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Abstract 

Thin film represents a promising alternative for the protection of metallic structures against 

hydrogen embrittlement and corrosion degradation. Al-Ti-W coatings were deposited by 

magnetron sputtering technique using three pure metallic targets. Tungsten was incorporated 

in Al-Ti amorphous coating with different contents ranging from 0 to 17 at% by keeping a 

constant Ti/Al ratio at an average of 0.8. The deposition rate was calculated in order to obtain 

4 µm as an uniform film thickness. XRD, DSC and TEM analyses were performed to confirm 

the amorphous state of the coatings and to determine the glass transition temperature (Tg) and 

crystallization temperature peak (Tp). These temperatures were increased respectively from 

423°C and 595°C to 490°C and 665°C with the increase of W concentration up to 17 at%. 

Corrosion resistance in a saline solution decreased with the increase of W content.The 

incorporation of W element induced an increase of the thin film hardness (H) and Young’s 

modulus (Er) from 9 GPa to 9.35 GPa and  from 117 GPa to 131,79 GPa, respectively. The 

surface roughness varied with the incorporation of W that strongly influenced the coatings’ 

corrosion behavior. Chemical and electrochemical hydrogen charging techniques were 

performed to expose coated steels to hydrogen sources. W addition in the binary Al-Ti 

coatings strongly enhanced their resistance to hydrogen absorption. The estimated total 

hydrogen content trapped in the coated steel during a cathodic polarization decreased with the 

incorporation of W. 
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1. Introduction 

Hydrogen represents several major challenges since the industrial revolution: economic, 

energetic and environmental issues due to: the enormous evolution of the annual world 

consumption energy for all needs (heating and cooling systems, food production…) [1], its 

sustainability and durability as an energy resource  [2,3] and its safety for use as energy 

compared to the dangerous and toxic fossil fuel energy whose combustion produces carbon 

dioxide and deadly small particles attack the respiratory system of humans being  [4,5]. Since 

the last decades, advanced research has been carried out in order to valorize the use of the 

hydrogen as an alternative energy and many studies were focused on the development of the 

technical feasibility of the transportation and storage of hydrogen mixtures in metallic 

containers such as pipelines and tanks  [6,7]. 

The mechanisms describing the interaction of hydrogen with different metallic substrates 

were reported and discussed in the literature  [8–11]. The diagnosis of the effects produced by 

the hydrogen interaction confirms the reduction of the mechanical properties [12]. This 

phenomenon is so-called “hydrogen embrittlement” (HE) [13–15]. The smallest chemical 

element penetrated into a metallic component reducing its ductility and loading capacity with 

two possibilities including: internal hydrogen assisted cracking (IHAC) if the damage is 

caused by trapped hydrogen during the material manufacturing or hydrogen pre-charging and 

the hydrogen environment assisted cracking (HEAC) is referred to hydrogen production and 

reaction with metal surfaces during mechanical loading [16–18]. 

Many solutions have been proposed to protect metal surfaces from hydrogen absorption and 

diffusion such as paint [19,20], coatings [21–23] and bulk materials doping [24,25]. Coatings 

are widely proposed as an efficient solution to design hydrogen barriers in order to trap the 

adsorbed hydrogen atoms then to avoid its diffusion towards the substrate through the 

interface. Oxides and ceramics represent promising candidates as hydrogen barriers such as: 

Al2O3 [26–28], Cr2O3 [29], Er2O3 [30–32], SiO2 [33], AlN  [34] and AlTiN [35], which are 

deposited by several techniques like chemical vapor deposition (CVD), physical vapor 

deposition (PVD) and sol-gel. Many studies dealt with the understanding of the hydrogen 

diffusion into thin films in relation with the effect of structure, microstructure [35] and 

interfaces  [37]. 
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The coating quality represents an important extrinsic criterion to define the hydrogen barrier 

efficiency. The presence of defects like porosity or cracks as well as a non-compact 

microstructure greatly influence the layer performance. The chemical elements constituting 

the protective layer should have a low permeability related to hydrogen permeation and 

therefore a low solubility and diffusivity  [35]. Among the coatings that have these criteria, 

there are thin metallic glasses film, which are known by their dense morphology, smooth 

surface, good corrosion resistance and high mechanical properties  [38]. Despite all these 

properties, thin film metallic glasses were not so much tested as hydrogen barriers. 

In this work, new W-doped Al-Ti thin metallic films were obtained, with different chemical 

compositions, by magnetron co-sputtering system using three pure Al, Ti and W targets. The 

selection of the three chemical elements was based on many reasons: the high resistance of 

the bulk titanium aluminide against hydrogen embrittlement, the low permeability of 

hydrogen into pure titanium and tungsten materials [32] and the amorphous structure that 

could be obtained with these elements. Amorphous material structure is known by a 

homogeneous atomic distribution in the absence of any microstructural defects such as grain 

boundaries and dislocations; therefore of any ordinary hydrogen diffusion sites in the 

crystalline material such as octahedral and tetrahedral sites. Some amorphous structured 

coatings were recently tested and they showed promising results against hydrogen ingress and 

diffusion  [39,40].  

The first objective of this study is the deposition and characterization of new Al-Ti-W thin 

films with different W contents. Functional properties like corrosion properties and thermal 

stability were investigated. The second purpose is to examine their performance as a 

protective coating for steels in a hydrogen environment. The influence of W incorporation on 

the microstructure, amorphous state, thermal stability, mechanical properties, corrosion 

behavior and hydrogen permeation inhibition of the coating was discussed.  

 

2. Experimental procedure
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2.1. Elaboration Conditions 

Coatings were deposited by co-sputtering magnetron system using three pure targets with 200 

mm diameter. Aluminum (99.9 %), titanium (99.9 %) and tungsten (99.9 %) were powered by 

pulsed DC generators (frequency = 50 KHz, reverse time = 4 µs) applying a discharge current 

to each target separately. The targets were located into the deposition chamber of the PVD 

machine (DEPHIS, France) as shown in Fig. 1, where their positions were set for all 

experiments to keep the same elaboration conditions. After reaching a vacuum pressure below 

10-4 Pa, 100 sccm of argon was injected in the chamber and the film deposition was carried 

out at a low working pressure (0.3 Pa) and floating temperature. The distance between the 

target center and the substrate-holder was kept constant at 10 cm and this last one was set at 

10 rpm to achieve a good atomic distribution homogeneity of the micrometric film. 

 

2.2. Samples preparation and substrates outgazing process  

Silicon wafers, glass and 100C6 steel substrates were used for the thin film deposition. They 

were cleaned and degreased in an ultrasonic bath of acetone, ethanol and de-ionized water 

progressively each for 5 min. Before cleaning process, the 100C6 steel substrates were 

polished and the surface roughness was measured (Ra = 70 nm). Table 1 gives the 100C6 steel 

composition. 

All the 100C6 steel samples were heat treated in a vacuum furnace at a temperature of 400°C 

for 2 hours in order to outgas any trapped hydrogen exist in the material before the film 

deposition and hydrogen charging steps. 

 

2.3. Characterization techniques  

The coating microstructure and its composition were determined using a FEG Hitachi SU 

8030 Scanning Electron Microscope (SEM), equipped with X-ray energy dispersive 

spectroscopy (EDS). The thickness of the coatings was measured by using a profilometer 

Altisurf 500. 

Transmission electron microscopy (TEM) investigations were performed using a JEM - ARM 

200F Cold FEG TEM/STEM operating at 200 kV and equipped with a spherical aberration 

(Cs) probe and image correctors (point resolution 0.12 nm in TEM mode and 0.078 nm in 

STEM mode) in order to get more precise information about the material structure, 
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composition and micro-structure where the analyses were carried out at the atomic scale. The 

TEM sample preparation was performed by the focused ion beam technique (FIB) using a FEI 

HELIOS Nanolab 600i. 

An atomic force microscope (AFM) analysis using Veeco Bioscope II machine investigated 

the coating surface roughness. The thermal behavior of the thin films, containing different 

tungsten contents, was studied using a Setsys Evo ATG 1600 (Setaram, France). The films 

were deposited on molybdenum substrates to delaminate them easily without using chemical 

solutions. Differential Scanning Calorimeter (DSC) cycle was carried out and the glass 

transition and crystallization temperatures were determined using Calisto software. Small 

quantities of the delaminated film were put in an alumina crucible (90 µl). The experiments 

were performed in Ar inert gas atmosphere with varying temperature from 25 °C to 800 °C. 

The heating and cooling rates were 15 k/min and 30 k/min, respectively.  

The residual stresses generated in the films during the deposition procedure were calculated 

using the curvature method (Stoney’s formula (Eq. 1)). Initially, iron substrates (50 mm x 4 

mm x 0.2 mm) were thermally annealed at 450 °C for 2h in order to get a straight form 

relaxed from any stresses. The substrate-curvature radii before and after film deposition were 

measured with an optical profilometer (Altisurf 500).  

� = ��
6 �1 − 
�� ��

��  �1
� −  1

R0�                      �1� 

Where Es (181 GPa) and vs (0.28) are the Young’s modulus and Poisson’s ratio of the iron 

substrate, respectively. es and ef are the thicknesses of the substrate and the deposited coating, 

respectively, while R0 and R are the curvature radius before and after deposition, respectively.  

The coating structure and phases were analyzed by X-ray diffraction using a Bruker D8 

advance diffractometer equipped with a Cu-Kα radiation tube (λ= 0.15418 nm), operated at 

40 kV and 40 mA. Measurements were performed using coupled ө-2ө mode. All samples 

were scanned from 30° to 100° and 150° 2θ diffraction angles with a scan step of 0.02° and a 

step time of 1 s. 

The thin film mechanical properties such as reduced young modulus (Er) and Hardness (H) 

were measured using Nano Indenter XP, MTS Systems equipped with a Berkovitch indenter 

(Eind = 1140 GPa, νind = 0.07) and the continuous stiffness mode (CSM) option. To minimize 

the influence of the substrate stiffness, preliminary tests were perfomred for the different 
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samples in order to control the penetration depth (< 10 % of thin film thickness). Sixteen 

indents were performed for each sample and only the average values were taken into 

consideration. For each indent, the uncertainly was determined by the standard deviation 

where H and E values were interpolated from different loads, corresponding to the steady 

state zone of the dynamic mechanical analysis (DMA) profile that gives the adequate intrinsic 

values of the thin film’s mechanical properties.   

In a standard three-electrode electrochemical cell using Autolab PGSTAT302N potentiostat, 

the coating open circuit potential (ocp) was studied for 1h in NS4 solution. NS4 chemical 

composition is presented in Table 2. Polarization measurements in the range of -0.15 and +0.2 

V/OCP at a scanning rate of 1 mV/s were performed. The extrapolation of the Tafel method 

was used to determine the following parameters: the corrosion current Jcorr, the corrosion 

potential Ecorr, and the polarization resistance Rp, which is described as:   

Rp =  βa . βc
2.303 �βa + βc� ×  1

Jcorr                       �2� 

Where βa and βc  are the inverse of the anodic and the cathodic branchs slopes. 

 

3. Hydrogen charging methods  

 

3.1. Chemical hydrogen charging  

Thiocyanate ammonium solution was known as the easiest method to chemical charge 

samples with hydrogen [40]. Firstly, one side coated 100C6 rectangular sample with the 

dimensions of 4 mm×10 mm×4 mm were prepared by isolating all the other non-coated sides 

with Lacomit varnish. The immersion conditions applied were 20 wt.% NH4SCN at 50 °C. 

After 5h of immersion in the chemical charging solution, the samples were mechanically 

polished with an emery paper (2400 P) and rinsed with acetone in order to prepare them for 

the thermal desorption analysis (TDA). A thermal desorption spectroscopy (TDS) HORIBA 

EMGA-621W machine was used to analyze the total hydrogen concentration into the samples 

by hot fusion. This desorption analysis consists in applying an induction heating of samples at 

a temperature of 2000 °C for few seconds, which exceeds the melting point of the steel 

substrate and causes the clearing of all gases contained into the coated material. The hydrogen 

in the sample was detected with the thermal conductivity detector (TCD). An atmosphere 

constituted by the argon carrier gas was heated with a given electrical power until reaching a 
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temperature stability. The hydrogen element leads to a modification of the environment 

thermal conductivity by the modification of the gas atmosphere composition. 

 

 3.2 Electrochemical hydrogen charging 

The electrochemical hydrogen charging was performed using a VMP Multichannel 

Potentiostat. This charging was conducted in the natural soil solution NS4 (pH = 6.5). The 

choice of the NS4 solution was based on exposing the samples in real environment, where this 

composition describes the chemical state of the soil solution near pipelines [41]. This 

experiment aims to study the performance of Al-Ti-W coatings against hydrogen permeation 

during the cathodic polarization of the pipelines steel. It was performed in a standard cell 

containing the NS4 electrolytic solution, equipped with three electrodes: a plate platinum 

electrode as a counter electrode, a saturated calomel electrode (SCE) as a reference electrode 

and the working electrode that represents an exposed surface of 1 cm2 as shown in figure 2. 

The distance between the counter electrode and the working electrode was 20 mm. The 

applied cathodic current was fixed after studying the cathodic polarization of the 100C6 

substrate and the different Al-Ti-(W) thin films in the NS4 solution.  

During the electrochemical charging process, the adsorbed hydrogen atoms, generated on the 

coated and uncoated 100C6 steel surfaces, were obtained from the reduction of water 

molecules, which is expressed by the following reaction:  

�� + � → �"#$ + ��                  �3� 

The total hydrogen quantity produced was deduced from the monitoring of the cathodic 

current evolution along the exposition time, which is defined as:  

%�&�'�()*�+ = , -.)*ℎ +*   ;  Ecath =  .4'�*)'* 
567

8
             �4� 

For the determination of the trapped hydrogen concentration in the 100C6 steel, a discharging 

process was performed. However, just after hydrogen charging in NS4 solution, the samples 

were immediately rinsed with 0.2M NaOH solution (pH = 12.4) and then transformed to 

another double electrochemical cell. The first half-cell contains an electrolytic solution of 

0.2M NaOH in  which is immersed a plate platinum auxiliary electrode. The second half-cell 
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is filled with a KCl solution in the presence of the calomel-saturated electrode. Both cells 

were linked by a salt bridge. 

The hydrogen effusion from the sample immerged in NaOH solution  was carried out under 

an anodic polarization by controlling the anodic potential, which was fixed at +0.168 V/SCE 

that represents the potential of passivation zone in order to avoid the surface oxidation. The 

registering of the anodic current was performed as a function of time. 

In order to study the impact of various exposure times and the difference between steel 

substrate and coating composition and nature against the hydrogen absorption, the discharge 

time (tdis) was fixed for 30 min and the quantity of hydrogen already existed in the material 

before the charging process was measured. The quantity of hydrogen absorbed after hydrogen 

charging can be defined as:  

%� ):� = , ;-)'�*� − -)'. (���*�< +*
5#=$

8
; �)' = .4'�*)'*              �5� 

Where Ian (t) corresponds to the anodic polarization current of the hydrogen charged 100C6 

steel samples and Ian.ref (t) corresponds to the oxidation current of the samples without 

hydrogen charging in order to determinate the quantity of hydrogen already present in the 

sample. The hydrogen concentration (CH) was determined using the following equation:  

?� = %� ):�
' ∗ A ∗ B                    �6� 

V is the effective volume of the sample, n is the number of the electrons lost according to the 

anodic reaction, which is 1 in our case:   Habs                     H+ + e- ; and F is the Faraday 

constant. The efficiency of the hydrogen permeation through the steel surface could be 

explained by the efficiency coefficient (K), which is defined as: 

C =  %):�
%&�'�()*�+                 �7� 

The performance of coatings against the hydrogen ingress after any type of loading is deduced 

from the reduction factor R, which is defined as: 

R �%� =  CH bare. substrate − CHcoated. substrate 
CH bare. substrate  × 100                 �8� 
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The reduction factor R is expected to be very high for the coated 100C6 compared to the 

uncoated one. An improvement of the performance of the coating against hydrogen diffusion 

is desirable by the incorporating of W element in order to reach a reduction factor of 100%, 

thus acheiving our goal, which is the protection of the bulk material against HE by developing 

of hydrogen barrier coating as the true meaning of the word. 

 

4. Results 

4.1. Chemical composition of Al-Ti-W thin films  

In addition to the deposition conditions of Al-Ti-(W) coatings described in section 2.1, the 

substrate-holder polarization was necessary to enhance the adherence onto steel substrate. A 

polarization of 30 V was applied to the substrate-holder by using a bias generator for the first 

5 min of film deposition. The targets were pre-sputtered for 10 min to remove the oxides and 

other contaminants. The optimal deposition parameters of Al-Ti-W thin films are presented in 

table 3. The W content and composition ratio of W/(W+Ti+Al) increased from 0 to 17.5 at% 

and 0 to 0.17, respectively, as the W target current increased from 0 A to 0.8 A. The Ti and Al 

chemical composition decreased gradually from 45.7 at % to 37.5 at % and from 54.3 at% to 

45 at%, respectively as listed in table 3. After measuring the deposition rate, the deposition 

time was adapted to obtain an average thickness of 4 µm for all coatings. 

The chemical compositions of different films were measured by EDX technique applying 20 

kV accelerating voltage. The results showed the presence of the basic elements constituting 

the coatings. The Ti/Al ratio of about 0.8 was respected in the different coatings and the peaks 

of contamination elements such as oxygen and carbon were nonexistent, which is helpful for 

focusing only on the investigation of  the W addition effects. The incorporation of W was 

confirmed by the appearance of its peaks in the EDX spectra. The elemental mappings at 

different scales and zones confirm the coating homogeneity in term of elements distribution as 

for all Al-Ti-(W) coatings composition.  

 

4.2. Morphology and surface topography of Al-Ti-W thin films  

Fig. 4 shows the cross-section SEM images of Al-Ti-(W) coatings. A typical dense, cracks 

free microstructure was observed and an average of 4 µm uniform coating thickness in 

different samples and zones was confirmed. The increasing of the deposition rate from 1.35 
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µm.h-1 to 1.75 µm.h-1 corresponds respectively to the amorphous Al-Ti and the Ti-Al-17% W 

(table 3). This increase in deposition rate is due to the increase of pulsed direct current applied 

to the W target from 0 A to 0.8 A. 

Fig. 5 shows cross-section TEM images of Al45Ti38W17 thin film. The bright field (BFTEM) 

(Fig. 5 a) confirms the non-columnar film  growth from the substrate surface as well as the 

good adhesion between the 100C6 steel and the micrometric film. Fig. 5 b  presents a high 

resolution TEM image of the same thin film composition accompanied by a selected area 

electron diffraction (SAED) pattern. A typical halo SAED pattern of thin film mettalic glasses 

was obtained indicating the amorphous structure of the as-deposited Al45Ti38W17 film. 

Fig. 6 illustrates the AFM surface topography of each coating obtained from scanning 4 µm2 

areas. The average surface roughness (RMS) was calculated from 3 different locations and 

determined using Gwydion software. This figure shows very smooth surfaces, where 

roughness is in the range of 1.09 to 3.12 nm with different W incorporation amount. The SEM 

images and DRX analysis confirm the coatings surface roughness state due to the absence of 

columnar microstructure during the film growth as well as the absence of  the grain 

boundaries that defines the amorphous nature of the Al-Ti-(W) thin films. The W 

incorporation led to a slight increase of the surface roughness where it reached its highest 

value with 11% W amount that could be explained by the highest compressive intrinsic stress 

created during deposition step of this thin film. The Al-Ti-(W) thin films surface roughness 

looks similar to other thin films such as Zr based metallic glass thin films  [43,44] and 

Fe44Cr15Mo14Co7C10B5Si5 thin film metallic glass  [45]. 

 

4.3. Amorphous state analysis  

According to Inoue et al.  [46], there are three main conditions that are able to form a bulk 

metallic glass, which are: 

 1) more than three elements constituting the material,  

 2) a significant atomic mismatches above 12% among the main elements, and  

 3) negative heat of mixing among the main elements. 

The atomic radii of the three elements and the difference between each atoms pair were listed 

in table 4. It is obvious that the differences of atomic radii percentages, which were calculated 

using the following method, are not enough important. 
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The differences of atomic radii of A and B elements (%) = N" NO
NO × 100            �9�  

 The maximum difference between two atomic radii is obtained for W-Ti atoms pair which is 

< 8%. So the differences of atomic radii of the Al,Ti and W elements are not the driving force 

for the amorphous structure because it cannot fulfill the Inoue second criteria. On the other 

hand, the heats of mixing of atomic pairs  [47] of Al, Ti, and W elements [48] are listed in 

table 5 where W-Ti, W-Al and Ti-Al pairs have all negative heats of mixing, encouraged the 

amorphous structure formation when these elements are mixed.  

Although only one of the mentioned three conditions was achieved, the binary Al-Ti film and 

the new Al-Ti-W films are metallic glass. It seems that, in our system composed of three 

elements, the heat of mixing represents the main criteria that favors the amorphous state. The 

amorphous state of the Al-Ti thin films elaborated by magnetron sputtering process was 

observed by A. Billard et al.  [48] who studied and classified the Al-Ti structure as a function 

of the aluminum content. The same results were confirmed by F. Sanchette et al.  [49] when 

they characterized the Al-Ti thin film with the Al/Ti ratio of 1.27 that had a similar trend to 

those studied in this work.  

 

XRD patterns of the Al-Ti films containing different tungsten concentrations are presented in 

figure 7.  All those patterns present the same behavior. A broad peak was obtained in the 2ө 

range from 34° to 45°, which presents the classical amorphous phase of thin film and bulk 

metallic glasses. These results are very consistent with those obtained from the SAED pattern 

analysed by the TEM technique. The broadening of peaks is generally used for the calculation 

of the distance between the nearest neighbor atoms using the following Ehrenfest 

formula [50].  

d =  0.615 ∗ λ
sinө                         �10�  

Here λ and ϴ are the X-ray wavelength and the scattering broad peak angle, respectively. 

The amorphous hump position shows a slight shift towards higher diffraction angles with 

different W amount incorporation, which indicates an evolution of the closest neighbors’ 

atoms inside the amorphous matrix. The distance between the closest neighbors showed a 

slight variation, a decrease from  a value of 2.85 Å for the W-free Al-Ti to 2.79 Å with 17% at 

of incorporated W element as listed in the following table 7.  
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4.4. Thermal behavior of Al-Ti-W thin films 

  

Fig. 8 illustrates the DSC spectra of four coatings containing different W concentrations. The 

glass transition temperature Tg, the starting crystallization temperature Tx, the crystallization 

temperature peak Tp and ΔT presenting the difference between the Tx and Tg (it defines the 

supercooled liquid region), were extrapolated from exothermic peaks of DSC curves and 

listed in table 7. The increase of tungsten content in the coating from 0 to 17 at% led to 

increase the Tg, Tx and Tp from 423 °C, 466 °C and 490 °C , respectively, to 556 °C , 600 °C 

and (637/690)° C, whereas the variation of ΔT is random and independent of tungsten 

content. The highest and lowest ΔT values of 44 °C and 27 °C correspond to films containing 

11 and 4 at% of W, respectively. However, the ΔT value of W-free film is 43 °C. The shilf of 

the exothermic peaks to a higher temperature with the incorporation of W element can be 

explained by the increase of  the thin films’ heat activation energy. This phenomenon was 

observed by C.H. Lin et al [50] who studied the addition of 2.3 at % insoluble W element in 

the amorphous pure copper thin film. The W addition resulted a raising of temperature of 

crystalline phases formation. The DSC curve of film with 11 at % of W showed two 

exothermic peaks. This could be explained by the formation of more than one crystalline 

phase. A similar curve shape was shown in the study of Ni-P-(W) coating  [51]. At high 

heating rate, addition of W element increased the number of exothermic peaks that was 

explained by the crystallization of intermediate phases and the formation of stable crystal 

phases. 

4.5. Phase stability and microstructure analysis after heat treatment 

 

Figs. 9, 10 and 11 show the XRD patterns of Al54Ti46, Al49Ti40W11 and Al45Ti38W17 thin films 

obtained after heat treatment at various temperatures. The structure stability of the coatings 

was noticed from the DSC analysis as mentioned in the previous section then it was 

confirmed with an annealing treatment in vacuum. The as-deposited Al54Ti46 coating had a 

non-crystalline amorphous structure characterized by a broad peak. At 500 °C, a tetragonal 

intermetallic γ-AlTi phase appeared (according to the international center for diffraction data 

(ICDD) PDF 03-065-5414 database) and the amorphous structure was transformed to 

crystalline one. 
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For comparison, the crystallization temperature values of Al63Ti37 and Ti53Al47 reported in the 

literature were 600 °C and 400 °C, respectively, which the XRD peaks of the crystalline 

coatings indicated the existence of γAl-Ti and α2TiAl3 phases [52,53]. These results are close 

to those of Al54Ti46 coating studied in this work. 

The incorporation of 11 at% of W led to the formation of a second phase. The crystalline 

structure took place at an annealing temperature of 650°C as shown in the Fig. 10 with the 

presence of two phases: γ-Al-Ti and a new bcc β TiW phase according to the ICDD PDF 03-

065-6898 database. This result confirms the DSC analysis and explains the overlapped two 

exothermic peaks shown in previous section for the film containing 11 at % of W.  The 

thermal stability of the amorphous film containing 17 at% of W reached 550 °C and the 

coating crystallization was noticed after an annealing at 650 °C presenting only the 

appearance of a Bcc β TiW phase. This phenomenon was obtained by Hashimoto et al [53] 

who studied the ternary bulk AlTi-(W) alloy at high temperature and concluded that W acts as 

the strongest β phase stabilizer when its content exceeds 1 at% in the Al-Ti-W system. For 

thin films, It is obvious that the addition of 17 at% of W element stabilizes the β TiW phase 

starting from 650 °C. 

  

4.6. Mechanical proprieties and residual stress measurements  

Table 8 illustrates the evolution of mechanical properties (hardness and Young’s modulus) 

and residual stress generated in the Al-Ti-(W) thin films during the deposition process.  

The intrinsic stress value in the pure amorphous Al-Ti was 44 MPa indicating a tensile stress, 

which is close to the intrinsic stress nature studied after doping Aluminum with 15 at% of 

titanium element  [49]. The intrinsic stress nature was changed  after the addition of W 

element to AlTi film. We can notice from table table 8 that all W-depod AlTi films had 

compressive stresses and the highest value of -24 MPa was found in the film containing 11 at 

% of W. According to the literature, the most studied amorphous thin films showed a 

compressive intrinsic behavior which increases as  the molar mass of the alloy increases [55] 

so with the addition of W element, the molar mass of the AlTi-(W) increases as well as the 

compressive intrinsic stress. The same behavior was reported by Wang et al [55] who studied 

the incorporation of W in the diamond like carbon amorphous films.  

It is obvious also that the values of the residual stresses are low whatever its nature. This 

could be explained by the absence of thermal stress where the coatings were elaborated at low 
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temperature using magnetron sputtering process in addition to the absence of structural stress 

generated by crystallinity defects (grain boundaries, dislocations…). It could be also due to 

the heterogeneous repartition of residual stress along the film thickness related to the 

curvature method used for caluclation the average film stress (Macroscopic study). The 

transition from a tensile to a compressive stress with W doping could be also explained by the 

increase of film compactness; knowing that this phenomenon still a controversial issue  [56]. 

The evolutions of hardness H, Young’s modulus Er, and H/Er ratio of Al-Ti-(W) films 

containing different incorporated W amounts are shown in figure 12 and table 8. The hardness 

of different AlTi-(W) thin films was practically constant. It indicates a very slight variation 

where the minimum hardness was 8.59 GPa for the film with 11 at% of W and the maximum 

hardness of 9.35 GPa was found for the film containing the highest W amount (17 at%). 

Young’s modulus increased from 117 to 132 GPa with the increase of W content in the 

deposited films. The same behavior was obtained for the W-incorporated Zr-Ti thin film 

metallic glass  [57]. In the amorphous thin films, the mechanical properties essentially depend 

on the film composition and the material density, which is generally linked to the cohesion 

energy of the atoms constituting the material. The increase of W content reduced the 

interatomic distance between the closest neighbors’ atoms as listed in table 6, which led to a 

denser atomic packing state. This late one justifies the increase of film hardness and Young’s 

modulus. The hardness and Young’s modulus of the material are very sensitive to the quality 

of the deposited films including the porosity, voids and roughness. This phenomenon was 

noticed for the thin film containing 11 at% of W where its morphology affected these 

mechanical properties. The H/Er ratio decreased from 0.077 to 0.068 with the addition of 

tungsten indicating a decrease in the elastic resistance of the glass metallic thin films. 

Compared to the literatures, the hardness and elsticity modulus of the AlTi-(W) amorphous 

thin films studied in this work are higher than the Al-W  [58],  and Zr-W-Ti  [57] thin films 

values and similar to the Fe-Zr-Ti [59] film properties. 

.  

4.7. Corrosion behavior of the AlTi-(W) coatings in NS4 solution 

The evolution of open circuit potential (OCP) for the ternary coatings is shown in figure 13. 

Without a tungsten element, the Al54Ti46 thin film showed a fast stability in corrosion 

potential curve during the immersion time with a value of -0.53 V/SCE. The OCP was 

strongly shifted toward more cathodic value with the addition of 4 at% of W. An initial OCP 

value was close to -0.98 V/SCE and gradually increased during the immersion. Similar OCP 



15 

 

evolution was observed for the film containing 11 at% of W during the immersion whereas 

the film containing 17 at% of W had a quasi constant OCP value around -0.83 V/SCE. The 

peculiar behavior of OCP evolution of 4 at% of W and 11 at% of W  was related to the slight 

variation of Ti/Al ratio with a values of 0.89 and 0.80, respectively that lead to increase of Al 

and Ti elements in the films comparated to the two other film compositions and to evolution 

of its OCP curves to more anodic values. 

Figure 14 presents the polarization curves of the thin films after 1h of immersion in NS4 

solution. The electrochemical parameters deduced from the polarization curves are gathered 

in Table 9. 

The binary Al-Ti alloy presented the highest value of corrosion potential and the lowest 

corrosion current density. The corrosion potential was close to -0.53 V/SCE, in good 

agreement with the open circuit potential obtained in figure 13. The highest corrosion 

resistance was obtained for the Al54Ti46 film with a value of 954 KΩ.cm2, corresponding to 

the lowest current density of 54 nA/cm2. The slope of the anodic branch, corresponding to the 

oxydation mechanism, suggests a rapid passivation of the film, resulting in a very low anodic 

current density in a large range of anodic potential  [60,61].  

Incorporation of W led to the shift of corrosion potential towards more negative values and 

also the increase of reactivity in NS4 solution. A significant decrease in the anticorrosion 

performance of the binary Al-Ti alloy was noted by the addition of W. Similar conclusions 

were also reported during the corrosion studies in a saline solution of alloys deposited by 

magnetron sputtering, W-Cu alloys fabricated by powder metallurgy in neutral (pH= 7) Nacl 

solution [62] and Ni-W elaborated by an electrodeposition method [63]. 

For the Al-Ti film with 4 at% of W, the corrosion potential was estimated at -0,76 V/SCE 

suggesting that the incorporation of tungsten affected and delayed the passive behavior of Al 

and Ti. The anodic polarization curve presented a quite increase in the current density 

suggesting a higher reactivity. Then, the anodic current density reached a quite constant value 

at around 260 nA/cm2 that could be explained by the formation of protective corrosion  

products due to the presence of alloying elements with a strong passivation ability such as Al 

and Ti  [64]. For the film with 11 at.% of W, a quite singular behavior was observed with a 

polarisation curve quite similar to that of the film with 4 at.% W. Its corrosion potential value 

was estimated at -0,69 V/SCE and the highest corrosion current was 580 nA/cm2, which 

corresponds to corrosion resistance of 98.60 kΩ.cm2. This peculiar behavior is probably 

linked to the increase of the film surface roughness to 3.12 nm that favors the film reactivity 
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with the active particles of the electrolyte solution. For the film with 17 at.% of W, the 

corrosion potential was -0,83 V/SCE, the corrosion current density was 162 nA/cm2 and the R 

was 147.11 kΩ.cm2 confirming that W incorporation delays and modifies the passive behavior 

of the Al-Ti alloy. 

The incorporation of W element in the Al-Ti amorphous thin film,whatever its concentration, 

impacted its corrosion resistance. Many studies indicate that W incorporation increases the 

film activity and  is probably incorporated in the composition of the AlTi passive film, which 

explains the less protective character of Al-Ti-(W) films  [65,66]. 

 

7.8. Al-Ti-(W) thin film behavior under hydrogen Chemical charging 

Hydrogen chemical charging during 5h in an ammonium thiocyanate solution was performed 

for all samples. After the chemical charging step, the samples were rinsed with acetone, then 

immediately tested in order to avoid the effusion of hydrogen and measure the absorbed 

quantity in the material. The hydrogen charging and TDS analysis were carried out four times 

for each sample where only the hydrogen concentration average was considered and illustraed 

in table 10.  

Hot extraction spectra of the coatings are presented in figure 15 and describe the evolution of 

the hydrogen release versus time. The different spectra present a peak whose area defines the 

concentration of hydrogen absorbed in the material during the chemical charging. As shown 

in figure 15, the maximum of the peak decreased with the W content. For an exposed area of 

40 mm2, the hydrogen concentration CH was calculated. Figure 16 presents the evolution of 

the total hydrogen content and reduction factor versus the W incorporation. The maximum 

value of 5.2 wppm was found for the bare steel sample (reference sample). Al-Ti-(W) thin 

films played an important role in the protection of steel against hydrogen ingress. The 

hydrogen concentration was 2.5 wppm in coated steel with an amorphous Al54Ti46 film. 

Addition of W led to enhance its performance and the best protective film was obtained for 

the film containing 17 at% of tungsten (CH = 1.66 ppm). The absorbed hydrogen amount in 

the coated steel sample was reduced to 69% compared to the hydrogen concentration 

absorbed in the uncoated steel sample. SEM images analyses of the AlTi-(W) thin films 

deposited on Si wafers were carried out after 5h hydrogen charging in the thiocyanate 

solution. A nanometric oxide film was detected  as shown in figure 17 as a result of corrosion 

products during the charging process [40], which explains the high reduction factor obtained 

with this charging method. Certainly the oxide films of aluminium, titanium and tungsten  
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played an important role as a first hydrogen barrier that block its diffusion. The oxides 

forming from these three chemical elements are known with their high permeation reduction 

factor (PRF) against hydrogen permeation  [35]. 

 

7.9. Al-Ti-(W) thin film behavior under hydrogen electrochemical charging in NS4 solution 

During chemical charging, the coating surface is able to react with the corrosion products and 

influences the hydrogen ingress. In order to study only the performance of the coatings and 

the influence of W incorporated in the thin film, a second experiment was performed using 

electrochemical charging in NS4 solution at a cathodic potential of -2 V/SCE. At this 

potential value, the main reaction that occurs on the coated samples is the hydrogen evolution 

reaction (HER)  [67]. This was concluded after studying the cathodic polarization behavior of 

the bare 100C6 steel and the coated ones with Al-Ti, Al-Ti-W (11 at%), and Al-Ti-W (17 

at%) in a NS4 electrolyte solution as shown in figure 18. The polarization curves present the 

current density as a function of the applied cathodic potential. For all tested samples, we can 

see that the curves can be divided into three zones: I, II and III. These zones describe the 

different types of reactions that took place with varing the applied cathodic potential. 

Zones I and II are dominated and driven by the dissolved oxygen reduction reaction (ORR) 

limited by electron and diffusion transfer, respectively: 

O2 + 2 H2O + 4 e-                4 OH-                                   (11) 

Zone III is dominated and driven by the hydrogen evolution reactions (HER): 

Volmer:                                H2O + e-                   Hads + OH-               (12) 

Heyrovsky:               Hads  + H2O + e-                 H2(g) + OH-               (13) 

Taffel:                                  2 Hads                      H2(g)                     (14) 

In order to avoid the reactions dominated by oxygen reduction which can disturb the 

production as well as the adsorption of hydogen on the samples surfaces, the choice of  -2 

V/SCE applied potential was registered in zone III as mentioned in figure 18. 

Table 11 illustrates the cathodic current values (Icathodic), hydrogen charging exposure time 

(Tcharg), hydrogen quantity already exist in the sample before charging Qan.ref,  the calculated 

quantity of created hydrogen (Qcreated), the quantity of absorbed hydrogen (Qabsorbed), the 
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hydrogen concertation (CH) and hydrogen absorption efficiency coefficient (K) using the 

followings equations:  

%�&�'�()*�+ = , -.)*ℎ +*   ;  Ecath =  −2 B/V?�                       �4 ∗�
567
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Figure 19 (a, b and c) describes the variation of Qcreated, CH, and K coefficients as a function of 

hydrogen exposure time, respectively. The performance of different samples under hydrogen 

electrochemical charging was investigated for three times 30, 60 and 300 min. 

Figure 19 (a) shows the variation of hydrogen quantity generated on the surface of the 

working electrode (sample) by an electrochemical exchange in the NS4 electrolyte. This late 

one resulted the circulation of an electric cathodic current that led to the production of 

hydrogen as mentionned in the previous paraghraph. A linear increase of Qgenerated as a 

function of exposure time was noticed for the bare steel surface. A similar trend was shown 

for the thin films surfaces with hydrogen created quantities less important compared to the 

bare steel at various exposure times. At the first 30 min of electrochemical charging, the 

difference between the created hydrogen quantities for all samples was minimal. The highest 

value was 8300.3 mA.s  for the bare steel. There was no a significant difference between the 

values obtained for the thin films. They presented close values of 3599.97 mA.s, 3657.9 mA.s  

and  3545.9 mA.s corrospending to Al-Ti, Al-Ti-(11 at% W) and Al-Ti-(17 at% W), 

respectively. After 60 min of hydrogen charging, the difference between the linear curves 

becomes larger where the Qgenerated  for the different samples increased. The highest Qgenerated  

value of 100783 mA.s was also found for the uncoated 100C6 steel, which corresponds to a 

cathodic current density of 5 mA/Cm2. The lower Qgenerated  values of 7869.36 mA.s, 7817 

mA.s and 13214 mA.s correspond to the cathodic current densities of 2.2 mA/Cm2, 1.8 

mA/Cm2 and 4.3 mA/Cm2 for Al-Ti, Al-Ti-(11 at% W) and Al-Ti-(17 at% W), respectively. 

For 5 h of hydrogen charging, we notice that the Qgenerated on the film containing 17 at.% of W 
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was close to that produced on the bare steel sample. Its value of  82456.4 mA.s corresponds to 

a 5.1 mA/Cm2 current density. The Qgenerated on Al-Ti, Al-Ti-(11 at% W) and bare steel were 

44939.7 mA.s, 50547 mA.s and 100783 mA.s corresponding to 2.5 mA/Cm2, 3.5 mA/Cm2 

and 5.7 mA/Cm2, respectively.  

The results shown in figure 19 (a) are very compatible with those in figure 17 where the 

cathodic polarization curves showed the same behavior of surface conductivity for the 

different surfaces whatever the applied cathodic potential. Referred to figures 19 (a) and 18, 

we can conclude that the incorporation of W element in Al-Ti amorphous thin film led to 

increase its electric conductivity, which still lower than that of the bare steel surface. The 

results shown in figure 19 (a) could be also explained by the ability of W element to reactivate 

the sample surfaces containing passive films called “native oxides”. The passive films 

constituted from aluminium and titanium elements can limit the cathodic reactions by slowing 

down the electronic exchange on the sample surface. The corrosion study of the AlTi-(W) thin 

films showed that the addition of W element decreased its corrosion resistance by 

destabilising the passive film and reactivating the thin film surface. 

Figure 19(b) shows the variation of absorbed hydrogen concentration (CH) in the bare 100C6 

steel and the AlTi-(W) thin films as a function of hydrogen charging exposition time. The 

hydrogen concentration was calculated using eq (6*) after determinig the Qabs, which 

corresponds to the quantity of hydrogen absorbed during the discharging process in the NaOH 

solution (0.1M). This valorizes the hydrogen effusion from the steel samples, that was 

calculated using eq (5*). The quantities of hydrogen already existing in the samples (Qan.ref) 

without being subjected to a hydrogen charging was calculated and listed in table 11. The 

concentration of absorbed hydrogen in the bare steel was higher than that in the coated 

samples. At  30, 60 and 300 min exposure time, the hydrogen concentrations were 1.640.10-6 

mol/cm3, 1.045.10-6 mol/cm3 and 2.136.10-6 mol/cm3, respectively. The coated steel with Al-

Ti amorphous thin film showed a decrease in the absorbed hydrogen concentration to 

0.498.10-6  mol/cm3, 0.603.10-6  mol/cm3 and 1.936.10-6  mol/cm3 with  increasing the 

hydrogen charging time. The addition of 17 at% of W element to the Al-Ti thin film reduced 

more the concentration of the absorbed hydrogen to reach  0.361.10-6  mol/cm3, 0.303.10-6  

mol/cm3 and 1.844. 10-6  mol/cm3 after 30, 60 and 300 min charging time, respectively. As 

mentionned in the majority of previous analyses, the amorphous Al-Ti thin film with 11 at% 

of W showed a particular behavior even in hydrogen electrochemical charging. After 30 min 

hydrogen charging, the CH value in the coated steel with AlTi-(11 at% W) was 0.855.10-6  
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mol/cm3, which is higher than that of  AlTi film. This particularity disappeared at 60 min and 

300 min charging time where the CH values were 0.574.10-6  mol/cm3 and 1.871.10-6  

mol/cm3, respectively. These values are lower than the CH ones in the AlTi-coated steel. It 

showed the same trend as the W incorporation influences the absorbed hydrogen 

concentration in thin films (as shown in Al-Ti film containing 17 at% W). This induviduality 

is also noticed in figure 19 (b) for the same exposition time (30 min) where the generated 

hydrogen quantity on AlTi-(11 at% W) surface was slightly higher than that of AlTi-(17 at% 

W). This singularity could be explained by the difference of thin film surface topographies 

where the AFM analysis showed that the surface roughness of AlTi-(11 at% W) thin film was 

twice higher than the AlTi and AlTi-(17 at% W) roughness. So for a fixed exposed surface to 

hydrogen (1 cm2), the more the roughness is important, the more hydrogen evolution reactions 

take place. Therefore more hydrogen adsorbed sites are created and higher the absorbed 

hydrogen concentration is produced. 

The hydrogen absorption efficiency coefficient (K), which describes the exposition state of 

the working electrode surfaces (samples) against hydrogen ingress, is presented in figure 19 

(c). This parameter, which was calculated using eq (7*), confirmed the results shown in figure 

19 (a and b). Whatever the exposition time, the K coefficient was very low for the film 

containing 17 at% of W with 3.94. 10-3, 0.88. 10-3, 0.86. 10-3 values. However, it was higher 

for W-free coated surfaces, which indicates a strict hydrogen exposition state with 5.34. 10-3, 

2.96. 10-3, and 1.66. 10-3 values corresponding to 30 min, 60 min and 300 min of hydrogen 

charging exposition time, respectively. The highest K value was 9.02. 10-3 corresponding to 

the film containing 17 at% of W after 30 min of charging indicating a very strict exposition 

due to its surface topography as explained in the previous paraghraph. 

Figure 20 shows the decrease of hydrogen reduction factor R as a function of W content in the 

AlTi-(W) amorphous thin films for various hydrogen charging times (30 min, 60 min and 300 

min). The highest reduction factor was 69.7% corresponding to the film containing 17 at% of 

W after 30 min of charging and the lowest R (9.36%) was obtained for the Al54Ti46 film after 

5h hydrogen charging. For all coatings, the R factor was dramatically decreased with 

increasing the hydrogen charging time. For the Al45Ti38W17 film, R decreased from 69.7% to 

15.83%. 

 

5. Discussion 
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Metallurgical defects in metallic materials such as grain boundaries, dislocations, inclusions 

and precipitates affect hydrogen permeation by creating fragile zones in the material that are 

responsible for cracks initiation  [68,69]. Amorphous coatings were developed and deposited 

on 100C6 steel samples for testing as hydrogen barriers. 

The coating based on the two basic elements, Al and Ti, represented an amorphous structure 

with an atomic composition of 54.4 at% and 45.6  at%, respectively. With this composition, 

the coating showed a dense morphology as shown in figures 4 and 5, a smooth surface 

roughness and an excellent corrosion behavior in NS4 solution with a corrosion resistance of 

954 kΩ.cm2 and a -0,53 V/SCE corrosion potential. The Al-Ti binary coatings reduced the 

hydrogen concentration by 50 % with hydrogen chemical charging and 9% with 

electrochemical cathodic polarization. 

The addition of tungsten to the Ti46Al54 film did not cause any changes in film structure and 

its state remained amorphous with a W concentration ≤ 17 at %. Doping the Al-Ti film with 

W led to increase its densification and compactness by the reduction of interatomic distance 

between its closest neighbors atoms from 2.85 Å to 2.79 Å that results the increase of the thin 

film hardness (H) and reduced elasticity modulus (Er). The film compactness was also 

explained by the evaluation of residual stress generated during the coating elaboration where a 

transition behavior from tensile to compressive residual stress was shown. Increasing the 

micrometric film compactness caused a slight increase in surface roughness to reach its 

highest value (3.12 nm) with the incorporation of 11 at% W. Therefore, more surface defects 

and free energy surfaces explain the reduction of corrosion behavior of W-doped coatings as 

well as the W element intrinsic criteria that is less noble than Al and Ti elements acting as a 

passive film distabilizer. Coatings containing W valorize the thermal stability of the 

amorphous structure. The crystallization temperature (Tx) was increased with the addition of 

17 at% W from 466°C to 630°C due to the increase of the heat activation energy of the thin 

film. Thermal stability was confirmed by a vacuum heat treatment of the thin films containing 

different W concentrations. The cristallization of the free-W thin film was achieved at 500°C 

by the appearance of tetragonal intermetallic γ-Al-Ti phase. The W incorporation led to the 

stabilization of β TiW phase where aluminium was found in solid solution of the bcc β TiW 

structure at a temperature of 650°C (for the film containing 17 at % W). 

The increase of W concentration in coating enhanced its resistance behavior against hydrogen 

diffusion. This is not only because of the micro-porosity density reduction by the increase of 

the coating micro-structure compactness as explained in the previous paragraph, but also with 
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its ability as a chemical element to decrease the amount of diffusible hydrogen in the coated 

100C6 steel. This was proved with the TDS test as shown in figure 15 under the same 

hydrogen charging conditions.  

Figure 19 shows that despite the increase of the quantiy of hydrogen generated on the sample 

surface with the increase of W amount in the thin film, the absorbed hydrogen concentration 

decreased. This confims that even W element increases the the sample surface activity by 

destabilizing the passive films “native oxides” covering the sample surface, it is still 

complicated for hydrogen to permeate through a film containning W.  

Fig. 20 shows the influence of W addition on the coating performance by the increase of R 

factor compared to the W-free coating. For different exposition times, thin film containing 17 

at% W (Al45Ti38W17 film) represented the best composition against hydrogen ingress. This 

indicates that more W concentration in the coating is, more the hydrogen diffusion into the 

coating would be difficult.  

The reduction ability of tungsten against hydrogen was decreased with increasing the 

exposition time to reach 15 % after 5h of hydrogen charging in a cathodic polarization, 

whereas the R factor of the same coating composition was 69 % under chemical charging. 

The large difference between the R-values for the both hydrogen charging is shown in Fig. 21. 

This is explained by the formation of oxide film caused by the corrosion reactions during the 

chemical charging in the thiocyanate ammonium solution  [41] as shown in Fig. 17. The oxide 

film constituted from Al, Ti and W elements played the role of the first hydrogen barrier, 

where the hydrogen diffusivity was significantly decreased.  

 

6. Conclusion 

In this paper, a new Al-Ti-W metallic glass thin film was developed. Many films were 

deposited by a magnetron co-sputtering system on Si wafer, glass and 100C6 steel substrates. 

The structure, microstructure, thermal stability, surface topography and mechanical properties 

of the coatings with different tungsten concentrations were investigated. The corrosion 

behavior of the coatings in a NS4 solution was studied and the influence of W addition on the 

performance of the films against hydrogen diffusion with preliminary tests was discussed. The 

following statements draw the main conclusions of this study:   
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1) A dense morphology of 4 μm thin film and smooth surfaces, which did not exceed 4 

nm roughness, were obtained for all films with different W contents. 

2) A nano-crystalline amorphous structure was obtained for all Al-Ti-(W) films. The 

TEM observations confirmed the amorphous state of films containing ≤ 17 at% of W. 

DCS analyses confirmed that the addition of W results in an increase of crystallization 

temperature. It was increased from 466° to 630°C after doping Al-Ti thin film with 17 

at% W.  

3) Thermal stability of the amorphous structure was confirmed with a heat treatment in a 

vacuum furnace for Al54Ti46, Al49Ti40W11 and Al45Ti38W17. The appearance of 

crystalline structures of three films were obtained at 466 °C, 600 °C and 630 °C with 

the appearance of the tetragonal γ Al-Ti, γ Al-Ti and βTiW phases, and only βTiW 

phase, respectively.   

4) The thin film hardness (H) and the reduced Young’s modulus (Er) increased with the 

increase of W content from 9.05 GPa to 9.35 GPa and from 117 GPa to 132 GPa for 

Al54Ti46 and Al45Ti38W17 thin films, respectively. 

5) The excellent corrosion resistance of the Al54Ti46 film in a NS4 solution (954 KΩ.cm2) 

was reduced to 98.60 KΩ.cm2 with the W addition and the increase of coating surface 

roughness. 

6) The coatings’ structures and thicknesses were kept constant and preliminary tests on 

hydrogen permeation were carried out and discussed. The influence of amorphous 

Al54Ti46 and W addition were investigated.  

7) After hydrogen chemical charging, it has been found that the quantity of hydrogen 

absorbed was decreased with the increase of W content in the coatings. The R factor 

reached 69.7% for the film containing 17 at % of W after 5h exposure time. The high 

value of R factor was due to the oxide film formed during the hydrogen chemical 

charging, which is due to the redox reactions produced on the sample surface. This 

oxide layer played the first hydrogen barrier. 

8) The electrochemical hydrogen charging allowed to calculate the hydrogen 

concentration after different exposition times (30 min, 60 min, and 300 min). The W 

addition induced an increase in the hydrogen desorption activation energy in a 

cathodic polarization with an R factor reaching 15%. 

9) The results obtained from the both hydrogen charging methods confirm that the 

Al45Ti38W17 thin film presents the best hydrogen barrier performance.  
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Figures   

 

 

Fig. 1. Schematic view of the PVD machine used for Al-Ti-W thin film deposition.  

 

  

 

Fig. 2. Hydrogen charging in NS4 electrochemical cell. 
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Fig. 4. Cross sectional SEM images of Al-Ti thin films containing: a) 0 % W, b) 4 % W, c) 11 % W, 

and d) 17 % W.  

 

 

 

 

Fig. 5. a) BFTEM film/substrate image and b) HRTEM and SAED images of Al45Ti38W17 thin film. 
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Fig. 6. AFM images of Al-Ti thin films containing: a) 0 % W, b) 4 % W, c) 11 % W and d) 17 % W. 

 

 

a) b) 

c) d) 

RMS = 1.09±0.01 nm RMS = 1.54±0.6nm 

RMS = 3.12± 0.04nm RMS = 1.25±0.39 nm 
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Fig. 7. X-ray diffraction patterns of Al-Ti-(W) thin films. 

 

Fig. 8. DSC thermograms of the TiAl-(W) thin films.  
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Fig. 9. XRD patterns showing the structure evolution of Al54Ti46 thin film as a function of annealing 

temperature. 
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Fig. 10. XRD patterns showing the structure evolution of Al49Ti40W11 thin film as a function of 

annealing temperature. 

 

 

Fig. 11. XRD patterns showing the structure evolution of Al45Ti38W17 thin film as a function of 

annealing temperature. 
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Fig. 12. H, Er and H/Er of Al-Ti-(W) thin films.  
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Fig. 13. Evolution of open circuit potential as a function of exposure time.  

 

 

Fig. 14. Polarization curves of Al-Ti-(W) thin films.  

 

0 500 1000 1500 2000 2500 3000 3500

-1.1

-1.0

-0.9

-0.8

-0.7

-0.6

-0.5

E
°a

b
 (

V
)

Time (s)

 W 0%

 W 4%

 W 11%

 W 17%

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3

1E-11

1E-10

1E-9

1E-8

1E-7

1E-6

J
 (

A
/C

m
2
)

ESCE (V)

  at% 0

  at% 4

  at% 11

  at% 17



10 

 

 

Fig. 15. Thermal desorption spectroscopy curves of Al-Ti-(W) thin films.  

 

 

 

 

Fig. 16. Hydrogen concentration and Reduction factor in different Al-Ti-(W) thin films. 
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Fig. 17. Cross sectional SEM images of Al-Ti thin films containing: a) 0 % W, b) 4 % W, c) 11 % W 

and d) 17 % W after hydrogen chemical charging. 
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  Fig. 18. Cathodic polarization of 100C6 steel and AlTi-(W) thin films. 
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Fig. 19. a) Qgenerated, b) CH, and c) K coefficient for substrate and  Al-Ti-(W) thin films at different 

exposure times. 
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Fig. 20. Reduction factor R after hydrogen electrochemical charging for substrate and Al-Ti-(W) thin 

films. 

 

 

Fig. 21. Evolution of R factor as a function of W content in different hydrogen charging methods. 
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Tables 

 

Table 1. Chemical composition of the 100C6 Steel substrate. 

 

 

 

 

Table 2. Chemical composition of NS4 Solution, pH = 7.4 at room temperature. 

 

 

 

 

 

 

 

Table 3. Deposition parameters and composition of Al-Ti-W thin films.  

Current 

Intensity (A) 

Deposition 

rate 

(µm.h-1) 

Deposition 

time 

(min) 

Composition (at. %) 

  

Al Ti W   Al Ti W 
��

��
 

�

(�+ �� + ��)
 

1.66 

 

2.7 

 

- 1.35 176 54.3±2.1 45.7±1.8 - 0.84 0 

0.2 1.41 170 50.8±1.6 45.3±1.5 3.8 ± 0.6 0.89 0.038 

0.5 1.61 148 48.9±1.3 39.3±1.1 11.7±1.5 0.80 0.11 

0.8 1.75 138 45±1.1 37.5±1.1 17.5±2.6 0.83 0.17 

 

 

 

Chemical element Fe Cr Mn Si 

Wt (%) 97.91 1.37 0.40 0.28 

Chemical composition of NS4 Concentration (mg/l) 

Sodium hydrogen carbonate: NaHCO3 483 

Potassium chloride:  KCl 122 

Calcium chloride dehydrate: CaCl2,2H2O 181 

Magnesium sulfate heptahydrate: MgSO4,7H2O 131 
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Table 4. Atomic radii and atomic pair difference of Al, Ti and W elements.  

 

Table 5. Heat of mixing of atomic pairs. 

 

 

Table 6. Interatomic distance between the closest atomic neighbors of Al-Ti-(W) thin films. 

Chemical element  Al Ti W 

Atomic radius (pm)  143 147 137 

Atomic pair difference (%) 

Al _ 2.72 4.37 

Ti 2.8 _ 7.3 

W 2.78 6.8 _ 

Atomic pair W-Ti W-Al Ti-Al 

Heat of mixing ∆Hmix (KJ/mole) -6 -2 -30 

W content (at.%) 0 4 11 17 

ϴ(°) 19.42 19.7 19.7 19.8 

r (Å) 2.85 2.8 2.8 2.79 
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Table 7. DSC experimental conditions, Tx, Tp and Tg temperatures of AlTi-(W) thin films.   

 

 

 

 

 

Table 8. Mechanical proprieties and residual stress of Al-Ti-(W) thin films. 

 

.  

 

 

 

 

 

W percentage in TiAl film (at % ) 0 4 11 17 

Empty Crucible  (mg) 206.7 209 206.7 206.4 

Crucible containing the coating (mg) 210.8 215.5 214.2 214.3 

Heating rate (K/min) 

Cooling rate (K/min) 

Ar gas flow (ml/min) 

Heating temperature range (C°) 

15 

30 

200 

25-800 

Tp (°C) 

Tg (°C) 

Tx (°C) 

ΔT (°C) 

490 

423 

466 

43 

588 

540 

567 

27 

637/690 

556 

600 

44 

665 

595 

630 

35 

W content 

(at.%) 
0 4 11 17 

σres (MPa) 45±3 -5±3 -24±5 -14±2 

H(GPa) 9.05±0.09 9.12±0.19 8.59±0.24 9.35±0.34 

Er(GPa) 117±1.33 125.72±1.79 125.46±1.52 131.79±2.91 

H/Er 0.077 0.072 0.068 0.070 
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Table 9. Electrochemical parameters of corrosion in NS4 aqueous solution.  

 

 

 

 

Table 10. Hydrogen concentration (CH) after chemical charging in an ammonium thiocyanate 

solution.  

Sample type CH (ppm.Wt) 

Uncoated samples before hydrogen charging 0.1 

Uncoated  samples after hydrogen charging 5.2±0.66 

Coated sample / Al-Ti 2.55±0.15 

Coated sample/Al-Ti-W (4%) 2.25±0.13 

Coated sample/ Al-Ti-W (11%) 1.92±0.075 

Coated sample/ Al-Ti-W (17%) 1.66±0.11 

 

 

W content (at %) 0 4 11 17 

Jcorr  (nA/cm2) 54 260 580 162 

Ecorr (V) -0.53 -0.76 -0.69 -0.83 

βc (V/dec.) 0.215 0.184 0.326 0.105 

βa (V/dec.) 0.265 0.121 0.221 0.115 

R (kΩ.cm2) 954 121.9 98.60 147.11 
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Table 11.  Measurement values obtained from hydrogen electrochemical charging of Al-Ti-(W) 

thin films for different exposure times. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

W 

(at %) 

Tcharg 

(min) 

Icath 

(mA/Cm2 ) 

Q.an.ref 

(mA .s) 

<Qcreated> 

(mA .s) 

<Qdis> 

(mA.s) 

<K>.103 

<CH> .106 

(mol/cm3) 

Uncoated 

100C6 

Steel 

_ 

30 - 4.9 

5.16 

8300.3 74.11 7.629 1.640 

60 -5 18313 45.49 2.203 1.045 

300 -5.7 100783 87.64 0.818 2.136 

Coated 

substrate 

 

0 

30 -2.2 

10.97 

3599.97 23.7 5.34 0.498 

60 -2.2 7869.36 25.81 2.96 0.603 

300 -2.5 44939.7 85.74 1.66 1.936 

11 

30 -2.4 

3.65 

3657.9 31.524 9.02 0.855 

60 -1.8 7817 21.75 2.83 0.574 

300 -3.5 50547 75.87 1.42 1.871 

17 

30 -4.3 

10.11 

3545.9 29.70 3.94 0.361 

60 -4.3 13214 34.28 0.88 0.303 

300 -5.1 82456.4 81.43 0.86 1.844 
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