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ENERGY-DISPERSIVE X-RAY SPECTROSCOPY MAPPING
OF POROUS COATINGS OBTAINED ON TITANIUM BY PLASMA
ELECTROLYTIC OXIDATION IN A SOLUTION CONTAINING
CONCENTRATED PHOSPHORIC ACID WITH COPPER NITRATE

ABSTRACT

The SEM and EDS study results of coatings obtained on titanium by Plasma Electrolytic Oxidation (PEO) in the
electrolytes containing of 600 g copper nitrate in 1 liter of concentrated phosphoric acid at 450 V for 1 and 3
minutes, are presented. The obtained coatings are porous and consist mainly of phosphorus within titanium and
copper. It was found that the time of PEO oxidation has impact on the chemical composition of the coatings. The
longer time of PEO treatment, the higher amount of copper inside coating. The PEO oxidation of titanium for 1
minute has resulted in the creation of coating, on which 3 phases where found, which contained up to 13.4 wt%
(9 at%) of copper inside the phosphate structure. In case of 1 minute PEO treatment of titanium, the 2 phases
were found, which contained up to 13 wt% (8 at%) of copper inside the phosphate structure. The copper-to-
phosphorus ratios after 1 minute processing belong to the range from 0.28 by wt% (0.14 by at%) to 0.47 by wt%
(0.23 by at%), while after 3 minutes the same ratios belong to the range from 0.27 by wt% (0.13 by at%) to 0.35
by wt% (0.17 by at%). In summary, it should be stated that the higher amounts of phosphorus and copper were
recorded on titanium after PEO oxidation for 3 minutes than these after 1 minute.

Key words: Plasma Electrolytic Oxidation (PEO);, Micro Arc Oxidation (MAO);, SEM; Titanium, H;PO,
Cu(NO;3);

INTRODUCTION

By using Electropolishing (EP) [1-5], high-current density electropolishing (HDEP)
[6-7] as well as magnetoelectropolishing (MEP) [8-15] it is possible to form nano-coatings
with different properties than matrix. To obtain porous miro-coatings within micro- and nano-
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pores, the Plasma Electrolytic Oxidation (PEO), known also as Micro Arc Oxidation (MAO),
[16-30] should be used. That method of forming the coatings by PEO is now widely used by
industry such as Keronite (UK), Magoxide-Coat (Germany) and Microplasmic (USA) [16];
moreover, there are still ongoing research on the development of these coatings manufactur-
ing. The first use of PEO treatment was applied for aluminum [16-22] and its alloys [23-27]
oxidization. Afterwards, magnesium and its alloys [26-33] were treated by PEO. Now most
important part of titanium, niobium, tantalum, zirconium and their alloys [34-47] is finished
with the use of the PEO oxidation. In case of biomaterials, most important is to fabricate the
porous surface enriched in antibacterial elements such as silver and/or copper [47-55] without
or with the least amount of toxic elements to the human body, such as vanadium, aluminum,
and nickel [56-60].

In the present paper, the Authors display the analysis of the porous surfaces obtained on
titanium after PEO processing in two electrolytes containing concentrated (85%) phosphoric
acid and copper nitrate by Energy-dispersive X-ray Spectroscopy Mapping.

METHOD AND EXPERIMENTAL SET UP

The Plasma Electrolytic Oxidation (PEO), known also as Micro arc Oxidation (MOA),
was used to perform experiments on a set-up built in the cooperation with the Division of Ap-
plied Electronics and Electro-technology, Koszalin University of Technology (KUT), that was
in detail described in [42]. The PEO process was performed with the use of a constant voltage
of 450 V. The electrolyte consisted of a concentrated 85% pure p.a. H3PO4 (98 g/mole) acid,
one liter, within 600 g of Cu(NOs3), for two oxidation times, i.e. 1 and 3 minutes, consecu-
tively. The pure titanium (CP Grade 2) samples of dimensions 15x20%1 mm, were prepared at
the Faculty of Mechanical Engineering, KUT.

The surface morphology and chemical composition of the samples were investigated by
SEM/EDS. EDS measurements have been performed to estimate the relative copper content.
An EDAX Octane plus EDS spectrometer with a 30 mm? detector crystal was used combined
with a Zeiss Auriga compact SEM. The EDS spectra and the secondary electron micrographs
were recorded at a primary energy of 20 keV.

RESULTS

In Figures 1-4, the SEM images with EDS analyses of titanium after the PEO treat-
ment at 450 V for 1 minute, in the electrolyte consisting of 600 g Cu(NOs), in 1 L H3PO4, are
shown. The obtained surface is porous and consists of phosphorus, and titanium within cop-
per. Figure 1 shows SEM image and corresponding EDS mapping with three phases. In all
phases dominating elements are titanium and phosphorus. The first phase, which is marked in
green in Figure 1, contains 18.8 wt% (7.4 at%) of copper, which is similar to the amount of
copper in the third phase, marked in blue, what is presented in Table 1. The maximum of cop-
per on that surface was recorded in case of the phase marked in red, i.e. 13.4 wt% (9 at%).
Additionally, it is important to note that in case of medical use of surfaces after PEO oxida-
tion, it is expected getting high amounts of phosphorus and copper in surface that is to be in
contact with tissue, what is observed on the whole surface. The copper-to-phosphorus ratios
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were found, which are equal to 0.28 by wt% (0.14 by at%), 0.47 by wt% (0.23 by at%) and

0.

32 by wt% (0.16 by at%), for green, red, and blue phases, respectively.

W% D 1a% B 28%

Fig. 1. SEM image (on the left side) and EDS maps (on the right side) of Titanium after PEO treatment at 450 V
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Fig. 2. EDS spectrum of PK/TiK phase (green phase in Fig. 1) of Titanium after PEO treatment at 450 V for
1 minute in the electrolyte consisting of 600 g Cu(NO3)2 in 1 L H3PO4
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Fig. 3. EDS spectrum of TiK/PK/CuK phase (red phase in Fig. 1) of Titanium after PEO treatment at 450 V for
1 minute in the electrolyte consisting of 600 g Cu(NO3)2 in 1 L H3PO4
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Fig. 4. EDS spectrum of TiK/PK/CuK phase (blue phase in Fig. 1) of Titanium after PEO treatment at 450 V for
1 minute in the electrolyte consisting of 600 g Cu(NO3)2 in 1 L H3PO4

Table 1. Analysis of EDS spectra of Titanium after PEO treatment at 450 V for 1 minute in the electrolyte consist-

ing of 600 g Cu(NOg3), in 1 L H3PO4

Green phase in Fig. 1 Red phase in Fig. 1 Blue phase in Fig. 1

wit% at% wit% at% wit% at%

PK 42.0 54.1 28.5 39.3 36.4 48.1
TiK 46.2 38.5 58.1 51.7 52.0 44.4
CuK 11.8 7.4 13.4 9.0 11.6 7.5

In Figures 5-9, the SEM images with EDS analyses of titanium after the PEO treatment at
450 V for 3 minutes, in the electrolyte consisting of 600 g Cu(NOs), in 1 L H3PO,, are pre-
sented. After that PEO treatment, two phases were found, what is visible in Figure 5. The both
phases, i.e. blue and red, consist of similar amounts of copper (12-13 wt% | 8-8.3 at%), while
the amount of phosphorus is higher in case of phase marked in blue, what is shown in Table 2.
In order to compare the two phases, the copper-to-phosphorus ratios were found, which for
the blue phase is equal to 0.27 by wt% (0.13 by at%), and for the red one, 0.35 by wt%

(0.17 by at%).

Fig. 5. SEM image (on the left side) and EDS maps (on the right side) of Titanium after PEO treatment at 450 V
for 3 minutes in the electrolyte consisting of 600 g Cu(NOs3)z in 1 L H3PO4
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Fig. 6. EDS spectrum of PK/TiK phase (blue phase in Fig. 5) of Titanium after PEO treatment at 450 V for 3 min-
utes in the electrolyte consisting of 600 g Cu(NO3), in 1 L H3PO4
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Fig. 7. EDS spectrum of Ti/PK phase (red phase in Fig. 5) of Titanium after PEO treatment at 450 V for
3 minutes in the electrolyte consisting of 600 g Cu(NOg3); in 1 L HzPO4

Table 2. Analysis of EDS spectra of Titanium after PEO treatment at 450 V for 3 minute in the electrolyte consist-
ing of 600 g Cu(NO3)2in 1 L H3PO4

Blue phase in Fig. 5) Red phase in Fig. 5
wt% at% wt% at%
PK 47.9 60.2 37.0 48.8
TiK 39.1 318 50.2 42.9
CuK 13.0 8.0 12.8 8.3

In Figures 8-9 and in Table 3, the EDS summary spectra of Titanium after PEO treatment
at 450 V for 1 and 3 minutes in the electrolyte consisting of 600 g Cu(NOs); in 1 L H3PO,,
are presented. One may notice that on whole surface the higher amounts of phosphorus and
copper are visible on titanium surface after PEO oxidation for 3 minutes. However, it must be
pointed out that the final usefulness of the obtained surfaces will be possible after performing
the biological researches planned.
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Fig. 8. EDS summary spectrum of Titanium after PEO treatment at 450 V for 1 minute in the electrolyte consisting
of 600 g CU(N03)2 inllL HsPO4
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Fig. 9. EDS summary spectrum of Titanium after PEO treatment at 450 V for 3 minutes in the electrolyte consist-
ing of 600 g CU(NO3)2 inllL H3PO4

Table 3. Analysis of EDS summary spectra of Titanium after PEO treatment at 450 V for 1 min and 3 min in the
electrolyte consisting of 600 g Cu(NO3) in 1 L H3PO4

PEO at 450 V PEO at 450 V
1 min 3 min
wt% at% wt% at%
PK 38.3 50.1 44.3 56.6
TiK 50.3 42.6 43.4 35.8
CuK 11.4 7.3 12.3 7.6
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CONCLUSIONS

The following conclusions may be formulated after the PEO treatment processing in the
electrolytes containing 600 g copper nitrate in one liter of concentrated phosphoric acid for
two treatment times, i.e. 1 and 3 minutes:

Porous coatings on titanium surface, enriched in copper distributed in the whole vol-
ume, were obtained.

1. The time of PEO oxidation has impact on the chemical composition of the coatings.

2. The longer time of PEO treatment, the higher amount of copper inside coating was
found.

3. After 1 minute of PEO oxidation of titanium, the 3 phases were found, which con-
tained up to 13.4 wt% (9 at%) of copper inside the phosphate structure.

4. After 3 minutes of PEO oxidation of titanium, the 2 phases were found, which con-
tained up to 13 wt% (8 at%) of copper inside the phosphate structure.

5. After 1 minute of PEO oxidation of titanium, copper-to-phosphorus ratios belong to
the range from 0.28 by wt% (0.14 by at%) to 0.47 by wt% (0.23 by at%).

6. After 3 minutes of PEO oxidation of titanium, copper-to-phosphorus ratios belong to
the range from 0.27 by wt% (0.13 by at%) to 0.35 by wt% (0.17 by at%).

7. The higher amounts of phosphorus and copper were recorded on titanium after the
PEO oxidation for 3 minutes.
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