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Effect of surface microstructure of aluminum coating on
corrosion properties of magnetic refrigerant gadolinium
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Abstract: Al coatings with different microstructures were prepared on the surface of Gd using the magnetron sputtering technique to
improve its corrosion resistance. The corrosion behaviors for the pure Gd and Gd with Al coating in distilled water were studied
using the mass loss and electrochemical performance. As a result, pure Gd without coating shows a certain amount of surface cracks
under water flow conditions, whereas the polygonal Al coating decreases the path of the corrosive medium to body due to the
existence of eroding pits structure. Compared with the polygonal structure Al coating and pure Gd, the lamellar structure of Al
coating exhibits a higher electrochemical protection performance (e.g., a lower corrosion current and higher self-corrosion potential)
and no occurrence of pitting corrosion. Due to an effective physical shield, the formation of the lamellar structure protected the inner
Gd part from being corroded, and prolonged the duration of cathodic protection.
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1 Introduction

Since 1976, the first magnetic refrigeration operated
at room temperature was established by Brown, the
research on room-temperature magnetic refrigerator has
been carried out all over the world [1,2]. The rare earth
metal Gd has been chosen as one of the best magnetic
refrigerant materials due to its large magnetic moment
and Curie temperature near room temperature (7cy;e=
294 K) [3]. Water is normally used as the heat transfer of
steam in many magnetic refrigerators demonstrators, but
water may cause a serious corrosion problem in rare
earth metal Gd [4]. Although the magnetocaloric effect
of Gd and other promising room-temperature refrigerants
were widely investigated, few studies on the relationship
between the corrosion resistant coating for pure Gd and
corrosion mechanisms in water cycling systems have
been reported [5].

Surface modification is one of effective methods to

improve corrosion resistance of Gd [6]. It is a major
choice of coating materials with high thermal
conductivity for magnetocaloric effect and corrosion
resistance in heat transfer medium. Both copper and
aluminum exhibit high thermal conductivity, but high
purity copper is less employed due to its relatively high
price and mass [7]. By contrast, Al and its alloys are
applied widely to heat transfer medium due to their
excellent diathermancy, tactility, toughness, high
intensity relations as well as light specific mass [8]. Al
and its alloys are passivated in neutral solution, thus they
can be applied as protective coating for magnetic
refrigerant Gd. Still, if correctly fabricated, constructions
of aluminum may be reliable and have long service life
[9]. In the literature, protective coatings for Al and Cu on
the surface of Gd by magnetron sputtering technology
were investigated. It was demonstrated that Al coating
can improve the corrosion resistance of Gd, whereas Cu
coating cannot benefit the corrosion proof of Gd for
its bad cohesion with Gd [10]. Even if Al coating can
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improve corrosion, different surface microstructures
attribute to difference in performance [11].

In this work, two different structures of Al coatings
on pure Gd were prepared by the magnetron sputtering
technique. The polarization curves of different structures
of Al coatings and pure Gd were analyzed. The effects of
Al coating with two different structures on the corrosion
resistance were compared. The corrosion mechanisms of
coatings and pure Gd in heat transfer medium were
discussed.

2 Experimental

2.1 Material and process

The Gd specimens with the purity of 99.9% in mass
fraction were spark cut into plates in dimensions of 10
mmx10 mmx5 mm. The Gd plates were mechanically
polished, cleaned with acetone and then blown dried.

The magnetic sputtering target of Al plate (4100
mmx5 mm) with purity of 99.9%, which was prepared
by powder metallurgy, was used as the source electrode
for supplying alloying elements. The base pressure of the
system was lower than 5x10™* Pa prior to each coating
deposition. The coating was grown in Ar (99.999%
purity) atmosphere. During the deposition, the substrate
bias and magnetron power were varied, as shown in
Table 1. The substrates were held at a bias voltage of
200—230 V with a deposition rate of 0.8 nm/s. The
coatings were grown at a substrate temperature of
500—600 °C. Such a deposition condition results in a
coating thickness of 8—15 pum.

2.2 Corrosion properties
Neutral solution test was employed to evaluate the
corrosion resistance of the coating and rare earth Gd.

Table 1 Process parameters of two different aluminum coatings
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Distilled water was chosen as the electrolyte solution to
study the mass loss and electrochemical performance.
Polarization curve and electrochemical impedance chart
measurements were carried out on an electrochemical
working station (CHI660D Shanghai). The exposed
surface area of electrochemical specimen was encased by
epoxy resin with a test area of 1 cm”. Polarization curves
were obtained through a three-electrode system at a scan
rate of 10 mV/min. An electrode made by Ag/AgCl (in
saturated KCI) and a platinum electrode were used as the
reference and auxiliary electrodes, respectively.

For the detection of mass loss, the specimens were
carefully ground with silicon carbide papers up to
No.1000 before immersion test, degreased in acetone and
dried in air. After immersion, the specimens were
cleaned. The surface of specimen was ground again and
new flesh solution was used for each measurement. The
mass loss was determined using a precision electronic
balance with a resolution of 0.1 mg.

The samples surface morphologies before and after
the corrosion tests were analyzed on a high resolution
field emission scanning electron microscope (FESEM,
Hitachi S—4800).

3 Results and discussion

3.1 Microscopic analysis of coatings

Typical resulting microstructures for polygonal and
lamellar Al coatings are shown in Fig. 1. There is no
doubt that two coatings uniformly distribute over the
pure Gd as seen from the low magnification SEM images.
The distribution of the lamellar Al coating has a
microstructure characterized with lamellar of the similar
thickness of 20—30 nm, as shown in Fig. 1(a) (red arrow

Coatin Base Working Substrate Magnetron Substrate Work
J pressure/Pa pressure/Pa bias/V power/W distance/mm time/min
Lamellar Al coating 3.2x107* 1.5 230 300 25 180
Polygonal Al coating 4.6x107* 2.0 200 100 40 120
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at a red area pointing to lamellar structure with high
magnification). The lamellar Al coating possesses a
homogeneous and dense microstructure and has no pores
direct to substrate. Figure 1(b) shows the surface
morphology of polygonal Al coating, which exhibits a
polygonal-like uniform microstructure with a low degree
of porosity on the surface.

3.2 Corrosion resistance
3.2.1 Static corrosion test

As can be seen in Fig. 2, the mass loss increased
with the increase of immersion time. The mass loss of
the polygonal Al coating was approximately 10 times
more than that of the lamellar Al coating, and the pure
Gd corroded more quickly than the polygonal Al coating
in distilled water. Figure 3(a) shows the surface features
of the lamellar Al coating that was immersed in distilled
water. After 10 d, the corrosion film grew as a coherent,
compact crystalline layer and can be acted as the
protection layer. A typical pitting corrosion formed on
surface of the polygonal Al coating is present in Fig.
3(b).

However, the eroded pits are relatively small,
homogeneous and compact. Serious corrosion appears
after removing the corrosion products formed on the
surface of pure Gd due to the number of corroding cracks,
as shown in Fig. 3(c). It can be seen from Fig. 3(d) that
many calcite-like corrosion products in seemingly
random forms distribute on the surface of Gd plate. The
oxidized film looses and shows evident micro-cracks,
which are easy to be separated. Thus, the film is not
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Fig. 2 Relationship between mass loss and immersion time
(PAC refers polygonal aluminum coating, and LAC is lamellar

aluminum coating)

protective enough for the Gd matrix.

From above, the lamellar Al coating might be the
more proper corrosion inhibitors for Gd than the
polygonal Al coating.

3.2.2 Electronical chemical corrosion

Typical polarization curves of three samples in
distilled water are shown in Fig. 4. The corrosion rate is
proportional to the density of the current in agreement
with Faraclay’s law. Variation in corrosion current
density is listed in Table 2. From polarization curves of
three samples, lamellar and polygonal Al coatings have a
similar corrosion current (marked in red area). Corrosion
current density (J.o,) values of two types of Al coating

Fig. 3 SEM images showing surface corrosion features of LAC (a), PAC (b), and pure Gd with low (c) and high (d) magnification

immersed in distilled water, respectively
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Fig. 4 Typical polarization curves of three samples in distilled
water, and crossing point of anodic Tafel slopes of LAC and

PAC

Table 2 Corrosion parameters obtained from polarization

curves
Joon! R/
Sample Peor!V 5 S,
(MA-cm ) (10°Q-cm )
Pure Gd -1.25 12.30 0.38432
Polygonal
. . -1.23 1.32 0.294645
aluminum coating
Lamellar
—0.62 0.13 4.025086

aluminum coating

are much smaller compared with the pure Gd (12.3
nA/cm?). The corrosion current density for polygonal Al
coating is an order of magnitude less than pure Gd. Jeo
of the lamellar Al coated Gd is the minimum.
Polarization studies are shown in Fig. 4 that
lamellar Al coating decreases corrosion current by up to
two orders of magnitude compared with pure Gd, which
is presumably due to the uniform lamellar distribution of
Al coating as discussed previously. When the corrosion
potential is taken into account, it is the difference in
potential between the anodic and cathodic sites. The free
corrosion potential (¢ ) of the Al coating with lamellar
structure (—0.62 V), is higher compared with the
polygonal structure (—1.25 V), and the curve of the latter
at potential value is similar with that of substrate.
Corrosion of polygonal Al coating occurs at the area of
low-oxygen concentration with the release of hydrogen
gas (anode, shown in II), while corrosion of lamellar Al
coating forms at the cathode, and will not take place. In
contrast, polygonal Al coating forms at the anode (shown
in 1), and causes serious corrosion. Because the anode
current of lamellar Al is significantly smaller than that of
polygonal Al; the corrosion rate of lamellar Al coating is
lower than that of polygonal Al coating. Therefore, a
lamellar Al coating due to surface lamellar stacking

structure prevents the internal diffusion from surface ions.

The best corrosion resistance exhibits on lamellar Al
coating.

It can be also seen from other electrochemical
parameters in agreement to corrosion current. The
polarization resistance is also apparent in Table 2. The
polarization resistance (R,) of the lamellar Al coating is
about 4.0x10° Q/cm % It is approximately 10 times
higher than that of polygonal Al coating and 100 times
higher that of pure Gd.

Two types of Al coatings are in the active state and
could provide sufficient driving force of cathodic
protection to substrate. Anodic Tafel slopes (f,) of two
Al coatings are significantly smaller compared with
cathodic Tafel slope (£.). @cor is higher and J., is lower
for the lamellar Al coating, which indicates that the
anodic process of corrosion is inhibited for the Al coating
with lamellar structure. The results suggest that the
consumption rate of the lamellar Al coating is much
slower than that of the other samples. When coupling
with the same cathode, the higher the free corrosion
potential and polarization resistance of the material are,
the lower the corrosion current density is [11]. Therefore,
it is expected that lamellar Al coating can increase the
corrosion resistance of pure Gd. All these results
demonstrated that the electrochemical corrosion
behaviors of the samples were dominated by cathode. It
is not beneficial to forming a stable passivation film on
the surface, so the protective mechanisms of Al coatings
are mainly attributed to sacrificial anode protection.

3.2.3 Corrosion mechanisms

Under water flow conditions, pitting, cracks and
cavitations may be more severe than those responsible
for corrosion [12,13].

The corrosion products of Gd in the water are
Gd,0; floccules and hydrogen. The reaction is as follows
[5]:
2Gd+3H,0—Gd,0;]+3H,1

SEM image for corrosion appearance of the pure Gd
in distilled water indicates that cracks with various sizes
on the uneven surface are so much that the nearby
corrosion products are easy to fall off the pure Gd
surface.

A number of corrosion cracks of pure Gd seen from
Fig. 3(c) attribute to stresses difference between
corrosion products and pure Gd. The stresses generated
by the collapse of bubbles are much greater than those
associated with corrosion [14]. It is often sufficient not
only to remove protective corrosion product films but
actually to tear out small fragments of metal from the
surface. Pure Gd freshly exposed as a result of this action
will of course be subject to corrosion and the resultant
damage is due to a combination of corrosion and the
mechanical forces associated with the bubble collapse.
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Hence, some parts of pure Gd surface are out of
protection and not immune to corrosion. Pure Gd leads to
more mass loss than polygonal Al coating. The results
illustrate that pure Gd is corroded more seriously due to
the formation of loose corrosion products and hydrogen
precipitation.

Pitting is a highly localized type of corrosion on the
surface of Al coating in neutral aqueous solutions. Pitting
corrosion is not observed on the lamellar Al coating, but
pitting corrosion appears on the surface of the polygonal
Al coating in the water. Pits are initiated at weak sites in
the oxide by ion attack [14]. Pits propagate according to
the reactions:

Al=Al""+3¢ (1)
AP"+3H,0=AI(OH);+3H" )

Hydrogen evolution is an important reduction
processes at the intermetallic cathodes.

2H™+2e=H, 3)
0,+2H,0+4e=40H" 4)

According to reaction (2) the pH will decrease and
small vapor bubbles will form in the water, which causes
pitting corrosion in regions where the flow conditions
produce low pressures and subsequent violent collapse of
these bubbles on the surface of the materials in
neighboring areas where the local pressure is higher [15].

From the above mentioned analysis, it can be
known that the lamellar Al coated Gd exhibits the better
corrosion resistance than polygonal Al coated Gd. It is
related to lamellar structure which has a much lower
dissolution rate than polygonal-like Al coating. In
addition, the lamellar structure forms a more effective
physical shield, extending the path of the corrosive
medium to body.

4 Conclusions

1) The corrosion rate of pure Gd greatly decreased
due to preparation of Al coating with the different
structures. Al coating with high density lamellar
microstructure  was  successfully
magnetron sputtering technology.

2) The electrochemical corrosion data obtained from
different structures of Al coatings and pure Gd in the
distilled water were analyzed. Two structures of Al

synthesized by

coatings are both of benefit to improving corrosion
resistance of Gd. The lamellar Al coating has a better
excellent resistance to pitting corrosion compared with
polygonal Al coating in the distilled water. The corrosion
mechanisms of three specimens are related to lamellar
structure which has a much lower dissolution rate and

forms a more effective physical shield, extending the
path of the corrosive medium to body. The corrosion
products of pure Gd reacting with water cause the
formation of stresses and a number of cracks, which
accelerate corrosion rate of pure Gd.
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