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By using first-principles density-functional theory with generalized-gradient approximation, we calculate the work functions of
various crystal planes of Mg,Si and Al,CuMg phases which are common in Al alloys. The correlation between work functions and
the behavior of local corrosion for the two phases in Al alloys is explored. It is found that the work functions of the two phases
are influenced significantly by the element termination on the surface. If Mg atoms are exposed to the outmost layer, both phases
have low work functions (®) approaching pure Mg; else if terminating atoms are highly electronegative, for instance, Si atoms,
the work functions are high. There is a huge gap between the maximum and minimum work functions for these phases due to the
variety of surface terminations, consequently the Volta potential difference between Mg,Si or Al,CuMg particles and Al matrix
could be positive or negative. As a result, particles of both phases could act as cathode or anode, or even reverse roles in Al alloy

local corrosion.
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Aluminum alloys are widely used for many applications in au-
tomotive, marine, aviation industries, etc., due to their low density,
high strength and reasonable corrosion resistance. Copper, magne-
sium, zinc, silicon and lithium are often added to improve mechanical
properties of aluminum alloys.? Intermetallic particles will be pre-
cipitated if the concentration of alloying elements reaches a particular
level.* However, due to the galvanic interactions between intermetal-
lic particles with Al matrix, local corrosion on Al alloys surfaces often
initiates at the sites of intermetallic particles.>”

The correlation between localized corrosion on Al alloys surface
and intermetallic particles is an area of intense interest in recent years.
As a technique derived from atomic force microscopy (AFM), scan-
ning Kelvin force microscopy (SKPFM) has widely been used for ex
situ investigations of galvanic interaction between intermetallic parti-
cles and matrix. Based on the findings of Schmutz and Frankel, there
is anearly linear correlation between corrosion potentials of pure met-
als and Volta potential differences (VPD) measured by SKPFM after
immersion in neutral NaCl solution.® They also reported that, in the
case of Al alloys, intermetallic particles possessed distinct Volta po-
tential from the matrix. According to their findings, SKPFM has been
used to characterize local surface electrochemical inhomogeneity and
predict electrochemical behaviors of various intermetallic particles on
alloys surfaces.”!

Intermetallic particles with lower corrosion potential than the ma-
trix dissolve prior to the surrounding matrix when the alloy is im-
mersed in chloride-containing solution, and vice versa.?* However,
some intermetallic phases have complicated electrochemical behav-
ior due to their incongruent dissolution of active elements. Mg,Si
and Al,CuMg (S-phase) phases are the common strengthening phases
in AASxxx (Al-Mg-Si) and AA2xxx (Al-Mg-Cu) Al alloys, respec-
tively. Both phases are more active than Al matrix in the early stage of
immersion into chloride-containing solution. Following apparent se-
lective dissolution of active elements, the potentials of the two phases
shift toward the positive direction and exceed that of the surrounding
matrix.”**~2® Consequently, the matrix around the Mg, Si or Al,CuMg
(S-phase) particle remnants is attacked.

VPD measurements are usually but not always in agreement with
the corrosion potential measurements that whether the intermetallic
particles are nobler than the Al matrix or not. The Volta potential of
the Mg, Si phase is 100~180 mV> and about 80 mV lower than Al
matrix in AA7075 and AA5083 respectively.* By many publications,
the corrosion potential of Mg,Si is also negative relative to the Al
matrix.?” Birbilis and Buchheit reported that corrosion potential of
synthetic bulk Al,CuMg in NaCl solution (pH = 6,0.01 M,0.1 M,
0.6 M) is about 100~300 mV lower than that of AA7075 matrix.?? In
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contrast to the corrosion potential measured in NaCl solution by Bir-
bilis and Buchheit, the Volta potential of Al,CuMg could be more
positive than that of Al matrix. Several values for the Volta po-
tential of Al,CuMg have been measured: 280 mV,® 150 mV,”® and
20~240 mV'® higher than matrix in AA2024. The oxide layer on
S-phase particles is considered as one of the reasons why S-phase par-
ticles are more active but possess more positive Volta potential than
that of the Al matrix.® After removal of oxide layers with scratching or
ion-etching, the previously noble Volta potential of S-phase particles
shift toward levels similar to or even lower than that of the Al matrix.>
The oxide layer thickness, chemical composition may lead to inac-
curate reflection of Volta potential contrast. Since VPD measurement
by SKPFM is implemented in air, it should be treated with caution if
measured metals or alloys are prone to passivation.

SKPFM is a useful technique to investigate galvanic interaction
between precipitated particles and matrix, and to predict electro-
chemical behaviors of intermetallic particles. However, the accuracy
of SKPFM is disturbed by several factors, e.g. oxide film on inter-
metallic particles,” the spray capacity induced by the tip cantilever
and surface terrain,' the size effect,'® etc. By the experimental and
theoretical analysis of McMurray and Williams,'® VPD between the
inclusion and the matrix would be underestimated if the size of in-
clusion is small compared to the sample-tip distance. All the factors
above can be avoided by first-principles calculations since VPD is
derived from the surface models without oxide film and protrusions.
In this study, we carry out first-principles calculations to gain insight
into the nature of selective dissolution of Mg,Si and Al,CuMg phases.

Theoretical Methods and Computational Details

Galvanic corrosion occurs when two different alloys are electri-
cally connected and immersed in an aggressive electrolyte solution.
The prerequisites of galvanic interaction are aggressive electrolyte
solution and different corrosion potential of the two contacted alloys.
Anodic polarization occurs to the alloy with a previously lower cor-
rosion potential, consequently its corrosion is accelerated while the
other alloy is protected. The potential difference could be regarded
as the driving force of galvanic interaction while the aggressive elec-
trolyte solution forms a loop of galvanic interaction. After removal
of electrolyte solution, the driving force still remains in the form of
Volta potential difference. This is the reason why VPD measurements
are used to predict galvanic interaction between the matrix and inter-
metallic particles.

The Volta potential difference is defined by IUPAC as the electric
potential difference between one point in the vacuum close to the
surface of M1 and another point in the vacuum close to the surface
of M2, where M1 and M2 are two uncharged metals brought into
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contact.”? SKPFM measures VPD (AW) between the intermetallic
particles and the probe tip, or the matrix and the probe tip. According
to Rohwerder, AW equals the work function (&) difference between
the sample and the tip:"

1

lIIIMP - qurohe = ;(q>1MP - q)probe) [la]
1

lJffmatrix - 1hprabe = ;((Dmatrix - q)probe) [1b]

This enables to calculate VPD between the intermetallic particles
and the matrix as follows:

1
lhIMP - 11[fmarri)c = ;(CDIMP - q)matrix) [2]

As the work function of the probe (®pope) is a constant, the VPD
measurement could be considered as a work function distribution map
of the measured surface. Fortunately, the calculation of work function
is straightforward with the density function theory method.*

Calculations were performed using the density functional theory
(DFT)*! as implemented in the Vienna Ab Initio Simulation Package
(VASP)* with periodic boundary condition. The electron-ion interac-
tion was described by the projector augmented plane wave method**
with generalized gradient approximation (GGA). The Perdew-Burke-
Ernzerh functional was applied to treat the electron exchange and
correlation.** A plane-wave basis with an energy cutoff of 400 eV
was used to expand electronic wave functions. For the calculation of
the work function of an (hkl) surface, we adopt stoichiometric slab
models with thickness 4 times as (hkl) interplanar spacing. The lower
half of a slab model is fixed while the upper half is allowed to re-
lax. A 15 A vacuum layer was inserted along the direction of slab
periodic repetition to minimize the surface—surface interaction. The
convergence criterion for the slab structure optimization was set by a
maximum Hellmann Feynman force tolerance of 0.03 eV/A.

The work function was calculated as the difference between the
vacuum level E, ., and the Fermi energy Ere;:

D = Evocuum — EFermi [3]

The vacuum level and Fermi energy were obtained from the plane-
averaged electrostatic potentials (Fig. 1a) and the output of DFT
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Figure 1. Plane-averaged electrostatic potential curve (a) of Si-terminated
Mg, Si (100) surface model (b).

Table I. Work functions of various surfaces of pure aluminum. Cal
and Exp are from Refs. 43,44 respectively. Cal stands for calculated
and Exp stands for experimental.

Poly-
(100) (110) (111) (210) (211) crystalline
This 4.29 4.04 4.09 432 421 -
work
Cal 4.30 4.09 4.02 - -

Exp 4.20+£0.034.06 £0.03 4.26 +0.03 - - 4.28 £ 0.01

ground-state calculation, respectively. Since the slabs are stoichio-
metric, the two surfaces of a slab are usually terminated with different
elements. Dipole correction® was applied to eliminate the artificial
electric field induced by different terminations of the two surfaces.

Results and Discussion

The work function of the Al matrix.— The matrix of commercial Al
alloys contains many kinds of alloying elements and both the species
and concentration of these elements can modify the work function
of the Al matrix. Mg,Si or Al,CuMg phases are commonly found in
the typical commercial Al alloys. The total weight fraction of alloy-
ing elements in Al alloys is usually lower than 10%. Moreover, the
alloying elements preferably enrich in intermetallic particles, which
leads to and even lower concentration of alloying elements in the Al
matrix. We assume that the work function of commercial Al alloys
approximately equals to that of pure aluminum. The calculated work
functions of typical surfaces of pure Al are listed in Table 1.

The calculated work function of Al ranges from 4.04 eV for the
(110) surface to 4.32 eV for the (210) surface. The calculated result
has a narrow scatter and is consistent with the experimental work
function of polycrystalline Al, i.e. 4.28 eV. Data of (100), (110),
(111) work functions show a good agreement with the theoretical and
experimental literature as shown in Table 1.

The work function of Mg,Si phase.— Mg,Si phase has cubic sym-
metry with space group Fm-3m* (Fig. 2). The optimized lattice con-
stant is 6.357 A, which matches experimental values 6.359 A well.”’
Calculations were carried out for (100), (110), (111), (210), (211)
surfaces and various atomic terminations. The results are listed in
Table II.

The stacking along [100] of Mg,Si phase can be described as
a periodical sequence of an Mg-layer and an adjacent Si-layer,
ie. “...MgaSiaMggSig. .. ”. Therefore, the (100) surface is either

O w
Q s
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Figure 2. Schematic drawing of the Mg, Si crystal structure.
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Table II. Tabulated work functions of Mg,Si and VPD between
Mg, Si and the Al matrix. The VPD values in the last column are
calculated with respect to the experimental work function value of
polycrystalline Al (4.28 eV).*

Terminated ‘Work VPD relative to

Surface plane function (eV) the Al matrix (V)
(100) Si 5.28 1.00

Mg 3.94 —0.34
(111) Si-Mg 5.24 0.96

Mg-Mg 3.76 —0.52

Mg-Si 3.02 —1.08
(210) Si 4.64 0.36

Mg 3.59 —0.69
(110) Mix(Si,Mg) 3.72 —0.56
211) Mix(Si,Mg) 3.89 —0.39

terminated with Mg or Si atoms as shown Fig. 3. The work func-
tions for Mg-terminated and Si-terminated (100) surfaces are 3.94 and
5.28 eV, respectively.

In the case of the (111) surface, the stacking of Mg,Si can be
described as ... MgaMggSi. .. ”. Therefore, three terminations are
possible for (111) surface, i.e. Si-Mg, or Mg-Mg, or Mg-Si, with
work functions of 5.24, 3.76, 3.02 eV, respectively. The (111) surface
models are presented in Fig. 4.

Mg,Si (210) is a stepped surface with either Mg or Si atoms as
the corner atoms (Fig. 5). The respective work functions are 3.59 and
4.64 eV. For (110) and (211) surfaces, the outmost layer is mixture of
Mg and Si atoms with a ratio of 2:1 as shown in Fig. 6. Thus, both
surfaces have only one termination type and the work functions are
3.72 eV for (110) and 3.89 eV for (211), respectively.

As shown in Table II, the work function of Mg,Si ranges from
3.02 eV of Mg-Si-terminated (111) surface to 5.28 eV of Si-terminated
(100) surface. A huge gap of 2.26 eV was found between the maxi-
mum and the minimum work functions of these calculated surfaces.
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Figure 4. Mg2Si (111) slab models. All three possible terminations are
depicted.

Si-Mg-termination Mg-Mg-termination Mg-Si-termination

Interestingly, this gap is even larger than the one (1.19 eV) between
the experimental values for pure silicon (4.85 eV) and magnesium
(3.66 €V).*® Unexpectedly, the minimum value 3.02 eV is 0.64 eV
lower than the work function of polycrystalline magnesium. It can
be summarized from the table that the species of terminated element
have significant influence on the Mg,Si work function. When the out-
ermost layer contains Mg atoms only, the work function ranges from
3.02 to 3.94 eV, which is lower than that of pure Al. When Mg and Si
atoms appear coplanar in the outermost layer, e.g. in the case of (110)
and (211) surfaces, the work functions are lower than that of pure
polycrystalline Al. Only when the surface is ended with Si atoms, the
work function exceeds that of pure Al. It is obvious that Mg element is
responsible for driving the work function to lower values, thus making
these IMPs more anodic than the surrounding matrix.

The work function of Al CuMg.— Controversy arose over the crys-
tal structure of Al,CuMg (S phase) for decades and various mod-
els were suggested.’**! The model given by Perlitz and Westgren
is widely accepted.*” Here we adopt their model to carry out work
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Figure 3. Mg;Si (100) slab models. All two possible terminations are de-
picted.

Figure 5. Mg,Si (210) slab models. The surface steps are highlighted by red
dashed lines. The atoms in rectangular box are atoms located at corner sites.
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Figure 6. Mg,Si (110) and (211) slab models.

(110)

function calculation of Al,CuMg (Fig. 7). According to Perlitz and
Westgren, Al,CuMg is orthorhombic phase with space group Cmcm.
Our optimized lattice constants of ALCuMg are a = 4.012 A,
b = 9277 A, ¢ = 7.143 A, which are in agreement with the ex-
perimental result: a = 4.00 A, b=9.23 13;, ¢ = 7.14 A. The unit cell
contains 16 atoms in the ratio Al:Cu:Mg = 2:1:1.

Since Al,CuMg contains three elements and has a complicated
structure, Al,CuMg surfaces have numerous terminations. The work
functions of (001), (100), (010), (101), (130), (111) surfaces were
calculated and are listed in Table III. There is only one termination
for the (100) surface (Fig. 7), i.e. the outermost layer is a mixture
of coplanar Al, Cu, Mg atoms. The corresponding work function is
4.34 eV. The stacking of Al,CuMg (001) surface can be described
as two adjacent Al layers and a mix layer of Cu and Mg atoms,
i.e. “...AlpAlgMix..”. Thus, three terminations of (001) surface are
possible (Fig. 8), i.e. Al-Al-mix(Cu,Mg), mix(Cu,Mg)-Al-Al, Al-
mix(Cu,Mg)-Al (the leftmost layer refers to the outermost layer). The
corresponding work functions are 4.17, 4.28, 3.67 eV, respectively.
There are also 3 terminations of (111) surface (Fig. 9), i.e. Al-Al-
mix(Cu,Mg), mix(Cu,Mg)-Al-Al, Al-mix(Cu,Mg)-Al, for which the
respective work functions are 4.15, 4.07, 3.81 eV. The case of (010)
surface is complicated because there are six terminations (Fig. 10).
For a (010) slab of Al,CuMg, an Al layer is adjacent to a Cu layer
or an Mg layer, an Cu layer is adjacent to another Cu layer or an
Al layer, an Mg layer is adjacent to another Mg layer or an Al layer.

O Mg OAl
O Cu

mix(Al,Cu,Mg)
[100]

[010] @

(#) (®) 4.28 Al-mix(Cu,Mg)-Al

o o 3.67 mix(Cu,Mg)-Al-Al

il () o (&) ° 4.17 Al-Al-mix(Cu,Mg)
(&) O | 428
©Oo O o [367
o o 417

[010]

Figure 7. Schematic three view drawing of the S-phase crystal structure. Cor-
responding work functions are listed.

Table III. Tabulated work functions of Al,CuMg and VPD
between Al,CuMg and the Al matrix. The VPD values are
calculated with respect to the experimental value of polycrystalline
AL

‘Work VPD relative to
Surface Terminated plane function (eV)  the Al matrix (V)
(001) Al-Al-Mix(Cu,Mg) 4.17 —0.11
Mix(Cu,Mg)-Al-Al 3.67 —0.61
Al-Mix(Cu,Mg)-Al 4.28 0.00
(100) Mix(Al,Cu,Mg) 4.34 0.06
(010) Mg-Mg 3.48 —0.80
Al-Mg 4.18 —0.10
Cu-Al 4.27 —0.01
Cu-Cu 4.09 —0.19
Al-Cu 4.13 —0.15
Mg-Al 3.66 —0.62
(101) Al-Al-Mix(Cu,Mg) 4.15 —-0.09
Mix(Cu,Mg)-Al-Al 3.81 —0.47
Al-Mix(Cu,Mg)-Al 4.07 —0.21
(130) 3.79~4.07 —0.49~-0.11
(111) 3.74~4.31 —0.54~+0.03

Thus, the six terminations of (010) surface are Mg-Mg, Al-Mg, Cu-Al,
Cu-Cu, Al-Cu, Mg-Al. When Mg atoms fully occupy the outermost
and sub-outermost layers, the work function reaches a very low value
of 3.48 eV. Mg-Al-terminated (010) surface has a little higher work
function, which is 3.66 eV. When Al or noble Cu layer serves as the
outermost layer, the work function falls in a narrow scatter, which is
from 4.09 to 4.28 eV. Terminations of (130) and (111) surfaces are not
shown for clarity due to their irregularity. The work function scatters
of (130) and (111) are 3.79~4.07 and 3.74~4.31 eV respectively.

Correlation between work functions of Mg,Si or Al,CuMg and
electrochemical behavior.— The range of the Mg,Si work function is
from 3.02 eV to 5.28 eV for calculated surfaces. The lower limit is
well below while the upper limit is far beyond the work function of
Al matrix (4.28 eV). Providing Mg atoms are present at the outermost

O Mg
O Al
o Cu

X Al-Al-mix-
terminated
(001) surface

mix-Al-Al-
terminated
(001) surface

Al-mix-Al-
terminated
(001) surface

Figure 8. Al,CuMg (001) slab models. All possible terminations are depicted.
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Figure 9. Al,CuMg (101)slabmodels. All possible terminations are depicted.

layer, even mixed with Si atoms, the work functions of Mg,Si drop
to a level lower than the Al matrix ¢. Only those surfaces terminated
with a monolayer of silicon atoms possess high ¢. Thus, ¢ of Mg, Si is
basically dominated by Mg element. From Eq. 2, it can be concluded
that Mg, Si particles generally have much lower Volta potentials than
that of the Al matrix. This is in good agreement with the fact that the
corrosion potential of synthetic bulk Mg,Si is usually 700~900 mV
lower than that of the Al matrix.”> Mg-terminated Mg, Si particles have
much lower Volta potential relative to the Al matrix and Si-terminated
particles, therefore the galvanic interactions between anodes and cath-
odes are strong. As Mg atoms dissolve from Mg-terminated particles,
the surfaces of particles become Si-rich. Thus, the potentials shift to a
high level and the remnants of Mg,Si particles transform from anodes
to cathodes. This explains why Mg, Si particles usually do not dissolve
in entirety, i.e. Mg dissolves selectively and the remnants are porous
and Si-rich. The huge gap between work functions of various termi-
nations is responsible for selective dissolution and polarity inversion
of Mg,Si.

The range of ® of Al,CuMg is from 3.48 to 4.34 eV for calculated
surfaces which is basically below the polycrystalline Al work function,
4.28 eV. Mg-rich surfaces possess work functions close to that of pure
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Figure 10. Al,CuMg (010) slab models. All six possible terminations are

depicted.
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magnesium, 3.66 eV, while the work functions of Cu-rich and Al-rich
surfaces are at the same level as pure aluminum, 4.28 eV. S phase
is basically dominated by Al and Mg elements. Mg atoms present at
surfaces can drag down the work function of Al,CuMg significantly.
The Volta potentials of S phase particles are close to or lower than
that of the Al matrix. It is in agreement with the fact that the corrosion
potential synthetic bulk Al,CuMg is lower than that of the Al matrix.
Similar to Mg,Si phase, Al,CuMg particles with Mg-rich surfaces
serve as anodes and start to dissolve when Al alloys are immersed in
chloride-containing media. As the content of Mg decreases and the
content of Cu increases, the S phase remnants transform from anodes
to cathodes due to potential shift toward positive direction. In addition,
the surfaces which are not terminated with Mg atoms share nearly the
same potential level as the Al matrix. This is consistent with the facts
that some S phase particles and the Al matrix around them remain
nearly inert after immersion into NaCl solution.

In general, the alloy surface is composed of the matrix and the
embedded intermetallic particles. The Volta potentials of Mg,Si or
Al,CuMg may fall in a wide range due to their various exposed crystal
planes and terminations. The inhomogeneous Volta potential distri-
bution of Al surface corresponds to fluctuation of surface corrosion
resistance. As shown above, Mg atoms present at surfaces significantly
drag down work functions of the two phase particles, in other words,
Mg-terminated particles are low-potential sites which usually serve
as local attack initiation points. As corrosion goes on, surfaces of the
two phases enrich with noble elements like Si and Cu, and the Volta
potential map of the alloy surface is reshaped. Thus, local electro-
chemical behaviors on Al surfaces are complicated by redistribution
of the potential map.

The surfaces we simulated are clean and unoxidized, while oxide
films or adlayers will be present on real alloy surfaces. The analysis
above is based on the assumption that oxide films are absent. The
presence of oxidation states might also be contributing to the observed
experimental results. Since we calculated the VPD between the two
phases and the Al matrix in the absence of oxide films, the impact
of oxidation to VPD or work function can be partially derived from
combination of experiment results and calculation data.

Conclusions

By investigating correlation between Volta potential difference or
work function and local electrochemical corrosion behaviors of Mg, Si
and Al,CuMg phases, several conclusions can be drawn as follows:

(1) The validity of density functional theory method for research of
galvanic interaction on Al alloy surface is demonstrated.

(2) Volta potential or work function of the two phases is highly
sensitive to surface termination and composition. In particular,
surface Mg atoms significantly drag down work functions toward
pure magnesium ¢.

(3) The huge gap between upper and lower limits of work function
due to various surfaces and terminations is responsible for selec-
tive dissolution and polarity inversion of Mg,Si and Al,CuMg
phases.

(4) Statistical analysis should be applied when VPD measurement
is performed by SKPFM due to the wide scatter range of Volta
potentials of intermetallic particles.

This article does not involve the impact of oxide films or hydroxide
species toward surface properties like work function and their roles in
Al alloys local corrosion, they will be discussed in future work.
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