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ABSTRACT

The SEM and EDS results of coatings obtained on pure niobium and titanium alloys (NiTi and Ti6Al4V) by
Plasma Electrolytic Oxidation in the electrolytes containing of 300 g and 600 g copper nitrate in 1 litre of con-
centrated phosphoric acid at 450 V for 3 minutes, are presented. The obtained coatings are porous and consist
mainly of phosphorus within titanium and copper. For each coating, the Cu/P ratios were calculated. The
maximum of that coefficient was found for niobium and Ti6Al4V alloy oxidised in the electrolyte containing
600 g of Cu(NO;), in 1 dm’ of H;PO, and equaling to 0.22 (wt%) | 0.11 (at%). The minimum of Cu/P ratio was
recorded for NiTi and Ti6Al4V alloys oxidised by PEO in electrolyte consisting of 300 g of copper nitrate in 1
dm’ of concentrated phosphoric acid and equals to 0.12 (wt%) | 0.06 (at%). The middle value of that ratio was
recorded for NiTi and it equals to 0.16 (wt%) | 0.08 (at%).

Keywords: Plasma Electrolytic Oxidation; PEO; Micro Arc Oxidation; MAO; SEM; Titanium alloy, NiTi

INTRODUCTION

Nowadays the electrochemical treatments, such as electropolishing (EP) [1-5], magneto-
electropolishing (MEP) [6-13], high-current density electropolishing (HDEP) [14-15] as well
as Plasma Electrolytic Oxidation (PEO) known also as Micro Arc Oxidation (MAQO) [16-30]
of biomaterial surfaces are very often used due to the biocompatibility effect. Most important
is to fabricate the porous surface enriched in antibacterial elements such as silver and/or cop-
per [30-35] with the least amount of toxic elements to the human body, such as vanadium,
aluminum, and nickel [30, 36-43]. According to these requirements the best metallic biomate-
rials are metals such as titanium, niobium, zirconium, tantalum and their alloys [16-22]. How-
ever, till now the biomaterials such as titanium alloys, NiTi and Ti6Al4V, containing harmful
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elements [24-30] are very popular and still used. Therefore, a new approach with novel tech-
nologies to eliminate the harmful elements are proposed and developed.

In the present paper, the Authors described the porous surfaces obtained on niobium
biomaterial, and titanium alloys (NiTi, Ti6Al4V) after PEO processing in two electrolytes
containing concentrated (85%) phosphoric acid and copper nitrate. A focus directed on the
copper-to-phosphorus ratio in the porous coatings obtained.

METHOD AND EXPERIMENTAL SET UP

The Plasma Electrolytic Oxidation experiments were performed on a set-up built in the
cooperation with the Division of Applied Electronics and Electro-technology, Koszalin Uni-
versity of Technology (KUT), that was in details described in [27]. The PEO process was per-
formed with the use of a constant voltage of 450 V. The electrolyte consisted of a concen-
trated 85% pure p.a. HsPO4 (98 g/mole) acid, one liter, within 300 g and/or 600 g of
Cu(NOs),, consecutively. The pure niobium and NiTi, Ti6Al4V alloys of dimensions
15%20x1 mm, were prepared at the Faculty of Mechanical Engineering, KUT.

The scanning electron microscope Quanta 250 FEI with Low Vacuum and ESEM mode
and a field emission cathode as well as the energy dispersive EDS system in a Noran System
Six with nitrogen-free silicon drift detector, were employed. The magnification of 6000 times
for SEM surface images and EDS analyses, was used.

RESULTS

In Figures 1-2, the SEM images with EDS analyses of niobium after the PEO treatment
at 450 V for 3 minutes, in the electrolyte consisting of 300 g Cu(NO;), in 1 L H3POy, are
shown. The obtained surface is porous and consists of phosphorus, and niobium within
copper. It should be noted that a part of niobium signal recorded by EDS may come from the
matrix, that is improbable in the case of copper and phosphorus detected, which originate
strictly from the electrolyte solution. That way, for the PEO coating charaterization, the
copper-to- phoshorus ratio will be used. In that case, the calculated Cuyoy/Puwio, and Cuaw/P ars
ratios are equal 0.16 and 0.08, respectively.

In Figures 3-4, the SEM images with EDS analyses of niobium after PEO treatment at
450 V for 3 minutes in the electrolyte consisting of 600 g Cu(NOs), in 1 L ml H3POy, are
presented. Oxidation in the electrolyte within higher concentration of copper nitrate resulted
in the formation of the porous coating with more developed surface. It should be also added
that the coating is more porous with sharper edges than that one obtained in the solution with
lower concentration (300 g) of copper nitrate. The copper-to-phoshorus Cuyi/Pyw, and
Cuaes/Paro,, ratios for these surfaces are equal 0.22 and 0.11, respectively. This means that a
higher concentration of copper nitrate in the solution results in obtaining a higher Cu/P ratio.
However, the pore shapes may be crucial for the development of e.g. bone tissues, and that
problem will be studied by the Authors in the near future.
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Fig. 1. SEM image of Niobium after PEO treatment at 450 V for 3 minutes in the electrolyte
consisting of 300 g Cu(NO3)2 in 1 L H3PO4
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Fig. 2. EDS spectrum of Niobium after PEO treatment at 450 V for 3 minutes in the electrolyte consisting of 300 g
Cu(NO3)2 in 1 L H3PO4 (Cu wt%/P wt% = 0.16; Cu at%/P at% = 0.08)

In Figures 5-6, the SEM images with EDS analyses of NiTi alloy after PEO treatment at
450 V for 3 minutes, in the electrolyte consisting of 300 g Cu(NOs); in 1 L ml H3POy,, are
displayed. The obtained coating is porous and consists mainly of phosphorus, titanium within
nickel and copper. It should be pointed out that a part of signals of titanium and nickel
recorded by EDS may come from the substrate, that was described in details for niobium.
Because both copper and phosphorus originate only from the electrolyte solution, the copper-
to-phoshorus ratio will be used for the PEO coating characterization. The Cuyto,/Pywio, and
Cu,e,/Par, ratios for that surface are equal 0.13 and 0.06, respectively. Additionally, it has to
be pointed out that any cracks on the surface disqualify it as a coating on biomaterial. This is
due to the possibility of further cracking of coating, resulting in its probable prompt
destruction in case it is inducted into the human organism.
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Fig. 3. SEM image of Niobium after PEO treatment at 450 V for 3 minutes in the electrolyte
consisting of 600 g Cu(NO3)2 in 1 L HzPO4
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Fig. 4. EDS spetrum of Niobium after PEO treatment at 450 V for 3 minutes in the electrolyte consisting of 600 g
Cu(NO3)2 in 1 L H3PO, (Cu wt%/P wt% = 0.22; Cu at%/P at% = 0.11)

In Figures 7-8, the SEM images with EDS analyses of Niti alloy after PEO treatment at
450 V for 3 minutes, in the electrolyte consisting of 600 g Cu(NOs), in 1 L H3PO,, are
presented. In that case the PEO coating has no trace of cracks and the surface development is
similar to that one, obtained in the electrolyte within a lower amount of copper nitrate.
Oxidation in the electrolyte within higher amount of copper nitrate resulted in the formation
of porous coating with the copper-to-phoshorus Cuyto,/Pwie, and Cuyee,/P a0, ratios being equal
to 0.19 and 0.09, respectively. As it was in the case of niobium, the higher amount of copper
nitrate in the electrolyte results in a higher Cu/P ratio.



K. Rokosz, T. Hryniewicz, W. Malorny: Characterization of coatings created on selected titanium alloys... 9

node HV mag [ | det | mode

High vacuum | 20.00 kV | 6 000 x | ETD SE X A | HS Wismar FG Baustofftechnologie

Fig. 5. SEM image of NiTi surface after PEO treatment at 450 V for 3 minutes in the electrolyte consisting
of 300 g CU(NO3)2 inlL H3sPO4
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Fig. 6. EDS of NiTi surface after PEO treatment at 450 V for 3 minutes in the electrolyte
consisting of 300 g Cu(NO3)2 in 1 L H3PO4 (Cu wt%/P wi, = 0.13; Cu at%/P at% = 0.06)

In Figures 9-10, the SEM images with EDS analyses of Ti6Al4V alloy after the PEO
treatment at 450 V for 3 minutes, in the electrolyte consisting of 300 g Cu(NO3); in
1 L H3PO,, are shown. The obtained coating, similar as in the case of NiTi alloy, is porous,
but with numerous cracks visible in the picture. It consists mainly of phosphorus, titanium
within aluminium and copper. As it was in the case of NiTi alloy, the titanium and aluminium
signals, which were recorded, may come from the substrate.

Copper and phosphorus, alike in all the cases described above, originate only from the
electrolyte solution. The Cuyo,/Pwios, and Cuae,/Paw, ratios for that surface equal to 0.12 and
0.06, respectively. Additionally, it has to be noted that cracks on the surface may disqualify
the coating due to the possibility of further cracking progress.
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Fig. 7. SEM image of NiTi surface after PEO treatment at 450 V for 3 minutes in the electrolyte consisting of
600 g Cu(NOg3)2 in 1 L H3PO4
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Fig. 8. EDS of NiTi surface after PEO treatment at 450 V for 3 minutes in the electrolyte
consisting of 600 g Cu(NO3)2 in 1 L Hz3PO4 (Cu wt%/P wt% = 0.19; Cu at%/P at% = 0.09)

In Figures 11-12, the SEM images with EDS analyses of Ti6Al4V alloy after PEO
treatment at 450 V for 3 minutes, in the electrolyte consisting of 600 g Cu(NO3), in
1 L H3PO,, are presented. The PEO coating is not cracked so that the surface development is
proper and acceptable for further consideration. Oxidation in the electrolyte within higher
concentration of copper nitrate resulted in the formation of the porous coating with the
copper-to-phoshorus Cuyte,/Pyie;, and Cuyee,/P 4o, ratios equal to 0.22 and 0.11, respectively.
As it was in the case of niobium, the higher amount of copper nitrate in the electrolyte results
in a higher Cu/P ratio.
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Fig. 9. SEM image of Ti6Al4V surface after PEO treatment at 450 V for 3 minutes in the electrolyte consisting

of 300 g CU(NO3)2 inllL H3PO4
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Fig. 10. EDS of Ti6Al4V surface after PEO treatment at 450 V for 3 minutes in the electrolyte
consisting of 300 g Cu(NO3)2 in 1 L H3PO4 (Cu wt%/P wt% = 0.12; Cu at%/P at% = 0.06)

Figure 13 shows the copper-to-phosphorus ratio for biomaterials such as niobium and tita-
nium alloys (NiTi, Ti6Al4V) oxidized in two electrolytes containing concentrated phosphoric
acid within copper nitrate, by PEO treatment. It is clearly visible that the Cu/P ratio of copper,
both taken for wt% as well as for at%, in that coefficient is always higher for the electrolyte
solution with higher amount of copper nitrate inside. The maximum of that ratio was obtained
for niobium and Ti6Al4V in the electrolyte containing 600 g of Cu(NOs), in 1 L H;PO4 and
equals to 0.55 (wt%) and 0.11 (at%), respectively. The minimum was recorded for NiTi and

Ti6Al4V oxidized by PEO in the electrolyte solution of 1 L H3PO4 within 300 g of Cu(NOs3),.
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Fig. 11. SEM image of Ti6Al4V surface after PEO treatment at 450 V for 3 minutes in the electrolyte consisting of
600 g Cu(NOg)z in 1 L H3PO4

2000
. p
1500+ c
1000
Ti
500 —
Cu Al Ti Cu
0 T ; T f ; T T T T T
L] 2 4 6 8 10 12 14 16 18 20

keV

Fig. 12. EDS of Ti6Al4V surface after PEO treatment at 450 V for 3 minutes in the electrolyte
consisting of 600 g Cu(NO3)2 in 1 L H3PO4 (Cu wt%/P wt% = 0.22; Cu at%/P at% = 0.11)
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Fig. 12. Copper-to-Phosphorus ratio calculated on the basis of EDS analysis for selected biomaterials:
Nb, NiTi, and Ti6Al4V



K. Rokosz, T. Hryniewicz, W. Malorny: Characterization of coatings created on selected titanium alloys... 13

CONCLUSIONS

In this paper, the results of the surface layers formed on selected biomaterials, such as
niobium as well as titanium alloys (NiTi and Ti6Al4V) by PEO processing in the electrolytes
containing of 300 g and 600 g copper nitrate in one litre of concentrated phosphoric acid, are
given. The obtained results show that all the coatings are porous, however, the development
and shapes of the created pores are different. Sharper pores were obtained on niobium after
the PEO treatment at 450 V for 3 minutes in the electrolyte consisting of 600 g Cu(NOs); in
1 L H3PO,. For all surfaces, the copper-to-phosphorus (Cu/P) ratios were calculated. The
maximum of that coefficient was found for niobium and Ti6Al4V alloy oxidised in the
electrolyte containing 600 g of Cu(NOs), in 1 litre of H;PO4 and equaling to 0.22 (wt%) | 0.11
(at%). The middle value of that ratio was recorded for NiTi and it equals to 0.16 (wt%) | 0.08
(at%). The minimum of Cu/P was recorded for NiTi and Ti6Al4V alloys oxidised by PEO in
electrolyte consisting of 300 g of copper nitrate in 1 litre of concentrated phosphoric acid and
equals to 0.12 (wt%) | 0.06 (at%).

Summing up, it should be noted that the research indicates that on all tested biomaterials
the porous coatings after PEO treatment, in electrolyte containing phosphoric acid and copper
nitrate, can be created. Because of an unknown reaction of human tissue on the obtained
coatings, it is not possible to state clearly, which of the studied surfaces are the best due to the
biocompatibility. For this purpose a biological studies should be carried out, performed by
another team of researchers, that is to be done and presented under a separate paper.
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