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Abstract 

Producing colored coatings by Physical Vapor Deposition (PVD) in an in-line way is an 

interesting industrializing process. Moreover, the durability of vacuum coatings is an 

advantage for architectural applications such as outdoor decoration. In this project, titanium 

dioxide coatings were produced over moving stainless steel wires via direct current (DC) 

reactive magnetron sputtering PVD in an inverted cylindrical magnetron. The samples were 

characterized by transmission electron microscopy (TEM) coupled with ASTAR (Automated 

crystal orientation mapping on TEM -ACOM- with precession tool -DigiSTAR-) orientation-

phase mapping and EDS (Energy Dispersive X-Ray Spectroscopy) chemical mapping. The 

microstructure of TiOx thin films is analyzed as a function of the O2 flux in the chamber. In 

the metallic mode, a 300 nm polycrystalline hexagonal Ti film is obtained in 2 min 30 s at 

1000 W. For the same power and same time but in the poisoned mode, a 40 nm titanium 

dioxide film composed of both rutile and anatase columnar grains is obtained. A peculiar 

mode is the transition one, where in a single pass through the chamber a multilayer of ≈ 230 

nm hexagonal Ti and ≈ 70 nm pure rutile titanium dioxide is grown. This multilayer is a result 

of a heterogeneous magnetic field, hence of the chamber poisoning. All these thin films 

present chemical, structure and grain size gradients because of an original process (in-line and 

cylindrical inverted magnetron) with plasma density heterogeneity. 
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1. Introduction 

Modern architecture can be interested by the decoration of some walls with colored stainless 

steel wires weaving made in thin films over these metallic structures. These thin films may 

have various chemistries as TiN [1], ZrN [2], a mixture of both TiN/ZrN [3], TiOxNy [4], 

FeNxOy [5]. These materials can be grown by various techniques such as sol-gel [6], chemical 

vapor deposition (CVD) [7], and physical vapor deposition (PVD) [8]. 

This study will focus on titanium oxides TiOx grown by Physical Vapor Deposition (PVD). 

The choice of titanium dioxide as thin film is due to its various interesting surface properties. 

For instance, the color generation of titanium dioxide is the result of optical constructive 

interferences [9]. A part of the light is reflected at the external surface of the titanium dioxide 

coating whereas the other is reflected at the coating/substrate interface. The constructive 

interferences of the waves give a color depending only on the thickness of the coating. This 

physical property is interesting for industrial production, because for a same nature of 

compound, it is possible to have different colors just by varying the thickness of the coating. 

Nevertheless, and for this industrial production, special attention has obviously to be paid to 

avoid modification of the color with the diminution of the thickness of the coating. Another 

interesting property of titanium dioxide is its semiconductor nature [10]. Titanium dioxide has 

a band-gap of 3.2 eV (for the anatase phase, and 2.95 eV for rutile), and has photocatalytic 

properties with UVs, which have a self-cleaning effect for the pieces that are exposed to 

sunlight. These properties are attractive for the market of decorative wires in architecture, 

which is one of the applications searched in this research project (Fig. 1). 

In the present work, thin films are produced by PVD in an Inverted Cylindrical Magnetron 

(ICM), in order to coat homogeneously the surface of the wire, and continuously to respond to 

a logical process of coating a steel reel. In this project, titanium dioxide is made by reactive 

magnetron sputtering with a titanium target and oxygen as a reactive gas. When oxygen is 
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introduced with argon into the deposition chamber, two deposition modes can take place [11]. 

If the flux of oxygen is inferior to a critical value ��, it is consumed and does not saturate the 

target. In this case, the target remains metallic and the sputtering rate is not significantly 

changed. On the other hand, when the amount of oxygen increases (>��), the oxidation rate of 

the target is higher than its sputtering rate corresponding to an oxidized cathode. This is called 

the poisoned mode, and one of its characteristics is a lower deposition rate than in the metallic 

mode. 

In the last decades, titanium dioxide thin films produced by PVD were proved to have a 

greater mechanical durability than by sol-gel method [12]. Since then, efforts have been done 

to determine the microstructures of titanium dioxide coatings in link with the deposition 

parameters process [13]. The first step is to produce stoichiometric titanium dioxide, which is 

achieved without control issues when working in poisoned mode. Nevertheless, to produce it 

at high deposition rates it can be wished to coat in the transition mode [14] (corresponding to 

the regime between the metallic and the poisoned modes), even though this mode is unstable. 

To attain stability in this capricious mode, control process has been developed, and even 

industrialized [15]. Once titanium dioxide is obtained it is necessary to have the adequate 

microstructure; for instance, rutile for optical applications due to its high refractive index [16]. 

Let’s remind that it is hard to refer to thermodynamics in PVD conditions but it is still useful. 

The stable phase of titanium dioxide is rutile [17,18] whereas anatase and brookite are 

metastable phases. When anatase is created its transition to rutile varies from 400 to 1000 °C 

as a function of the oxidizing atmosphere and the impurities present in the titanium dioxide 

[19]. To achieve and control crystallization in PVD, the necessary energy input may be 

provided by the bombardment of energetic particles or by heating the substrate [11]. Precise 

measurements have been done in the literature where an energy of about 7 keV per deposited 

atom was needed to grow an anatase structure [20]. More energy leads to a rutile/anatase 
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mixture with increasing relative quantity of rutile, but less would result in an amorphous 

coating [20]. In an in-line process, it is also possible to obtain crystallization with post-

annealing or by coating with a reactive medium frequency pulse magnetron in order to avoid a 

substrate heating at more than 300 °C [21] (the different kinds of current pulses of this 

experiment are described in detail in [22]). In this project, crystallized TiOx thin films are 

produced in-line without post-annealing nor medium frequency current pulses, but with a 

substrate temperature > 300 °C, inherent to the process and not to external heating. 

The magnetron technology facilitates the conservation of a plasma discharge at a low 

pressure, but it localizes it in space, too. The magnetron used in this project provokes a 

heterogeneous magnetic field, so a heterogeneous deposition rate. For an in-line process, 

where the substrate traverses the chamber, the final coating is the sum of these deposition 

rates done in a continuous process, which permits to obtain a multilayer coating in a reel with 

a homogeneous thickness. The objective of this paper is to draw the various compositions and 

microstructures, partly described by TEM-ASTAR [23], as a function of oxygen partial 

pressure obtained by the original process described above. The final goal is to obtain 

interferometric thin films on stainless steel wires, towards an industrial process, to attain a 

colored wire. 

2. Material and methods 

2.1 Coating deposition – PVD process 

The coatings were deposited on moving 316L stainless steel wire substrates with a diameter 

of 2.09 mm. These substrates have an industrial finish (mean rugosity of 1 µm) and a 

composition given in Table I. 

The wire moved at a pace of 2 mm/s and passed one minute through a microwave plasma 

cleaning in 10% hydrogen diluted in argon atmosphere at 0.5 Pa (the used microwave plasma 

cleaning is described in detail in [24]) before entering the DC reactive magnetron sputtering 
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PVD chamber. The wire (substrate) was incorporated in a drawing line, so it was grounded for 

safety reasons. 

A schematic view of the ICM chamber is shown in Fig. 2, and the process has already been 

described elsewhere [25,26]. In a few words, the moving stainless steel wire passed through a 

30 cm water-cooled titanium target, corresponding to 150 s of deposition time. This target 

was surrounded by magnets (made in NdFeB in a balanced magnetron configuration), and the 

target-substrate distance was of 19 mm. It was necessary to add auxiliary anodes to collect the 

electrons that would instead be captured by the wire and would heat it [25]. If the anodes were 

polarized, the temperature of the substrate kept inferior to 350 °C. This temperature was 

measured via a pyrometer that was placed 280 mm after the deposition chamber. The values 

were corrected considering heat losses due to thermic radiation [25]. 

A DC power supply (Pinnacle Plus+ from Advanced Energy) was used in the current 

regulation mode with a cathodic current �� of 2.75 A, which corresponded to 7.3 mA/cm2, 

unless specified. The corresponding cathodic voltage �� and power � were given when 

samples were introduced. For the anodes, a DC power supply (Chroma) was used in a voltage 

regulation mode with a voltage �� of 30 V, unless specified. 

The samples described in Table II were obtained by varying the oxygen flow ��	
 in the 

chamber, while the argon flow ��
 was kept constant at 16.5 sccm. The pressure of Ar �(Ar) 

was fixed at 0.67 Pa with the opening of the vacuum valves. Gases were introduced at the 

center of the chamber whereas the pumping system was at each extremity of the chamber. 

Almost all the characterizations were done in the continuous process described above. The 

exception was for the static coatings, which were produced with the same discharge 

conditions, but over an immobile substrate. 

2.2 Characterizations 
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In this work, the presented structural and chemical characterizations are mainly coming from 

Transmission Electron Microscope (TEM) observations of thin lamella (priory prepared by 

FIB-SEM -Focused Ion Beam-). Nevertheless, former work on the samples was necessary to 

identify the present phases with its respective chemical composition: thin films have been first 

characterized by complementary physico-chemical techniques as Grazing Incidence X-Ray 

Diffraction (GIXRD), Raman Spectroscopy, Energy Dispersive X-Ray Spectroscopy (EDS), 

and Scanning Electron Microscope (SEM) observations. 

X-Ray diffraction was done in grazing incidence at 1.2° using a PANalytical X’Pert PRO 

MPD diffractometer from CuKα wavelengths. The identified phases (space group, lattice 

constant) are α-Ti (P63/mmc, a = 2.949 Å, c = 4.695 Å), α-TiOx<0.2 (P63/mmc, a = 2.970 Å, c 

= 4.753 Å), α-TiOx<0.5 (P63/mmc, a = 2.973 Å, c = 4.839 Å), lava phase Ti2(Fe,Ni) (Fd-3m, a 

= 11.338 Å), R-TiO2 (rutile P42/mnm, a = 4.597 Å, c = 2.965 Å), A-TiO2 (anatase I41/amd, a 

= 3.807 Å, c = 9.090 Å), and the austenitic stainless steel (Fm-3m, a = 3.497 Å). GIXRD 

results of coatings produced at different modes – pure titanium, metallic, transition, and 

poisoned – are displayed in the Fig. 3. The crystallographic data are needed to provide proper 

information to the database in order to achieve the TEM-ASTAR (Automated crystal 

orientation mapping on TEM –ACOM- with precession tool –DigiSTAR-) analysis, which 

will permit to draw orientation and phase maps with a nanometric resolution. 

To distinguish clearly the two titanium dioxide structures, anatase and rutile, Raman 

spectroscopy was punctually used in a Renishaw spectrometer with an Argon laser (λ = 514.5 

nm) in a surface of approximately 1 µm2, traversing the whole thickness of the coating. 

The EDS measurements achieved in the SEM allowed also to determine the thickness of the 

pure titanium coating. EDS spectra (of a sample area of 425 µm x 570 µm) are taken at 

various energies on the coated wire (from 10 to 20 keV); and as a function of Ti/Fe intensity 

ratio, coupled with Stratagem software [25], the thickness of the coating can be determined. 
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Of course the density and the nature of the coating and substrate need to be known. This 

‘indirect’ method has been compared with the ‘direct’ one (consisted by the preparation of 

transversal cross-section followed by direct thickness measurement in the SEM). This method 

is totally satisfactory for the titanium/stainless steel system. 

The mapping technique in the TEM, ASTAR [23], was used to determine the crystallographic 

orientation and the phases, here on transversal cross-section. To produce the 50 nm thick 

lamella, the system coating/substrate was machined in a dual focused ion beam scanning 

electron microscope. After, in the TEM, a selected zone was scanned: the diffraction pattern 

was recorded with a 1 nm probe size and a 3 nm step size. Finally, each pattern was compared 

to a database in order to fit with the appropriate crystalline structure and orientation. 

3. Results and discussion 

First, in order to understand the consequence of the in-line process on the final constitution of 

the thin film, a titanium coating grown while the stainless steel wire stands still (static mode) 

or while the substrate is moving (dynamic mode) is described. Then, titanium oxides coatings 

grown at different oxygen flows will be described in the dynamic mode (in-line process). 

3.1 Microstucture vs. hysteresis of �(O2) 

3.1.1 Static vs. dynamic 

A static coating is produced when the wire is not moving, while a dynamic coating is 

produced when the wire passes through the cathode at a speed of 2 mm/s. The static coating 

gives the information of the deposition rate at each point. In this ICM, a static coating consists 

of 30 cm (size of the chamber) of stainless steel wire coated heterogeneously. The deposition 

rate is measured with a step of 1 cm by EDS in the SEM.  

To compare a static coating vs. a dynamic coating, a pure titanium coating over the stainless 

steel substrate is used as an example. First, the morphology of the coating grown in a dynamic 

mode (Fig. 4) is described and its peculiar constitution is hereafter explained as a function of 
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the evolution of the deposition rate along the wire when this one stands still, the static mode 

(Fig. 5). 

The SEM micrograph of a dynamic titanium coating at 0 sccm of oxygen flux observed in 

cross-section preliminary prepared by FIB is presented in the Fig. 4. The C protective layer 

(priory deposited in the FIB-SEM) is seen at the top while the stainless steel substrate is at the 

bottom of the image. In between, a Ti coating is revealed with three sub-films. 

These sub-films may be explained by analyzing the way in which the dynamic coating was 

grown by comparing it with a static coating. To understand the architecture, the deposition 

rate along the 30 cm length of the wire grown in a static mode is given in Fig. 5 for a pure 

titanium coating. 

There are two maxima of the deposition rate as a function of the axial position in the chamber. 

In fact, this coating is deposed essentially in two times: at the beginning and at the end of the 

cathode. These zones of high deposition rate can be recognized in the cross-section 

observation (Fig. 4). The heterogeneity of the deposition rate is due to the heterogeneity of the 

magnetic field (Fig. 6). 

The plasma, the sputtering rate, and the deposition rate are more intense in the extremities due 

to the presence of the anodes, which collect the electrons. Therefore, there are less electrons 

in the center of the chamber, that is to say a lower density plasma and as a consequence a 

lower sputtering rate at this place. In the case of titanium, which reacts readily with oxygen, 

the areas of the center where the plasma is less intense will poison with the oxygen present in 

the leaks inherent to the continuous process. Therefore, the center of the cathode has a non-

zero deposition rate of compound. This is the zone of low deposition rate in Fig. 4, which is 

darker than the Ti zones because of its oxygen content. It is well-known that in the poisoned 

mode, the deposition rate is lower than in the metallic mode [27]. The effect of plasma 
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heterogeneity is demonstrated by the racetracks of preferential sputtering observed in the 

cathode after 10 hours of service (Fig. 7). 

The objective of a static experiment is to figure out the heterogeneities in the chamber when 

the coatings are produced. When these heterogeneities are constant with time, the dynamic 

coating formed when the wire is in movement is homogeneous along the wire length. Now the 

study will focus only on dynamic experiments where the wire is moving at 2 mm/s. 

3.1.2 Dynamic as a function of hysteresis 

The classic hysteresis experiment is achieved with a cathode power stabilized at 1000 W (Fig. 

8). The experiment consists in increasing the oxygen flow each 2 minutes and a half, and 

record parameters such as the discharge voltage, until the poisoned mode is obtained. Finally, 

the oxygen flow is decreased by stages, too. The hysteresis experiment is repeated at a 

constant current of 3 A, and the same curve is obtained. 

In this ICM chamber, the final color of the samples permits to determine that increasing the 

oxygen flow results in different coatings. From 0 to 1 sccm, a gray color is observed; from 1.1 

to 2 sccm, a blue color; and beyond 2.15 sccm, coatings are brown (colors at the top of Fig. 

8). For this experiment, the value of the power remained constant at 1000 W.  

Each of the three colors corresponds to a value of discharge voltage (upper part of Fig. 8). The 

cathode voltage �� increases as oxygen flux is increased. It corresponds to a normal behavior, 

because the chemisorption of oxygen on the surface of the cathode decreases the secondary 

electron emission yield 
 [27], and �� ∝ 
�� [28]. However, there is an intermediate value of 

the discharge voltage between the metallic and poisoned modes. It corresponds in fact to a 

partial poisoning between 1.1 and 2 sccm of oxygen flux. 

The chemical compositions, the structures and grain orientations of thin films grown in the 

metallic, transition, and poisoned modes are next described. It is important to already 

underline that whereas the coated wire has a homogeneous color, original gradients in term of 
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microstructure, phases and chemical composition are obtained, because of the in-line 

heterogeneous process. 

3.1.2.1 Metallic mode 

The Fig. 9 shows bright-field STEM images with EDS maps and TEM-ASTAR phase and 

orientation maps from a metallic coating grown at an oxygen flow of 0.5 sccm. This coating 

has a thickness of 260 nm, corresponding to a deposition rate of 1.8 nm/s and is composed of 

two titanium films separated by an interface of Ti richer in oxygen as shown in the EDS map 

(Fig. 9a) of 40 nm. This coating results of the partial poisoning of the cylindrical target: two 

metallic zones where Ti is sputtered in the extremities of the chamber and a poisoned zone at 

the center of the chamber.  

This transition Ti film rich in oxygen is difficult to characterize because of very small grains 

(13 ± 3 nm), and for it is trapped between two metallic Ti films. Still, several information 

could be obtained from diverse characterization techniques. From ASTAR, the form of the 

diffraction pattern implies there is crystallization. Nevertheless, grains are too small for 

indexation to be reliable because the electron beam traverses more than 5 grains with different 

orientations. That is why the oxygen rich region corresponds to a darker zone on the ASTAR 

map coming from low index (in darker green in the phase map of Fig. 9). From GIXRD, only 

the Ti hexagonal phase, with the same lattice parameter as pure Ti, and the cubic 316L phases 

have been detected, therefore no TiOx nor titanium dioxide can be observed with this 

technique. From Raman spectroscopy, no signal was obtained when the laser was focused on 

the top of the sample, nor on a cross-section, so no titanium dioxide is observed via this 

technique. We may conclude that the partial poisoning at the center yields a Ti coating with a 

titanium interlayer richer in oxygen in the middle of a sandwich, and for the moment titanium 

dioxide has not been observed in this final coating. 

3.1.2.2 Transition mode 
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The Fig. 10 shows the STEM image and TEM-ASTAR maps of the transition mode done at 

an oxygen flux of 1.7 sccm. This coating is composed of a hexagonal TiO0.2 film, Ti with 

interstitial oxygen deduced from GIXRD lattice parameters [29] [30] (Fig. 3), of 215 nm and 

a second film titanium dioxide rutile of 70 nm. 

The titanium film was deposited in the first part of the cathode. Titanium grains are columnar 

(50-200 nm high with an aspect ratio of 0.3) with a slight preferential orientation along 

<0001> direction (red color on Fig. 10c). In fact, this first part of the cathode is the only part 

that remains metallic, the rest is poisoned, explaining the presence of a titanium dioxide film 

in the upper part. This upper part of the transition coating is indeed titanium dioxide film, 

which is deposited continuously after the titanium film in the same chamber. The titanium 

dioxide grains are smaller (5-30 nm) without preferential orientation. 

Consequently, when the O2 flux is increased to more than 1 sccm, one of the extremities of 

the cathode (in this case, the end) gets poisoned. For the transition mode, the coating is 

essentially deposed at the beginning of the chamber, where the mode is still metallic. 

3.1.2.3 Poisoned mode 

The poisoned coating of 40 nm is obtained at high oxygen partial pressure (oxygen flux > 2 

sccm). The Fig. 11 shows a bright-field STEM image and TEM-ASTAR phase and 

orientation maps from a poisoned coating, which is composed of titanium dioxide of both 

anatase and rutile phases. It should be noted that the proportion of rutile grains is higher than 

the anatase one. The presence of anatase will be discussed in the next paragraph. Grains are 

columnar (10-40 nm high with an aspect ratio of 0.3). An interface 6-7 nm thick is visible 

between stainless steel and titanium dioxide. This interface is in fact the oxidation of the steel 

matrix in (Fe,Cr)2O3. A hypothesis to explain this formation of oxides is the diffusion of 

oxygen into the substrate at T > 350 °C or an oxidation of the substrate in the deposition 

chamber. 
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In poisoned mode, the whole cathode is covered by a stoichiometric titanium dioxide 

compound. In this case, the sputtering rate and deposition rate of titanium dioxide are 

decreased by a factor 9 compared to the deposition of Ti in metallic mode.  

3.1.2.4 Sum-up 

The Fig. 12, sumps-up the various heterostructures grown as a function of oxygen partial 

pressure.  

At low oxygen flux, in the metallic mode, the stainless steel is coated firstly with a hexagonal 

Ti film, then of a rich in oxygen hexagonal Ti film (at the center of the cathode), and finally 

of a second hexagonal Ti film. When the oxygen partial pressure is increased to a transition 

mode, the high deposition rate zone of Ti at the end of the chamber gets poisoned. So, the 

stainless steel is covered by titanium as a first film when passing through the cathode, and by 

titanium dioxide in form of rutile as a second film. When the whole cathode is poisoned, a 

unique film of titanium dioxide of rutile and anatase is observed on the moving substrate. 

For the transition mode, titanium dioxide do not only come from the sputtering of titanium 

dioxide in the poisoned zones of the cathode, but also by two other possible effects (non-

excluding effects). The first phenomenon is the oxidation of titanium sublayer. This may be 

confirmed because when the temperature is modified, this titanium dioxide zone is thicker. 

The second phenomenon is the sputtering of Ti in a transition mode as described by Snyders 

corresponding to both condensation of sputtered Ti material and reaction between the growing 

film with the reactive oxygen species [27]. It explains why titanium dioxide is deposited at a 

higher deposition rate in the transition mode compare to the poisoned one (titanium dioxide 

film thickness is 70 nm -resp. 40 nm- in the transition -resp. poisoned- mode). 

Various gradients of chemical composition and crystalline structures are obtained coming 

from the continuous growth mode associated to the heterogeneity of the plasma inside the 

cylindrical cathode. 
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3.2 Titanium interlayer effect on titanium dioxide grains nature 

A test is done to verify the hypothesis that a Ti interlayer favors the rutile titanium dioxide 

phase (observed in the transition mode) in the conditions in which normally the titanium 

dioxide coating would crystallize in rutile and anatase (observed in the poisoned mode). 

This experience consists of adding a titanium layer between the titanium dioxide coating and 

the stainless steel (top of Fig. 13). For this, a first pass of pure titanium was made over the 

stainless steel. After, this wire repassed by the chamber, but in a poisoned mode condition 

(the same growing parameters as the poisoned mode already described). This new sample, 

316L/titanium/poisoned titanium dioxide, and the already presented 316L/poisoned titanium 

dioxide are analyzed via Raman spectroscopy (Fig. 13). The wire with a titanium interlayer 

presents mainly rutile (Raman spectroscopy is very sensitive to anatase), while the wire 

without a titanium interlayer presents both anatase and rutile. 

For higher energy fluxes or higher substrate temperatures, it is possible to have only rutile. If 

the energy is not too high, anatase is obtained. Indeed, anatase crystallizes faster than rutile, 

because it has a lower surface free energy [31]. For even less energy fluxes, an amorphous 

structure may be produced [32]. Löbl [32] explains that a higher elastic energy is necessary 

for the formation of a dense compound, indeed, ����
����3.2 − 3.65   !"��# <

��%�&�'��3.84   !"��# < �
*&+,��4.26   !"��#.  

With this test (Fig. 13), it is possible to conclude that a titanium interlayer favors the 

formation of rutile. This was already observed elsewhere [33], and the explanation that is 

given by Rama et al. is that the heterogeneous nucleation given by the titanium interlayer 

minimizes the surface energy and permits the rutile formation. Adding an interlayer of silver 

nanoparticles [34], SiO2 [35], or others as a seeding layer induces nucleation sites, and it is 

well-known that a seed-layer can allow to control the microstructure [36]. The hypothesis of a 
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Ti interlayer permitting to grow a higher ratio of rutile/anatase is coherent with the transition 

mode, which consists of rutile over a hexagonal TiOx film. 

In this section, it was shown that titanium dioxide grains crystalline nature depends partly on 

the substrate; with hexagonal titanium substrate, rutile is grown preferentially than anatase (in 

the conditions where the titanium dioxide coating would crystallize in rutile and anatase). 

3.3 Temperature effect 

During a continuous PVD deposition where the wire is the anodic part of the system, it seems 

important to study the effects of the substrate temperature during the deposition. This wire 

temperature can be modified thanks to auxiliary anodes by keeping all other parameters 

similar. The modification of the plasma linked to the modifications in anode polarization is 

neglected in this part of the study. 

If the substrate temperature is increased from 350 °C to more than 600 °C (when there is no 

polarization of the anodes), there is a modification of the substrate and of the coating during 

the deposition of the TiOx films, described hereafter. 

For the metallic and the transition modes, the same modifications to the substrate and to the Ti 

interface are observed when increasing the deposition temperature. STEM-EDS maps shown 

in Fig. 14 shows only the metallic mode. The increase temperature results in Fe and Ni 

diffusion from the stainless steel to the TiOx thin film, and it leads to lava phases in the 

internal subscale (Fig. 14a). These lava phases were identified elsewhere [26] for a pure Ti 

coating. For the poisoned mode, at T < 350 °C, the matrix will present an oxidation of 7 nm 

(normally a stainless steel will have a native film of about 3 nm), whereas the oxidation will 

be of the order of 40 nm for T > 600 °C (Fig. 14b). 

For coating grown in metallic and transition modes which have a hexagonal TiOx film at low 

temperature, there is more oxygen incorporation in the hexagonal structure for the hotter 
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samples: in metallic mode, Ti at T < 350 °C passes to TiO0.2 at T > 600 °C; in transition 

mode, TiO0.2 passes to TiO0.5 (information obtained by GIXRD). 

For the transition mode, the rutile titanium dioxide thickness passes from 70 nm at T < 350 °C 

to 150 nm at T > 600 °C. This is due to the presence of both oxygen and high temperature. 

Rutile is the stable phase of titanium dioxide (see Anatase-Rutile Transformation diagrams), 

and it was already formed at T < 350 °C, hence it is logical to find it at this temperature. 

For the poisoned mode and at T > 600 °C, the chemical composition of the thin film is 

complex. From Raman spectroscopy, depending on the location, hematite, chromia, and rutile 

are found. Thanks to a punctual STEM-EDS characterization conducted on a thin lamella 

(Fig. 14), it appears that the thin film is composed of two main subscales: 

- An internal rich Cr oxide. 

- And an external Ti oxide which contains some Fe (about 5 to 10 at%). 

Consequently, during the PVD poisoned process, the stainless steel is at the same time 

oxidized while Ti oxide is grown. As already said, at high temperature the stable rutile phase 

is favored. More importantly, diffusion of the matrix element iron is observed in poisoned 

mode. Hence, in poisoned mode and at T > 600 °C, the absence of a Ti or TiOx barrier 

provokes an oxidation of the matrix and a diffusion of iron into the titanium dioxide phase. 

To conclude, when the temperature is above 600 °C, there is a modification of the substrate 

which will have some consequences in the corrosion resistance. It will be the subject of 

another future paper. High temperature must be generally avoided during the deposition of 

TiOx over a stainless steel substrate. 

4. Conclusions 

Some intermediate conclusion about the characterization may be drawn. (i) If the prepared 

thin lamella is sufficiently thin compared to the grain size of the thin film (thin lamella 

thickness of 50 nm for grain size of 10 nm), and (ii) if ASTAR-TEM is priory associated to 
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phase identification with XRD, orientation and phase maps can be successfully drawn with a 

nanometric grain size. 

Concerning the process, the stainless steel wire temperature must be controlled in order to 

avoid metal diffusion (Fe, Ni) from the stainless steel into the TiOx thin films, and in order not 

to deteriorate functional properties of the stainless steel as its corrosion resistance. 

Rutile or anatase phase may be controlled thanks to the chemical nature of the seed. In this 

case, only rutile is grown over titanium interlayer whereas both anatase and rutile grains are 

grown on stainless steel. 

By controlling the oxygen partial pressure, the chemical nature of the TiOx thin films can be 

tuned from hexagonal titanium with an x oxygen content varying from 0.2 to 0.5 until 

titanium dioxide. 

To conclude, the heterogeneous magnetic field and the presence of the anodes cause 

heterogeneities in the poisoning of the cathode. This evolution in poisoning of the target that 

covers partially or totally the surface of the cathode results in a chemistry and a 

microstructure depending on the partial pressure of oxygen: the multilayers pass from 

titanium to titanium- titanium dioxide, and to titanium dioxide, in metallic, transition, and 

poisoned modes, respectively. Architectural titanium/ titanium dioxide coating can be directly 

obtained on stainless steel wire from one wire pass inside the PVD process in an inverted 

cylindrical magnetron thanks to the continuous mode associated to this plasma heterogeneity. 

For coloring the wire, the transition zone is of interest for the application searched, even if it 

comes from a poisoning heterogeneity in the ICM chamber. In fact, it is the only one at which 

at a pace of 2 mm/s attractive colors such as blue, pink, and green can be obtained with a 

titanium interlayer. 
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Tables 

Table I Principal element composition of the 316L stainless steel substrate. 

Element Fe Cr Ni Mo Mn Si C 

Composition 

(wt%) 

Balance 17 8 2 1.5 0.8 0.03 
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Table II Growth parameters of the present study. 

Deposition mode Metallic Transition Poisoned 

ϕ.	
(sccm) 0.5 1.7 3 

Ik (A) 2.75 3 2.75 

Vk (-V) 302 313 339 

p(Ar) (Pa) 0.67 0.67 0.67 

ϕ01 (sccm) 16.5 16.5 16.5 

VA On On On 

Vk (-V) for 0 sccm of 

the day 

292 293 274 
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List of figure captions 

Fig. 1 Coated stainless steel reels that were produced in the continuous PVD prototype line 

described in the present paper. 

 

Fig. 2 Schematic view of the ICM chamber for TiOx coatings PVD production. 

 

Fig. 3 Diffractograms recorded at low incidence (1.2°) of pure Ti over 316L and of the three 

modes over 316L: metallic, transition, and poisoned. 

 

Fig. 4 SEM cross-section prepared by FIB (observed in secondary electrons In-Lens detector) 

of a pure Ti coating grown at 0 sccm of oxygen flux at 2 mm/s. (Growing parameters: Ik = 

2.75 A; Vk = 276 V; p(Ar) = 0.67 Pa; �01 = 16.5 sccm; �.	
= 0 sccm). 

 

Fig. 5 Top: sputtering mode in different zones of the cathode; the center of the cathode is 

poisoned and the extremities are metallic surfaces. Bottom: deposition rate of Ti grown in 

static mode as a function of the physical length in the chamber. Zero is the center of the 

cathode. 

 

Fig. 6 Magnetic field lines in the deposition chamber. The magnetic field is a result of six 

concentric rings of NdFeB magnets. The 2D simulation of the magnetic field takes into 

account only the magnets, without taking into account the auxiliary anodes. The permanent 

magnets are implemented such that their magnetic moments are alternated as follows: N – S – 

N – S – N –S. The components of the magnetic field are: 2
 = ±1,47 8; 2: = 0 8; 2< = 0 8. 
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Fig. 7. A cylindrical titanium cathode (only half of it is presented) after 10 hours of service in 

the chamber described previously. 

 

Fig. 8 Discharge voltage as a function of the oxygen flow in the chamber. A photography of 

the wire grown in dynamic conditions, 2 mm/s, to show its color above the corresponding 

zone. 

 

Fig. 9 MET observations of a TiOx coating in metallic mode. a) Bright field STEM image and 

EDS map; the color codes are red for oxygen, yellow for Ti, and green for Fe. b) TEM-

ASTAR phase map combined with index map. Good indexations correspond to bright colors. 

c) TEM-ASTAR orientation map along y direction with corresponding color codes on the 

right. (Growing parameters: Metallic mode: Ik = 2.75 A; Vk = 302 V; p(Ar) = 0.67 Pa; �01= 

16.5 sccm; �.	
: 0.5 sccm). 

 

Fig. 10 MET observations of a TiOx coating in transition mode. a) Bright field STEM image. 

b) TEM-ASTAR phase map combined with index map. Good indexations correspond to 

bright colors. The very small blue parts (indexed as rutile) in the hexagonal TiO0.2 

corresponds to low phase identification reliability and are not significant, this artefact comes 

from very small grain size in front of the lamella thickness. c) TEM-ASTAR orientation map 

along y direction with corresponding color codes on the right. (Growing parameters: Ik = 3 A; 

Vk =  313 V; p(Ar) = 0.67 Pa; �01= 16.5 sccm; �.	
: 1.7 sccm). 

 

Fig. 11 TEM observations of a TiOx coating in poisoned mode. a) Bright field STEM image. 

b) TEM-ASTAR phase map combined with index map. Good indexations correspond to 

bright colors. c) TEM-ASTAR orientation map along y direction with corresponding color 
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codes on the right. (Growing parameters: Ik = 2.75 A; Vk = 339 V; �(Ar) = 0.67 Pa; �01= 16.5 

sccm; �.	
: 3 sccm). 

 

Fig. 12 TiOx thin films microstructure description grown continuously as a function of the 

partial pressure of oxygen. 

 

Fig. 13 Top: Schematic view of the steps to produce the two samples “with and without a Ti 

interlayer” between the stainless steel substrate and the titanium dioxide coating. Bottom: 

Raman spectra for two titanium dioxide coatings in poisoned mode. Above: without a 

titanium interlayer. Below: with a titanium interlayer. 

 

Fig. 14 Bright field STEM image and STEM-EDS map of TiOx coatings at T > 600 °C. a) 

Metallic mode (0.5 sccm), zoom of the interface of the coating over the stainless steel matrix; 

b) poisoned mode (3 sccm). 
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Figures (without captions, just figure number at the bottom) 
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