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Abstract: The evolutionary process and intermetallic compounds of Cu/Al couples during isothermal heating at a constant bonding tem-
perature of 550°C were investigated in this paper. The interfacial morphologies and microstructures were examined by optical microscopy, 
scanning electron microscopy equipped with energy dispersive X-ray spectroscopy, and X-ray diffraction. The results suggest that bonding is 
not achieved between Cu and Al at 550°C in 10 min due to undamaged oxide films. Upon increasing the bonding time from 15 to 25 min, 
however, metallurgical bonding is obtained in these samples, and the thickness of the reactive zone varies with holding time. In the interfacial 
region, the final microstructure consists of Cu9Al4, CuAl, CuAl2, and α-Al + CuAl2. Furthermore, these results provide new insights into the 
mechanism of the interfacial reaction between Cu and Al. Microhardness measurements show that the chemical composition exerts a signifi-
cant influence on the mechanical properties of Cu/Al couples. 
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1. Introduction  

Laminated composites are becoming increasingly impor-
tant in industrial applications due to their numerous advan-
tages. In many cases, through the choices of laminated ar-
chitecture, component materials, and processing history, 
laminated systems can be devised to produce a material with 
prescribed properties [1]. Systems based on Cu and Al are 
typically identified as candidate materials for electric de-
vices such as transition pieces in high direct-current bus 
systems [2] or conductive strips used in high frequency al-
ternative current equipment [3]. Recently, some studies have 
been performed on the Cu/Al system to investigate me-
chanical properties [4−5] and diffusion behavior [6−7]. 
Heness et al. [4] investigated the interfacial strength evolu-
tion of roll-bonded Cu/Al laminates and showed that the 
phases generated in the interfacial region dominated the in-
terfacial strength. Guo et al. [7] studied intermetallic phase 
formation in diffusion-bonded Cu/Al laminates prepared by 
plasma-activated sintering in the temperature range of 
400−500°C. They reported that CuAl2 was the first phase 
among three intermetallic phases (CuAl2, CuAl, Cu9Al4) on 
the basis of the effective heat of formation model. Mean-

while, several processing techniques such as roll bonding [8], 
friction welding [9], and reactive diffusion bonding [10] 
have been used to fabricate Cu/Al laminated composites. All 
of these methods are solid state techniques that are per-
formed below the eutectic temperature (548.2°C). Investiga-
tions of the solid state bonding of metals [3−5,8] have dem-
onstrated that with the combination of pressure and heat, the 
reactive mechanism between metals is as follows: (1) de-
velopment of physical contact; (2) activation of the surfaces 
in contact; and (3) interactions within the materials being 
joined. It should be noted that Kawakami et al. [11] studied 
Cu/Al dissimilar bonding in a temperature range above the 
eutectic temperature and below the melting point of alumi-
num. They pointed out that in such dissimilar bonding, dif-
fusion started from the adherence surface of both metals af-
ter the breaking of the oxide films. Furthermore, the thick-
ness increase of the oxide film was suppressed by the reduc-
tion in the oxygen concentration in the atmosphere sur-
rounding the bond area. However, the evolutionary process 
of intermetallic phase formation at the Cu/Al interface re-
mains uncertain. 

This study focuses on the intermetallic phase formation at 
the Cu/Al interface during isothermal heating at 550°C for 
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different holding times. The interfacial morphology and 
hardness of the couples are examined. The sequence of 
phase formation is rationalized, and the related mechanism 
is discussed based on the experimental observations. 

2. Experimental 

Commercially available Cu (99.9%) and Al (99.6%) rods 
with a diameter of 10 mm were cut into specimens with a 
length of 8 mm. The specimen surfaces for bonding were 
mechanically ground on 400−2000 emery papers. It is ex-
tremely important to clean the samples prior to the bonding 
process in order to minimize the occurrence of voids/defects 
within the resulting couples. For this reason, all surfaces 
were degreased in acetone to remove adhered contaminants 
and dried in air before the experiments. Subsequently, the 
Cu and Al samples were immersed in 10vol% H2SO4 and 
10vol% NaOH solution, respectively, to remove oxides on 
the surfaces. The Al specimens also had to be deactivated in 
10vol% HNO3 solution. Finally, all the samples were rinsed 
with ethanol and then stored in ethanol until the bonding 
trial. 

After the surface treatment, the samples were stacked in 
the furnace with the upper one being copper and the lower 
one being aluminum. They were then processed by a spe-
cially designed bonding apparatus, which is shown sche-
matically in Fig. 1. The oxide film is known to form very 
rapidly on the surface of the aluminum or copper, thus, it 
acts as a barrier to the formation of a metallurgical bond 
[12]. Therefore, the time interval between surface prepara-
tion and experiment was kept to less than 2 min to avoid the 
formation of thick and continuous oxide layers on the sam-
ple surfaces [2]. The experiment was conducted under a 
uniaxial pressure of 0.3 MPa in argon atmosphere, which 
was introduced at a rate of 400 L/h, to further limit oxidation. 
A heating rate of 40°C/min was used to bring the couples to 
a temperature of 550°C for different durations (10, 15, 20, 
and 25 min) followed by air cooling. To accurately measure 
the temperature, a K-type thermocouple was inserted into 
the copper cylinder near the interface. In view of the evolu-
tion of the interfacial structures, experiments were carried 
out at a relatively low bonding temperature (550°C) that was 
above the eutectic temperature (TE = 548.2°C) of the Cu/Al 
system to avoid the significant deformation that occurs at 
higher temperatures as well as the excessive formation of 
Cu−Al intermetallic compounds (IMCs) [11]. Vertical 
pressure was applied to the bonding couples to attain inti-
mate contact between Cu and Al and then to obtain liquid 
phase by contact reaction in order to remove the voids in the 

bonding interface [13]. For metallographic examination, 
bonded samples were cut transversely through the couples, 
and the surfaces were polished to a 0.5 μm finish using a 
diamond suspension. The macrostructures of the couples 
were examined by optical microscopy. Scanning electron 
microscopy (SEM) equipped with energy dispersive spec-
troscopy (EDS) was used to examine the microstructure and 
determine the phases in the interfacial region. In order to 
study the morphology of IMCs at the interface, the speci-
mens were etched with 10vol% HF solution for about 3−5 s 
after grinding and polishing. The brittle interface surface 
was analyzed by X-ray diffraction (XRD) using the diffrac-
tometer technique. To determine the Vickers hardness 
across the bonded interface, hardness testing was carried out 
at a load of 50 g for a testing time of 10 s. 

 
Fig. 1.  Schematic of the apparatus used for isothermal bond-
ing: 1―pressure plunger; 2―furnace lining; 3―furnace; 4― 
copper; 5―resistance wire; 6―thermal couple; 7―aluminum. 

3. Results and discussion 

3.1. Effect of bonding time on the reactive zone 

At first, diffusion occurs in the limited contact points of 
the Cu−Al surface [8] due to the combination of the bonding 
temperature and the uniaxial pressure. According to the 
Cu−Al binary phase diagram, there exists a eutectic reaction 
at 548.2°C with the composition of 66.8wt% Cu and 
33.2wt% Al. Once the temperature reaches 550°C, the con-
tact reaction is triggered to form liquid at the Cu/Al interface. 
With the nucleation of eutectic liquid at the limited points, 
both Cu and Al atoms quickly diffuse into the liquid since 



Y.Q. Han et al., Investigation on the interface of Cu/Al couples during isothermal heating 311 

 

diffusion is about 100−1000 times faster in liquid than in 
solid [14]. Thus, the liquid continues to be produced, and the 
contact points also increase. As the curvature of the liquid at 
the contact parts increases, the produced liquid moves along 
the surface, indicating that the surface tension has increased 
[15]. As time elapses, metallurgical bonding can be antici-
pated due to the significant interdiffusion and contact reac-
tion. Nevertheless, bonding is not achieved at a holding time 
of 10 min (Fig. 2). This might be explained by the fact that 
the liquid is not sufficient to produce a sound bond in a 
holding time of 10 min. Fig. 3 shows the XRD pattern of the 
uncombined couple performed at 550°C for 10 min. During 
isothermal heating, the reactions between Cu and Al can be 
described by the following equations: 

Cu (s) + Al (s) → (Cu, Al) (l)   (1) 

(Cu, Al) (l) → CuAl2 (s) + α-Al (s)  (2) 
where s and l indicate that the reactant is in the solid and 
liquid phase, respectively. In the diffraction patterns of the 
sample, only Al2O3 is detected on the aluminum side (Fig. 
3(a)). Only a small fraction of Al phase exists on the copper 

side, as reflected by its low intensity peaks (Fig. 3(b)). 
Hence it is Al2O3 rather than the Cu oxide film that hinders 
the contact reaction, and the amount of CuAl2 might be too 
small to be detected. In addition, the significant difference in 
the thermal expansion between Cu (9.4 × 10−6/°C) and Al 
(23.6 × 10−6/°C) during heating results in the uncombined 
sample as well as the bond stress in the cooling process from 
550°C to ambient temperature [5]. 

 
Fig. 2.  Appearance of an uncombined Cu/Al couple bonded 
at a temperature of 550°C for 10 min. 

 
Fig. 3.  X-ray diffraction patterns measured on the uncombined couple processed at 550°C for 10 min: (a) Al side; (b) Cu side. 

Fig. 4 shows the typical appearances and corresponding 
cross-sectional macrostructures of the bonded Cu/Al couples 
fabricated at 550°C for 15, 20, and 25 min. Such results can 
be expected based on two factors. First, the formation of 
IMCs is dependent on the bonding time because Cu and Al 
atoms are thermally activated [4]. Second, with longer 
holding time, the breakage of the oxide films is more sig-
nificant, thus providing virgin surfaces. A longer holding 
time also creates more contact area between the asperities to 
enhance diffusion bonding. The extruded liquid phase is 
observed on the surface of each sample (Figs. 4(a), 4(c), and 
4(e)), and the three bonded samples show relatively smooth 
surfaces. In Figs. 4(b), 4(d), and 4(f), the cross-sections of the 
Cu/Al couples formed at various bonding times can be observ-
ed, and the Cu/intermetallic zones and intermetallic zone/Al 

interfaces are flat and clearly distinguishable. The initial inter-
face and a number of interfacial voids between faying sur-
faces are clearly observed, as shown in Figs. 4(b), 4(d), and 
4(f). This could be a consequence of the rough macroscopic 
surfaces of the as-bonded copper and aluminum, leading to 
the presence of voids that are very difficult to suppress af-
terwards [16]. The sizes and shapes of the voids depend on 
the initial roughnesses of the bonding surfaces. However, in 
the present case, the voids are not very significant and, no 
cracks are observed in the intermetallic zone. This might be 
attributed to the integrated effect of higher temperature com-
pared to solid-state bonding technology and pressure appli-
cation in this study. Wu et al. [17] confirmed that increasing 
bonding temperature or pressure resulted in a significant de-
crease in the time required for the elimination of voids. 
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Fig. 4.  Typical appearances and corresponding macrostructures of Cu/Al couples produced at 550°C for various time: (a) and (b) 
15 min; (c) and (d) 20 min; (e) and (f) 25 min. 

From the cross-sectional optical images (Fig. 4(b)), the 
thickness L of the intermetallic zone is evaluated by the 
equation: 
L = A/W     (3) 
where W and A are the total length parallel to the initial 
Cu/Al interface and the total area of the intermetallic zone, 
respectively, on the cross-section. The results for the sam-
ples with bonding durations of 15, 20, and 25 min are pre-
sented in Table 1. Thus, the thickness of the reactive zone 
(L2) is reliably determined by the equation: 

L2 = L0 − L1 + L.    (4) 
where L0 is the total thickness of the copper and aluminum 
cylinder after grinding and L1 is the thickness of the bonded 
Cu/Al couple. This indicates that the reactive zone is made 
up of the extruded liquid phase and the intermetallic zone. 
From the experimental values in Table 1, it can be con-
cluded that the thickness of the reactive zone increases from 
1227 μm to 1423 μm as the holding time increases from 15 
to 25 min. The large thickness value of the IMCs in this 
study is consistent with the magnitude of bonding fabricated 

by horizontal core-filling continuous casting technology [18] 
but much larger than those processed by solid-state bonding 
methods at lower temperatures [3,19−21].  

Table 1.  Thickness values obtained at different holding times 

Time / min L0 / mm L1 / mm L / µm L2 / µm

15 15.767 14.852 312 1227 

20 15.821 14.817 297 1301 

25 15.577 14.470 316 1423 

3.2. Microstructure 

3.2.1. Interfacial microstructure 
SEM micrographs of the Cu/Al couple produced at 

550°C for 20 min are shown in Fig. 5. All the micrographs 
were taken in the back-scattered electron mode. Different 
phases were identified, and the EDS analysis results are 
listed in Table 2. Fig. 5(a) shows an overview of SEM mor-
phology at the intermetallic zone of the Cu/Al couple. A 
higher magnification image of region І (Fig. 5(b)) shows 
that some structures (P3−P5) are generated between copper 
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(P1, P2) and the eutectic (P6) structure. The EDS analysis 
results (Table 2) identify these structures (P3, P4, and P5) as 
Cu9Al4, CuAl, and CuAl2, respectively. The phases formed 
here are consistent with those found in the interfacial zone 
of the Cu/Al couple in compound casting [22]. Region II is 
exactly a part of the eutectic zone, and Fig. 5(c) shows a 

higher magnification image. It contains two types of eutectic 
zones (α-Al+CuAl2), the anomalous one (P7) and the lamel-
lar one (P8). Unlike region І, in which some different phases 
could be distinguished, Al only exists as an Al-based solid 
solution α-Al (P10) between aluminum (P11) and the eutec-
tic (P9) structure in region Ш (Fig. 5(d)). 

 
Fig. 5.  Interfacial microstructures of Cu/Al couples produced at 550°C for 20 min: (a) cross-sectional overview; (b−d) magnified 
views of regions І−Ш marked in (a). 

Table 2.  EDS analysis results of the sample bonded at 550°C 
for 20 min 

Positions Region Al / at% Cu / at% O / at% 

P1 I 0 100 0 

P2 I 0 100 0 

P3 I 34.59 65.41 0 

P4 I 50.57 49.43 0 

P5 I 68.68 31.32 0 

P6 I 79.84 20.16 0 

P7 II 85.03 14.97 0 

P8 II 80.09 19.91 0 

P9 III 73.32 26.68 0 

P10 III 96.63  3.37 0 

P11 III 100 0 0 

P12 II 65.93  8.92 25.15 

P13 II 71.46 25.48 3.05 

 
3.2.2. Morphology and types of intermetallic compounds 

Regardless of holding time, three phases were observed 
between copper and the eutectic zone in all experiments. A 
scallop-shaped CuAl2 layer appears at the interface between 

copper and the eutectic zone, as shown in Fig. 5(b). This 
morphology is in good agreement with the Young−Laplace 
equation [23] and has been observed in previous experi-
ments [18,24−25]. Once the CuAl2 layer has formed, a 
grooved-type morphology begins to develop at the 
CuAl2/CuAl2 and CuAl2/eutectic phase grain boundary (GB) 
triple junctions. This scallop-shaped morphology is caused 
by the faster mass transport across the GBs than in the bulk 
phase [26]. It should be noted that the Cu9Al4 layer is thin, 
and its thickness is almost uniform. A reasonable explana-
tion for this is that Cu9Al4 is generated through the 
solid-state phase transformation from CuAl2 to Cu9Al4 since 
the diffusion coefficient of the atom in the solid is much 
smaller than that in the liquid, and the diffusion time is in-
sufficient. Meanwhile, it makes sense to assume that all of 
the CuAl is formed during cooling because the CuAl layer is 
isolated at the CuAl2/Cu9Al4 interface. 

In Fig. 5(c), the anomalous region has well-defined α-Al 
dendrite cells, and α-Al is surrounded by a ribbon-like 
CuAl2 phase (gray). The lamellar eutectic region has lamel-
lae of α-Al and CuAl2. Due to a relatively higher interfacial 
energy in the fine lamellar eutectic structure, the reduction 
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of this energy will act as a driving force for the transforma-
tion of the fine lamellar eutectic to a coarser microstructure 
of anomalous eutectics, which are thermodynamically more 
stable. In the present study, the α-Al dendrite phase solidi-
fied first and released heat to the interdendritic molten phase. 
Subsequently, this remnant melted, resulting in slight un-
dercooling and solidification with a smaller growth velocity. 
Thus, the nucleation and growth rates of the two phases are 
distinct in the eutectic. This eventually gives rise to a large 
interlamellar distance, resulting in an anomalous structure 
[27]. 

3.3. Surface oxide films 

The thicknesses and the corresponding times required for 
the formation of copper and aluminum oxide films are listed 
in Table 3 [22]. Despite the careful preparation of both cop-
per and aluminum, oxide films may have formed rapidly at 
the interface. If the oxide films are not removed before con-
tact between the metals, bonding will be affected to some 
extent. Fig. 3(a) illustrates that the existence of Al2O3 hin-
ders the formation of an intimate contact between copper 
and aluminum. Thus, it is reasonable to take the removal of 
the oxide film from the interface as the beginning stage of 
the formation of IMCs at the interface [16]. In comparison 
with copper, aluminum has a higher tendency to oxidize due 
to its large free energy of oxide formation. Theoretically, the 
formed Al2O3 film can be thicker than the Cu oxide film. In 
fact, although the formation of aluminum oxide on the Al 
surface is rapid, it exhibits self-protection and is usually 
very thin. Additionally, the oxidation process of copper is 
kinetically faster than that of aluminum due to the porous 
structure of copper oxide film. Thus, the formed Cu oxide 
film is thicker than the Al2O3 film. Table 3 demonstrates 
that within 15 s, the thickness of the aluminum oxide film is 
12 × 10−4 μm, whereas that of the copper oxide film is 15 × 
10−4 μm. During isothermal heating, plastic deformation 
takes place in the contact points between micro-asperities, 
increasing the contact area. With increasing bonding time, 
there are more contact points. The eutectic liquid is first 
produced at some limited points and then spreads along the 
faying surfaces. Meanwhile, the bonded area is less than 
100%, and many voids remain in the interface. Because of 
the small thickness of the eutectic liquid in the initial stage, 
the effect of convection in the liquid is assumed to be negli-
gible. Owing to the uniaxial pressure, the two oxide films 
and the liquid are subjected to deformation forces, i.e., shear 
stress. The copper oxide film does not have enough strength 
and continuity to withstand the shear stress [28−29]. Since 
the oxide film has little or no plasticity, it will tear when 

subjected to shear stress [12]. Alumina oxide is also brittle 
and easily broken under external force. Structural defects in 
alumina oxide also weaken it, and the Al2O3 film is not 
strong enough to withstand the shear stress [30]. As a con-
sequence, the oxide films tear to shreds that are removed 
with the extruded eutectic liquid, leaving the surfaces in 
contact. In other words, the fragments of oxide films are 
constantly diluted until no evident oxide film is found at the 
interface in Fig. 5. In this work, a proper bonding condition 
is attained with residual fragments of oxide films at the in-
terface (P12, P13). Furthermore, owing to the protection of 
the surrounding atmosphere, clear oxide films are not ob-
served in the entire intermetallic zone (Fig. 5), which can be 
ascribed to the reduction in the oxygen concentration. 

Table 3.  Oxide film thickness and time required for forma-
tion [22] 

Metal 
Film thick-
ness / μm

Time / s Equation 

Copper 15 × 10−4 15 2Cu (s) + 1/2O2 (g) = Cu2O (s)

Aluminum 12 × 10−4 15 4/3Al (s) + O2 (g) = 2/3Al2O3 (s)

3.4. Evolutionary process and mechanism of interfacial 
reaction between Cu and Al 

The fact that bonding is not achieved at 550°C for 10 min 
supports the notion that the removal of the oxide film from 
the interface is the beginning stage of the formation of IMCs 
at the interface between copper and aluminum. In contrast to 
the copper oxide film, the Al2O3 film is more difficult to 
remove to achieve diffusion bonding. The persistent oxide 
attached to the Al surface makes bonding difficult, as illus-
trated in Fig. 2. Compared with the copper side, no eutectic 
phase is detected at the aluminum side. 

After the breaking of oxide films at some limited contact 
points, virgin metals extrude through the cracks and contact 
due to the uniaxial pressure [8]. Subsequently, interdiffusion 
begins with two atoms in this case. By increasing the hold-
ing time in the contact area, the concentration of copper at-
oms at the aluminum side near the interface reaches CαL 
(CαL is the chemical composition of the surface of aluminum 
adjacent to the liquid), resulting in the formation of α-Al 
based on Cu−Al phase diagram shown in Fig. 6. The diffu-
sion coefficient of Cu in Al is higher than that of Al in Cu. 
This difference becomes more remarkable with increasing 
temperature [31]. It is possible to neglect the phase gener-
ated on the copper side at this stage as the volume of the 
area is considered to be extremely small compared to the 
phase formed on the aluminum side. The EDS analysis on 
the copper side (P2) also supports this assumption since the 
Cu-based solid solution Cu(Al) is not observed. When the 
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concentration of copper atoms at the aluminum side exceeds 
CαL at the contact points, these regions begin to melt, lead-
ing to the formation of the liquid (L). Both copper and alu-
minum atoms continuously diffuse into L, and the diffusion 
is controlled by the diffusion coefficient (DL) in the liquid at 
this stage. The liquid spreads along the interface, leading to 
the extrusion of shreds of the oxide films as well as the 
elimination of voids. The liquid at the interface gradually 
reaches a chemical composition between CLα and CLθ (CLα 
and CLθ are the chemical compositions of the liquid adjacent 
to aluminum and copper, respectively). In fact, the composi-
tion of the liquid is very close to the eutectic composition of 
the Cu−Al alloy; hence, the eutectic phase is expected to 
form during the cooling process. Through isothermal heat-
ing, the surface of aluminum adjacent to the liquid has the 
chemical composition CαL, while the liquid in contact with 
that surface has the chemical composition CLα. Simultane-
ously, the liquid adjacent to the copper has the chemical 

composition CLθ. From this moment on, the solid embryos 
of CuAl2 (θ) nucleate. These nuclei have chemical composi-
tions of CθL (CθL is the chemical composition of the surface 
of copper adjacent to the liquid) and subsequently enter into 
the growing step. The morphology appears to be scal-
lop-shaped, and Fig. 7 shows an illustration of the growth of 
the CuAl2 phase. In Fig. 7, the arrows represent the Cu flux. 
In general, three paths dominate the growth of CuAl2: (1) 
the rate of Cu atomic diffusion from the Cu substrate to the 
CuAl2/L interface; (2) the rate of Al atomic diffusion from L 
to the CuAl2/L interface; and (3) the rate of Cu atomic diffu-
sion from the peak of a CuAl2 scallop to the valley. Paths 1 
and 2 are driven by the Cu and Al atomic concentration gra-
dients, which govern the longitudinal growth of CuAl2; path 
3 is driven by the curvature effect, which determines the 
cross growth of CuAl2 [32]. Nevertheless, the α-Al phase 
formed on the aluminum side is not distinguished due to its 
similar structure and color to those of the base metal. 

 
Fig. 6.  Cu−Al phase diagram. 

As mentioned in Section 3.2.2, the Cu9Al4 layer exhibits 
a planar morphology, while CuAl is discontinuous. Al-
though the experimental results in this study provide no di-
rect evidence of the sequence of phase formation between 
Cu9Al4 and CuAl, the Cu9Al4 layer is presumed to form be-
fore the CuAl phase based on the relatively large amount of 
Cu9Al4. This assumption is supported by the results of a 
previous study [33]. In addition, the effective heat of forma-
tion model explains that the preferential formation of Cu9Al4 
over CuAl can be attributed to the higher driving force for 

formation [7]. The Cu9Al4 phase is considered to result from 
solid-state phase transformation [18]. After the nucleation of 
CuAl2, the aluminum atoms continue to diffuse from the 
liquid to the Cu substrate through the solidified CuAl2 phase. 
During the consumption of the Cu matrix and the CuAl2 
phase, CuAl2 reacts with Cu to yield Cu9Al4 through 
solid-state diffusion. As diffusion progresses, CuAl2 and 
Cu9Al4 layers continue to grow until the holding time ends. 
When the bonding temperature drops, the liquid conven-
tionally transforms to the eutectic structure (α-Al+CuAl2), 
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and CuAl is generated at the interface of CuAl2/Cu9Al4. 
From the copper side to the aluminum side, the final struc-
ture consists of Cu9Al4, CuAl, CuAl2, and α-Al+CuAl2. 

 

Fig. 7.  Schematic of Cu diffusion paths during isothermal 
heating. 

The schematic of the mechanism of the interfacial reac-
tion between Cu and Al is shown in Fig. 8. (1) Due to the 
application of uniaxial pressure, oxide films rupture at con-
tact points, which is available for interdiffusion between 
copper and aluminum. (2) When the copper concentration at 
the aluminum side exceeds CαL, the liquid (L) forms in the 
real contact area and spreads along the interface, thus 
squeezing out most shreds of the oxide films. (3) With time 
increasing, the liquid thickens due to the continuous diffu-
sion of both atoms into the liquid, and CuAl2 then nucleates 
at the Cu/L interface during isothermal heating. (4) After 
CuAl2 solidifies, Cu9Al4 is generated through solid-state 
phase transformation at the expense of the Cu matrix and 
CuAl2. (5) The liquid transforms into the eutectic structure 
when the temperature decreases to ambient temperature; the 
CuAl phase is presumed to form simultaneously.  

 

Fig. 8.  Schematics of interfacial evolution during isothermal heating: (a) native oxide films on aluminum and copper prior to 
bonding; (b) liquid is formed at some points; (c) liquid spreads along the interface, and most fragments of oxide films are extruded; 
(d) CuAl2 is produced during bonding; (e) CuAl2 keeps growing followed by the formation of Cu9Al4; (f) CuAl is formed during 
cooling. 
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3.5. Hardness of the Cu/Al interface 

The Vickers hardness of the interfacial zone shown in Fig. 
9 was measured to investigate the effect of chemical com-
position. It is evident that the hardness is higher at the inter-
face than on the base metals, which most likely results from 
the compositional change of the interfacial zone. A greater 
hardness of IMCs signifies very low mechanical integrity, 
thus leading to the brittleness of the Cu/Al couples [34]. The 
observed hardness value first increases and peaks at point 1 
located at the IMCs/base material interface. It should be 
noted that the three intermetallic phases (Cu9Al4, CuAl, and 
CuAl2) that cannot be well separated under optical micros-
copy show a composite hardness of 235 HV. With regard to 
the eutectic zone, fluctuation in hardness is clearly observed. 
This can be attributed either to the change in dendritic spac-
ings or to the structural difference between the anomalous 
region and the lamellar eutectic region. The hardness value 
of point 2 is slightly higher than that of the base metal ow-
ing to the strengthening of the solid solution. 

 
Fig. 9.  Vickers hardness profiles across the interfacial zone of 
the sample bonded at 550°C for 15 min. 

4. Conclusions 

In this study, the evolutionary process of Cu/Al couples 
and their mechanism of formation are identified and dis-
cussed. In addition, the relationship between chemical 
composition and mechanical properties is investigated. The 
following conclusions are made: 

(1) Time is required for metallurgical bonding since both 
Cu and Al atoms are thermally activated and the breakage of 
oxide films is necessary for interdiffusion and interfacial re-
action. Increasing the bonding time from 15 to 25 min re-

sults in an increase in reactive zone thickness from 1227 μm 
to 1423 μm. 

(2) The microstructural analysis indicates that the interfa-
cial zone consists of Cu9Al4, CuAl, CuAl2, and α-Al+CuAl2 
from Cu to Al. The eutectic structure is dominant in the in-
terfacial zone. 

(3) The evolutionary process proceeds as follows. Ini-
tially, the oxide films rupture followed by the production of 
the liquid. With increasing time, the movement of the 
solid/liquid interface attempts to maintain a balance between 
C Lα of the liquid and CαL of the solid on the Al side as well 
as between CLθ of the liquid and CθL of the solid on the Cu 
side, resulting in the formation of α-Al and CuAl2. Cu9Al4 
develops a planar morphology through solid state phase 
transformation, and both the eutectic structure and CuAl are 
formed in the cooling process. 

(4) The hardness values of intermetallic compounds are 
higher than those of aluminum or copper base metals. The 
peak value of the mixture of three intermetallic phases is at-
tributed to their brittle nature. 
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