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Robust tribo-mechanical and 
hot corrosion resistance of ultra-
refractory Ta-Hf-C ternary alloy 
films
Luis Yate  1, L. Emerson Coy  2 & Willian Aperador3

In this work we report the hot corrosion properties of binary and ternary films of the Ta-Hf-C system 
in V2O5-Na2SO4 (50%wt.-50%wt.) molten salts at 700 °C deposited on AISI D3 steel substrates. 
Additionally, the mechanical and nanowear properties of the films were studied. The results show 
that the ternary alloys consist of solid solutions of the TaC and HfC binary carbides. The ternary alloy 
films have higher hardness and elastic recoveries, reaching 26.2 GPa and 87%, respectively, and lower 
nanowear when compared to the binary films. The corrosion rates of the ternary alloys have a superior 
behavior compared to the binary films, with corrosion rates as low as 0.058 μm/year. The combination 
and tunability of high hardness, elastic recovery, low nanowear and an excellent resistance to high 
temperature corrosion demonstrates the potential of the ternary Ta-Hf-C alloy films for applications in 
extreme conditions.

Thermal barrier or ultra-refractory materials have been widely used as protective coatings for components 
exposed to high temperatures (from 550 to 900 °C) in aerospace and applications such as turbine blades and 
steam generators in power plants1–4. Generally, the most used materials used for thermal barrier coatings are 
metal superalloys1, 5 and yttria-stabilized-zirconia (YSZ) and YSZ-based systems2, 6, 7. Those materials have excel-
lent chemical stability at high temperatures, good anti-corrosion properties and low thermal conductivity7, how-
ever, most of the superalloys and YSZ-based materials are brittle and lack of high hardness and wear resistance 
which restrict the applications where the materials are subject to high stresses and loads.

Transition metal carbides have received a great attention in the last years due to the combination and tuna-
bility of their chemical and physical properties; high hardness, low wear, high electrical conductivity, high melt-
ing points, good chemical stability and corrosion resistance. Among binary metal carbides, tantalum carbide 
(TaC) and hafnium carbide (HfC), also known as ultra-refractory carbides8, are of particular interests due to the 
extremely high melting points, near 4000 K9, 10 and relatively high hardness over 20 GPa11, 12. It has been recently 
reported that the ternary Ta-Hf-C alloy, formed by a solid solution of TaC and HfC binary carbides, presents 
the highest melting point temperature for any solid, at around 4215 K10. In addition, it has been reported that 
compared with transition metal binary materials, the corresponding ternary alloys were found to exhibit better 
mechanical properties13. Due to their attractive properties, binary and ternary alloys from the Ta-Hf-C system 
are promising materials for applications in extreme conditions under high temperatures and loads and corrosive 
environments. Pan et al.8 have reported the outstanding thermodynamic behavior of the Tax-Hf(x-1)-C system in 
the entire range of compositions, x = [0, 1], and temperature, T = [500, 4100] Celsius, but there are no studies 
describing the hot corrosion behavior of the Ta-Hf-C ternary alloys.

The objective of this research was to measure the tribo-mechanical and hot corrosion properties on binary 
and ternary Ta-Hf-C thin films deposited by non-reactive magnetron sputtering. The hot corrosion properties 
were studied by potentiodynamic curves in presence of a mixture of pentoxide vanadium, V2O5, and sodium 
sulfate, Na2SO4, analytic grade to concentrations of 50:50 (in weight) in a high temperature furnace coupled with 
an electrochemical cell. The nature of the corrosion process was studied by using scanning electron microscopy 
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(SEM), energy dispersive X-ray spectrometry (EDS) and X-ray diffraction and showed the protective potential 
of the Ta-Hf-C films.

Methods
Materials preparation. Ta-Hf-C alloy films were grown on silicon (100) and AISI D3 steel substrates by non 
reactive magnetron sputtering using an AJA-ATC 1800 system with a base pressure of 10−7 Pa. The P-type silicon 
(100) substrates with resistivity around 1–10 Ohm·cm and thickness of 380 μm were acquired from University 
Wafer-USA. The AISI D3 steel was cut in disks of 12.7 mm in diameter and 4.8 mm in thickness and with a mir-
ror-polished finish. The deposition of the films was done with three separate 5.08 cm elemental targets, with a 
purity of 99.999% for carbon (graphite) and 99.95% for both Ta and Hf targets, in a confocal configuration at a 
pressure of 0.4 Pa of pure Ar. All targets were acquired from Demaco-Holland. The samples were grown with a 
negative bias voltage of 50 V with the substrate holder at 300 °C and rotating at 80 RPM during a deposition time 
of 1 hour. The distance between target and substrates was about 15 cm. Prior to deposition, the substrates were 
sputter cleaned with a negative bias of 190 V (25 W) in an Ar atmosphere (4 Pa) for 10 min. In order to improve 
the adhesion of the films to the substrates, a Ta-Hf metallic layer of ∼20 nm was deposited on the substrates at 
a radio frequency (r.f.) power of 100 W for each target at a substrate holder temperature of 300 °C without bias 
voltage. Ta-Hf-C films with different compositions and thicknesses between 0.2 and 0.3 μm were obtained by 
varying the Ta and Hf target (r.f.) power (100–0, 70–30, 30–70 and 0–100 W, and hereafter referred to as TaC, 
70TaC-30HfC, 30TaC-70HfC and HfC, respectively) while keeping the carbon target direct current (d.c.) power 
constant at 380 W.

Chemical and structural characterization. Film thicknesses were determined by SEM with a JEOL JSM-
6490LV microscope. The topography of the films was studied by atomic force microscopy (AFM, Nanoscope V 
Multimode atomic force microscope, Bruker) on an area of 500 nm × 500 nm. The error in the film thickness and 
roughness was obtained as the standard deviation of at least three different measurements.

X-ray photoelectron spectroscopy (XPS) analyses were performed by means of a SAGE HR100 (SPECS) with 
a non monochromatic source (Mg Kα 1283.6 eV) after a short etching of the sample surface with Ar+ ions at 3 kV 
energy in order to remove contamination. The spectra resolution was around 1.0 eV, previously measured using 
the full width at half maximum (FWHM) of the 3d5/2 line of Ag. All measurements were made in ultra high vac-
uum (UHV) at a chamber pressure of around 8·10−8 mbar.

X-ray diffraction (XRD) analysis was conducted for structural investigations of the films using an Empyrean 
PANalytical X-ray diffractometer with Cu Kα radiation (λ = 1.54060 Å) in the Bragg-Brentano configuration at 
a counting time of 1 second per step and 0.03° step size. The identification of the phases was performed with the 
X’Pert High Score software through the ICCD database.

Mechanical and tribological characterization. The nanohardness of the films was measured by a 
tribo-indenter (Hysitron TI 950 TriboIndenter) using a Berkovich diamond indenter at a maximum load of 
7500 μN, indentation times were set as: load (5 s), load holding (2 s) and unload (5 s). Hardness values were 
determined from the load-displacement curves by the Oliver–Pharr method14 and values extracted at different 
penetration depth were fitted to the Korsunsky equation15 in order eliminate substrate contribution. The elastic 
recovery of the samples was determined as the percentage of the residual imprint compared to the total dis-
placement of the load-displacement curves. Nanowear tests were also performed with the tribo-indenter over 
areas of 1 µm × 1 µm using a Berkovich tip at a constant load of 0.1 mN and a frequency of 2 Hz (20 µm/s). The 
displaced volume was calculated from the height variation between the removed sections and pristine areas using 
Gwyddion software16.

Hot corrosion characterization. The electrochemical tests were performed on a high temperature furnace 
coupled with an electrochemical cell with the films deposited on the steel substrates, Fig. 1. The electrochemical 

Figure 1. Schematic representation of the high temperature electrochemical cell used for the measurements. 
RE, CE and WE are the reference, counter and working electrodes, respectively.
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cell consists of an array of 3 electrodes: the working, reference and auxiliary (counter) electrode. The working 
electrode was welded to a platinum wire which served as an electrical conductor, this wire was also placed inside a 
ceramic tube of mullite industrial grade so only the specimen was exposed to the corrosive environment. The ref-
erence and counter electrodes were built with high purity platinum wire, and covered with a mullite tube resistant 
to high temperatures. The hollow parts between the specimen and the ceramic tube were sealed with refractory 
cement as well as the spots of the other electrodes.

Corrosion tests were performed using a mixture of pentoxide vanadium, V2O5, (acquired from Alfa Aesar) and 
sodium sulfate, Na2SO4, (acquired from Merck Millipore) analytic grade to concentrations of 50:50 (in weight), 
which are common salt contaminants involved in hot corrosion and hot boilers17 and found in low-quality fuels 
at high temperatures6. The mixture was macerated during 45 minutes in agate mortar for homogenization, and 
then 30 g were placed in a porcelain crucible that subsequently was inserted inside of the vertical furnace. The 
electrochemical cell was placed in the furnace, slowly increasing the temperature from room temperature to 
700 °C, temperature at which the electrochemical tests were performed. The setup of the high temperature cell 
used for the electrochemical analysis can be seen in Fig. 1. The internal temperature was monitored by a Type K 
thermocouple connected to a PID, temperature controller. To resemble a boiler environment a mixture of 99%O2-
1%SO2 was used as oxidizing gas.

Polarization curves were obtained by applying a potential of ±200 mV at a scan speed of 1 mV/s in potentiody-
namic form. Corrosion potential and rate were obtained through Tafel extrapolation using a Gamry Instruments 
potentiostat. The potential corrosion values (Ecorr) and the corrosion current density (Icorr) were determined 
through the extrapolation Tafel method using the software Gamry Echem Analyst. The anodic and cathodic 
polarization curves were obtained after 3 hours of exposure to the corrosive medium, time at which the corrosion 
potential stabilized. All electrochemical experiments were repeated at least once and the errors in the obtained 
parameters were calculated as the standard deviation of the different measurements.

Finally, the surface of the samples after the electrochemical test was studied by scanning electron microscopy 
(SEM) and energy dispersive X-ray spectroscopy (EDS) using a Zeiss EVO MA10 SEM microscopy coupled 
with an electron analyzer and grazing incidence X-ray diffraction (GI-XRD) at a grazing angle of 2° using an 
Empyrean PRO PANalytical X-ray diffractometer with Cu Kα radiation (λ = 1.54060 Å) at a counting time of 
2 second per step and 0.02° step size.

Results and Discussion
Microstructure, morphology and chemical composition. The thickness of the samples was deter-
mined by cross-section SEM and the values are listed in Table 1. It can be seen that the thickness increases as 
we go from the pure TaC to the pure HfC sample. The higher thickness in the samples as the r.f. power to the 
Hf target is increased can be attributed to the higher sputtering yield of the Hf (0.37) compared to the one of Ta 
(0.26) under similar Argon bombardment conditions18 (around 300 V of potential at a r.f. power applied to the 
target of 100 W).

Figure 2 shows the AFM images with the details of the nano topography for the different Ta-Hf-C alloy films. 
The root mean squared (RMS) roughnesses of the samples, shown in Table 1, are below 2.97 nm. The lowest 
roughness value was found for the 30TaC-70HfC sample, Fig. 2c, which also shows homogeneous and well dis-
tributed grains, with grain sizes around 16 nm. In general, the ternary Ta-Hf-C alloys showed lower roughness 
and grain sizes than the binary films. This can be explained by the enhanced ion bombardment generated during 

Sample
Thickness 
(nm)

RMS roughness 
(nm) Ta (at.%) Hf (at.%) C (at.%) O (at.%)

TaC 200 ± 20 2.94 ± 0.35 58.8 0.0 33.4 7.8

70TaC-30HfC 285 ± 4 1.32 ± 0.06 41.6 14.1 37.8 6.5

30TaC-70HfC 295 ± 3 0.55 ± 0.04 12.2 46.1 35.1 6.5

HfC 300 ± 12 2.97 ± 0.29 0.0 63.0 29.1 8.0

Table 1. Thickness, RMS roughness obtained from AFM measurements and chemical compositions obtained 
from XPS.

Figure 2. AFM images of the different Ta-Hf-C alloy films; (a) TaC, (b) 70TaC-30HfC, (c) 30TaC-70HfC and 
(d) HfC.
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the simultaneous sputtering of the Ta and Hf targets with different sputtering yields19 and the intrinsic nature of 
the binary and ternary carbides, in which the grain size is strongly influenced by the addition of extra elements, 
especially those who have chemical affinity or are known to alloy20.

The chemical compositions of the samples were obtained through XPS and are listed in the Table 1. It can be 
seen how the Ta and Hf contents vary as the r.f. power to the targets is varied. The metal content in the HfC film 
(63.0 at.%) is slightly higher than in the TaC (58.8 at.%) and is related to the higher sputtering yield for Hf. The 
oxygen content was below 8.0 at.% for all samples and its content can be attributed to the high affinity of metals 
for oxygen.

The high resolution C 1s and Ta 4f and Hf 4f spectra are shown in Fig. 3 and reveal the evolution in the bond-
ing as the material change from pure TaC to HfC. The fitting of the C 1s spectra in Fig. 3a showed the presence 
of Ta-C bonds in the TaC binary film at a binding energy around 283.0 eV21, Hf-C bonds in the HfC sample at 
around 282.2 eV22, and the presence of both Ta-C and Hf-C bonds in the ternary alloy films. A minor amount of 
C-C bonds at around 285.0 eV23 was also detected. The Ta 4f and Hf 4f spectra in Fig. 3b also revealed the pres-
ence of Ta-C and Hf-C bonds in the samples. Due to the conductive characteristic of the samples where a distribu-
tion of conductive electrons are available for shake-up like events, the Ta 4f and Hf 4f spectra present asymmetry24 
and were fitted with asymmetric shapes. The Ta 4f7/2 peak position in the TaC binary film was located at around 
23.2 eV and correspond to Ta-C bonds. The Hf 4f7/2 peak in the HfC film was located at around 14.8 eV and it 
is attributed to Hf-C bonds25. The ternary alloys also showed the presence of both Ta-C and Hf-C with different 
proportions according to the different contents of Ta or Hf. Unlike the ternary alloy films, both binary samples 
showed the presence of very small peaks attributed to Ta-O and Hf-O bonds, with the Ta and Hf 4f7/2 peaks at 
around 26.926 and 17.3 eV27, respectively. The absence of oxides and the lower amount of oxygen in the ternary 
films, compared to the binary ones, suggest the higher stability of the ternary carbide and its lower reactivity to 
oxygen.

The crystalline structure of the samples was studied by X-ray diffraction. Figure 4 shows the XRD patterns of 
the deposited binary and ternary films. The patterns for the TaC and HfC binary films show the peaks associated 
to the cubic Fm3-m TaC and HfC phases, JCPDS-ICDD 00-035-0801 and JCPDS-ICDD 03-065-7113, respec-
tively. The occurrence of the cubic TaC and HfC phases in the binary films with a good crystallinity and without 
secondary phases contrast to previously reported studies where Ta2C and TaC28 and metallic Hf and HfC22 mixed 
phases were obtained. In the case of the ternary alloys, the 70TaC-30HfC sample retains the structure of the 
TaC, only showing a change in the intensity of the diffracted peaks. Analogously, the 30TaC-70HfC sample also 
retains the structure of the HfC binary sample. As both the TaC and HfC materials present the same cubic Fm3-m 
structure and similar lattice parameter, 4.4470 and 4.6430 Å respectively, it is suggested that some Hf atoms are 
replacing some of the 4b Wyckoff sites of the Ta in the 70TaC-30HfC structure, and vice-versa for the 30TaC-
70HfC sample. However, it is clear that both ternary samples show a very intense peaks from the (111) family, the 
position of which is placed half way between the theoretical HfC(111) and TaC(111), and can be indexed by the 

Figure 3. High resolution (a) C 1s and (b) Ta and Hf 4 f spectra for the different Ta-Hf-C alloy films showing 
the evolution of the samples as they change from pure TaC to HfC.
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solid solution of Ta-Hf-C (JCPDS-ICDD 00-064-0146). This shows that in both ternary samples the Ta-Hf-C solid 
solutions have been formed, similarly to previous studies where the solid solution was obtained by plasma spray9.

Mechanical and tribological properties. The hardness of the binary and ternary films is listed in Table 2. 
The hardness for the TaC and HfC are 12.3 and 18.5 GPa, respectively. These values fall into the range of hardness 
for TaC films deposited by magnetron sputtering29 and chemical vapor deposition11 with values between 9 and 
22 GPa, and for HfC films deposited by pulsed laser ablation12 with hardness values around 20 GPa. On the other 
hand, the ternary alloys showed higher hardness values than the binary films, around 24.6 GPa for the 70TaC-
30HfC and 26.2 GPa for the 30TaC-70HfC. Those values are also higher than the hardness reported for other 
authors for the binary TaC11, 29 and HfC12 films and more than two times higher than for Ta-Hf-C films deposited 
by the plasma spray technique, with reported values of around 12 GPa9. The higher hardness of the ternary alloys 
can be attributed to a combination of beneficial effects, i.e., the formation of a solid solution of the binary TaC and 
HfC carbides and to the lower grain sizes. In general, it is accepted that lower grain sizes lead to higher hardness 
according to the Hall–Petch strengthening30 where a larger number of grain boundaries impede the dislocation 
movement, which is in agreement with the Ta-Hf-C samples.

One of the main drawbacks of the TaC and Ta-Hf-C carbides is their brittleness3, 11 which restricts their possible 
applications. The elastic recovery data, extracted from the load-displacement nanoindentation curves, by he/hMAX  
shown in Fig. 5, shows that the ternary alloys present a high elastic recovery, reaching a recovery of around 87% 
for the 30TaC-70HfC sample. The combination of high hardness and elastic recovery in the ternary Ta-Hf-C 
alloys indicates that the samples are suitable to applications where high loads are required. Additionally, a high 
elastic recovery is beneficial to compensate for any possible mismatch in the coefficient of thermal expansion 

Figure 4. XRD patterns for the Ta-Hf-C deposited alloy films.

Sample H (GPa)
Elastic 
recovery (%)

Nanowear 
volume (μm3) Ecorr (V) Icorr (µA/cm2)

Corrosion rate 
(μm/year)

TaC 12.3 ± 0.2 69 0.445 ± 0.03 −0.087 ± 0.002 7.750 ± 0.004 206.5 ± 0.1

70TaC-30HfC 24.6 ± 0.3 85 0.199 ± 0.02 −0.19 ± 0.02 0.051 ± 0.002 13.43 ± 0.05

30TaC-70HfC 26.2 ± 0.3 87 0.329 ± 0.03 −0.16 ± 0.01 0.0022 ± 0.0001 0.058 ± 0.01

HfC 18.5 ± 0.5 83 1.19 ± 0.1 −0.020 ± 0.001 131.00 ± 0.01 3481 ± 30

Table 2. Hardness, elastic recovery, nanowear and corrosion properties (Ecorr = corrosion potential and 
Icorr = corrosion current) of the films.
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between the film and substrate materials, avoiding the formation of cracks and delamination of the film during 
thermal cycling.

To study the tribological properties of the films we performed nanowear tests. In our study, the nanowear is 
defined as the total volume removed from the scanned area. The nanowear in the TaC and HfC samples is 0.445 
and 1.19 μm3, respectively, while in the ternary 70TaC-30HfC and 30TaC-70HfC samples the nanowear decreases 
to 0.199 and 0.329 μm3, respectively. The low nanowear in the ternary alloy films can be associated to their higher 
hardness and lower nano roughness compared to the binary films.

In other ternary films made of W-S-C the nanowear tests have been carried out at loads in the order of nN31, 
however, for the Ta-Hf-C alloy films, loads in the order of µN were required to measure detectable wear on all 
the samples, Fig. 6. This fact, combined with the relatively high hardness and elastic recovery in the ternary alloy 
films, highlights the outstanding mechanical and nano tribological behavior of the Ta-Hf-C films.

Electrochemical properties. Potentiodynamic polarization curves are shown in Fig. 7. The binary and 
ternary film samples were exposed to the V2O5-Na2SO4 molten salt mixture at 700 °C. The more noble potential 
at 700 °C is attributed to the HfC binary film (where the corrosion potential is shifted to more noble values) com-
pared to the TaC and the ternary alloys. The potentiodynamic curve for the HfC binary film presents a general 
dissolution in the anodic region, in which there is oxidation and the increasing of the potential does not lead to 
an increasing in the corrosion current. The TaC binary film shows a potentiodynamic curve with a typical behav-
ior, where the current increases with the potential respect to the stabilization potential, and thus increasing the 
corrosion rate.

The 30TaC-70HfC ternary alloy exhibits a passivation region after reaching the critical current corresponding 
to 0.086 μA/cm2, with a potential of −0.13 V vs Platinum. This resistance to hot corrosion induces the creation 
of a passivating layer whose stability is relatively weak, because at −0.10 V vs Platinum, it is observed a gradual 
increase of the current density. The relevance of this layer is that it can behave as a diffusion barrier for the cor-
rosion reaction products. After reaching a voltage of −0.10 V vs Platinum, it is evidenced a general dissolution.

In the case of the 70TaC-30HfC alloy, we observe that the rate of the dissolution of the film is stabilized after 
reaching the critical current, 0.00478 μA/cm2, where the current density is no longer increasing. In this sample, at 
a potential of −0.12 V vs Platinum, due to the chemical reactivity of the film in contact with the corrosive salts at 
700 °C, there is an increased degradation which may generate a passivation layer. This is observed by the presence 
of a second current peak suggesting the formation of an oxide layer which protects the alloy film from the hot cor-
rosive environments. Interestingly enough, the experimental set up used in our studies prevents the inclusion of 
humidity or H+ sources, thus relating the second anodic current to the sulfurization/oxidation of 70TaC-30HfC 

Figure 5. Load-displacement nanoindentation curves of the Ta-Hf-C films, showing the load and unloading 
regions of the curves. The line-dashed line shows the maximum penetration (hMAX) of the TaC curve and dot-
dashed line shows the elastic recovery region (he)

Figure 6. Scanning probe microscopy (SPM) images after nanowear test of the Ta-Hf-C samples. Nanowear 
tests were performed over an area of 1 µm × 1 µm at a constant load of 0.1 mN and a frequency of 2 Hz (20 µm/s).
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sample32. The presence of this passivating layer is in agreement with the observed precipitation of free standing 
salts, which results both in higher corrosion resistance, when compared with the binary films, and solid lubrica-
tion of the surfaces as demonstrated by lubrication studies of P. Gonzalez-Rodriguez et al.33.

Table 2 shows the hot corrosion properties extracted from the potentiodynamic polarization curves. It is 
observed that the HfC and TaC binary films offer the lowest corrosion protection among the samples studied. 
Those samples generate high corrosion current values, which is corroborated in the potentiodynamic polariza-
tion curves in Fig. 7, where both TaC and HfC alloys have a larger shift to the right side of the figure, implying 
an increase in the current dissolution and hence a higher corrosion rate. On the other hand, the ternary Ta-Hf-C 
alloys presented the lower corrosion rate values, indicating that the ternary alloys are more resistant to corro-
sion in presence of V2O5 and Na2SO4. The sample with the lower corrosion rate, around 0.058 μm/year, was the 
30TaC-70HfC ternary alloy. The sample 70TaC-30HfC presents a higher corrosion rate, around 13.43 μm/year. It 
is possible that a higher diffusion of sulfur at the interface film/oxide, generates the failure of the 70TaC-30HfC 
film, placing its corrosion resistant properties half way between the TaC film and the 30TaC-70HfC. In general, 
we assume that the lower corrosion rates in the ternary alloys are attributed to the smaller grain size and less 
micro/nanopores compared to the binary films that avoid the diffusion of corrosive species from the surface to 
the interface film/substrate, as suggested by the morphological and the mechanical and tribological tests, where 
superior hardness and elastic recoveries were found in the ternary alloys.

Figure 8 shows the SEM images of the different Ta-Hf-C samples after being exposed to the mixture of pentox-
ide vanadium, V2O5, and sodium sulfate, Na2SO4 in the corrosion analysis at 700 °C. In general, the film surfaces 
did not show any cracks or delamination, however, some aggregates of V2O5 and Na2SO4, marked in Fig. 8 as spot 
2, were dissolved and deposited on the surface of the samples. The formation of these aggregates is in agreement 
with the low temperature hot corrosion mechanism, where a significant dissolution of some corrosion products 
is found on the surface of the samples at temperatures between 700–750 °C17. The EDS analysis on the aggregates 
indicated that these are rich in vanadium and sodium, while the surface of the films (measured in spot 1) were 
rich in carbon, oxygen and sulfur (see Supplementary Table S1). The presence of sulfur on the surface of the films 
was especially higher in the TaC (Fig. 8a) and HfC (Fig. 8d) films, suggesting that these are more reactive to the 
Na2SO4. On the other hand, the ternary 70TaC-30HfC and 30TaC-70HfC alloys (Fig. 8b and c) showed a high 
amount of oxygen and carbon on the surface of the films (spot 1) suggesting the formation of an oxide-carbon 
rich coating. The grazing incidence XRD analysis on the Ta-Hf-C samples (see Supplementary Fig. S1) revealed 
the presence of Ta2O5 (JCPDS-ICDD 04-007-0607) and HfO2 (JCPDS-ICDD 04-014-7409) oxides, together with 
a minor amount of the TaC and HfC phases. This clearly demonstrates that the thin films were not dissolved and 
shows the formation of passive oxide surfaces protecting the steel substrates from the corrosion.

SEM and XRD analysis show that the corrosion is generated by the V2O5 and Na2SO4 salts, and consequently 
these salts are deposited on the surface of the samples during the corrosion tests thus generating an adequate 
performance and avoiding accelerated corrosion due to pitting corrosion processes normally observed in pure 
metals. The Ta-Hf-C alloys form passive surfaces and increase the protection of the system by creating a layer and 
preventing the formation of volatile oxides from the metal.

Finally, and in order to apply the Ta-Hf-C coatings as thermal protective coatings or thermal barrier coatings 
(TBC), these materials have to be deposited on other metallic layers acting as bond coats between the TBC and 
the substrate. The most common bond coats are those based on metallic MCrAlY alloys (where M=Co, Ni or 
Ni-Co mixtures)34 and the basic rule to avoid cracks or delamination between the thermal protective coating 
on top and the bond coat is the matching of the coefficients of thermal expansion (CTE) of both materials. It 
has been recently found that the CTE of binary and ternary alloys for the Ta-Hf-C system varies from 7.08 to 
7.66·10−6/K in the range from 25 to 2000 °C35, which match the CTE values for some common MCrAlY alloys in 
the range of 500 to 700 °C34, which is a similar temperature range as the used in this work to study the corrosion 

Figure 7. Potentiodynamic polarization curves of the Ta-Hf-C samples at 700 °C. Tafel slopes are drawn on the 
potentiodynamic curves. The critical current and potentials for 30TaC-70HfC and 70TaC-30HfC samples are 
also indicated.
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behavior of the Ta-Hf-C samples. In addition, the high thermal conductivities reported for TaC36 and Ta-Hf-C35 
carbides ensure an enhanced heat dissipation for applications that requires working at high temperatures such as 
turbine blades or hypersonic flights35.

Conclusions
In this study we have successfully obtained binary and ternary thin films of the Ta-Hf-C system with outstanding 
tribo-mechanical and corrosion resistance properties. We have also investigated and reported for the first time 
their hot anti-corrosion behavior in V2O5-Na2SO4 salts at 700 °C. We found that the ternary alloys consist of a 
solid solution of the binary TaC and HfC carbides (Ta-Hf-C), as shown by the XRD and XPS analysis. The ternary 
alloys showed superior hardness and elastic recovery, with values greater than 24.6 GPa and 85%, respectively, an 
important improvement when compared with results found for the binary carbide films.

Finally, the corrosion rates extracted from the potentiodynamic curves showed that the ternary alloys have a 
superior anticorrosion behavior compared to the binary films, with corrosion rates as low as 0.058 μm/year.

The combination of high hardness and elastic recovery, low nanowear and an excellent resistance to hot cor-
rosion demonstrates the potential of the ternary Ta-Hf-C alloy films for protecting applications where extreme 
conditions are demanded such as turbine blades and steam generators.

References
 1. Mannava, V., Rao, A. S., Paulose, N., Kamaraj, M. & Kottada, R. S. Hot corrosion studies on Ni-base superalloy at 650 °C under 

marine-like environment conditions using three salt mixture (Na2SO4 + NaCl + NaVO3). Corros. Sci. 105, 109–119 (2016).
 2. Liu, H. fei, Xiong, X., Li, X. bin & Wang, Y. lei. Hot corrosion behavior of Sc2O3-Y2O3-ZrO2 thermal barrier coatings in presence of 

Na2SO4 + V2O5 molten salt. Corros. Sci. 85, 87–93 (2014).
 3. Gaballa, O., Cook, B. A. & Russell, A. M. Reduced-temperature processing and consolidation of ultra-refractory Ta4HfC5. Int. J. 

Refract. Met. Hard Mater. 41, 293–299 (2013).
 4. Vinson, K. et al. Plasticity mechanisms in HfN at elevated and room temperature. Sci. Rep. 6, 34571 (2016).
 5. Fan, L. et al. Corrosion Behavior of Ti60 Alloy under a Solid NaCl Deposit in Wet Oxygen Flow at 600 °C. Sci. Rep. 6, 29019 (2016).
 6. Chen, X. et al. Hot corrosion behaviour of plasma sprayed YSZ/LaMgAl11O19 composite coatings in molten sulfate-vanadate salt. 

Corros. Sci. 53, 2335–2343 (2011).
 7. Ajay, A., Raja, V., Sivakumar, G. & Joshi, S. Hot corrosion behavior of solution precursor and atmospheric plasma sprayed thermal 

barrier coatings. Corros. Sci. 98, 271–279 (2015).
 8. Pan, Y., Zhou, P., Peng, Y., Du, Y. & Luo, F. A thermodynamic description of the C-Hf-Ta system over the whole composition and 

temperature ranges. Calphad 53, 1–9 (2016).
 9. Schulz, B. C., Wang, B., Morris, R. A., Butts, D. & Thompson, G. B. Influence of hafnium carbide on vacuum plasma spray processed 

tantalum carbide microstructures. J. Eur. Ceram. Soc. 33, 1219–1224 (2013).
 10. Hong, Q.-J. & van de Walle, A. Prediction of the material with highest known melting point from ab initio molecular dynamics 

calculations. Phys. Rev. B 92, 020104R (2015).
 11. Ali, M., Ürgen, M., Atta, M., Kawashima, A. & Nishijima, M. Surface morphology, nano-indentation and TEM analysis of tantalum 

carbide-graphite composite film synthesized by hot-filament chemical vapor deposition. Mater. Chem. Phys. 138, 944–950 (2013).

Figure 8. Surface morphology of the Ta-Hf-C samples after exposure to a mixture of pentoxide vanadium, 
V2O5, and sodium sulfate, Na2SO4 at 700 °C; (a) TaC, (b) 70TaC-30HfC, (c) 30TaC-70HfC, and (d) HfC.



www.nature.com/scientificreports/

9Scientific RepoRts | 7: 3080  | DOI:10.1038/s41598-017-03181-2

 12. Barinov, S., Ferro, D., Bertuli, C. & D’Alessio, L. Hardness of hafnium carbide films deposited on silicon by pulsed laser ablation. J. 
Mater. Sci. Lett. 20, 1485–1487 (2001).

 13. Krzanowski, J., Endrino, J. & Koutzaki, S. Determining the limit of hardness in ternary carbide thin films. Mater. Res. Soc. Symp. 697, 
9–14 (2002).

 14. Oliver, W. & Pharr, G. An Improved Technique for Determining Hardness and Elastic Modulus Using Load and Displacement 
Sensing Indentation Experiments. J. Mater. Res. 7, 1564–1583 (1992).

 15. Korsunsky, A., McGurk, M., Bull, S. & Page, T. On the hardness of coated systems. Surf. Coatings Technol. 99, 171–183 (1998).
 16. Nečas, D. & Klapetek, P. Gwyddion: an open-source software for SPM data analysis. Cent. Eur. J. Phys. 10, 181–188 (2012).
 17. Rapp, R. A. Hot Corrosion of Materials: a fluxing mechanism? Corros. Sci. 44, 209–221 (2002).
 18. Yamamura, Y. & Tawara, H. Energy dependence of ion-induced sputtering yields from monatomic solids at normal incidence. At. 

Data Nucl. Data Tables 62, 149–253 (1996).
 19. Laegreid, N. & Wehner, G. K. Sputtering yields of metals for ar+ and ne+ ions with energies from 50 to 600 ev. J. Appl. Phys. 32, 

365–369 (1961).
 20. Musil, J. & Vlcek, J. Magnetron sputtering of films with controlled texture and grain size. Mater. Chem. Phys. 54, 116–122 (1998).
 21. Tsai, M. T. et al. Reprint of ‘Biological characteristics of human fetal skin fibroblasts and MG-63 human osteosarcoma cells on 

tantalum-doped carbon films’. Surf. Coatings Technol. 259, 213–218 (2014).
 22. Shuo, W. et al. Structure, mechanical and tribological properties of HfCx films deposited by reactive magnetron sputtering. Appl. 

Surf. Sci. 327, 68–76 (2015).
 23. Yate, L. et al. Tailoring mechanical properties and electrical conductivity of flexible niobium carbide nanocomposite thin films. RSC 

Adv. 4, 61355–61362 (2014).
 24. Briggs, D. XPS: Basic principles, spectral features and qualitative analysis. Surface Analysis by Auger and X-ray Photoelectron 

Spectroscopy (IM Publications, 2003).
 25. Steiner, P. & Hüfner, S. Heat of mixing in HfCxN1-x compounds from XPS core level binding energy shifts. Solid State Commun. 44, 

1305–1307 (1982).
 26. Nowak, A., Persson, J., Schmelzer, B., Szade, J. & Szot, K. Low temperature reduction in Ta–O and Nb–O thin films. J. Phys. D. Appl. 

Phys. 47, 135301 (2014).
 27. Piallat, F. et al. Interface and plasma damage analysis of PEALD TaCN deposited on HfO2 for advanced CMOS studied by angle 

resolved XPS and C-V. Appl. Surf. Sci. 303, 388–392 (2014).
 28. Ali, M., Ürgen, M. & Atta, M. Tantalum carbide films synthesized by hot-filament chemical vapor deposition technique. Surf. 

Coatings Technol. 206, 2833–2838 (2012).
 29. Evans, R., Doll, G., Meng, W., Mei, F. & Glass, J. Effects of applied substrate bias during reactive sputter deposition of nanocomposite 

tantalum carbide/amorphous hydrocarbon thin films. Thin Solid Films 515, 5403–5410 (2007).
 30. Meyers, M., Mishra, A. & Benson, D. Mechanical properties of nanocrystalline materials. Prog. Mater. Sci. 51, 427–556 (2006).
 31. Zekonyte, J. & Polcar, T. Friction Force Microscopy Analysis of Self-Adaptive W–S–C Coatings: Nanoscale Friction and Wear. ACS 

Appl. Mater. Interfaces 7, 21056–21064 (2015).
 32. Hermas, A., Morad, M. & Ogura, K. A correlation between phosphorous impurity in stainless steel and a second anodic current 

maximum in H2SO4. Corros. Sci. 41, 2251–2266 (1999).
 33. Gonzalez-Rodriguez, P., van den Nieuwenhuijzen, K. J. H., Lette, W., Schipper, D. J. & ten Elshof, J. E. Tribochemistry of Bismuth 

and Bismuth Salts for Solid Lubrication. ACS Appl. Mater. Interfaces 8, 7601–7606 (2016).
 34. Taylor, T. & Walsh, P. Thermal expansion of MCrAlY alloys. Surf. Coatings Technol. 177–178, 24–31 (2004).
 35. Cedillos-Barraza, O. et al. Sintering behaviour, solid solution formation and characterisation of TaC, HfC and TaC-HfC fabricated 

by spark plasma sintering. J. Eur. Ceram. Soc. 36, 1539–1548 (2016).
 36. Nisar, A., Ariharan, S. & Balani, K. Oxidation behavior of TaC based ultra-high temperature ceramic composites under plasma arc 

jet exposure. Corros. Sci. 109, 50–61 (2016).

Acknowledgements
E. Coy acknowledges the financial support from the National Centre for Research and Development under 
research grant “Nanomaterials and their application to biomedicine”, contract number PBS1/A9/13/2012. W. 
Aperador thanks the financial support from the Universidad Militar Nueva Granada through the contract 
number ING-2100-2016.

Author Contributions
L.Yate deposited the thin films and performed the X.P.S. and A.F.M. analysis. L.E. Coy performed the XRD, 
nanoindentation and nanowear measurements and analysis and W. Aperador performed the corrosion 
measurements and analysis. All authors contributed to the writing and revision of the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03181-2
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-03181-2
http://creativecommons.org/licenses/by/4.0/

	Robust tribo-mechanical and hot corrosion resistance of ultra-refractory Ta-Hf-C ternary alloy films
	Methods
	Materials preparation. 
	Chemical and structural characterization. 
	Mechanical and tribological characterization. 
	Hot corrosion characterization. 

	Results and Discussion
	Microstructure, morphology and chemical composition. 
	Mechanical and tribological properties. 
	Electrochemical properties. 

	Conclusions
	Acknowledgements
	Figure 1 Schematic representation of the high temperature electrochemical cell used for the measurements.
	Figure 2 AFM images of the different Ta-Hf-C alloy films (a) TaC, (b) 70TaC-30HfC, (c) 30TaC-70HfC and (d) HfC.
	Figure 3 High resolution (a) C 1s and (b) Ta and Hf 4 f spectra for the different Ta-Hf-C alloy films showing the evolution of the samples as they change from pure TaC to HfC.
	Figure 4 XRD patterns for the Ta-Hf-C deposited alloy films.
	Figure 5 Load-displacement nanoindentation curves of the Ta-Hf-C films, showing the load and unloading regions of the curves.
	Figure 6 Scanning probe microscopy (SPM) images after nanowear test of the Ta-Hf-C samples.
	Figure 7 Potentiodynamic polarization curves of the Ta-Hf-C samples at 700 °C.
	Figure 8 Surface morphology of the Ta-Hf-C samples after exposure to a mixture of pentoxide vanadium, V2O5, and sodium sulfate, Na2SO4 at 700 °C (a) TaC, (b) 70TaC-30HfC, (c) 30TaC-70HfC, and (d) HfC.
	Table 1 Thickness, RMS roughness obtained from AFM measurements and chemical compositions obtained from XPS.
	Table 2 Hardness, elastic recovery, nanowear and corrosion properties (Ecorr = corrosion potential and Icorr = corrosion current) of the films.




