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ABSTRACT The generation of potentially corrosion-resistant films on light metal alloys of magnesium have been investigated.
Magnesium alloy, ZE41 [Mg—Zn—Rare Earth (RE)-Zr, nominal composition ~4 wt % Zn, ~1.7 wt % RE (Ce), ~0.6 wt % Zr, remaining
balance, Mg], was exposed under potentiostatic control to the ionic liquid trihexyl(tetradecyl)phosphonium diphenylphosphate, denoted
[Pe6.6,14][DPP]. During exposure to this IL, a bias potential, shifted from open circuit, was applied to the ZE41 surface. Electrochemical
impedance spectroscopy (EIS) and chronoamperometry (CA) were used to monitor the evolution of film formation on the metal surface
during exposure. The EIS data indicate that, of the four bias potentials examined, applying a potential of =200 mV versus OCP during
the exposure period resulted in surface films of greatest resistance. Both EIS measurements and scanning electron microscopy (SEM)
imaging indicate that these surfaces are substantially different to those formed without potential bias. Time of flight-secondary ion
mass spectrometry (ToF-SIMS) elemental mapping of the films was utilized to ascertain the distribution of the ionic liquid cationic
and anionic species relative to the microstructural surface features of ZE41 and indicated a more uniform distribution compared with
the surface following exposure in the absence of a bias potential. Immersion of the treated ZE41 specimens in a chloride contaminated
salt solution clearly indicated that the ionic liquid generated surface films offered significant protection against pitting corrosion,

although the intermetallics were still insufficiently protected by the IL and hence favored intergranular corrosion processes.
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INTRODUCTION
ecent intensive research efforts into the unique

properties and applications of ionic liquids (1, 2)

have led to the discovery that certain ionic liquids
can form a surface film on reactive metals such as lithium,
aluminum, magnesium, and their alloys (3—5). Magnesium
and its alloys have become critical in a wide variety of
engineering applications in the infrastructure, transporta-
tion, automotive, aerospace, and electronic industries (6)—
areas in which magnesium’s high strength-to-weight ratio
can be utilized (7). Despite their desirable properties, the
widespread use of magnesium-based alloys is limited be-
cause of poor corrosion resistance (8), and much effort is
devoted to finding ways to improve the corrosion perfor-
mance of these materials (9—12).

The specific alloy of interest in this work, ZE41, is a
Mg—Zn—RE—Zr-based alloy, and is commonly used in
aerospace applications such as aircraft gear-box and genera-
tor housings, particularly in military helicopter components
because of its lightweight and high temperature mechanical
properties (13, 14). In the age-hardened condition, the ZE41
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microstructure is composed of an o-Mg matrix, with finely
distributed f-phase particles (15), and a eutectic T-phase
(Mg;ZnsRE) distributed at the grain boundaries. A Zr—Zn-
rich zone of intermetallic particles, which results from the
addition of Zr as a grain refiner, is also present within the
central regions of the a-Mg grains (15). These characteristic
microstructural features play a significant role in the corro-
sion of ZE41 alloy, with the Mg;ZnsRE (T-phase) having been
shown to act cathodically with respect to the a-Mg grains,
facilitating corrosion of this latter phase (15). The micro-
structural and compositional heterogeneity of the ZE41
surface is in large part responsible for its high susceptibility
to corrosion (16), and also the difficulty in forming uniform
protective films. Ionic liquid treatments to generate corro-
sion protective films have recently been reported (15, 17),
but these also suffer from this difficulty.

lonic liquids (ILs) are salts that are liquid below 100 °C
and are composed of a combination of organic cations and
organic/inorganic anions. These materials have a unique and
desirable set of physical properties that can be tuned by
altering the anion/cation chemistry (18, 19). ILs have proven
not only to be of considerable fundamental scientific impor-
tance but also to present exciting opportunities as com-
mercial materials for example in electrochemical devices
(e.g., batteries, solar cells, fuel cells), tribology, and corrosion
protection (2, 4, 18, 20—29). ILs exhibit a range of proper-
ties, including in some selected cases, low flammability, low
vapor pressure, high thermal stability, and a large electro-
chemical window (24, 30).
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FIGURE 1. Chemical structures of the ionic liquid, trihexyl(tetrade-
cyl) phosphonium cation, and diphenylphosphate anion, [Pe¢ ¢, 14]-
[DPP] compound.

Pertinent to this investigation is the use of ILs in the
passivation of reactive metals. lonic liquids have been shown
to improve the corrosion properties of metals and alloys
(5, 8, 31), including magnesium and modify the character-
istics of the surface film (21). This research into the possible
passivation of reactive metals using targeted ILs originated
following the discovery of passive film formation on lithium
by Howlett and co-workers (5). It has since been shown that
a similar surface film can be produced on magnesium and
magnesium alloys such as AZ31 (8, 31). In our previous
work, the interaction of the IL trihexyl(tetradecyl)phospho-
nium diphenylphosphate ([Ps ¢ 6,14][DPP], Figure 1) with the
ZE41 surface has shown that the heterogeneous nature of
this surface, because of the complex microstructure de-
scribed earlier, produced a film on the surface of ZE41 that
was not uniform in nature, but in fact was influenced by the
surface microstructure of the alloy (17). The IL film deposits
were observed to be thickest directly adjacent to the grain
boundary phase, with no evidence of interaction on the grain
boundary T-phase or the Zr-rich phases within the grain itself.
This has led us to investigate methods of activating the metal
alloy surface in order to produce a more uniform, and thereby
more protective, surface layer.

The method of applying a potential bias to the alloy
during exposure to the ionic liquid has been shown here to
be a promising method of producing a continuous, protec-
tive ionic liquid film on the ZE41 alloy. This work has
investigated the formation of the surface film on ZE41
exposed to the ionic liquid [Pe.6,14][DPP] under controlled
potentiostatic conditions, through in situ electrochemical
monitoring of the surface film evolution with time. The
surfaces thus produced were characterized using surface
microscopy and ToF-SIMS. Preliminary evaluation of these
treated surfaces in chloride contaminated aqueous solutions
via immersion studies is also presented.

EXPERIMENTAL SECTION

Materials. Cast magnesium alloy, ZE41 of nominal composi-
tion, ~4% Zn, and ~1.7 % rare earths (mainly Ce, also Pr, Nd,
and La), and ~0.6 wt % Zr (16), in the T5 temper was used as
the metallic alloy substrate. Samples 10 mm x 10 mm x 2.5
mm were cut with a Buehler-Isomet diamond saw and polished
using 1200 and 4000 grit silicon carbide papers, successively.
Following polishing, samples were washed with acetone and
distilled water and subsequently dried with nitrogen gas.

Ionic Liquid Treatment. The ionic liquid investigated in this
work was composed of the diphenylphosphate anion and
trihexyl(tetradecyl)phosphonium cation (32), the structures of
which are shown in Figure 1. This compound is referred to as
[Pe6.6,14][DPP]. The synthesis and preparatory route used has
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Table 1. Properties of the Ionic Liquid Compound,
[Ps,6,6,14][DPP] (28)

property value
glass transition temperature (°C) =72
decomposition temperature (°C) ~400
conductivity (*77K) (S cm™) 1 x107°
viscositygr (MPa S) ~800

been described in detail elsewhere (28). Some key properties
of the [Ps¢6,14][DPP] ionic liquid are presented below in Table
1 as outlined by Sun et al. in ref 28. The purity of this material
was determined and was found to be high (with only negligible
levels of acid and CI7). The presence of water was not deter-
mined, as all experiments were performed under ambient
conditions.

Observation of Film Formation via Electrochemical Imped-
ance Spectroscopy (EIS). A three-electrode pipet cell assembly
was used to form and monitor the evolution of the surface film
on the alloy. This cell was previously described and preliminary
results using this to monitor film evolution on an AZ31 alloy in
an ionic liquid has been discussed (33). Approximately 1 mL of
[Pe.6.6,14][DPP] ionic liquid was added to the pipet cell and the
ZE41 coupons were exposed to the IL for a 24 h period, during
which time electrochemical impedance spectra were acquired
at regular intervals. An EG&G PAR VMP2/Z potentiostat was
used for all electrochemical measurements, together with the
software package ECLab, version 9.53. An electrochemical
testing schedule was devised, the test looping 160 times over a
24 h period, measuring the electrochemical impedance spec-
troscopy over a frequency range 200 kHz to 50 mHz, with 9
sampling points per decade, and 20 mV peak-to-peak AC
potential. Biasing experiments were conducted at electrochemi-
cal biases of 0, +100, —100, and —200 mV versus the open
circuit, the resulting current was also monitored. The potential
was gradually stepped to each electrochemical bias, indicated
above, as opposed to switching immediately to the stated
values, and subsequently held constant at the specified poten-
tials throughout the test. Post-treatment, coupons were washed
thoroughly with distilled water and rinsed with ethanol, before
being dried with a stream of nitrogen gas. All treatment condi-
tions were repeated in triplicate to ensure the reproducibility
of results.

Surface Characterization by Scanning Electron Microscopy
(SEM) and Time of Flight-Secondary Ion Mass Spectrometry
(ToF-SIMS). Scanning electron microscopy (SEM) images were
acquired of the biased treated surfaces, the unbiased (OCP)
treated surface, and an untreated surface; for comparison.
Images were obtained using a JEOL 6490LA SEM and accelerat-
ing voltage of 20 keV. Further surface characterization was
conducted using a ToF-SIMS 1V instrument (ION-TOF GmbH,
Germany), equipped with a bismuth primary-ion source to
investigate the elemental distribution of IL species across the
surface, with etching conducted over a 500 x 500 um area and
mapping over a 100 um x 100 um area of the positive and
negative ions.

Evaluation of Corrosion Protection of IL-Generated Films.
The mounted specimens were immersed in a 0.001 M NacCl test
solution prepared from analytical grade reagents and distilled
water. Magnesium alloys are known to corrode rapidly in most
aqueous environments. These rapid rates make a study of the
development of the corrosion process difficult. In order to slow
the corrosion rate and allow this development to be observed,
a mildly aggressive environment 0.001 M NaCl was chosen with
a relatively short exposure time of 18 h.

Corrosion product was removed by immersion for 60 s in a
solution of 200 g of chromium trioxide (CrOs5), 10 g of silver
nitrate (AgNOs), 20 g of barium nitrate (Ba(NOs),), with distilled
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FIGURE 2. Typical Nyquist impedance spectra obtained during
treatment at —200 mV versus OCP.

water to make 1000 mL, in accordance with ASTM Standard
G1—90, Designation C5.2. Specimens were then analyzed using
SEM microscopy as discussed above.

RESULTS AND DISCUSSION

Electrochemical Impedance Monitoring of
Surface Film Evolution. Figure 2 shows the evolution
of the impedance spectra, obtained as a function of time-
over a 24 h period for a ZE41 coupon biased to —200 mV
versus OCP. It is evident from this figure that there is a clear
trend in the impedance, with both Z and Z’ (real and
imaginary parts of impedance, respectively), increasing with
treatment time. Two semicircles are observed in the spectra,
indicative of at least two processes occurring. This behavior
persists throughout the duration of the experiment.

The evolution of the impedance spectra with time (¢ = 0,
12, and 24 h) for four different potentials, —200, —100, and
+100 mV and OCP, are shown in Figure 3. The influence of
the bias potential on the impedance response is clearly
revealed. At the initial stage of treatment (Figure 3A, t = 0);
there is no significant difference in impedance between any
of the applied potentials, although —200 mV bias has a
slightly higher real axis touchdown point of 29 kOhm cm?
relative to the other measured impedance real axis intercept
(~20 kOhm cm?, at time t = 0 h). After 12 h (Figure 3B),
clear trends begin to emerge; multiple semicircles are
observed, increasing in impedance as the bias changes from
+100 mV, 0 mV (i.e., at OCP), =100 mV, and —200 mV.
The positive applied potential results in a lower real axis
intercept (i.e., resistance) even compared with the treat-
ments performed at OCP. It also seems that the larger the
magnitude of the negative applied potential, the larger the
impedance. This effect is more exaggerated after 24 h of
treatment (Figure 3C). The magnitude of the resistance
increase appeared to increase proportionally with the mag-
nitude of the bias applied. This can be further quantified
through equivalent circuit modeling, as discussed below in
the case of the surface biased at =200 mV versus OCP.

The electrochemical impedance spectroscopy data ob-
tained were modeled using the computer package ECLab,
version 9.53. This package was used to fit an equivalent
resistive-capacitive circuit to the data. The best fitting (and
simplest) model that gave good agreement with the data was
assigned the processes shown in Figure 4A. An example fit
is shown in Figure 4B. The evolution of the circuit param-
eters was analyzed as follows. The resistance of the second
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FIGURE 3. Effect of biasing over time. Each plot shows curves for
experiments run at open circuit potential (OCP), +100 mV versus
OCP, —100 mV versus OCP, and —200 mV versus OCP. (A) initial
frequency response, (B) the response after 12 h, and (C) the response
after 24 h.

RC element (Rs, Figure 4C) was found to increase initially,
and then dip and eventually plateau out, whereas the other
circuit parameters remained constant. The evolution of the
resistive parameter R; can be attributed to the evolution and
growth of the film over time. On the basis of this analysis, it
is expected that the most protective surface would be
obtained after a treatment time of 4—5 h, close to the
maximum value of R5. Further optimization of these surface
films and an investigation of their corrosion resistance is
currently underway.

Interfacial Processes in the IL. Chronoamperom-
etry data was also acquired during these experiments (Figure
5). Part of the current response might be viewed as being
analogous to double layer formation; in one model, these
surfaces can be viewed as modified oxide films where the
native oxide film has been penetrated by the IL ions.
Spectroscopic evidence suggests that in the case of
[Pss.6.14][DPP] this involves an interaction with the DPP
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FIGURE 4. (A) Fitted EIS equivalent circuit, average CPE a parameter
value of 0.87. (B) Example fit of equivalent circuit given in A. (C)
Film resistance (Rs) for duration of testing.

anion, which is apparently dependent upon the presence of
OH groups on the surface of the oxide (17). The adsorption
of the anion subsequently binds the cation electrostatically.

Scheme 1. Chemical Reactions Proposed to Occur
at the Surface

(1)  2H,0 + 2¢ = H,+ 20H
@ O,+dc+ 2H,0 = 4OH-
() Mg=Mg" +2¢

4 Mg+ 20H = Mg(OH), + 2¢

(5) M+ xH,O = M(OH), + x/2 H, (whete M is Ce, Zt, Zn ot Mg)
© Mg + 2DPP = Mg(DPP),
(7 Mg¥ + DPP +OH = Mg(DPP)(OH)

It may be possible that this process of relatively slow
charging of the surface could manifest as a charging current
in the measurements shown here. However, it is expected
that currents associated with such processes would be very
small.

On the other hand, under the applied bias, the current
response is most likely dominated by some redox process.
As apparent from Figure 5, a positive bias results in an
oxidation process and a negative bias results in a reduction
process. Considering the available reactive species, the
following reactions (Scheme 1) can be proposed to be
occurring at the surface regardless of any applied bias
potential.

We have also proposed the electrochemical reduction of
the DPP anion itself, involving cleavage of one of the phenyl
groups as a mechanism of film formation (17). This process
may occur at all of the applied biases.

A further complicating factor in understanding the chemi-
cal process occurring in these experiments comes from the
expected changes in the stoichiometry of the species at the
metal interface upon application of a bias potential, a
negative bias will lead to a dominance of the [Pges14]™
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FIGURE 5. Current (mA) versus time (hours) for each of +100, —100, and —200 mV versus OCP.
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cation, which is thought to be weakly interacting with the
surface, as well an increase in the rate of the water reduction
reaction. Alternatively, for a positive bias, there will be a
dominance of the [DPP]™ anion, thought to be strongly
interacting, and an increase in the rate of the Mg dissolution
reaction. This likely shift in stoichiometry at the interface
may alter the composition and morphology of the deposited
film.

It is apparent from Figure 5 that the amount of charge
(i.e., the area under the curve) during the +100 mV biased
treatment, was greater than either of the negative potential
treatments. This is indicative of a greater reaction occurring
at the surface, and possibly the formation of a thicker film
(if the products are all insoluble or of similar solubility).
However, the results seen from the impedance spectroscopy
experiments, would suggest that this film is highly defective
and hence provides a lower resistance as compared to those
surfaces produced using a negative bias potential. Such
behavior has also been observed previously for AZ31 ex-
posed to phosphonium-based IL for extended periods of
time (31).

Surface Characterization Following IL Exposure.
SEM images of an untreated, polished, ZE41 magnesium
alloy surface, a surface after a 24 h IL treatment at OCP, and
a surface after a =200 mV bias treatment are shown in
Figure 6. The difference in surface detail appearance be-
tween the three surfaces of the same substrate—metal is
immediately obvious. Both treated samples appear to be
different from the as-received, untreated surface, Figure 6A.
It has previously been noted (17) that the resultant surface
from exposure of a ZE41 alloy to the diphenyl phosphate IL
of interest in this work is highly heterogeneous with a build
up of reaction product next to the grain boundary and no
apparent interaction on the intermetallic surfaces. This was
explained in terms of the higher reactivity of the Mg alloy
next to the grain boundary and the lack of interaction
between the ionic liquid and the phases present on the grain
boundaries. The application of a negative bias seems to
remove this preference for film deposition, leading to an
apparently more homogeneous surface.

This homogeneity is further evidenced by the Time of
Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) as seen
in Figure 7. ToF-SIMS is a surface sensitive analytical tech-
nique that facilitates the probing of the uppermost (or
outermost) layers of the test specimen for the elemental
mapping and identification of elemental states of the organic
cation and anion. Its penetration depth is on the order of
few atomic monolayers. Although not a quantitative tech-
nique, ToF-SIMS provides an insight into the chemical state
of the elements and molecules present and their distribution
at the metal surface.

The data clearly indicates the presence of fragments from
both the IL anion (DPP) and cation (Pg6¢.14) With the pres-
ence of PO,, PO5, and CH, C,, C;H, and C,Hs, fragments as
well alkyl moieties associated with the fragmentation of the
cation. This is clear evidence for the presence of an IL-based
surface film. Figure 7 contrasts the ToF-SIMS negative ion
maps in the case of the ZE41 sample at 24 h OCP (.e.,
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FIGURE 6. (A) SEM image of ZE41 surface as-polished; (B) SEM image
of a ZE41 surface after 24 h treatment at OCP. (C) SEM image of a
ZE41 surface after 24 h treatment biased to —200 mV versus OCP.
without a bias potential applied) and the —200 mV bias
sample, in order to observe differences in the film morphol-
ogy. These maps reveal the presence of OH™ (associated
with the Mg(OH),), C¢Hs0, and POs, all concentrated prima-
rily at the grain boundary in the absence of a bias potential
(Figure 7 A), hence providing further evidence that the ionic
liquid preferentially reacts near the grain boundary regions
(17). The negative ion map of the biased sample reveals a
more uniformly distributed ionic liquid film with similar
chemical features. Furthermore, the total ion count is greater
for the biased sample, perhaps indicative of a thicker, more
homogeneous film.

The composition and mechanism of deposition of the IL
surface film on a ZE41 alloy under simple immersion of the
alloy in the [Pe¢6,14][DPP] ionic liquid has previously been
discussed (17). Furthermore, it has previously been shown,
using solid-state NMR spectroscopy, that IL—surface interac-
tions on an inorganic oxide surface (as would be present on
any reactive metal) are dependent on the presence of
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FIGURE 7. ToF-SIMS mapping of selected elements and molecules for the ZE41 magnesium alloy at (A) 24 h OCP and (B) —200 mV biasing.

hydroxide surface groups (20). As proposed earlier, the
negative bias is likely to result in the formation of OH™
(reactions 1 and 2 in Scheme 1) uniformly across the metal
surface. If the mechanism of film formation involves the
interaction of the [DPP]™ anion with the OH™ surface, the
negative biasing would promote a uniform film. Further-
more, if the reduction of the [DPP]™ is integral to the
resultant surface film then this too would occur more
uniformly on the biased surface and hence result in a
uniform surface film.

Corrosion Protection of IL-Generated Films. The
SEM images presented in Figure 8 indicate that the exposure
of the ZE41 alloy to IL both under OCP conditions and during
a —200 mV biasing treatment have a significant affect on
the corrosion processes in a ClI- contaminated aqueous
solution. These tests were purposefully conducted at low CI™
concentrations to discriminate any differences in this pre-
liminary testing, bearing in mind that the IL-generated films
are not optimized for corrosion protection at this stage. It
was therefore very promising to observe that the intense
pitting generated by the CI™ solution on the untreated
specimen was significantly suppressed upon exposure of the
ZE41 alloy to the DPP IL under both OCP and bias condi-
tions. Clearly, the film generated in the IL (as was observed
via ToF-SIMS experiments) was more resistant to CI~ ions
as compared with the native oxide/hydroxide film on the
untreated specimen. What is interesting to note here is that the
biasing treatment further reduces the corrosion within the o-Mg
grains; however, it does not appear to suppress the grain
boundary corrosion processes. This is in contrast to the
surface films generated in the absence of a bias potential,
which seemed to have a greater effect on the corrosion
processes at the grain boundary, probably due to the favored
deposition of an IL-based film adjacent to the grain bound-
aries, as shown by ToF-SIMS data. It appears, therefore, that
the Mg;ZnsRE (T-phase) does not react favorably with the
[DPP]™ IL used in this work even under cathodic bias
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conditions. Future work will need to address alternative IL
chemistry that will enable a more uniform surface film
across such a heterogeneous alloy surface; this may for
example involve mixtures of ILs or consecutive treatments.

CONCLUSIONS
Electrochemical impedance spectroscopy experiments

have been used to monitor surface film evolution on a ZE41
alloy exposed to a [Pe 6 6.14][DPP] ionic liquid under zero bias,
negative bias, and positive bias (compared to open circuit
potential OCP) conditions. It was found that applying a
potential bias of =200 mV versus OCP during a 24 h period
produces surface films of significantly higher resistance than
can be achieved without bias. The magnitude of the resis-
tance increase appeared to increase proportionally with the
magnitude of the bias applied. In addition, applying positive
potentials produced a film of reduced resistance compared
to open circuit conditions. EIS also gave an insight into the
nature of the surface film formation during treatment, with
modeling of the surface behavior indicating that the resis-
tance of the film increased with time, relating to the devel-
opment of a thicker surface film. SEM indicated that the
surface film on ionic liquid treated ZE41 coupons was
markedly different to an untreated surface, and furthermore
the —200 mV biased alloy had a significantly more uniform
film deposition compared to the film produced after 24 h at
OCP. The ToF-SIMS images also indicated the deposition of
a homogeneous film under bias conditions. Hence, the
morphology of the surface can be altered by biasing the
treated surface to potentials away from OCP during expo-
sure to the IL. The surfaces generated under both OCP and
—200 mV bias conditions were evaluated for corrosion
performance using immersion testing in 0.001 M CI™ aque-
ous solutions and found to offer significant protection against
pitting corrosion, particularly within the o-Mg grain itself.
Further understanding of the effects of this bias treatment

Efthimiadis et al. www.acsami.org
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FIGURE 8. SEM images of ZE41 alloys surfaces post 18 h immersion
in 0.001 M NacCl solutions: (A) untreated control, (B) DPP treat-
ment at OCP after 24 h, (C) DPP treatments at —200 mV bias for
24 h. The changes in corrosion morphology are clearly evident
upon IL immersion with pitting within the grain suppressed in
both IL-treated cases and favoring of grain boundary corrosion
post-biasing treatment.

and elucidation of the mechanism of film formation could
lead to improved surface films and more effective corrosion
resistance.
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