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Dissolution rates of Ti, Zr, Nb and Ta in acidic ﬂuoride media of different concentrations at various temperatures were measured by
weight loss method, and were complemented by electrochemical measurements at room temperatures. A mathematical model to
estimate the corrosion rate of these four valve metals based on the overall reaction mechanism for metal dissolution as well as H2
evolution is developed from the weight loss experiments. Valve metal dissolution process occurs through two independent
pathways assisted by (HF2)− and equilibrium HF species. Except Ti, the dissolution of other valve metals studied are not
signiﬁcantly inﬂuenced by the H2 evolution reaction. Among the four metals evaluated, Nb offers the best corrosion resistance at
high temperature and high HF concentration. The corrosion resistance of all four valve metals estimated from linear polarization,
electrochemical spectroscopy and Tafel extrapolation in various concentrations of solutions match well. For Ti, dissolution rates
calculated from Tafel extrapolation were lower than those based on weight loss experiments, while for Zr, Nb and Ta, they were
mostly higher than those based on weight loss experiments.
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Titanium (Ti), Zirconium (Zr), Niobium (Nb) and Tantalum (Ta)
are the valve metals that form stable thin oxide layer on the surface
which protects the underlying metals from further corrosion in most
of the harsh environments.1,2 Their superior corrosion resistance
along with the hardness make these metals suitable for various
industrial applications.3 Acidic ﬂuoride media are encountered in
nuclear reprocessing 4,5 and in mud acid treatment of oil-well bores,6
and valve metals and their alloys are recommended as material of
construction in these applications.7–11 Concentrated nitric acid
(11.5 M HNO3) with a small quantity of ﬂuoride ions (0.01 to
0.05 M) is used in fuel dissolver to dissolve spent nuclear fuel
rods.5,12 In other applications, valve metals are deliberately processed in acidic ﬂuoride media, e.g. anodic dissolution of Ti in acidic
ﬂuoride media is used to create self-organized TiO2 nanotubes,13–15
and surface roughness of Nb can be reduced by electropolishing Nb
under anodic conditions in a mixture of HF and H2SO4.16,17
Although valve metals exhibit an excellent corrosion resistance in
most media, they are attacked by acidic ﬂuoride media or concentrated
acids. The extent of corrosion of these valve metals depends on the
solution composition, and in the case of their alloys, the material
composition as well. For example, in boiling nitric acid, Zircaloy-4 is
reported to exhibit higher corrosion resistance than commercially pure
(CP) Ti, Ti-Ta and Ti-Ta-1.8Nb.7 Ti-4Nb-4Zr alloy is also reported to
offer better corrosion resistance than CP Ti, Ti-Ta, Ti-5Ta-1.8Nb and
Ti-2Nb-2Zr in a similar environment.8 Addition Nb to a Ti-Ta alloy
improves the corrosion resistance in concentrated HNO3 even further.4
On the other hand, CP Ti offers better corrosion resistance than
Zircaloy-4 in boiling nitric acid with 50 mM NaF.18 In addition to the
investigations in acidic ﬂuoride media, a few studies report the
corrosion resistance of valve metals and their alloys in other acids
such as hot phosphoric acid,19 hydrobromic acid,20 boiling H2SO4
acid21 and hydrochloric acid.19 Ta and Nb can dissolve in highly
concentrated H3PO4.22,23 Ta is reported to exhibit better corrosion
resistance compared to Nb in hydrobromic acid solution.20 The
corrosion resistance of Nb-Ta alloys was observed to increase with
Ta content in boiling H2SO4 solutions 21 and in hot phosphoric and
hydrochloric acids.19 In non-oxidizing acids (HCl and H2SO4) and
alkali, Zr is reported to show superior corrosion resistance over Ti.24
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The ﬁndings of the above reports can be compiled as follows. Zr offers
better corrosion resistance than Ti in acids without ﬂuoride ions, while
Ti is better suited in acidic ﬂuoride media. Compared to Ti and Zr,
both Ta and Nb is considered to offer better resistance to corrosion in
most acidic environment,25–27 with Ta offering the highest protection.
However, the higher cost and constraints in supply limit the usage of
Ta and Nb in most of the industrial ﬁelds.28 Apart from the cost, high
density of Ta also limits its usage in applications where weight is a
major concern. On the other hand, Ti and Zr ﬁnd several applications
in industry due to their lower cost and density, even though they are
less corrosion resistant than Ta and Nb.
In addition to the above investigations on corrosion, mechanistic
studies of anodic dissolution of these four valve metals in acidic
ﬂuoride media are available in literature. The dissolution of Ti in a
solution of HF + HNO3 was modelled with Ti3+ and TiO2 as
intermediate species.24 A seven step mechanism with three dissolution
pathway was proposed by Prono et al. for the dissolution of Zr in
0.12 M NaF + 7 M HNO3, using the polarization technique.29 Sapra
et al.30 investigated the dissolution of Ta in 2.5 M HF at anodic
conditions using cyclic voltammetry and EIS. Bojinov et al.31 used the
surface charge approach to describe the dissolution of Nb in acidic
ﬂuoride medium. The anodic dissolution mechanism of Ti, Zr, Nb and
Ta in hydroﬂuoric acid has been reported earlier32–38 where a four step
mechanism with two adsorbed intermediate species and two dissolution pathways were proposed. In summary, the corrosion rate of Ti and
Zr and several alloys of valve metals in conc. HNO3 based ﬂuoride
media have been extensively studied, and anodic dissolution mechanism in HF have been reported, but a systematic investigation
measuring the corrosion resistance of these valve metals in acidic
ﬂuoride media, as a function of temperature, is lacking. In view of this,
the corrosion rate of the four valve metals, viz. Ti, Zr, Nb and Ta in
acidic ﬂuoride media is investigated in this work.
In the present study, dissolution of Ti, Zr, Nb and Ta in acidic
ﬂuoride media as a function of nominal HF concentration and
temperature are systematically investigated. Here, the term “nominal
HF concentration” is used to indicate the concentration calculated
without considering the dissociation of HF. In addition, the dissolution rate and polarization resistance (Rp) of Ti, Zr, Nb and Ta at
room temperature in solutions with various HF concentrations were
estimated based on standard electrochemical techniques, viz. Tafel
extrapolation of potentiodynamic polarization (PDP), linear
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polarization (LP) and electrochemical impedance spectroscopy
(EIS). The surface morphology was characterized using scanning
electron microscopy (SEM) and optical surface proﬁler. The
relationship between the dissolution rates of these metals and the
solution species concentration, as well as the temperature, was
developed. Valve metals are evaluated as suitable alloy elements in a
variety of acidic ﬂuoride environment, and these ﬁndings can help
the selection of appropriate valve metal for a given environment.
Experimental
Weight loss experiments.—The weight loss experiments were
performed with Ti (99.2 %), Zr (99.2 %), Nb (99.8 %) and Ta
(99.95 %) metal sheets (Alfa Aesar) of dimension 25 × 25 × 1 mm
(Fig. 1a). Prior to the experiments, both sides of the sheets were
polished with ﬁne grit emery paper and 0.3 μm alumina powder. The
polished sheets were ultrasonicated in ethanol, rinsed in deionized
water and dried with nitrogen gas. A 0.5 mm hole was created near
the top of the sheet by electrical discharge machining and the sheet
was suspended in HF solution by a Teﬂon thread. The temperature of
the HF solution was maintained using a water bath (JULABO F12ED) and a double-walled polypropylene beaker set up. In order to
increase the mass transfer, the solution was continuously stirred by a
magnetic stirrer. In the case of Ti and Zr, the weight loss
experiments were performed for 15 min in solutions of 100 mM or
less nominal HF concentration. In the case of Ta and Nb, they were
performed for 1 h in solutions of 1 M or less nominal HF
concentration. A few weight loss experiments were also conducted
to measure the corrosion rate as a function of time and the results
show that at longer times, the corrosion rate decreases slightly. The
temperature was varied between 30 °C and 60 °C. The dissolution
rates are presented in mmpy (millimetres per year) and obtained
according to Eq. 1.39–41
Dissolution rate (mmpy) =

3.15 ´ 10 8 ´ (m1 - m 2 )
A ´ t ´ rM

very large cathodic over-potential, hydrogen evolution is signiﬁcant.
This leads to the bubbling effect, where the electrode-electrolyte
interface is destroyed and formed in quick succession, and the
effective electrode area ﬂuctuates with time.
EIS measurements were performed by applying a sinusoidal ac
potential of 10 mV (rms) amplitude at OCP. A frequency range of
10 mHz to 100 kHz and 30 mHz to 100 kHz were employed for Ta
and Nb respectively. For Ti and Zr, data below 100 mHz were very
noisy and not repeatable, and hence were not analyzed. All the EIS
data were validated with linear Kramer-Kronig transform (KKT)
software.43 The data were ﬁt to electrical equivalent circuit (EEC)
using ZsimpWin® (Princeton Applied Research, AMETEK, USA).
Equilibrium HF dissociation calculations.—HF is a weak acid
that dissociates partially in aqueous solution and forms multiple
ionic species in equilibrium with each other. The species present in
aqueous HF solutions are H+, F−, HF2-, H2 F3- and equilibrium
HF.44,45 The equilibrium constants for the dissociation HF in
aqueous solution at 25 °C are given in Eqs. 2–4.38,45
K1

+
HF ⟶
⟵H +F

K2

K1 = 6.84 ´ 10-4

HF + F - ⟶
⟵ HF2

K2 = 5

L
mol

mol
L

[2]

[3]

[1]

where m1 and m2 are the mass of the metal sheet before and after
corrosion, respectively. A is the total surface area of the metal sheet
(cm2), ρM is the density of the metal (ρTi = 4.51 g cm−3, ρZr =
6.49 g cm−3, ρNb = 8.6 g cm−3 and ρTa = 16.69 g/cm3) and t is the
immersion time (s).
Electrochemical experiments.—The electrochemical experiments were performed in a conventional three electrode cell with a
5 mm dia metal (Fig. 1b) as working electrodes (all of 99% or higher
purity, Alfa Aesar), an Ag/AgCl in 3.5 M KCl as reference electrode
and a platinum mesh as counter electrode. A RDE setup (Pine
Instruments MSR) was used to rotate the working electrode at an
angular speed of 900 rpm. Prior to each experiment, the electrode
surface was polished using the same method employed to prepare the
samples for weight loss experiment. 1 M Na2SO4 was used as
supporting electrolyte to minimize the solution resistance.
PARSTAT 2263, (AMETEK, USA) was used to carry out the
electrochemical experiments. All the electrochemical experiments
were carried out at room temperature (∼28 °C). Prior to each run,
the open circuit potential (OCP) was allowed to stabilize and the
ﬁnal OCP values are shown in supplementary (Tables A.1–A.3 is
available online at stacks.iop.org/JES/167/081505/mmedia).
Linear polarization data were acquired in a potential range of
±10 mV vs OCP at a scan rate of 0.5 mV s−1. Potentiodynamic
polarization data was acquired at a scan rate of 2 mV s−1. All the
four valve metals exhibit passivation at sufﬁciently large anodic
potentials in HF solutions.32,33,35,36,38,42 Since the Tafel extrapolation cannot be used in the passive region, the polarization data above
the transition potential (peak in the current potential plot) in the
anodic region is not considered for the Tafel analysis. In the cathodic
region, the polarization data up to an over-potential of −150 mV was
used for Ti and Zr, and up to −200 mV was used for Nb and Ta. At

Figure 1. Photograph of the tantalum (a) metal sheet used in weight loss
experiments and (b) rotating disc electrode used in electrochemical experiments.
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K3

HF + HF2- ⟶
⟵ H2 F3

K3 = 0.58

L
mol

[4]

The dependency of equilibrium constants on temperature (T) was
also accounted for as shown in Eq. 5.46
⎛ -DG ⎞
KEQ = exp ⎜
⎟
⎝ kB T ⎠

[5]

less unaffected by the addition of H2SO4 (Fig. 3d). In all these cases,
it was observed that the extent of increase or decrease in the
dissolution rate also depends on the temperature.
Equilibrium species concentrations.—ΔG corresponding to the
equilibrium constants of the dissociation steps (Eqs. 2 to 4) can be
calculated using Eq. 5, and the equilibrium constants can be
expressed as

Here ΔG is the Gibbs free energy and kB is the Boltzmann
constant. ΔG is assumed to be constant over the temperature range
studied. Except for ﬂuoride ion, concentrations of all other species
increase with an increase in nominal HF concentration. When the
predictors are correlated, it is challenging to unambiguously identify
the species involved in the valve metal dissolution process. To break
the predictor correlation, experiments were also conducted in HF
solutions with addition of H2SO4 or KF.32,33,35,38,42
Surface characterization.—The surfaces of the bare metal and
corroded samples used in the weight loss experiments, under the
least and the most corrosive conditions as described in the results
and discussion, were characterized using SEM and optical surface
proﬁle 3D images. The SEM examination was performed in Inspect
F50 (FEI), which is a ﬁeld emission gun based high resolution
scanning electron microscope. 3D images of the corroded metal
surfaces were acquired using optical proﬁler (Bruker 3D Noncontact Proﬁler Contour GT) to measure the surface roughness in
a sampling area of 582 μm × 436 μm.
Results and Discussion
Weight loss experiment.—Figure 2 shows the rates of dissolution
of Ti, Zr, Nb and Ta metals as a function of temperature and
concentration as measured by weight loss experiments. Markers
represent the experimental data and lines represent the model
prediction, described in a later section. Since the corrosion resistance
of Ti and Zr are lower than that of Nb and Ta, the weight loss
experiments for Ti and Zr were limited to low concentrations of HF
solutions. It is obvious that the corrosion resistance of Nb and Ta to
attack by HF is much better than that of Ti and Zr. Even in relatively
dilute solutions, Ti and Zr exhibit corrosion rates of a few hundred
mmpy, while Nb and Ta in concentrated solutions exhibit corrosion
rates of a few mmpy. The rate of dissolution of these metals
increases with an increase in temperature as well as an increase in
HF concentration, as expected.
A comparison of Figs. 2c and 2d shows that compared to Nb, the
dissolution of Ta is more sensitive to temperature. The dissolution
rates of Nb and Ta increase by factors of approximately 2 and 4,
respectively, upon increasing the temperature from 30 °C to 60 °C. In
literature, Ta is considered as a better corrosion resistant metal than
Nb, in most of the acidic media.19,27,47 For example, in HBr solution,
Ta is reported to offer better corrosion resistance compared to Nb.20
The corrosion resistance of Nb-Ta alloys were reported to increase
with Ta content, in boiling sulfuric acid solutions,21 as well as in hot
phosphoric and hydrochloric acids.19 The current study shows that Nb
offers better corrosion resistance than Ta at high temperature and high
HF concentration. The dissolution rate of Ta in 1000 mM HF solution
at the highest temperature of 60 °C is ∼2 times higher than that of Nb.
However, if the temperature or the nominal HF concentration is low,
Nb dissolves at a higher rate than Ta.
Figures 3a–3d show the dissolution rates of Ti, Zr, Nb and Ta
respectively with the addition of KF or H2SO4, as a function of
temperature. The dissolution rates of all four valve metals increase
with the addition of KF to HF solution, at all the temperatures
studied. A comparison of Figs. 3a and 3c show that for Ti and Nb,
addition of H2SO4 results in a decrease in the dissolution rates.
Fig. 3b shows that in the case of Zr, addition of H2SO4 results in an
increase in dissolution rate, whereas Ta dissolution rate is more or

⎛ -2172 ⎞
⎟
K1 = exp ⎜
⎝ T ⎠

[6]

⎛ 480 ⎞
⎟
K2 = exp ⎜
⎝ T ⎠

[7]

⎛ -162 ⎞
⎟
K3 = exp ⎜
⎝ T ⎠

[8]

The concentration of each species at various nominal HF
concentration and temperatures were calculated using Eqs. 2–8
and are shown in Fig. 4. and are also listed in supplementary
Tables A.IV–A.VI.
Figure 4a shows the variation of concentration of equilibrium HF as
a function of temperature and nominal concentration of HF. At a given
nominal HF concentration, an increase in temperature causes more
dissociation of HF and hence there is a small decrease in the equilibrium
HF concentration. Figures 4b–4e show that the concentrations of all the
HF dissociated species (except ﬂuoride ions) continuously increase with
nominal HF concentration. In the case of ﬂuoride ions (Fig. 4c), at any
given temperature, the F- concentration increases to a maximum value
and then decrease slightly with an increase in the nominal HF
concentration. For a speciﬁc nominal concentration of HF, an increase
in temperature results in an increase in the concentrations of H+, F−,
HF2 and H2 F 3 as seen in Figs. 4b–4e. The variations in equilibrium
concentration of HF dissociated species with the addition of KF/H2SO4
are shown in supplementary (Figs. A.1–A.3).
Correlation of dissolution rates with solution species.—The
dissolution of Ti, Zr, Nb and Ta is assumed to occur via a single step
reaction (Eq. 9).
⎧ n = 4, for Ti and Zr ⎫
k1
n+
⎬
+ ne- ⎨
M ⟶ Msol
⎩ n = 5, for Nb and Ta ⎭

[9]

Here, M is the metal, n is the number of electrons released during
the dissolution of metal and k1 is the rate constant. The rate constants
to the temperature by Arrhenius expression, i.e.
ki are related
-E i
k i = k i0 e RT , where ki0 is the pre-exponential, Ei is the corresponding activation energy, R is the universal gas constant and T
is the temperature. Initially, an attempt was made to correlate the
metal dissolution rate with species concentration in HF solution
using the expression shown in Eq. 10, i.e.
Rate of dissolution of M = (k1 [X ]a )

[10]

where X is any one of the HF dissociated species, and α is the
corresponding exponent. When data presented in Fig. 2 and Fig. 3
were analyzed together, the model described in Eq. 10 could not
successfully capture the dissolution trend observed in the weight loss
experiment. Therefore, metal dissolution via two parallel pathways
was evaluated (Eq. 11).
k

1
n+
M ⟶ Msol
+ ne- ⎧ n = 4, for Ti and Zr ⎫
⎨
⎬
k2
⎩ n = 5, for Nb and Ta ⎭
n+
M ⟶ Msol
+ ne-

[11]

It is known that the anodic dissolution of these metals in HF
solutions occurs via two parallel dissolution pathways, and hence
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Figure 2. Dissolution rates of (a) Ti, (b) Zr, (c) Nb and (d) Ta in solutions with varying concentrations of HF, as a function of temperature. Markers represent the
experimental data and the dotted lines represent the model ﬁt described in Eq. 15. Error bars show the standard deviation in the experimental data.

this is not completely unexpected.33,35,38 The two parallel pathways
for the dissolution correspond to the attack of two different HF
dissociated species in the aqueous solution and the corresponding
expression is given in Eq. 12.
Rate of dissolution of M = (k1 [X ]a + k 2 [Y ]b )

[12]

Here k1 and k2 are the rate constants, X and Y represent possibly
two different HF dissociated species, and α and β are corresponding
exponents. While this expression could model the dissolution rates
of Zr, Nb and Ta successfully with the combination of equilibrium
HF and HF2 species (i.e. X = HF and Y = HF 2 ), Ti dissolution rates
could not be captured well by this model. To successfully model the
results, we propose that hydrogen evolution reaction (HER) should
also be accounted for in the calculations, as described below.

Metal dissolution in acid is associated with simultaneous evolution
of hydrogen, as shown in Eq. 13. It is known that both metal
dissolution and H2 evolution are complex processes.48 Here, a general
empirical correlation between the dissolution rate and species concentrations as well as temperature is sought, and hence the metal
dissolution and H2 evolution reactions are analyzed by assuming
simple anodic and cathodic reactions. Let ψ be the steady state
fractional surface of the metal on which the hydrogen evolution takes
place for a given temperature and concentration of solution. The metal
dissolution would occur from the remaining (1−ψ) fractional surface
area. The overall mechanism of H2 evolution is given in Eq. 13 and
the rate of evolution of H2 per unit geometric area of the metal, is
given in Eq. 14, where k3 is the rate constants for H2 evolution.
k3

2 H+ + 2 e- ⟶ H2

[13]
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Figure 3. Dissolution rates of (a) Ti, (b) Zr, (c) Nb and (d) Ta in solutions of HF with and without KF/H2SO4, as a function of temperature. Markers represent
the experimental data and the dotted lines represent the model ﬁt described in Eq. 15. Error bars show the standard deviation in the experimental data.

Rate of H2 evolution = yk3 [
=

H+ 2
]

-E3
y (k30 e RT [H+]2 )

[14]

In Eq. 14, E3 is the activation energy for the HER and k30 is the
corresponding pre-exponential factor.
The metal dissolution rate can then be written as
Rate of dissolution of M = (1 + k 20 e

-E1
y )(k10 e RT [HF ]a

-E 2
RT [HF2 ]b )

[15]

where E1 is the activation energy for the metal dissolution assisted
by equilibrium HF and k10 is the corresponding pre-exponential
factor; E2 is the activation energy for the metal dissolution assisted

by HF2 and k20 is the corresponding pre-exponential factor. The
value of ψ is obtained by equating the number of electrons released
in metal dissolution reaction with the number of electrons consumed
by HER. i.e.
Rate of H2 evolution =

n
´ Rate of dissolution of M
2

[16]

which leads to
n
(k1 [HF ]a + k 2 [HF2-]b )
2
y= n
(k1 [HF ]a + k 2 [HF2-]b ) + k3 [H+]2
2

[17]

The model predicted dissolution rates, based on the Eq. 15, are
shown as dashed lines in Figs. 2 and 3 and it is seen that they match
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Figure 4. Concentration of various HF dissociated species as a function of temperature and nominal HF concentration. (a) Equilibrium HF, (b) H+, (c) F -, (d)
HF2- and (e) H2 F3-.

the experimental results well. The best ﬁt parameters extracted from
the model, along with 95% conﬁdence intervals, are given in Table I.
The results show that the conﬁdence in the activation energies is
poor in some cases, and this is likely due to the limited number of
data available for the analysis. The activation energy of HER (E3) is
very low with very poor conﬁdence. This essentially indicates that

the HER activation energy predicted here cannot be taken as the true
value. Since the reaction rate is very fast even at 30 °C as per this
estimate, it is not possible to determine the activation energy and
pre-exponent accurately, and there are cases where the activation
energy can be close to zero for very fast reactions.49 Further
experiments and analyses are required for a more accurate estimation

Metal
Ti
Zr
Nb
Ta

k10 (mol1−α cm−2 s−1 lα)

k20 (mol1−β cm−2 s−1 lβ)

4.76 × 10 (1.80 × 10 to
1.26 × 100)
3.05 × 10−3 (8.71 × 10−5 to
1.07 × 100)
2.30 × 10−10 (4.05 × 10−12
to 1.31 × 10−8)
1.09 × 10−2 (1.28 × 10−3 to
9.29 × 10−2)

3.33 × 10 (2.44 × 10
to 4.55 × 10−3)
1.69 × 10−1 (1.32 × 10−4
to 2.15 × 102)
2.50 × 10−6 (5.72 × 10−7
to 1.10 × 10−5)
2.85 × 10−5 (2.31 × 10−9
to 3.52 × 10−1)

−2

−3

−5

−7

k30 (mol−1 cm−2 s−1 l2)
2.60 × 10 (3.53 × 10
to 1.92 × 102)
9.99 × 102 (0 to ∞)
−1

1.00 × 100 (0 to ∞)
1.88 × 10−3 (0 to ∞)

−4

E1 (KJ
mol−1)

E2 (KJ
mol−1)

28.84 (21.07
to 39.49)
21.74 (0 to ∞)

10.26 (2.76 to
38.12)
1.00 × 10−3
(0 to ∞)
22.72 (18.85
to 27.40)
20.24 (8.31 to
49.32)

1.00 × 10−3
(0 to ∞)
43.96 (38.72
to 49.91)

E3 (KJ
mol−1)
1.01
(0
1.83
(0
1.00
(0
1.41
(0

×
to
×
to
×
to
×
to

10
∞)
10−3
∞)
10−3
∞)
10−3
∞)
−3

α

β

0.96 (0.77
to 1.14)
0.87 (0.41
to 1.33)
1.87 (0.99
to 2.76)
1.75 (1.34
to 2.15)

0.45 (0.29 to
0.61)
2.27 (1.51 to
3.02)
0.17 (0.12 to
0.23)
1.49 (−0.07
to 3.04)
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Table I. Kinetic parameters used to model the dissolution of Ti, Zr, Nb and Ta shown in Figs. 2a–3b based on the metal dissolution expression given in Eq. 15. 95% conﬁdence interval of the estimated
parameters are given in parenthesis.
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of HER on Ta, and they are beyond the scope of this work.
Nevertheless, it is seen that the activation energy (E1) of one Ta
dissolution pathways is larger than the activation energies of other
metal dissolution pathways, thus leading to higher sensitivity of Ta
dissolution rate to temperature.
A pictorial representation of the metal dissolution is shown in
Fig. 5. The proposed model indicates that both HF2 and equilibrium
HF assist the dissolution of metal via two parallel pathways. The
cathodic reaction, viz. H2 evolution reaction that occurs in parallel is
also shown in the pictorial. The steady state fractional surface area
utilized by HER (ψ) as a function of temperature and HF
concentrations for Ti, as predicted by the model, are shown in
Fig. 6. HER rate would increase as the nominal HF concentration
increases, and hence less area would be required for the HER to
occur to a sufﬁcient extent to provide the electrons required for the
metal dissolution reaction. In the case of Zr, Nb and Ta, the values of
ψ were well below 10−3 in pure HF solutions and 10−1 in solution
with KF/H2SO4 additives (Supplementary Figs. A.4 and A.5),
whereas, in the case of Ti, especially in solution with KF
(Fig. 6b), ψ varies from 0.3 to 0.45. Thus, for Zr, Nb and Ta,
Eq. 15 can be very well approximated by Eq. 12, while for Ti, the
effect of ψ could not be neglected. This essentially indicates that the
HER is much more rapid on Zr, Nb and Ta, compared to that on Ti.
Thus, there are two dissolution processes, one assisted by equilibrium HF and another assisted by HF2 and the dissolution rate by
each process can be described by the Eqs. 18 and 19.
Rate of dissolution of M by equilibrium HF
= (1 - y )(k10 e-E1 RT [HF ]a )

[18]

Rate of dissolution of M by HF2
= (1 - y )(k 20 e-E 2

RT [HF -]b )
2

[19]

In pure HF solutions, an increase in nominal HF concentration
results in an increase in the concentration of both equilibrium HF as
well as HF2 and hence the dissolution rate assisted by these species
increases, as shown in supplementary (Fig. A.6). Addition of H2SO4,
increases the concentration of equilibrium HF and decreases that of
HF2 (Tables A.4 to A.6) and hence the rate of dissolution of all the
four metals assisted by equilibrium HF increases while that of the
process assisted by HF2 decreases (Fig. 7 and Supplementary Fig.
A.7). On the other hand, at high nominal HF concentrations, addition
of KF decrease the concentration of equilibrium HF and increase the
concentration of HF2 (Table A.6). Therefore, for Ta and Nb, the rate
of dissolution by the process assisted by equilibrium HF decreases
and that of the process assisted by HF2 increases (Supplementary
Fig. A.7). At low nominal HF concentrations, addition of KF
increases the concentration of equilibrium HF and HF2
(Supplementary Tables A.4 and A.5). The dissolution rates of Ti
and Zr associated with equilibrium HF and HF 2 as a function of
temperature with and without KF/H2SO4, as predicted by the model,
are shown in Fig. 6. In the cases of Zr, the slight increase in
concentration equilibrium HF with the addition of KF more than
compensates for the decrease in the fractional surface coverage for
metal dissolution process (Supplementary Fig. A.5a shows the
fractional surface for HER) and results in an increase in the
dissolution process assisted by equilibrium HF (Fig. 7c). Similarly,
the effect of increase in the concentration of HF2 with the addition

Figure 5. Pictorial representation of metal dissolution based on the proposed model.
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It is also worth noting that while Fig. 7d indicates that the rate of
dissolution of Zr via the process assisted by HF2 decreases with
temperature, it is mainly because of the change in fractional surface
coverage of the HER with temperature, and that it does not indicate
that the activation energy of the process is negative.

Figure 6. Model prediction of the fractional surface used by H2 evolution
reaction as a function of temperature and nominal HF concentrations, for Ti
(a) pure HF solutions (b) with and without KF/H2SO4.

of KF on the dissolution process assisted byHF2 , dominates over the
effect of the decrease in the fractional surface for metal dissolution
process (Fig. 7d). On the other hand, the decrease in the fractional
surface coverage for Ti metal dissolution process with the addition
of KF is large (Fig. 6b); when combined with the slight increase in
the concentration of equilibrium HF with the addition of KF
(Supplementary Table A.4), the net result is a decrease in the
dissolution process assisted by equilibrium HF (Fig. 7a). The
dissolution process of Ti assisted by HF2 follows the same trend
exhibited by Zr (Fig. 7b).

Surface characterization.—Figures 8a and 8b show the 3D
images of Ti metal after the immersion in lowest and highest
corroding conditions studied. The 3D image of bare Ti metal before
immersion, as well as those of Zr, Nb and Ta, before and after
immersion in the lowest and the highest corroding conditions are
presented in supplementary (Supplementary Figs. A.8 and A.9).
Figure 8 shows that the attack of HF on Ti metal results in a large
increase in the surface roughness.
The average roughness of Ti, Zr, Nb and Ta under the highest
and the lowest corroding conditions were calculated and are listed in
Table II. The initial surface roughness of the bare metal, prepared by
the polishing procedure described in the experimental section, is in
the range of 36–55 nm. In the case of Ti, exposure to the acidic
ﬂuoride media increases the roughness by ∼9 and 37 times
corresponding to the lowest and the highest corrosion conditions
respectively. The corresponding increase is ∼5 and 6 times
respectively for Zr. It is known that Ti and its alloys are attacked
by HF acid and pitting may occur even at low concentration.50,51 Zr
is known to be even less resistant than Ti, to attack by acidic ﬂuoride
media.52 Pitting and attack at grain boundaries will result in nonuniform corrosion and a large increase in surface roughness. With
regard to Nb, corrosion by HF increased the roughness only slightly
and the ﬁnal roughness was more or less independent of the HF
concentration and temperature. In certain cases, metal surface can be
electropolished to reduce the surface roughness, and Nb electropolishing has been done in acidic ﬂuoride media,16,17 albeit the
electrolyte contained oxidizers as well. In other studies, a mixture of
phosphoric, hydroﬂuoric, and nitric was used to etch away damaged
Nb surface with 100 μm or more roughness.53,54 Even though the
conditions are not exactly the same as those employed in the present
study, Nb dissolution in acidic ﬂuoride media with suitable
additives, is reported to reduce the surface roughness. Thus, it is
not surprising that the Nb surface roughness did not increase as
much as that of Ti or Zr in HF. Ta also exhibited only a slight
increase in roughness due to corrosion. These results essentially
indicate that the corrosion process is uniform for Nb and Ta, and that
pitting does not occur.
Figures 9a and 9b show the SEM images of Ti metal after the
immersion in lowest and highest corroding conditions studied.
Patches of metal oxide layers are seen in Fig. 9a and large rough
features are seen in Fig. 9b. The attack is severe in both cases and it
is obvious that the corrosion leaves a rough Ti surface. SEM images
of bare metals are shown in supplementary (Fig. A10). For Zr
immersed in HF too, SEM images show severe attack and surface
with oxide ﬁlms (Supplementary Figs. A.11a and A.11b). On the
other hand, for Nb (Figs. A.11c and A.11d) and Ta (Figs. A.11e and
A.11f) the surface is smooth. In the case of Nb, at high concentration
and temperature, the grain boundaries are attacked more than other
areas. No such clear marking is seen in the SEM images of Ta
attacked by HF (Figs. A.11e and A.11f).
Electrochemical techniques for the corrosion analysis.—
Impedance measurements.—The impedance spectra of Ti in various
concentrations of HF and with the addition of KF/H2SO4 are shown
as complex plane plots in Figs. 10a and 10b respectively. The
impedance data was validated using KKT (results not shown), and
were ﬁt to and equivalent Maxwell circuit of Rsol(QRp (C1R1)
(C2R2)) shown in Fig. 11 to extract the Rp value. The experimental
data are shown as markers and the EEC model ﬁt are shown as
dotted lines. Here, Rsol, Q and Rp represent the solution resistance,
constant phase element (CPE) and polarization resistance respectively. Although the complex plane plots of Ti show only two visibly
distinguishable capacitive loops, a Maxwell element (C2R2), was
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Figure 7. Model prediction of the dissolution rates of metal associated with equilibrium HF and HF2- as a function of temperature in solutions of HF with
KF/H2SO4. (a) Ti dissolution assisted by equilibrium HF, (b) Ti dissolution assisted by HF2-, (c) Zr dissolution assisted by equilibrium HF and (d) Zr dissolution
assisted by HF2-.

Table II. Average roughness of Ti, Zr, Nb and Ta from surface proﬁler data.
Average roughness, Ra(μm)
Condition
Bare metal
10 mM HF at 30 °C for 15 min
100 mM HF at 60 °C for 15 min
5 mM HF at 30 °C for 15 min
30 mM HF at 60 °C for 15 min
250 mM HF at 30 °C for 1 h
1000 mM HF at 60 °C for 1 h

Ti

Zr

Nb

Ta

0.043
0.379
1.590
—
—
—
—

0.052
—
—
0.258
0.315
—
—

0.055
—
—
—
—
0.069
0.071

0.036
—
—
—
—
0.045
0.037
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Figure 8. Surface proﬁle of Ti corroded in (a) 10 mM HF at 30 °C and
(b) 100 mM HF at 60 °C for a period of 15 min.

used since a circuit without that resulted in a poor ﬁt. The impedance
spectra of Zr and Ta shows three loops, a high frequency capacitive
loop, a mid-frequency capacitive loop and a low frequency inductive
loop in most of the solutions studied (Supplementary Figs. A.12 and
A.13), and the results were modeled using the circuit shown in
Fig. 11. For Zr in 30 mM HF solution, the low frequency inductive
loop did not manifest. In the case of Nb, the impedance spectra
exhibit a single loop, which is actually a depressed semi-circle, in all
HF concentrations studied (Supplementary Figs. A.12b and A.13b).
The Rp values were extracted from EEC model results. The OCP
stabilization time was 15 min for Ti and Zr, and 30 min for Nb and
Ta and all the electrochemical experiments were conducted after
OCP stabilization. A few experiments were conducted after longer
wait times, and the results (not shown) indicated that the polarization
resistance increased slowly over time, implying that the corrosion
rates will be slightly lower at longer times. This and the weight loss
experiment results indicate that the surface may get passivated
slowly over time and the corrosion rate would decrease at longer
times.
Linear polarization.—The expression for estimating the Rp value
from Stern–Geary equation55 for a potential range close to Ecorr,
where the current density-potential relation would be linear, is
modiﬁed when the Rsol is signiﬁcant56 and is given by Eq. 20.

Figure 9. SEM images of Ti corroded in (a) 10 mM HF at 30 °C and
(b) 100 mM HF at 60 °C for a period of 15 min.

R sol + R p =

1
(E - Ecorr )
i corr

[20]

Figure 12 shows the linear polarization curves of Ti in various
concentrations of HF (Fig. 12a) and with the addition of KF/H2SO4
(Fig. 12b). The Rp values were calculated by taking the inverse of
the slope of current vs potential data obtained from the linear ﬁt. The
linear polarization curves of Zr, Nb and Ta are shown in supplementary Figs. A.14 and A.15. If the current potential diagram is not
linear, a quadratic equation may be used to model the data and Rp
value can be extracted from the appropriate co-efﬁcient.57 In this
study, all the linear polarization data were modelled well by straight
lines, and ﬁtting it to quadratic equation did not result in any change
in the estimated Rp values.
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Potentiodynamic polarization.—The corrosion parameters (icorr,
βa and βc) were estimated from the Tafel extrapolation of polarization data. The Tafel equations for anodic and cathodic current are
given in Eqs. 21 and 22 respectively.58
Anodic currenti, ia = i 0 e h

ba

Cathodic current, ic = -i 0 e-h

[21]
bc

[22]

where η is the over-potential applied, βa and βc are anodic and
cathodic slopes respectively. If the solution resistance (Rsol) is not
negligible, Eqs. 23 and 24 should be used to calculate the anodic and
cathodic currents.59,60
ia = i corr [e (h - (iT ´ Rsol ))
i c = i corr [e-(h - (iT ´ Rsol ))

ba ]

[23]

bc ]

[24]

The total current is given by the sum of anodic and cathodic
currents (Eq. 25)
iT = ia + i c

[25]

The Rsol values were estimated from EEC modeling of the
impedance spectra and substituted in Eqs. 23 and 24.
Figure 13 show the potentiodynamic polarization curves of Ti in
various concentrations of HF and with the addition of KF/H2SO4.
The potentiodynamic polarization curves of Zr, Nb and Ta are
shown in supplementary Figs. A.16 and A.17. The corrosion
parameters of all four metals in different concentration of HF
solutions were estimated using Taf-Sol61 software, which uses a
non-linear least squares optimization code written in MATLAB®, to
ﬁt the experimental polarization data to Eq. 24. The Rp values were
then estimated using the Eqs. 26 and 27.62,63
Rp =

b=
Figure 10. Complex plane plots of impedance spectra of Ti in various acidic
ﬂuoride media. (a) Pure HF solutions (b) with and without KF/H2SO4.
Markers represent the experimental data and dashed lines represent the EEC
ﬁt.

b
i corr

ba bc
ba + bc

[26]

[27]

The icorr values calculated from Tafel extrapolation of PDP, the
Rp values estimated from EIS, LP and Tafel extrapolation of PDP are
summarized and discussed in the following section.

Figure 11. Equivalent circuit used to model the EIS spectra of Ti, Zr, Nb and Ta dissolving in various acidic ﬂuoride media.
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Figure 12. Linear polarization curves of Ti in various concentration of HF
solutions. (a) Pure HF solutions (b) with and without KF/H2SO4. The
potential was scanned at a rate of 0.5 mV s−1.

Comparison of Rp values.—Figure 14 shows a comparison of Rp
values of Ti, Zr, Nb and Ta in various acidic ﬂuoride media,
estimated from LP, Tafel extrapolation and EIS analysis. A very
good match was obtained for Rp values estimated from these
techniques. In general, the conﬁdence interval of Rp estimated
from EIS is very good, that of Rp estimated from LP is mostly
good and that of Rp estimated from Tafel extrapolation varies from
poor to good. The estimated Rp values of all four metals decreases
with an increase in HF concentration, which is along the expected

Figure 13. Potentiodynamic polarization curves of Ti in various concentration of HF solutions. (a) Pure HF solutions (b) with and without KF/H2SO4.
The potential was scanned at a rate of 2 mV s−1.

lines (Fig. 14). With addition of KF, the Rp value decreases for all
the four metals. On the other hand, addition of H2SO4 results in an
increase in the Rp value of Ti, Zr and Ta and a decrease in that of Nb.
A comparison of Figs. 13c and 13d show that the Rp values of Ta
estimated from all three techniques are higher than that of Nb in any
concentration of HF studied at room temperature. This matches well
with the trends seen in weight loss experiments at 30 °C.
The dissolution rate of all the four metals in millimetres per year
(mmpy) at room temperature (∼28 °C) were estimated from the icorr
values as given by Eq. 28.41
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Figure 14. Comparison of Rp values of (a) Ti, (b) Zr, (c) Nb and (d) Ta, estimated from LP, Tafel extrapolation and EIS in various concentrations of HF and with
the addition of KF/H2SO4. Error bars show 95% conﬁdence interval in the estimated Rp values.

3.15 ´ 10 8 ´ i corr ´ MM
Dissolution rate (mmpy) =
n ´ F ´ rM

[28]

where icorr is the corrosion current density (A cm−2), MM is the
atomic weight of the metal (MTi = 47.87 g mol−1, MZr = 91.22 g
mol−1, MNb = 92.91 g mol−1 and MTa = 180.95 g mol−1), n is the
number of electrons, and F is Faraday’s constant (96485 C mol−1).
Figures 15a–15d show the comparison of dissolution rate of all the
four metals obtained from icorr values (i.e. from Tafel extrapolation of
polarization data) and weight loss experiments in various acidic
ﬂuoride media, at room temperature. For all the four metals, the
trends do match in most solutions, but the match is not quantitative. It

is known that Tafel extrapolation can overestimate the dissolution rate,
as reported in the study of dissolution of Nb in sulfuric and
hydrochloric acids.64 In a few cases, Tafel extrapolation can underestimate the dissolution rate,65 i.e. the dissolution rate estimated from
Tafel extrapolation and weight loss do not always match well.66 The
dissolution rate estimated from the weight loss experiments is more
accurate since it gives the actual weight change.67 Figure 15a shows
that for Ti, the dissolution rates predicted by Tafel extrapolation is
always lower (∼40%) than those obtained from weight loss experiments, and Fig. 15b shows that, for Zr, it is (∼85%) higher than those
obtained from weight loss experiments, with the exception of Zr
dissolving in 10 mM HF + 10 mM KF. On the other hand, Figs. 15c
and 15d show that the dissolution rates of Nb and Ta are in the same
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Figure 15. Comparison of weight loss values estimated from Tafel extrapolation and weight loss experiment for (a) Ti, (b) Zr, (c) Nb and (d) Ta in various
concentrations of HF with and without additives (KF or H2SO4).

order of magnitude and dissolution rates estimated from Tafel
extrapolation are up to ∼6 to 7 times higher than those obtained
from weight loss experiments. These results also indicate that even
when the electrochemical results are consistent within themselves as
seen by comparable Rp values, the icorr values may not provide an
accurate estimate of the dissolution rate. It is not clear why corrosion
rates estimated from icorr are higher than the weight loss measurements
in certain metal/media combinations and lower in others, but the
results were quite reproducible. A few potentiodynamic experiments
conducted at higher rpm (1200) showed that icorr was either
independent of rotational speed or it increased slightly, depending
on the material chosen. Thus, discrepancy between corrosion rates
estimated by electrochemical experiments and measured by weight
loss experiments would be even more.
From the number of loops or time constants in the complex plane
plots of impedance spectra, as well as from previous reports of anodic
dissolution of these valve metals,36–38,42 it is expected that the
dissolution of these four valve metals in acidic ﬂuoride media would
be a complex process, with multiple steps and intermediate species.
Hydrogen evolution reaction is also known to be a multistep reaction.
Tafel extrapolation assumes single step electron transfer reactions in
anodic and cathodic regions, and violation of this assumption is one
possible reason for the discrepancy observed between the dissolution
rate predictions obtained by Tafel extrapolation and weight loss

experiments. The difference in the ﬂow pattern of solution around
the metal during the electrochemical and weight loss experiments
could be another possible reason. Literature also reports that in weight
loss experiments, corrosion products may form on the surface and
prevent further dissolution, and this may not occur in PDP experiments due to the relatively shorter duration of the experiments.64
However, in this study, the duration of PDP experiments and weight
loss experiments were of similar order, and hence this hypothesis can
be eliminated.
Conclusions
The corrosion behaviour of Ti, Zr, Nb and Ta in hydroﬂuoric acid
was investigated using weight loss experiments as well as electrochemical experiments. The major conclusions from the present study
are summarized below.
1. Dissolution rates measured using weight loss experiments show
that Ta dissolution is more sensitive to temperature than Nb
dissolution process. The high temperature sensitivity of Ta
dissolution process results in a faster dissolution rate of Ta
(∼4 mmpy) than Nb (∼2 mmpy), at high temperatures (⩾50 °C)
and high HF concentrations (⩾750 mM). Ti and Zr dissolves at
fast rates even in low concentrations (⩽100 mM) of HF.
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2. To describe the dissolution process of valve metals in acidic
ﬂuoride media, it is important to account for the area required for
the corresponding cathodic reaction, viz. HER. In the case of Zr,
Nb and Ta, the HER is a few orders of magnitude faster than the
anodic process and hence this effect can be neglected. On the other
hand, in the case of Ti dissolving in solutions with 25 mM HF and
25 mM KF, the rate of HER is of the same order of magnitude as
the anodic process, and hence the effect cannot be neglected.
3. Equilibrium HF and HF2 species assist the dissolution of valve
metals. In the case of Ti and Zr, dissolution assisted by
equilibrium HF is signiﬁcantly more than that assisted by
HF2 species.
4. The activation energies of Zr dissolution by HF2 and Nb
dissolution by equilibrium HF are negligible, and these dissolution processes are more or less independent of temperature.
5. Ta dissolution by equilibrium HF has a high activation energy
(∼44 kJ mol−1) and this is the reason for higher Ta dissolution
rate compared to Nb dissolution rate in high HF concentrations
and high temperatures.
6. The Rp values of all the four metals estimated from LP, EIS and
Tafel analysis match well.
7. Ti corrosion rates estimated from Tafel extrapolation are (on the
average ∼40%) less than those obtained from weight loss experiments, while those were (on the average ∼85%) higher for Zr (with
the exception in 10 mM HF + 10 mM KF). Nb and Ta corrosion
rates estimated from Tafel extrapolations (with the exception of Ta
dissolution in 500 mM HF + 250 mM KF) are up to 6 to 7 times
higher than those obtained from weight loss experiments.
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