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Al-Cu alloy has been widely applied to automobile products due to its light weight and high strength, but pitting
corrosion easily occurs due to intermetallic compounds (IMCs) in Al-Cu alloy. Anodizing process has been conven-
tionally performed to improve the corrosion resistance of Al-Cu alloy surface. However, IMCs in Al-Cu alloy lead to
defects in anodic oxide film. In this study, refinement of IMCs in Al-Cu alloy surface by large-area EB irradiation
was proposed. Experimental results show that reflectance and corrosion resistance of anodic oxide film formed
on Al-Cu alloy surface are improved by refinement of IMCs with the EB irradiation.
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1. Introduction

Al-Cu alloy has been widely applied to automobile and bicycle
products due to its light weight and high strength. However, pitting
corrosion easily occurs due to intermetallic compounds (IMCs) which
are composed of elements such as Cu, Si and Mn in the Al-Cu alloy
[1], since the IMCs act as a cathode in the Al matrix.

Corrosion resistance of Al alloy was improved by the coating method
[2], but coated layer would be peeled from the surface. Anodizing pro-
cess has been conventionally performed to improve corrosion resistance
of Al-Cu alloy surface. Aluminum oxide film (anodic oxide film) with
high corrosion resistance can be formed on the Al-Cu alloy surface by
anodizing process. However, it was reported that IMCs are hardly oxi-
dized during anodizing process, and IMCs lead to surface defects in the
anodic oxide film [3]. As a result, anodic oxide film characteristics such
as reflectance and corrosion resistance would deteriorate [4].

On the other hand, large-area electron beam (EB) of 60 mm in
diameter can instantly and uniformly melt metal surface [5—6]. Re-
solidified layer with fine microstructure is formed on the surface by
the EB irradiation, and surface characteristics such as water repel-
lency, corrosion resistance can be improved [7]. Shinonaga et al. [8]
revealed that Mo-rich layer was uniformly formed on maraging steel
surface by the EB irradiation. Mo element remains on maraging steel
surface by the EB irradiation, but other elements were preferentially
removed and/or melted, since boiling point and thermal conductivity
of other elements are lower than those of Mo element. Therefore, it is
highly expected that the IMCs in the Al-Cu alloy surface will be
melted and refined by the EB irradiation, and surface characteristics
of anodic oxide film formed on the Al-Cu alloy surface with EB irradi-
ation will be improved.
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In this study, refinement of IMCs in Al-Cu alloy surface by large-
area EB irradiation was experimentally investigated. Mechanism for
the refinement of IMCs was discussed by unsteady heat conduction
analysis. After anodizing process, reflectance and corrosion resistance
of the anodic oxide film on the Al-Cu alloy with the refinement of
IMCs were examined.

2. Experimental procedure

Al-Cu alloy, A2014 in JIS specification (Al-5.0wt %, Cu-1.0wt %, Si-
0.2wt %, Fe-0.9wt %, Mn-0.9wt %, Mg-0.9wt %) was used as a work-
piece. T6 heat treatment was applied to the Al-Cu alloy. Table 1
shows thermal and physical properties of the Al-Cu alloy. The size of
workpiece was 25 x 25 x 2 mm. Surface roughness of the Al-Cu alloy
was set to 0.3 pm Rz or less by a mirror polishing.

Fig. 1 shows the schematic of experimental procedure in this
experiment. First, the possibility of refinement of IMCs in Al-Cu alloy
surface by the EB irradiation was examined. Table 2 shows EB condi-
tions. Energy density Eq of EB was fixed to 3.0 J/cm? and number of
EB irradiation N was varied from 1 to 10 shots.

Next, the mirror polished surface and the EB irradiated surface
were anodized, respectively. Anodizing of Al-Cu alloy was performed
by using a sulfuric acid method under free sulfuric acid with concen-
tration of 220 ml/l, bath temperature of 293 K, and constant current
electrolysis of 1.3 A/dm? for 10 min.

Table 1
Thermal and physical properties of Al-Cu alloy (A2014)

Melting point Om [K] 780
Specific heat c [J/(kg-K)] 880
Thermal conductivity 4 [W/(m-K)] 150
Density o [g/em?] 2.80
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Fig. 1. Experimental procedure for mirror polishing, large-area EB irradiation, and
anodizing.

Table 2

Large-area EB conditions
Energy density Eq [Jjem?] 3.0
Number of irradiation N [shot] 1-10
Pulse duration D, [us] 2.0
Pulse frequency Fy [Hz] 0.125

The distributions of IMCs in the Al-Cu alloy surface before and
after EB irradiation were examined by an energy dispersive X-ray
spectroscopy (EDX). The anodic oxide film surface was observed by
an optical microscope. Reflectance of film was measured using a
microscope spectrometer. The reflectance R was calculated by R = R; |
R4, where Ry is the amount of light directly measured from the light
source, and R, is the amount of reflected light on the workpiece. The
measurement area was 20 pm x 20 pm, and the reflectance was mea-
sured in the visible light range.

The copper accelerated salt spray (CASS) test was conducted to
evaluate the corrosion resistance of anodic oxide film. In the CASS
test, aqueous solution with copper chloride and sodium chloride was
sprayed on the film surface. The corrosion resistance was evaluated
by the number of pits and pitting depth on the film.

3. Refinement of intermetallic compounds by EB irradiation

Fig. 2 shows elemental mapping analysis results on the Al-Cu alloy
surface before and after the EB irradiation. IMCs of Cu, Si and Mn with
the size of 1—10 pm are partially distributed before the EB irradiation.
On the other hand, after the EB irradiation at 5 shots, the IMCs on the
surface are almost uniformly distributed, but some IMCs remains.
After 10 shots, the size of IMCs becomes very fine, and the distribu-
tion is absolutely uniform. In addition, atomic percent of Cu, Si and
Mn is almost same before and after the EB irradiation. These results
suggest that IMCs are completely refined into the Al matrix without
change of chemical composition by the EB irradiation.

In order to confirm the refinement of IMCs after the EB irradiation,
crystal structures of Al-Cu alloy surface before and after EB irradiation
were evaluated by X-ray diffraction (XRD). Fig. 3 shows XRD spectra
of Al-Cu alloy surface. Before EB irradiation, there are some peaks of
IMCs which consist of Cu, Mn, Mg and Si. After the EB irradiation, the
peaks of IMCs are hardly confirmed. These results indicate that IMCs
are completely refined into the Al matrix by the EB irradiation.

Fig. 4 shows cross-sectional images of Al-Cu alloy with and with-
out EB irradiation. Re-solidified layer with fine microstructure is
formed after 5 shots EB irradiation, but IMCs remain inside the re-
solidified layer. In the case of 10 shots, re-solidified layer with a
thickness of 12 pum is formed, and sufficient refinement of IMCs in the
re-solidified layer can be confirmed. The refinement of IMCs may be
caused by the melting and re-solidification of the IMCs through a
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Fig. 2. Elemental mapping images of Al-Cu alloy surface before and after EB
irradiation.
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Fig. 3. XRD spectra of Al-Cu alloy surface before and after EB irradiation.
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Fig. 4. Cross-sectional images of Al-Cu alloy and re-solidified layer thickness after EB
irradiation.

rapid heating and cooling process during the EB irradiation. Fig. 4
also shows variation of resolidified layer thickness with number of
EB irradiation. The resolidified layer thickness increased with the
number of EB irradiation. After the EB irradiation at 10 shots, the re-
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solidified layer with refinement of IMCs is thicker than 5 pm, which is
larger than thickness of anodic oxide film. Therefore, defect of anodic
oxide film would be suppressed by formation of thicker re-solidified
layer with refinement of IMCs.

4. Mechanism for refinement of IMC

Unsteady heat conduction analysis was conducted by using a
commercial finite element method (FEM) program (ANSYS 17.0) to
calculate the temperature history of Al-Cu alloy surface during EB
irradiation. Fig. 5 shows the unsteady heat conduction analysis
model. In the experiments, the workpiece was clamped with chucks
made of stainless steel during the EB irradiation. Considering their
symmetric shapes, rectangular FEM model of one cross-sectional

EB irradiated surface

Analysis area .
N Workpiece

] A2014
M SUS304

Fig. 5. Unsteady heat conduction analysis model.

shape of workpiece and chuck was built.

Analysis conditions are shown in Table 3. In the analysis, only heat
transfer between the workpiece and chuck was considered, since it is
known that heat transfer by convection of gas can be neglected under
the pressure <1072 Pa. In addition, latent heat of Al-Cu alloy was con-
sidered. Thermal and physical properties of Al-Cu alloy as shown in
Table 1 was used. A heat energy input with considering the waveform
of cathode voltage in pulse duration of 2.0 ps was applied to the work-
piece and chuck surfaces, since the EB was irradiated to the upper sides
of workpiece and chuck.

Table 3

Analysis conditions
Energy density Eq [JJem?] 3.0
Number of irradiation ~ N [shot] 1
Heat transfer H [W/(m?K)] 0
Emissivity € 0.2
Room temperature T, [K] 300

Fig. 6 shows temporal change in temperature distributions of Al-Cu
alloy in large-area EB irradiation under 3.0 J/cm? and 1 shot. Red area is
the area where temperature is above the boiling point of Al-Cu alloy,
and the yellow one is the area where temperature is between the melt-
ing point and boiling one. As shown in the figure, the temperature rap-
idly rises in 0.9 ps. At 0.9 ps, the maximum temperature of top surface
becomes about 1200 K, which is higher than the melting point (780 K)
but lower than the boiling point (2743 K). The analysis results show
that IMCs and matrix of Al-Cu alloy can be melted by the EB irradiation.

Fig. 7(a) shows the temperature history of EB irradiated Al-Cu
alloy surface in the range from 1 to 107 ps. The time interval of each
EB pulse is about 107 ps. The surface temperature falls rapidly and it
becomes room temperature at about 103 ps. It is known that the alloy
elements dissolve or precipitate by heat-treatment at a certain tem-
perature and cooling rate. Cooling rate after the EB irradiation is suffi-
ciently faster than the cooling rate of continuous cooling
transformation curve. These results indicate that a part of IMCs can
be dissolved into the matrix during the EB irradiation.

Fig. 7(b) shows expected mechanism of refinement of IMCs by EB
irradiation. At first, Al-Cu alloy surface with IMCs is melted by rapidly
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Fig. 6. Temporal change in temperature distributions of Al-Cu alloy in large-area EB
irradiation.
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Fig. 7. (a) Temperature histories of EB irradiated Al-Cu alloy each distance from the top
surface, and (b) expected mechanism of IMC refinement by EB irradiation.

heating with EB irradiation. Then, some IMCs are dissolved into the Al
matrix. After that, some of IMCs and Al matrix become finer and dis-
solve when temperature rapidly drops after EB irradiation. By repeating
this process, the IMCs are completely refined and dissolved into the Al-
Cu alloy. The refinement of IMCs into Al-Cu alloy after the EB irradiation
is confirmed from cross-sectional TEM images as shown in Fig. 8.

5. Anodic oxide film formation on al-cu alloy surface

Fig. 9 shows optical images of anodic oxide film surfaces which
are formed on the Al-Cu alloy with and without EB irradiation. Cross-
sectional TEM images of interface between the re-solidified layer and
the anodic oxide film are also shown. The surface images show that
many defects are generated on the anodic oxide film surface without
the EB irradiation, while only a few defects are generated on the film
surface with the EB irradiation. From TEM images, in the case without
EB irradiation, anodic oxide film is formed from the base material
which contains many IMCs. On the other hand, the film is formed
from the re-solidified layer with refinement of IMCs after the EB
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Fig. 8. Cross-sectional TEM images of Al-Cu alloy with and without EB irradiation.
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Fig. 9. Anodic oxide film surface and cross-sectional images formed on Al-Cu alloy
with and without EB irradiation.

irradiation. Therefore, anodic oxide film with few defects can be suc-
cessfully formed by the refinement of IMCs after the EB irradiation.

In the anodizing process, the anodized film grows by dissolution
from the surface to a depth of several micrometer. Therefore, even if
the surface is removed by mechanical polishing or milling at the
nanometer scale, the surface characteristics of anodized film might
not be improved since the IMCs remain at the micrometer scale in
base metal. On the other hand, the large-area EB irradiation method
can uniformly refine the IMCs to a depth of about 10 pm. Then, the
surface characteristics of anodized film with EB irradiation might be
improved. Large-area EB irradiation method is one of the useful sur-
face treatments for refinement of IMCs.

6. Surface characteristics of anodic oxide film

Fig. 10 shows the reflectance of anodic oxide film surface formed on
Al-Cu alloy with and without EB irradiation. Optical images of the film
surfaces are also shown in the figure. The optical images show that the
anodic oxide film on Al-Cu alloy with EB irradiation becomes brighter
than that without EB irradiation. Reflectance of anodic oxide film surface
on Al-Cu alloy with the EB irradiation is higher than that without EB irra-
diation in the visible light wavelength range. The reason for
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Fig. 10. Change in reflectance of anodic oxide film surfaces formed on Al-Cu alloy with
and without EB irradiation.

improvement of reflectance in the case of using the EB irradiation before
anodizing is the refinement of IMCs composed of the Si and Mn in the
Al-Cu alloy. Theses IMCs leads to generation of defects in the anodic
oxide film surface, and the decrease of reflectance on the film surface.

Fig. 11 shows number of pits and pitting depth on anodic oxide
film surfaces formed on the Al-Cu alloy with and without EB irradia-
tion after corrosion test. Optical images of the film surfaces are also
shown in the figure. Number of pits on the film surface formed on
the Al-Cu alloy with the EB irradiation is reduced to one-third of that
without EB irradiation. The reduction of pitting corrosion is also con-
firmed from the optical images. In addition, pitting depth of the film
surface with the EB irradiation is much smaller than that without EB
irradiation. Furthermore, pitting depth of the film without EB irradia-
tion has large variation, but the pitting depth is less variation in the
case with EB irradiation. Results in chapter 5 show that the anodic
oxide film surface formed on Al-Cu alloy surface with the EB irradia-
tion has a few defects due to refinement of IMCs in the Al-Cu alloy.
Thus, the pitting corrosion hardly occurs on the film, and corrosion
resistance is more improved.
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Fig. 11. Number of pits, pitting depth and optical images on anodic oxide film surfaces
formed on Al-Cu alloy with and without EB irradiation.

7. Conclusions

In this study, refinement of IMCs in Al-Cu alloy surface by large-area
EB irradiation was proposed. In addition, improvement of anodic oxide
film characteristics by the refinement of IMCs with the EB irradiation
was examined. Main conclusions obtained in this study are as follows,

1. Large-area EB irradiation enables refinement of IMCs in Al-Cu
alloys surface without change of chemical composition, since tem-
perature of EB irradiated surface rapidly rises above melting point
of Al-Cu alloy, and the cooling rate is sufficiently faster.

2. Anodic oxide film formed on Al-Cu alloy surface with EB irradia-
tion has less defects, and reflectance of the film becomes higher
compared to that without EB irradiation.

3. Corrosion resistance of anodic oxide film formed on Al-Cu alloy sur-
face with EB irradiation is more improved, since the number of pits
and pitting depth reduce compared to those without EB irradiation.
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