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Joining of Anodized and Stacked Aluminum Sheets by Copper Electrodeposition: 
Nano-Anchor Effect

Masataka Hakamada, Yohei Kohashi*1, Yuriko Yamano*2 and Mamoru Mabuchi

Department of Energy Science and Technology, Graduate School of Energy Science, Kyoto University, Kyoto 606–8501, Japan

A new manufacturing process for metallic layers is proposed, where no thermal process is required. Al sheets were anodized in H3PO4, 
and the anodized sheets were adhered by Cu electrodeposition. The interface shear strength of Al/Cu was increased signi�cantly from 1.5 to 
64.8 MPa by the anodizing. Cu deposition in a small space between the Al sheets was important for the strong adhesion. Microstructural ob-
servation showed that Cu deposition penetrated the nanopores of an anodic aluminum oxide (AAO) �lm, which indicates that the nano-anchor 
effect played a critical role in the strong adhesion.　[doi:10.2320/matertrans.M2017315]
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1.　 Introduction

To date, many processes for manufacturing metallic dis-
similar layers or laminates, e.g., Al/Cu layers, have been de-
veloped, such as rolling followed by annealing1), friction stir 
welding (FSW)2), laser welding3), ultrasonic spot welding4), 
and explosive welding5). In these processes, a thermal or dif-
fusion process is required to bond the layers because bond-
ing at room temperature is suppressed by the presence of 
rigid oxide �lms on the surfaces of metallic materials. 
However, thermal or diffusional processes often cause the 
formation of chemical compounds around the interfaces be-
tween dissimilar layers, which leads to premature fracturing 
or a reduced ductility6). It is desirable to develop a new man-
ufacturing process for metallic layers that exhibit an im-
proved performance, without using a thermal process. Three 
mechanisms exist for the adhesion of metallic sheets: physi-
cal (diffusional) bonding, chemical bonding, and mechanical 
interlocking (anchor effect). Mechanical interlocking is an 
alternative for strongly adhering metallic sheets without 
thermal processes.

It is well known that an anodic aluminum oxide (AAO) 
�lm is formed by the electrochemical oxidation of alumi-
num. Masuda et al.7) showed that ordered nanohole arrays 
were formed by a two-step replication of the honeycomb 
structure of AAO. Since their discovery, many studies have 
been performed on ordered nanoporous AAO8,9). Recently, it 
has been found that an electrodeposited Cu �lm adheres 
strongly to anodized Al10,11). This occurs because the elec-
trodeposited Cu is interlocked by the penetration of Cu into 
the nanopores of an AAO �lm. Thus, anodized Al sheets 
may be adhered strongly by Cu electrodeposition because of 
the nano-anchor effect. In this work, Al sheets were anod-
ized and two anodized sheets were adhered by Cu electrode-
position (Fig. 1(a)). The adhesion strength (interface shear 
strength) was investigated by lap shear tests.

2.　 Experimental

High-purity Al sheets that are 30 mm long, 4 mm wide, 
and 1.5 mm thick were used as starting materials. A surface 
of the Al sheet was polished to obtain a pentagonal cross 
section with an edge thickness of 1.4 mm, and the Al sheets 
were anodized under conditions where the electrolyte was 
0.3 M H3PO4. The anodizing voltage was 30 V, and the an-
odizing conduction time was 40 min. A SUS316 sheet was 
used as a cathode in the anodizing treatment.

After the anodizing treatment, Cu electrodeposition was 
performed on the anodized Al sheets. The conditions for Cu 
electrodeposition are listed in Table 1. Two anodized sheets 
were laid with a space of 25 µm between them, so that the 
area for Cu electrodeposition was 20 mm ×   4 mm. The Al 
sheet specimen, which consisted of two anodized Al sheets, 
was set as a cathode, a copper sheet was set as an anode in a 
sulfate bath, and Cu electroplating was carried out 
(Fig. 1(b)). Lap shear tests were conducted at room tempera-
ture on the Cu-electrodeposited Al sheet specimens to inves-
tigate the interface shear strength according to modi�ed JIS 
K 685012) with an overlap length of 20 mm and a sample 
width of 4 mm. Additional experiments were performed on 
Al sheets that were anodized in a 0.3 M H2CrO4 electrolyte, 
where the anodizing conditions were the same as those for 
anodizing treatment in 0.3 M H3PO4.
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Fig. 1　(a) Schematic illustration of manufacturing process of an anodized 
Al sheet layer adhered by Cu electrodeposition. (b) Schematic illustra-
tion of Cu electrodeposition for adhering Al sheets.
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3.　 Results and Discussion

Figure 2(a) shows an Al surface after anodizing in H3PO4. 
An AAO �lm with �ne pores was formed by anodizing in 
H3PO4. An AAO �lm with fewer pores was formed by anod-
izing in H2CrO4 (Fig. 2(b)). The average pore diameter was 
50.7 nm when anodizing with H3PO4 and 21.2 nm when an-
odizing with H2CrO4, and the porosity was 33.3% when an-
odizing with H3PO4 and 10.3% when anodizing with 
H2CrO4, where the pore diameter and porosity were calcu-
lated by image analyses on at least four observed images 
with an area of 12 µm ×  10 µm. The pore formation was en-
hanced more by anodizing in H3PO4 than by anodizing in 
H2CrO4.

A 25-µm spacing is required between sheets to be �lled 
with deposited Cu to ensure the adherence of the two Al 
sheets. To date, many studies13–16) on Cu electrodeposition 
in small spaces have been carried out, and additives enable 
Cu electrodeposition in small spaces. In this work, a poly-
ethyleneglycol (PEG) additive facilitated Cu electrodeposi-
tion in a small space between the two sheets. After the two 
Al sheets were adhered by the Cu electrodeposition, lap 
shear tests were carried out to investigate the interface shear 
strength of Al/Cu. Fracture occurred at the interface of the 
Al/Cu for the non-anodized Al sheet specimen and for the 
H2CrO4-anodized Al sheet specimen. The interface shear 
strength of Al/Cu was 1.5 MPa for the non-anodized Al 
sheet specimen and 4.3 MPa for the H2CrO4-anodized Al 
sheet specimen. For the H3PO4-anodized Al sheet specimen, 
fracture did not occur at the Al/Cu interface, but occurred 
inside the deposited Cu, as shown in Fig. 3. This result indi-
cates that the interface shear strength of Al/Cu was higher 
than the shear strength of the deposited Cu. Additional lap 
shear tests, where only the contact area of Al/Cu was re-
duced to 1.5 mm ×  1.2 mm, were performed on the H3PO4-
anodized Al sheet specimen. As a result, fractures resulted at 
the Al/Cu interface and the interface shear strength was 64.8 
MPa for the H3PO4-anodized Al sheet specimen. The inter-
face shear strength was increased signi�cantly from 1.5 to 
64.8 MPa by anodizing in H3PO4.

A cross section of the Al sheet after the lap shear test is 
shown in Fig. 4 for the H3PO4-anodized Al sheets specimen. 
The deposited Cu penetrated the nanopores of an AAO �lm. 
The deposited Cu penetrated the nanopores of an AAO �lm 
less for the H2CrO4-anodized Al sheets specimen (Fig. 5). A 
signi�cant increase in adhesion strength by the anodizing is 
related to the nano-anchor effect.

Figure 4(b) shows that Cu deposition penetrated the 

nanopores of an AAO �lm for the H3PO4-anodized Al sheet 
specimen. The Cu deposition branched off, as shown by cir-
cles in Fig. 3(b). Cu deposition branching did not result in 
the H2CrO4-anodized Al sheet specimen. For the H3PO4-
anodized Al sheet specimen, more Cu deposition occurred in 
a cross section than expected by surface observation, as seen 
in the comparison between Fig. 2 and Fig. 3(a). This most 

Fig. 2　Al surface after anodizing in (a) H3PO4 and (b) H2CrO4.

Fig. 3　Appearance of Al sheets after lap shear test. Sample without anod-
ization and sample with H2CrO4 anodization showed fracture at Al/Cu 
interface (which can be judged by exposure of Al surface after shear 
test), while sample with H3PO4 anodization exhibited Cu/Cu fracture. 
Samples with no anodization and with H2CrO4-anodization are short be-
cause a part of the sample was cut off for cross sectional observation.

Table 1　Conditions for copper electrodeposition.

Bath component

CuSO4·5H2O 220 g/L
H2SO4 60 g/L
NaCl 0.1 g/L
Polyethyleneglycol 0.5 g/L

Bath volume 250 mL

Current density 1.875 A/dm2

Conduction time 24 hours

Temperature 298 K

Distance between electrodes 5 cm
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likely occurs because the pore diameter changed during pore 
growth.

This work shows that Al sheets were adhered strongly by 
Cu electrodeposition. One of the key points for the strong 
adhesion is Cu deposition in a small space between the Al 
sheets. In this work, PEG addition enabled Cu deposition in 
a small space. The other requirement for strong adhesion is 
the nano-anchor effect. As shown in Fig. 3(b), the Cu depo-
sition branched off, which enhances the nano-anchor effect. 
The pore size was larger for the H3PO4-anodized Al sheet 
specimen than for the H2CrO4-anodized Al sheet specimen, 
which enables deep deposition of Cu into the nanopores and 
enhances the nano-anchor effect. However, if the pore size is 
too large, the adhesion strength will be reduced, as shown 
later. Thus, there may be an optimum pore size for strong 
adhesion. Also, additives such as PEG may play an import-
ant role in the deep penetration of Cu deposition into 
nanopores. A signi�cant decrease in sample size leads to an 
enhanced strength17). Hence, the Cu deposition strength is 
expected to be increased by narrowing the Cu deposition 
that penetrates the nanopores. The nano-anchor effect may 
have been enhanced by these events.

4.　 Conclusions

Al sheets were anodized in H3PO4 and the anodized 

sheets were adhered by Cu electrodeposition. The interface 
shear strength of Al/Cu increased signi�cantly from 1.5 to 
64.8 MPa, by anodizing with H3PO4. A high Al/Cu adhesion 
strength (> 60 MPa) was obtained, which is attributed to the 
enhanced nano-anchor effect.
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Fig. 4　Cross section of Al sheet after lap shear test for H3PO4-anodized Al sheet specimen observed with (a) low and (b) high magni�cation.

Fig. 5　Cross section of Al sheet after lap shear test for H2CrO4-anodized 
Al sheet specimen.
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