,61,64—66].

Differences in the milling effect between compositions and previous studies
[44,45] led to more extensive research on powders by SEM in SEI and BSE
contrast and analyzed by EDS detector. The cross-section of Ti-25Nb-5Zr wt.%
powder with different gradations revealed the segregation of alloying elements
inside each powder particle. As the fraction of the particles increases, we
observe larger areas of non-homogenized elements (figure 4). On the other
hand, powders with tin represent a much greater fragmentation of individual
layers of material. Additionally, they show a more elongated shape. This
indicates much better homogenization. Moreover, chemical composition

analysis confirms these results (figure 5).



Ti-25Nb-5Zr (1) Ti-25Nb-5Zr (11) Ti-25Nb-5Zr (111) Ti-25Nb-5Zr-2S

ey

Fig. 4. SEM-SEI (top line) and SEM-BSE (bottom line) contrast of the powders
cross-section Ti-25Nb-5Zr after sieve segregation <150um (1), 150um- 300um
(1), > 300um (1ll) and Ti-25Nb-5Zr-2Sn wt. %

Figure 5. Maps of element distribution (Ti-red, Nb-green, Zr-blue, Sn-yellow
color) on particle cross-section of Ti-25Nb-5Zr > 300 um and Ti-25Nb-5Zr-2Sn
wt.%

Figure 6 shows the XRD patterns of the material after milling depending on the
composition of powders and sieve separation. The slight change of the lines
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profile on individual diffraction patterns is visible. The patterns for all samples
revealed the existence of the Nb (Im-3m; ICDD PDF4 04-004-8311), a-Ti
(P63/mmc; ICDD PDF4 04-011-9045 ), and Zr (P63/mmc; ICDD PDF4 04-003-
5041) phases, which are suitable for the initial powders. The powders Ti-25Nb-
5Zr after sieve separation were subject to more detailed analysis using the
Rietveld method based on the diffraction pattern of milled powders. In table 3
are presented calculated the lattice parameters of all phases recognized in the
material correlated to powders fraction. A slight increase in the lattice parameter
for Nb and Ti was observed with increasing particle size. The increasing particle
size of powders after milling showed a slight increase in the lattice parameter ag
for Nb from 0.33053 nm for Ti-25Nb-5Zr(l) powder to a value of 0.33079 nm for
Ti-25Nb-5Zr(Ill) powder. Analogous changes are observed for the Ti element in
powder after milling. The parameters of aTi increment from 0.29519 nm to
0.29551 for agand from 0.46840 nm to 0.46912 nm. The opposite situation was
observed for Zr, where a slight decrease of lattice parameter (from 0.32350 nm
to 0.31075) with an increase in particle size.

The variations may be relevant to the mechanical character of the starting
powders of the various elements. The structural behavior of the material in the
process of mixing and milling corresponds to the powder recharacterization in
the above processes from the divisions into brittle and ductile materials.
Conclude that the processes in the mill occur cyclically as successive processes
of cold welding and brittle cracking and milling. The division into brittle and
ductile initial powders is used. For the brittle, we can include zirconium. Within
the elementary cell, we observe a gentle contraction of the elementary cell due
to processes that cause an increase in stress inside the powder particles.

On the other hand, titanium and niobium can be categorized as ductile, meaning
that the processes between the materials begin with cold welding [25,67,68]. At
the structural level, we observed the expansion of the elemental unit cell. It can
be concluded that milling processes, even in the context of mixing of starting
powders, impact the material's structure in the dimension of elementary unit

cells.
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Figure 6. X-ray diffraction pattern of powders after milling

Table 3 Unit-cell parameters of the a and 8 phases of the milled samples.

Lattice parameter [nm]
Unit-cell Sample Types of
Phase
parameter | ICDD* | _ _ changes
] Ti-25Nb-5Zr(l) | Ti-25Nb-5Zr(ll) | Ti-25Nb-5Zr(111)
nm
Nb ao 0.3310(0.33053(3) 0.33059(4) 0.33079(1) 0
- ao 0.2950|0.29519(3) 0.29523(4) 0.29551(9) 0
aTi
Co 0.4682 | 0.46840(3) 0.46862(1) 0.46912(3) 0
. ao 0.3232(0.32350(5) 0.31519(4) 0.31075(4) !
oZr
Co 0.5147|0.50723(1) 0.50312(2) 0.50186(1) !

After isostatic pressing and sintering, the samples were subjected to

observation by an optic microscope, scanning electron microscopy, and phase

composition analysis by X-ray diffraction methods.

Regardless of the

construction method, the diffraction patterns revealed the presence of two




phases a-Ti (P63/mmc; ICDD PDF 4 04-008-4973) and B-Ti (Im-3m; ICDD PDF
4 00-044-1288) (fig. 7). This indicates the presence of a partial synthesis of the
obtained material. The formation of a B phase in the material after sintering is
due to the presence of 25 wt.% of the element Nb as a 3 -stabilizer of titanium.
In contrast, the contribution of the a phase is enhanced by using an a -stabilizer

such as Zr. Significantly, tin does not stabilize either phase, as it is neutral to

titanium [69].
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Figure 7. X-ray diffraction patterns of samples after forming the gradient material

and sintering
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Observation of panoramic SEM images (fig. 8) from cross-sections of sintered
samples confirmed significant differences in the microstructure of the different
zones depending on the powder fractions used. The difference between the
inner and outer areas is visible. Generally, the presence of porosity in the
element seems relevant in terms of surface development and influence on
mechanical properties. In bone tissue, four differentiated types of cells are
responsible for specific phases of bone growth in a constant state of remodeling:
osteoblasts, osteoclasts, osteocytes, and bone lining cells, which are
considered precursors of osteoblasts [70]. Each of these cells has high
specifications. The implant porosity should be designed with a strict pore
structure, which can improve tissue ingrowth and connection between bone and
implant. Additionally, the surface roughness in three levels (large-, micro- and
nano-scaled) affect on osseointegration and biomechanical connection [4].
Therefore, three different architectures for the outer zone of the component
have been proposed (fig. 8). At the same time, the implant should exhibit
suitable mechanical properties, including the strength of stiffness provided by a
zone that exhibits a lower porosity. Panoramic OM images revealed a gradient
band between the zones. This is clearly visible that powder particle size
influences the architecture of the obtained porosity. In addition, necks, i.e.,
stable particle connections formed by diffusion processes, were observed
between powder particles, leading to a stable and constant connection between
the zones. More importantly, a clearly marked connection is observed between
the inside and outer zones of the whole element. The two-stage cold isostatic
pressing has resulted in visibly greater compaction inside the element. A
stereological method based on optical microscope images was used to analyze
porosity. The outer zone of samples (Sn)/Ti-25Nb-5Zr were constructed with
use three different gradations of powder after pre-homogenization and
agglomeration For the sample with an outer zone of Ti-25Nb-5Zr(l), the total
porosity of the outer zone is 43%, for the sample with an outer zone of Ti-25Nb-
5Zr(Il) this value is 26%, for the sample with an outer zone of Ti-25Nb-5Zr(lIl)
Value of total porosity is 20%. As the gradation of the powder used for the outer
zone increased, total porosity decreased. Samples in which the inner zone was
constructed of Ti-25Nb-5Zr-2Sn powder were also analyzed. In this case, the

overall porosity is 27%. However, using the same powder to construct the outer



zone resulted in a total porosity of almost 37%. Such a difference may be due
to the two-stage pressing. Double pressing of the inner zone can significantly
reduce the porosity of the zone. Regarding pore architecture and potential
medical application, the average size of the pore cross-sectional area and Feret
diameter values for each area were carefully analyzed. For the outer zones
created by powders with increasing gradation, analysis was revealed a
decrease in the average pore cross-sectional area. For powders with the
smallest gradation average area of pores is over 500 um? (sample (Sn)/ Ti-
25Nb-5Zr(l)), and for powders with the coarsest gradation this value is over
1200 um?. However, the average value is confused due to the fact that as the
particle size of the powders increased, more and more pores with very low cross
sections were detected. However, in terms of the cross-sectional area of the
pores for all three samples, the porosity structure of the outer zone is 90% of
the cross-sectional area of pores with a size of more than 500 um?. A pore size
of 100 to 500 ym in diameter agrees with the size of the Haversian canal in
bone, at the same time, has been identified as the most optimal pore size for
bone tissue growth [71,72]. Pores with 10-75 um diameter allow fibrous tissue
to penetrate and are also crucial for potential stabilization. And pores with a
diameter of 75-100 ym penetrated non-mineralized osteoid tissue [73,74].
Regarding literature reports, the pores were also detailed analyzed in terms of
Feret diameter. All samples in the outer part showed a very high percentage of
pores with a diameter of more than 100 um, considered the most favored for
osteointegration. For the outer zone of (Sn)/ Ti-25Nb-5Zr(ll) sample, the
participation of pores with a diameter larger than 500 um is more than 60%

among the surface area of all pores.

z/um z/pm
w 2

Fig 9. Surface topography maps of the Ti-25Nb-5Zr(1)/(Sn) (a), Ti-25Nb-
5Zr(I1)/(Sn) (b) and Ti-25Nb-5Zr(lI1)/(Sn) (c) samples for areas without tin.



The surface topography maps (fig 9) show the surface of sintered Ti-25Nb-
5Zr()/(Sn), Ti-25Nb-5Zr(1)/(Sn), and Ti-25Nb-5Zr(Ill)/(Sn) samples only for
areas without tin (outer area). Firstly, the surface scans confirm the diversity in
shape and pore size. The arithmetical mean height (Sa) expresses an absolute
value of the difference in the height of each point compared to the arithmetical
mean of the surface. The Sa parameter increased for Ti-25Nb-5Zr(11)/(Sn) and
Ti-25Nb-5Zr(111)/(Sn) about 4 and 8 times, respectively, compared to Ti-25Nb-
5Zr(1)/(Sn) sample. This is related to the size of Ti-25Nb-5Zr particles. The size
of the pores, including their depth directly depends on the size of the particles.
In addition, the maximum pit depth (parameter Sv) for Ti-25Nb-5Zr(1)/(Sn), Ti-
25Nb-5Zr(I1)/(Sn), and Ti-25Nb-5Zr(ll1)/(Sn) is 2.3, 5.9, 55.1 ym, respectively.

This indicates that the pore diameter also increases with the size of the alloy

particles.
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Fig 10. A hardness measurement and an instrumental elastic modulus of the Ti-
25Nb-5Zr(1)/(Sn), Ti-25Nb-5Zr(11)/(Sn), and Ti-25Nb-5Zr(II)/(Sn) samples in
relation to the location of measurement point (from the outer zone to the inside

zone).

The first step to determine the potential medical application of elements was to
check the mechanical properties of the obtained samples. The test was carried
out on a micro-scale. This means that it measures one or several powder

particles joined together, so not representative of the entire element, most
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importantly, it ignores porosity. The literature shows [75-77] that introducing
porosity into the material can decrease Young's modulus, and a linear
relationship between percentage porosity and elasticity has been confirmed for
titanium-based alloy. This is significant because Young's modulus of current use
implants is too high compared to human bone [78]. Indentations were carried
out on a sample cross-section, from the sample's edge to its center. Figure 10
shows a graph of hardness measurements and instrumental modulus of
elasticity for samples Ti-25Nb-5Zr(1)/(Sn), Ti-25Nb-5Zr(I)/(Sn) and Ti-25Nb-
5Zr(IN)/(Sn) depending on the location of the indentation. There are no
significant changes in the hardness values across the material, which is
understandable because there is no significant compositional gradient. The
difference between the outer and inside parts of the sample is mainly based on
gradation derived from the addition of tin. Measuring points 1-6 certainly fall into
the outer zone, and the average microhardness value is about 2.5 GPa for all
samples. However, analysis of individual measurement points showed that
differences in individual microhardness are the largest for the sample Ti-25Nb-
5Zr(I)/(Sn). The average value of the modulus of elasticity for the 1-6
measurements (the outer zone of the sample) for all samples is about 35 GPa.
This is well below the values of titanium-based materials currently used in
medicine for implants. The sample Ti-25Nb-5Zr(1)/(Sn) maintains the most
stable values. As the gradation increases, there are also more significant

fluctuations in the measured values.

Table 3. Hardness and instrumental elastic modulus of Ti-25Nb-5Zr(1)/(Sn), Ti-
25Nb-5Zr(I1)/(Sn) and Ti-25Nb-5Zr(111)/(Sn) samples in relation to the location of

measurement point

Measur Hardness [GPa] Instrumental elastic modulus

-ement  Ti-25Nb-  Ti-25Nb-  Ti-25Nb- | Ti-25Nb-  Ti-25Nb-  Ti-25Nb-
point  5Zr(1)/(Sn) 5Zr(IN/(Sn) 5Zr(111)/(Sn) | 5Zr()/(Sn) 5Zr(1/(Sn) 5Zr(111)/(Sn)

1 4.1 3.1 0.4 66.7 68.9 10.0
2 1.8 2.9 5.8 22.1 36.9 54.4
3 2.8 1.6 4.3 26.7 23.8 16.5
4 3.0 3.5 3.5 32.7 46.9 50.3




5 3.3 2.4 2.8 40.6 27.6 27.8
6 3.4 2.7 2.9 44.2 51.8 33.4
7 2.3 5.3 2.9 354 55.9 35
8 11 3.7 3.8 31.2 36.7 77.7
9 3.6 4.1 4.5 45.1 43.4 85.2

4. Conclusions

The observations and the analysis of the results obtained for the samples
constructed from the two permanently connected zones allowed us to develop

the following conclusions.

Firstly, the powder metallurgy method can be successfully applied to produce
functionally graded materials with variable porosity. Moreover, sieve separation
is suitable for controlling the size of powder particles and, through this,
influences the pores in the material after sintering. The insignificant addition of
tin is a process control agent that is harmless to the human body. This makes it
possible to control the powder particles obtained with the same technological
parameters during the mechanical alloying. Furthermore, the powders are more
uniform in terms of morphology and size after these processes. Considering the
medical application and, therefore, the requirements for the materials, such
differentiation of powders can facilitate obtaining a component with specific

mechanical properties.
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