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Abstract

Oxidized zirconium alloys can appear as black, white and all gray shades depending
on the heat treatment process. The black color results from a high amount of oxygen
vacancies in non-stoichiometric zirconia (ZrO,_,) that effectively reduces the band
gap of the material. In this work we compare the surface properties of black and
white zirconia on ZrNb7 substrate. An oxidation in air at 600 °C for 1 h results in a
dark-gray oxide with only a few micro cracks. Oxidation at low oxygen partial pres-
sure at 600 °C for 8 h (pg,= 107!? Pa) generates a dense, totally black oxide scale.
A three step heat treatment process, that was introduced for better coating adhesion,
results in a white oxide layer with many micro cracks parallel to the surface. From
the results of various microscopy and spectroscopy techniques, we derive a model
of the layer formation of zirconia on ZrNb7 and give reason why black zirconia, and
therefore the oxidation at low oxygen partial pressure, is favorable for tribological
applications (e.g., artificial joint replacements).

Keywords Oxidized zirconium - Oxide color - Oxygen vacancies - Surface
properties

Introduction

Oxidized zirconium alloys (mostly ZrNb2.5) are widely used in joint prostheses
such as artificial knee joints because of their favorable properties. Those are the high
hardness, the abrasion and corrosion resistance of the oxide scale, the ductility of
the metallic substrate and the high biocompatibility of zirconium as metal [1-5]. In
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this work, alloys like ZrNb7 are oxidized in air between 500 and 700 °C to generate
an oxide scale of about 5—7 pum thickness. This oxide scale is chemically bonded to
the substrate via a thin oxygen diffusion zone, as zirconium has the ability to solve
up to 30 at% of oxygen in its lattice at temperatures around 700 °C. This ability is
only observed in Ti, Hf and Zr.

Previous works have focused on enlarging the diffusion zone via a solid state
reduction [6-8]. During this process, oxygen from the oxide scale diffuses into the
metal substrate and thereby reduces the hardness gradient between surface and bulk
material. This in return can enhance coating adhesion [6-8].

Depending on the heat treatment, the zirconia scale can turn out black or white,
and various gray shades in-between. In literature this effect is related to an oxygen
deficiency in the oxide lattice [3, 9-12]. Those oxygen vacancies get occupied by
two electrons from the neighboring zirconium to compensate charge in the lattice
and therefore form so-called F-centers (or color centers). With an increasing number
of these localized electrons, the band gap of zirconia is reduced from 5.1 eV (white
oxide) down to 1.5 eV (black oxide) [13]. Durov et al. [11] claim that 10" F-centers
per cubic centimeter are enough to turn zirconia black.

In this work we investigate the surface of oxidized ZrNb7 with three different
heat treatment routes. A regular oxidation in air, an oxidation at low oxygen partial
pressure and a three step heat treatment. The first two produce dark-gray to black
oxides and the latter results in a white oxide layer. With the help of different micros-
copy and spectroscopy techniques, we give an insight in how stoichiometric and
non-stoichiometric Zr-oxide layers form and how the color of the oxide is linked
with its mechanical properties.

Experimental Procedures
Materials

ZrNb7 (wt%) rods are cast in an arc melting furnace under argon pressure of
5¢10* Pa (500 mbar) from elemental zirconium (99.2% purity) and niobium (99.9%
purity). To ensure high homogeneity, the melted ingots are remelted five times
before a sixth remelting step to form a rod with a diameter of 10 mm and a length
of about 100 mm. The specimens are analyzed in a micro X-ray fluorescence ana-
lyzer (u-XRF, Orbis PC, EDAX) to ensure the right chemical composition and high
homogeneity before heat treatments.

Heat Treatments of ZrNb7

The ZrNb7 samples are subject to three different heat treatment processes: an oxi-
dation in air, a three step heat treatment and a single step oxidation at low oxygen
partial pressure. All following scale and layer thicknesses were measured in SEM
micrographs of sample cross sections with 100 thickness measurements per micro-
graph at three random areas of the sample.
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Oxidation in Air

The samples are oxidized in air at 600 °C for 1 h, generating an oxide scale thick-
ness of 6 um and an oxygen diffusion zone of 4 um. The oxide appears dark-gray.

Three Step Heat Treatment

After an initial oxidation in air at 600 °C for 1 h, the samples are deoxidized at
700 °C for 20 h in sealed quartz glass tubes, that are evacuated to a pressure of
4107 Pa. During this step the oxide scale is fully dissolved and oxygen diffuses into
the metal substrate, generating a pronounced oxygen diffusion zone. In a final step,
samples are oxidized again at 600 °C for 1 h to generate the desired ceramic oxide
scale while retaining a large fraction of the diffusion zone. This heat treatment pro-
cess leads to an oxide scale thickness of 13 um and an oxygen diffusion zone of
27 ym. The oxide appears white. For detailed information on the three step heat
treatment process see [8].

Oxidation at Low Oxygen Partial Pressure

In this heat treatment process samples are oxidized in a special furnace that allows
for very low oxygen partial pressures (see details of the furnace in [14]). The oxida-
tion at 600 °C (pg, = 107'" Pa) for 8 h generates an oxide scale thickness of 7 um and
a diffusion zone of 11 um. The oxide appears black.

See Fig. 1, for a comparison of the three different heat treatment processes and
their effect on the microstructural properties of the surface near layers.

Analysis Methods

For microstructural analysis of the surface near layers, cross sections of the speci-
mens are prepared using SiC paper up to grit 2000, which are then polished with a
mixture of 2/3 colloidal silica suspension and 1/3 hydrogen peroxide solution.

The cross sections are investigated using an optical microscope (Axioplan 2,
Zeiss) as well as a scanning electron microscope (SEM, 1540 EsB Cross Beam,
Zeiss). The SEM is equipped with an energy-dispersive X-ray spectroscopy detector
(EDS, Thermo Fisher Scientific), which is used for chemical analysis.

The oxide surfaces are analyzed using SEM, EDS, X-ray diffractometry (XRD,
D8 ADVANCE, Bruker), X-ray photoelectron spectroscopy (XPS, VersaProbe III,
Physical Electronics) and Raman spectroscopy (alpha 300 RA +, WITec).
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Fig. 1 Oxide color and microstructural features of the surface near layers of ZrNb7 with three different
heat treatment routes. The characteristic layer formation is: I: ZrO,, II: a-case, III: oxygen diffusion zone,
IV: substrate. The a-case is part of the oxygen diffusion zone and its boundary is indicated by a dashed
gray line

Results
Microstructure of the Oxide and the Surface Near Layers

The three different heat treatment routes lead to different morphologies in the oxide
layers, as shown in Fig. 1. The basic layer formation is the same in all three process
routes: the oxide scale is chemically bonded to the substrate by an oxygen diffusion
zone. Within this layer a so called a-case forms with (a-Zr) as the main phase with
very thin (f-Zr,Nb) channels in between. As the (p-Zr,Nb) channels are very small
with 10-20 nm, the a-case appears as a single phase region at medium magnifica-
tions. The thickness of the oxygen diffusion zone is not visible in SEM, but can be
quantified using either EDS or hardness measurements. Data of EDS measurements
can be found in our earlier work [8]. Data of our hardness measurements will be
published elsewhere together with the results of the tribological experiments. The
substrate shows a two phase morphology with a-plates and f-channels with thick-
ness of 10-20 nm in between (see inset in Fig. 1a).

Samples that are oxidized in air at 600 °C for 1 h show a dense, dark-gray oxide
layer of 6 um followed by a small oxygen diffusion zone of 4 um (Fig. 1a).

The three step heat treatment process results in a white oxide layer with a thick-
ness of 13 um that is penetrated by fine micro cracks parallel to the surface, as
shown in Fig. 1b. The oxygen diffusion zone reaches 27 pm deep into the substrate,
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which is coarsened by the long annealing time of 20 h at 700 °C during the de-
oxidation step.

Samples that are oxidized at low oxygen partial pressure show a morphology that
resembles a combination of the above described two process routes (Fig. 1c). These
specimens show a dense, black oxide layer of 7 um that is followed by a pronounced
oxygen diffusion zone with a thickness of 11 um.

In the following, we focus on the white oxide layer of the three step heat treated
samples and the black oxide layer of the samples, that were oxidized at low oxygen
partial pressure. They will be denoted as white and black sample hereafter.

The oxide surface of the three step heat treated sample is very uneven with some
spalled off regions, see Fig. 1b. The top view on the oxide surface confirms this and
also exhibits charging in SEM, as shown in Fig. 2a. This is an evidence for poor
electric conductivity. The black oxide, exhibits no charging at all and shows an even
surface with no spalling or cracks. This supports the hypothesis that black zirco-
nia contains large amounts of oxygen vacancies increasing the conductivity of the
ceramic surface. Additionally EDS analysis at three different regions of the samples
show a slight variation in oxygen content of 0.5 at%, which supports this theory as
well.

X-ray Diffraction (XRD)

Due to thermally induced oxygen vacancies, zirconia exhibits three different modi-
fications: the monoclinic (m) phase up to 1170 °C, the tetragonal (¢) phase up to
2370 °C and the cubic (¢) phase above 2370 °C [15]. XRD measurements show, that
irrespective of the heat treatment, all investigated samples show mainly monoclinic
Zr0,, see Fig. 3. The main difference of black and white zirconia in XRD is the
pronounced o-Zr peaks, that show up in the black sample (additionally marked with
vertical, black line). The reason is X-ray photons penetrating the metallic substrate
underneath the oxide layer. The oxide scale of the black sample is about 7 um thick,

(b) black 0: 66.3+0.1 at.%

Fig.2 SEM micrographs of the oxide surfaces. a The white oxide of the 3-step heat treatment shows
charging artifacts (indicated by dashed white line) and spalled regions (indicated by white arrows). B The
black oxide (oxidation at low p,) has a lower oxygen content and shows no signs for charging effects.
This leads to the conclusion that the black oxide features a better conductivity than the white surface
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while the white oxide scale is 13 um. The penetration depth of Cu Ka photons is
around 10 pm at 8=30° for ZrO, with an absorption of 90%. Therefore X-rays can
reach the metallic surface of the black sample, but not that of the white sample.

The pronounced B-Zr peak in white zirconia probably results from residual p-Zr
channels in the zirconia layer. During the third heat treatment step the sample is
oxidized again and parts of the a-case is turned into zirconium oxide. The small
B-channels have niobium concentrations of more than 40 at% and can therefore not
be oxidized at the existing oxygen partial pressure at the oxide/metal interface.

X-ray Photoelectron Spectroscopy (XPS)

The outermost surface of the black and white sample is investigated using XPS,
as photoelectrons originate from a depth of 2—5 nm. Oxygen vacancies should be
clearly visible in XPS both in Zr3d-peaks and in Ols-peaks. Sinhamahapatra et al.
[13] show a shift of the Zr3d-peak to lower binding energies in black zirconia which
correlates to Zr“=* jons. These Zr*=* ions generate a shoulder of the Zr** peak at
around 180 eV. The Ols-peak features a higher fraction of unbound oxygen. These
results are an indicator for oxygen vacancies. However, our XPS measurements can-
not confirm these findings. Both Zr3d- and Ols-peaks are identical in black and
white zirconia, see Fig. 4.

To gain information of volumes further away from the original surface, argon
sputtering is used to remove the outermost layers. After an initial appearance of a
peak shoulder at 180 eV (Zr3d) and removal of surficial oxygen in Ols, both sam-
ples show no alteration of Zr- and O-peaks in deeper layers, see Fig. 5. The numbers
shown at the peaks are the respective sputter cycle, after which the spectrum has
been obtained. The shoulder of the Zr3d-peak at around 180 eV is due to sputter
damage and is overlaying the information to be shown: potential Zr*=* ions in the
lattice. This degradation of ZrO, into suboxides under argon bombardment is well
reported in the literature (i.e., Iwamoto et. al [16]) and is visible on the surface of the
white oxide, as a dark spot in the sputtered region, which is marked by a white arrow
in Fig. 5a.
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Fig. 4 XPS measurements of a Zr3d and b Ols of black and white samples
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Fig.5 Zr3d-peaks (a) and Ols-peaks (b) after removal of outermost layers by argon sputtering
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Raman Spectroscopy

Raman spectroscopy is very sensitive to lattice distortions, such as crystallinity, dop-
ing and vacancies. Raman spectra of black and white oxide layers are displayed in
Fig. 6. The former shows wider peaks, a worse signal-to-noise ratio and some peaks
disappear in the background. These features are marked with a star (*). The results
are in very good agreement with the literature [17, 18]. Leto et al. [17] have investi-
gated a sample made out of Oxinium™ (oxidized ZrNb2.5 alloy—black oxide) and
a monoclinic ZrO, single crystal. The spectrum of the black sample of this work
shows good agreement with the Oxinium™ sample, while the white sample resem-
bles the results of the monoclinic ZrO,.

The depth of information in Raman spectroscopy is mainly dependent on absorp-
tion or transmission of the examined material. For optically transparent or white
materials the depth of information equals the depth of resolution of the confocal
microscope. For a frequency doubled Nd:YAG laser (A=532 nm) and an aperture
angle of 33° the depth of resolution equals 1.6 pm. This correlates to the origin of
the inelastic scattered photons of the white oxide. For the black sample however, all
visible light is absorbed, and therefore, no precise prediction for the depth of infor-
mation can be given. It can be stated however, that the information should arise from
a depth closer to the surface, than in the white oxide.

Discussion

By combining all results of the different experiments, we derive a model of the sur-
face near layers of white and black zirconia. Figure 7 summarizes all results from
the different investigation methods including the respective depth of information
(DOD).

The XPS results suggest a stoichiometric ZrO, layer as the outermost layer of
the black oxide that is only a few nanometers thin and therefore could be optically
transparent. The laser in Raman spectroscopy will pass through this transparent

Fig.6 Raman spectra of black

and white zirconia. The most *
pronounced differences are fi
indicated by a star (*) I A )
/ A [\ *  black
N TN N N

Normalized intensity

T T T T T T T T
100 200 300 400 500 600 700 800
Wavenumber in cm!
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Fig.7 Summary of the results from different investigation methods as well as the respective depth of
information (DOI)

layer and the information comes from the non-stoichiometric oxide layer below,
which has an increasingly high oxygen vacancy concentration.

With this knowledge, we propose a schematic layer sequence can be created,
see Fig. 8. In the case of black oxide (Fig. 8a), only a few nm (>5 nm) thin ZrO,
layer is followed by a sub-stoichiometric ZrO,_, layer, which is decisive for the
color and the properties of the oxide. It has a very high concentration of oxygen
vacancies (indicated by 2e™ due to the fact that the missing ion is charged twice
negative), which probably act as elastic buffers and reduce the internal stresses in
the oxide, as the F-centers increase the fraction of metallic bonds in the ceramic.
This could increase stress tolerance in the oxide scale and therefore lead to a
denser and less cracked oxide layer. The ZrO,_, layer is followed by the oxygen
diffusion zone, in which the oxygen content in the metal gradually drops from
just under 30 at% to substrate level.

Figure 8b shows the white oxide, which has a pronounced stoichiometric ZrO,
layer of a few pm thickness on the surface. Stoichiometric (white) ZrO, has a
Pilling Bedworth value (ratio of the molar volumes of a metal oxide and its cor-
responding metal) of 1.57. This indicates that strong compressive stresses arise in
the oxide during growth, which results in an oxide layer that is severely cracked
(indicated in Fig. 8b). It can be assumed that a sub-stoichiometric ZrO,_, layer
can be found near the oxide/metal interface as well, since oxygen diffuses into the
metallic substrate at all times during heat treatments above 500 °C.

As the oxidation at low oxygen partial pressure limits the amount of oxygen
available in the surrounding atmosphere, large amounts of oxygen can diffuse into
the substrate at the same time as the oxide scale is formed. This generates the
largest amount of sub-stoichiometric ZrO,_, in the oxide scale of all investigated
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Fig.8 Schematic model of the surface near layers of oxidized ZrNb7: a black oxide: oxygen vacancies
(indicated by 2e~ due to the fact that the missing ion is charged twice negative) reduce inner stresses and
lead to a dense and protective oxide layer; b white oxide: lots of micro cracks (indicated by white lines)
in the outermost layer lead to spalling and non-protective outer oxide scales

specimens, which can be visibly recognized, as those samples exhibit the dark-
est black color. The oxidation in air usually results in dark-grey oxide scales and
therefore in less oxygen vacancies.

Conclusion
Our investigations clearly show why white oxide layers on top of zirconium alloys

should be avoided at all times, especially when used in tribological applications.
The black color is an indicator for protective oxide scales with good mechanical and
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tribological properties that is easily recognizable. The key to these favorable properties
lies in the high amount of F-centers, that are generated during the heat treatment pro-
cess with low oxygen partial pressure.
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