K. Rokosz, T. Hryniewicz Usporedna SEM i EDX analiza povrSinskih slojeva nastalih na legurama niobija i titanija nakon plasma elektrolitiCke oksidacije (PEO)

ISSN 1330-3651 (Print), ISSN 1848-6339 (Online)
DOI: 10.17559/TV-20151105101443

COMPARATIVE SEM AND EDX ANALYSIS OF SURFACE COATINGS CREATED ON
NIOBIUM AND TITANIUM ALLOYS AFTER PLASMA ELECTROLYTIC OXIDATION (PEO)

Krzysztof Rokosz, Tadeusz Hryniewicz

Original scientific paper
In the paper, the SEM and EDS study results of the surface coatings formed on the niobium and titanium alloys (TNZ, NiTi, Ti6Al4V) after the Plasma
Electrolytic Oxidation (PEO), also known as Micro Arc Oxidation (MAO), are described. For the experiment of the PEO treatment, a non-conventional
electrolyte, based on the concentrated orthophosphoric acid, was used. Copper-enriched surface coatings on the biomaterials after the PEO were obtained and
studied. General surface characteristics, regarding the metallic biomaterials after the PEO treatment, with the significant differences of the results, have
been displayed and statistically developed.
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Usporedna SEM i EDX analiza povrsinskih slojeva nastalih na legurama niobija i titanija nakon plasma elektroliticke oksidacije
(PEO)

Izvorni znanstveni ¢lanak
U radu su opisani rezultati SEM i EDS analize povrSinskih slojeva nastalih na legurama niobija i titanija (TNZ, NiTi, Ti6Al4V) nakon plazma
elektroliticke oksidacije (PEO), poznate i kao mikro luéna oksidacija (Micro Arc Oxidation - MAO). Za eksperiment PEO postupka upotrebljen je
nekonvencionalni elektrolit, temeljen na koncentriranoj ortofosfornoj kiselini. Nakon PEO dobiveni su i proucavani bakrom obogaceni povrsinski slojevi
na biomaterijalu. Prikazane su i statisticki obradene opée znacajke povrsine u odnosu na kovinske biomaterijale nakon PEO postupka, uz znacajne razlike

u rezultatima.

Kljuéne rijeci: plazma elektroliticka oksidacija (PEO), mikro lucna oksidacija (MAO), SEM, EDS analiza, niobij, TNZ (Ti-Nb-Zr); NiTi; Ti6Al4V

1 Introduction

Metals such as titanium, niobium, tantalum,
zirconium [1+6] and their alloys [7+12] as well as
stainless steels [13+26] are used in medicine as
biomaterials. However, after the medical device shape
formation, they have to be processed most often by
mechanical and electrochemical treatments. As the first
electrochemical process after the mechanical operations
most often the standard electrochemical polishing (EP)
[14, 27] or magnetoelectropolishing (MEP) [28-30]
and/or high-current density electropolishing (HDEP) [17,
23+25] processes are used. Such prepared metal surface
may undergo other treatments, such as the plasma
electrolytic oxidation (PEO) operation known also as the
Micro Arc Oxidation (MAO) [3, 5+7, 10, 12].

The idea of preparing layers and/or coatings on
biomaterials such as titanium and its alloys within copper
ions by PEO has been supported by the necessities of
industry interested in effective biomaterials production.
On the basis of the MATERION-GmbH company's
experience and needs [31], which employs multilayered
coatings prepared on biomaterials, obtained specifically
by PVD and CVD methods, our team began to perform a
lot of experiments based on electrochemical processes to
reach this goal. That way we managed to obtain about
ten-micrometer thick layer of phosphates enriched with
the copper ions throughout the whole volume of the
coating. There are many papers describing antibacterial
effect of silver [32+35] and copper [36+38] ions inserted
in the porous coatings. However, there are no reported
results related to the PEO layers/coatings formed in an
electrolyte containing concentrated phosphoric acid with
nitrate salts of copper and/or silver. The problem is of
high importance and the solution proposed by the Authors

of this work is new and original. In this paper the Authors
would like to present the preliminary study to develop the
achievement and prove the results are unique and of great
significance, which will be the basis for further research.

The PEO method allows to create a relatively thick
surface coating with the thickness of about ten
micrometers. Metals and alloys consisting of titanium,
niobium, tantalum, zirconium are very often used in
biomedicine applications because of the mechanical and
corrosion properties as well as their very good
biocompatibility. During the PEO treatment of the metals
and alloys the porous surface coating is formed, being the
transient layer between the tissue and pure biomaterial
matrix after implantation.

In the paper, the Authors present the results of the
PEO treatment performed on a pure niobium and three
titanium alloys (TNZ, NiTi, Ti6Al4V) at the voltage of
450 V in the electrolyte consisting of concentrated
phosphoric acid within copper nitrate. There are no
publications available on the studies performed in that
electrolyte as yet. Copper nitrate introduced into the
phosphoric acid electrolyte has allowed for the
introduction of copper ions into the porous coating
created on the studied biomaterials.

2 Method
2.1 Material

The niobium and titanium alloys such as TNZ (Ti 74,
Nb 20, Zr 6 wt%), NiTi(Ni 50, Ti 50 wt%), Ti6Al4V
(Ti90, Al 6, V 4 wt%) samples were used for the study.
For the PEO experiments, some sets of niobium and
titanium alloys samples of dimensions 30 x 20 x 1 mm,
were prepared. Prior to the PEO treatment, all the samples
were mechanically polished (MP) using SiC abrasive
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paper of 600 grit size, then cleaned with acetone and dried
in the air.

2.2 Setup

The Plasma Electrolytic Oxidation (PEO) operations
were performed at the voltage of 450 V. The treatments
were carried out in the electrolyte of initial temperature of
25 °C for three minutes. For the studies, the electrolyte
containing 500 ml of concentrated orthophosphoric acid
within 300 g of copper nitrate, was used. The electrolytic
cell made of glass was used, containing up to 500 cm’ of
the electrolyte solution.

2.3 Apparatus and procedures

All the SEM and EDX studies were carried out by
means of a scanning electron microscope Quanta 250 FEI
with low vacuum and ESEM mode and a field emission
cathode. The Energy-dispersive X-ray spectroscopy
(EDX) system is a Noran System Six with nitrogen-free
Silicon Drift Detector. The EDS data, by statistical
methods using STATISTICA software [39], were
processed. In this work, the uncertainty type A derived
from the measurement results’ variances [40, 41], not
from the device errors (uncertainty type B), was analysed.

(a)

B o

Figure 1 SEM o

containing 500 ml H;PO,4 within 300 g Cu(NOs), (magnifications: (a)
500 times; (b) 6000 times; (c) 12 000 times)

3 Results and analysis

In Figs. la, 1b and lc, there are shown the SEM
images of Niobium surface coating after the Plasma
Electrolytic Oxidation at the voltage of 450 V, with the
magnifications 500, 6000, 12 000 times, respectively. The
obtained surfaces are porous, that is best visible in
Fig. Ic. On the basis of EDX result, presented in Fig. 2
and Tab. 1, it can be concluded, that in the porous surface
coating there is a lot of phosphorus and oxygen with a
lower amount of copper.

The majority of the niobium signal is most likely
derived from the matrix. In view of presenting the reliable
factor describing the surface coating containing mainly
phosphorus and copper, the Authors propose a new
coefficient, i.e. the copper-to-phosphorus ratio (Cu/P). On
the basis of the descriptive statistics it can be assumed
that the Cu/P ratio for niobium sample oxidized in the
concentrated phosphoric acid within copper nitrate at 450
V is equal to 0,22+0,02 with the median and range of 0,23
and 0,05, respectively. Additionally, the other two ratios,
i.e. phosphorus-to-matrix and copper-to-matrix were
found. As the matrix, the sum of the percentages by
weight of the elements contained in the metal or alloy
without any treatment, was assumed. In this case, it is
only niobium. Following that way it should be noted that
the phosphorus-to-matrix (niobium) ratio is equal to
0,54+0,02 with the median and range of 0,55 and 0,06,
respectively. On the other hand, the copper-to-matrix
(niobium) ratio is 0,12+0,01 with the median and range of
0,12 and 0,02, respectively.
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Figure 2 EDS result of Niobium surface after PEO at 450V in mixture
containing 500 ml H;PO, within 300 g Cu(NOs),

Table 1 Quantitative results of weight and atomic concentration of
selected elements on the basis of EDS presented in Fig. 2 (Niobium)

Element Error Error
lines W% W% at% at%
oK 42,7 - 72,4 +3,6
PK 16,6 +0,4 14,6 +0,7
Fe K 2,5 +0,5 1,2 +0,5
CuK 4,1 +0,5 1,8 +0,4
Nb L 34,1 +1,1 10,0 +0,6

In Figs. 3a, 3b and 3c, there are shown the SEM
images of Titanium-Niobium-Zirconium alloy (TNZ)
surface coating after the Plasma Electrolytic Oxidation at
the voltage of 450 V, with the magnifications 500, 6000,
12 000 times, respectively. The surface, alike in the case
of niobium, is porous but the structure of this porous
coating is different (Figs. 3b and 3c) from that obtained
on the niobium (compare Figs. 1b and 1c). In Fig. 4 and
Tab. 2, the EDX results of the PEO coating formed on
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TZN, are shown. The highest signals from niobium,
zirconium, phosphorus and oxygen were detected. The
titanium and copper peaks were the smallest ones, but
clear. The Cu/P ratio for the Titanium-Niobium-
Zirconium alloy (TNZ) treated by the PEO is equal to
0,17+0,02 with the median and range of 0,17 and 0,07,
respectively. In this case, the sum of the percentages by
weight of titanium, niobium and zirconium (TNZ) has
been assumed as related to the matrix. The phosphorus-to-
matrix (TNZ) ratio is equal to 0,69+0,07 with the median
and range of 0,69 and 0,22, respectively. Herewith, the
copper-to-matrix (TNZ) ratio is equal to 0,12+0,01, with
the median and range of 0,13 and 0,05, respectively.

(a) B

iog

Figure 3 SEM of TNZ surface after PEO at 450 V in mixture containing
500 ml H;PO4 within 300 g Cu(NOs), (magnifications: (a) 500 times; (b)
6000 times; (c) 12 000 times)
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Figure 4 SEM of TNZ surface after PEO at 450 V in mixture containing
500 ml H;PO,4 within 300 g Cu(NOs), (magnifications: (a) 500 times; (b)
6000 times; (c) 12 000 times)

Table 2 Quantitative results of weight and atomic concentration of
selected elements on the basis of EDS presented in Fig. 4 (TNZ alloy)

Element Error Error
lines wi% wt% at% at%
OK 48,0 - 72,1 +2,3
P K 19,3 +0,4 14,9 +0,6
TiK 17,5 +0,3 8,7 +0,3
CuK 3,6 +0,3 1,3 +0,3
ZrL 4,5 +0,9 1,2 +0,5

Nb L 7,1 +0,5 1,8 +0,2

containing 500 ml H;PO, within 300 g Cu(NOs), (magnifications: (a)
500 times; (b) 6000 times; (c) 12 000 times)

In Figs. 5a, 5b and 5c, the SEM images of the Nickel-
Titanium alloy (NiTi) surface coating are presented after
the Plasma Electrolytic Oxidation at the voltage of 450 V;
here the magnifications are 500, 6000, 12 000 times,
respectively. Similar to the previous cases, the obtained
surface is porous, but with a different structure (Figs. 5b
and 5c) than that obtained for Niobium (see Fig. 1b,c) and
TNZ (Figs. 3b and 3c). In Fig. 6 and Tab. 3, the EDX
results of the PEO coating formed on NiTi, are presented.
The Cu/P ratio for the Nickel-Titanium alloy (NiTi)
oxidized by the PEO is equal to 0,17+0,02 with the
median and range of 0,18 and 0,08, respectively. In this
case, the sum of the percentages by weight of nickel and
titanium (NiTi) was adopted as related to the matrix. The
phosphorus-to-matrix (NiTi) ratio is equal to 0,64+0,04
with the median and range of 0,62 and 0,11, respectively.
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Hereafter, the copper-to-matrix (NiTi) ratio is 0,11+0,01
with the median and range of 0,11 and 0,04, respectively.

keV
Figure 6 EDS result of NiTi alloy surface after PEO at 450 V in mixture
containing 500 ml H;PO4 within 300 g Cu(NOs),

Table 3 Quantitative results of weight and atomic concentration of
selected elements on the basis of EDS presented in Fig. 6 (NiTi)

0K 46,2 B 69,5 120
PK 19,1 0,2 14,8 03
TiK 17,6 403 3.8 403
Ni K 13,8 +0,6 5.7 10,4
CuK 33 +03 12 +0,2

(a)

[ £

Figure 7 SEM of Ti6Al4V alloy surface after PEO at 450 V mixture
containing 500 ml H;PO,4 within 300 g Cu(NOs), (magnifications: (a)
500 times; (b) 6000 times; (c) 12 000 times)

In Figs. 7a, 7b, and 7c, the SEM images of the
Titanium-Aluminium-Vanadium alloy (Ti6Al4V) surface
coating after the Plasma FElectrolytic Oxidation at the
voltage of 450 V, have been displayed with the
magnifications of 500, 6000, 12 000 times, respectively.
Similar to the other discussed cases, the obtained surface
is porous, but with a different characteristic structure
(Figs. 7b and 7¢) than those obtained on Niobium (Figs.
1b and 1c) and TNZ (Figs. 3b and 3c) and NiTi (Figs. 5b
and 5c¢). In Fig. 8 and Tab. 4, the EDX results of the PEO
coating formed on Ti6Al4V, are given. The Cu/P ratio of
the Titanium-Aluminium-Vanadium (Ti6Al4V) alloy,
oxidized by the PEO is equal to 022+0,03 with the
median and range of 0,22 and 0,08, respectively. In this
case, as a matrix is understood the sum of the percentages
by weight of titanium, aluminium and vanadium
(Ti6Al4V). The phosphorus-to-matrix (Ti6Al4V) ratio is
equal to 0,8340,06 with the median and range of 0,81 and
0,19, respectively. Herewith, the copper-to-matrix
(Ti6Al4V) ratio is 0,18+0,02 with the median and range
of 0,18 and 0,07, respectively.
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Figure 8 EDS result of Ti6Al4V alloy surface after PEO at 450 V in
mixture containing 500 ml H3PO, within 300 g Cu(NOs),

Table 4 Quantitative results of weight and atomic concentration of
selected elements on the basis of EDS presented in Fig. 8 (Ti6A14V)

Element Error Error
lines Wit wt% at% at%
OK 51,4 - 72,0 +2.1
Al K 1,2 +0,1 1,0 +0,1
PK 20,5 +0,2 14,8 +0,3
TiK 23 +0,3 10,8 +0,3
CuK 3,9 +0,5 1,4 +0,4

In Figs. 9 through 11, the whisker plots of Cu/P,
P/Matrix and Cu/Matrix ratios are given. On the basis of
these results it may be concluded that in the surface
coatings formed on pure niobium and on Ti6Al4V alloy
there is over 4,5 times more phosphorus than copper (by
weight). In the case of the TNZ and NiTi alloys, in the
surface coatings the amount of phosphorus is about six
times higher than that of copper (Fig. 9). In order to
explain this phenomenon, the additional analyses were
carried out (see Figs. 10 and 11). Knowing that the PEO
coating is composed mainly of phosphorus compounds
(generally phosphates), the thickness of the surface
coating may be predicted. In the case of pure niobium, the
signals both of phosphorus and copper are weak relative
to the signal coming from the matrix (niobium). That way
one may state that the obtained PEO coating most likely is
relatively thin. Although the copper-to- phosphorus ratios
for Niobium and Ti6Al4V are almost the same, on the
basis of the data presented in Figs. 10 and 11 it may be
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concluded that the PEO coating formed on Ti6Al4V is
thicker than that one formed on the pure niobium.
Additionally, regarding the amount of copper, it has to be
pointed out that most likely the PEO coating of Ti6Al4V
alloy is more copper-enriched than that one formed on
Niobium.

In the case of TNZ and NiTi titanium alloys, which
revealed also almost the same copper-to-phosphorus
ratios, i.e. 0,17, it should be noted that the other two
Cu/Matrix and P/Matrix ratios are also similar. For the
TNZ, the PEO coating most likely is thicker and more
copper-enriched than that one formed on NiTi.
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Figure 9 Box and whisker plots of the amount of copper-to-phosphorus
ratios for Nb, TNZ, NiTi and Ti6Al4V in the surface coating formed
after PEO at 450 V in the mixture containing 500 ml H;PO4 within 300
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Figure 10 Box and whisker plots of the amount of copper-to-matrix
ratios for Nb, TNZ, NiTi and Ti6Al4V in the surface coating formed
after PEO at 450 V in the mixture containing 500 ml H;PO4 within 300
g Cu(NOs)

In the significant t-test analyses of the amounts of
copper-to-phosphorus, phosphorus-to-matrix and copper-

to-matrix ratios (Figs. 9 through 11) of the studied
biomaterials it was found that the Cu/P data obtained may
be classified with the same population. On the other hand,
in the case of the significant t-test analysis of the amount
of phosphorus-to-matrix ratio (Fig. 11), it should be noted
that all of the analyzed data belong to different
populations. The results presented in Fig. 10 also clearly
indicate that only for pure Niobium and TNZ alloy the
copper-to-matrix ratios can be considered as derived from
the same population.
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Figure 11 Box and whisker plots of the amount of phosphorous-to-
matrix ratios for Nb, TNZ, NiTi and Ti6Al4V in the surface coating
formed after PEO at 450 V in the mixture containing of 500 ml H;PO4
within 300 g Cu(NO;)

4 Discussion

Titanium, niobium, zirconium and their alloys
nowadays are very often used as biomaterial. It is due to
their high biocompatibility, corrosion resistance and
mechanical properties corresponding with and/or close to
the human being bones and tissue. Concerning these
features it is most interesting to create the coatings which
are very different from the matrix in terms of mechanical
properties, chemical composition and porosity. Moreover,
it appears they can be created by -electrochemical
methods. In the present paper the Authors show the new
way of formation of such coatings on niobium and
titanium alloys using plasma electrolytic oxidation with a
voltage of 450V in new electrolytes composed of
concentrated phosphoric acid with copper nitrate
dissolved inside. Most important for biomaterials
producers was to create a porous surface layer or coating
consisting mainly of phosphates with some additional
chemical elements placed and arranged in the whole
volume of it (in our case, that chemical element is the
bactericidal copper).

It is known that there are other methods in materials
engineering, such as PVD or CVD techniques which can
be used for creation of a thin layer of copper on the
surface or creation of multi-layer structures with copper
layers of varying thickness. But with such a method the
characteristics of the copper ions release in function of
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time would be totally different than that achieved from
the porous surface or coating. Proposed by the Authors,
the approach using the plasma electrolytic oxidation as a
method for treatment of the above-mentioned materials in
electrolyte containing copper ions, allowed obtaining a
uniform distribution of copper ions in the whole volume
of coating. The greatest achievement is to adopt the
standard set up for plasma electrolytic oxidation for
modification of the coating only by changing the
electrolyte. All our results show that the amount of copper
that was obtained after 3 minutes of the treatment is
relatively high (from 3 to 4 wt %). To compare the
coatings with different chemical compositions the
Authors used three ratios, i.e. Cu/P, Cu/Matrix and
P/Matrix. The Cu/P ratio may indicate the proportion
between copper and phosphorus, which comes mainly
from electrolyte. The Cu/Matrix and P/Matrix ratios show
the relative amount of copper and phosphorus
incorporated by the formed coatings with the relation to
matrix. On the other hand, the Cu/P ratio may be
considered as an error-free coefficient that the Cu/Matrix
and P/Matrix may show, where the error is connected
with the detection of signals coming from the substrate
(matrix). However, after analyzing all these three ratios it
appears there is no problem with the correct interpretation
of the obtained results. In order to present the results to
the reader, they are displayed consecutively as mean,
standard deviation, median and range.

On the basis of the EDX data of coating formed after
the plasma electrolytic oxidation on niobium the Cu/P
ratio was determined and equaling to 0,22+0,02 (median:
0,23, range: 0,05). These results mean that in the coating
there is over 4,5 times by weight more phosphorus than
copper. A similar value of Cu/P ratio was obtained for
Ti6Al4V after PEO, and it equals to 0,22+0,03 (median:
0,22, range: 0,08), that has been confirmed by the
significant t-tests [41]. Inside the coatings formed on TNZ
and NiTi alloys there was about six times more
phosphorus than copper (by weight). Such results are
obvious, because phosphates are the main component of
coatings. The point is that the coatings formed on TNZ
and NiTi may be classified to different populations than
those created on Nb and Ti6Al4V [41]. The Cu/P ratios
for coatings on TNZ and NiTi equal to 0,17+0,02
(median: 0,17, range: 0,07) and 0,17+0,02 (median: 0,18,
range: 0,08), respectively. The Cu/Matrix and P/Matrix
ratios show the amount of copper and phosphorus with
respect to the substrate elements.

Based on the P/Matrix data, it is possible to find that
the highest amount of phosphorus was recorded in the
coating formed on Ti6Al4V (P/Matrix=0,83+0,06,
median: 0,81, range: 0,19), whereas the least one was
found for pure niobium (P/Matrix=0,54+0,02, median:
0,55, range: 0,06). Assuming that it depends mainly on
the coating thickness, it can be stated that the coating
formed on niobium is thinner than that one formed on
Ti6Al4V alloy. The coatings formed on TNZ
(P/Matrix=0,69+0,07, median: 0,69, range: 0,22) and
NiTi (P/Matrix=0,64+0,04, median: 0.62, range: 0.11)
have their thicknesses between those on niobium and
Ti6Al4V alloy. In case of Cu/Matrix ratio, the highest
value was noted for Ti6Al4V alloy
(Cu/Matrix=0,18+0,02, median: 0,18, range: 0,07) and the

lowest for the others, i.e. NiTi (0.11£0.01, median:0.11,
range:0.04), TNZ (0.12+0.01, median: 0.13, range: 0.05),
Nb (0.12+0.01, median:0.12, range: 0.02). This would
mean that the coating formed on Ti6Al4V alloy during
PEO is the thickest one.

The PEO process proposed in this study for metallic
biomaterials appears to be of high value for increasing
biocompatibility of specific devices. Its novelty with the
presented results prompted us to further continue
investigations, specifically including Glow Discharge
Optical Emission Spectroscopy (GDOES) measurements
and X-ray Photoelectron Spectroscopy (XPS) studies
[42]. They are to confirm our findings given in this paper.

5 Conclusions

The following conclusions may be formulated after
the studies:

o after the Plasma Electrolytic Oxidation (PEO) of pure
niobium and titanium alloys at the voltage of 450 V
in concentrated H;PO, within Cu(NQO;), the obtained
surface coatings are porous

e it is possible to incorporate the copper ions into the
pure niobium and titanium alloys at the voltage of
450 V in concentrated H;PO, within Cu(NO;),

e Cu/P and P/Matrix ratios were calculated for all
studied biomaterials.

Moreover, some additional conclusions may be
drawn:

e inside the surface coatings formed on Nb and on
Ti6Al4V alloy there is over 4,5 times more
phosphorus than copper (by weight)

o inside the surface coatings formed on TNZ and NiTi
alloys there is about six times more phosphorus than
copper (by weight)

o it appears the PEO coating formed on Ti6Al4V is
thicker and more copper-enriched than that one
formed on the pure Niobium

o the studies show the PEO coating formed on TNZ is
thicker and more copper-enriched than that one
formed on NiTi

o on the basis of the significant t-test results it can be
concluded that the Cu/P data obtained from the
analysis of surface coatings of pure Niobium and
Ti6Al4V alloy may be classified to the same
population

e on the basis of the significant t-test results it can be
concluded that the P/Matrix data obtained from all the
studied surfaces should be classified to different
populations

o on the basis of the significant t-test results it can be
concluded that the Cu/Matrix data obtained from the
analyses of the surface coatings of pure Niobium and
TNZ alloy may be classified to the same population
[41].
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