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INTRODUCTION 
Dissimilar welding of metals is widely used in many industries since it provides safe structures with a combination of 

high mechanical properties and good cost [1]. Bimetals have been largely used in industry due to their good physical, 
chemical and mechanical properties, that cannot be obtained from a single material [2], [3]. Welding of dissimilar metals 
in order to reach a high strength and durable joints is a reasonable challenge for industrial applications[4]. This can be 
done by using various methods, from fusion welding to diffusion bonding. From these bimetal materials, copper and 
aluminum joints have been studied and used in the last few decades [5]–[7].  

Dissimilar welding of aluminum (Al) and copper (Cu) is largely used in the electric power, electronic and piping 
industries [1]. Many research works have investigated dissimilar joints of Al-Cu made by solid-state welding and fusion 
welding processes in order to optimize their properties and strength [1].Al-Cu joints made by a fusion welding process 
lead to the apparition of brittle intermetallic compounds (IMCs), which cause failure during cooling[4]. Furthermore, it 
was reported that the increase in electrical resistivity of the Al/Cu joints is associated with the formation of IMCs, which 
act as an additional heat source during the transmission of electric current. Other than that, the presence of welding defects 
within the interface causes poor conductivity of the joints[8].  

One of the benefits of the solid-state welding of Cu to Al is that it can reduce the formation and growth of interfacial 
IMCs by introducing severely plastic deformation and then reducing welding temperature and time. The main solid-state 
welding processes are friction welding [9]–[11], ultrasonic welding [12], explosive welding [13], cold roll welding [14], 
and diffusion bonding or diffusion welding [15]–[17], which is a solid-state welding process used for joining similar and 
dissimilar metals. This process is based on the principle of solid-state diffusion, wherein the atoms of two solids metallic 
surfaces intersperse themselves over time [18]. The main advantages of diffusion bonding are obtaining high-quality 
bonds, and the possibility of producing joints with low porosity and good continuity across the interface[19]. 

Many researchers investigated the interfacial bonding between Cu and Al. Uscinowicz [20] found that in Al−Cu 
bimetallic joint, the thickness of diffusion zone increases exponentially with increasing annealing temperature and 
annealing time[21]. He reported that the electrical resistivity of Cu/Al composites increases with increasing the 
intermetallic-layer thickness. These intermetallic compounds (IMCs), such as CuAl2, CuAl, Cu9Al4, Cu3Al2 and Cu3Al 
are inevitable during the welding process due to the high chemical affinity between copper and aluminum. To avoid the 
defects induced during solidification in the Al/Cu joint, the solid-state diffusion bonding is conducted below the eutectic 
temperature. However, long bonding time and high bonding pressure facilitate the growth of IMC [22]. For that reason, 
a thin layer of IMCs enhances the metallurgical bonding due to interface reaction [23], [24]. Nevertheless, a thick layer 
of IMCs (higher than 2.5 μm ) decreases the mechanical and electrical properties of the joint [25]. 

It is noticed that the most important research was focused on the IMC development in Al−Cu bimetallic joint. It is 
well known that five equilibrium IMCs such as Al2Cu (θ), AlCu( η2), Al3Cu4 ( ζ2), Al2Cu3 (δ) and Al4Cu9 ( γ2) phases 
could be formed by diffusion bonding between Al and Cu at temperatures near 500°C [26]. According to Chen and Hwang 
[27], the sequence of diffusion mechanism in Al−Cu bimetallic joint at temperature intervals between 300 and 500°C is 
as follows: saturated solid solution forms on Al-side, Al2Cu was supposed to form first, followed by the apparition of 

ABSTRACT – The aim of this investigation is to study the effect of time and temperature on the 
solid-state diffusion welding of commercial aluminum alloy 2xxx series with a pure copper at 425°C, 
475°C, 500°C, and 525°C during holding times from 15 min to 240 min. The main characterization 
techniques were optical microscopy, scanning electron microscopy, energy dispersive 
spectrometry, nanoindentation, microhardness measurements, and x-ray diffraction. Results 
showed that increasing the temperature and the holding time had an effect on the apparition of the 
intermetallics at the Al alloy/Cu interface. Five intermetallic phases namely Al2Cu, AlCu, Al3Cu4, 
Al2Cu3, and Al4Cu9 were identified at the interface. The mechanical properties of the welded joint 
Al/Cu alloy varied also with the time and temperature. The nanoindentation measurements showed 
that the highest values of hardness were recorded in AlCu and Al3Cu4 phases. The welding 
success of these dissimilar metals can be used for battery cables or to form heat exchanger plates 
for vehicles. 
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Al4Cu9, and additional IMCs such as AlCu and Al3Cu4. However, this sequence can change depending on two parameters, 
temperature and bonding time of Al−Cu bimetallic joint. 

The present work aims (i) to shed light on the microstructural evolutions accompanying the Cu/Al alloy solid-state 
diffusion. (ii) to determine and discuss the thermokinetics parameters (n, k and Q) in the frame of the microstructural 
evolutions. (iii) to evaluate the micromechanical properties of the equilibrium phases (H and E). The solid-state diffusion 
process has been achieved at 425°C, 475°C, 500°C, and 525°C during holding times from 15 min to 240 min. The 
micromechanical and microstructural properties of the welded joint were carried out by using an optical microscope, a 
scanning electron microscope equipped with energy-dispersive spectroscopy (EDS), hardness, and nanoindentation 
measurements. 

EXPERIMENTAL PROCEDURE 
The two base metals used in this study were commercial aluminum alloy 2xxx series and high purity copper. Table 1 

shows the chemical composition of the two base metals used in the present study. 

Table 1. Chemical composition of aluminum alloy and copper used in diffusion welding. 
Element (wt. %) Al Si Cu Zn Cr Pb Ni 
Al 2xxx Bal 0.598 5.610 0.070 0.023 0.05 0.025 
Copper 0.067 0.006 Bal 0.1 0.014 0.018 0.013 

 
Samples of dimensions 50× 10×50 mm were cut and prepared. After cutting, mechanical polishing was carried out on 

emery papers with grain sizes of 600, 800, 1200, and 2400. The mechanical polishing was followed by chemical pickling. 
The pickling solution used for copper was composed of 15% H2SO4, 15% HNO3, and 10% HCl, the one used for the 
aluminum alloy consisted of 10% NaOH followed by immersion in a solution of 50% HNO3. A rinsing with ethanol and 
ultrasonic cleaning were applied after chemical stripping in order to remove oxides and impurities from the surface. 

As shown in Figure 1, the samples were then superimposed in a support (copper at the bottom) equipped with a 
tightening screw to exert a homogeneous pressure. The pressure exerted was adjusted using a torque wrench. It is noted 
that the pressure was kept constant for each manipulation. The samples were then heated (at a constant speed of 4 °C/min) 
in a THERMOCONCEPT brand furnace from room temperature to the different welding temperatures T (425°C, 475°C, 
500°C, and525°C). They were then maintained for different welding times, t, (of 15 min , 30 min, 60 min, 120 min and 
240 min ) under an argon/helium controlled atmosphere. Finally, the welded joints underwent ambient air cooling (air 
quenching).  
 

 
Figure 1. Diffusion bonding setup for joining aluminum alloy to copper. 

Once the welded samples were removed from the support, they were cut perpendicular to the joining surface 
(interface) using electro-discharge machining (EDM) and mechanically polished on SiC-based papers with an increasing 
particle size from 600 to 4000. A finishing sheet with two suspensions of 3 µm and 1 µm was applied, followed by a final 
polishing under OPS suspension. 

The microstructural analysis of the interface was performed using a HIROX KH8700 brand optical microscope and a 
scanning electron microscope (Zeiss Gemini SEM300) equipped with an EDS and BSE detectors for the local chemical 
analysis and phase images. The phase identification in the Al-Cu joint interface was made by using the x-ray diffraction 
performed on a Bruker D-5000 diffractometer, with CuKα radiation (1.5406 Å) as a source for phase identification, in 2θ 
range from 15 to 90°. Microhardness measurements were made at the interface using an HM-200 microdurometer under 
an applied load of 50gf. Nanoindentation measurements were conducted using an Anton PaarTritec SA nanoindenter, on 
the different IMC phases in order to evaluate their hardness and Young’s modulus values using Oliver and Pharr method 
[28]. The maximum load was fixed at 20 mN, and the loading and unloading rates at 40 mN/min. All the indentations 
were taken in the middle of the IMC phases in order to avoid their influence upon one another. Furthermore, indentation 
spacing has been considered to avoid any overlapping effect of neighboring indentations. 
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RESULTS AND DISCUSSION 
Microstructures Evolution in the Interface of Al alloy/Cu Joint 

Figure 2 presents the microstructural evolutions of the cross-section of the bonded two dissimilar metals Al alloy/Cu 
at different temperatures and at different holding times. It is observed that for low temperatures (450 and 475 °C), the 
intermetallic layers took 30 min to form. Two discontinuous Al-Cu IMC appeared near the interface and inside the 
aluminum side. On the other hand, for high temperatures (500 and 525 °C), the formation of the first intermetallic layers 
was triggered after only a holding time of 15 min, which shows the primordial effect of the temperature in the solid-state 
welding of these dissimilar metals. According to Kharchenko [29], the incubation time for the appearance of intermetallics 
in the Al-Cu interface is a few seconds at 500°C. It has been found that the thickness of layers in dissimilar Al/Cu joint 
increases with increasing operating temperature [30]. The number of intermetallic layers increases with the prolongation 
of the holding time, and these layers become almost continuous throughout the interface. The intermetallic layer thickness 
was found to be uniform throughout the cross-section of the joint with the appearance of a new yellowish fine layer. 

This last observation confirms the literature data for diffusion of copper and aluminum, which mentioned a higher 
diffusion rate of copper in aluminum [4]. It is known that the maximum solubility of Cu in Al for a solid solution is only 
5.65 wt. % [31]. In addition, some limited number of micro-voids (black) are also observed at the Al alloy-Cu joint. This 
phenomenon is due to the different inherent diffusion coefficients of chemical species, which facilitate the formation of 
Kirkendall voids at the interfaces of the base metals[32]. Diffusion at the Al / Cu interface is manifested by the inter-
diffusion of the two base metals, that is, the diffusion of copper into aluminum and vice versa. Atomic diffusion at solid 
state follows Fick’s law and the diffusion coefficient is expressed by an Arrhenius law [33]:  

 

𝐷𝐷 = 𝐷𝐷0 ∙ exp (−
𝑄𝑄
𝑅𝑅𝑅𝑅) (1) 

 
Where D0 is the pre-exponential factor, R is the gas constant, T is the temperature, and Q is the activation energy of 

the diffusion. Table 2  shows the values of D0 and Q in the case of solid-state inter diffusion of Al and Cu in the 
temperature range of 706-925 °K. 

Table 2.Values of D0 and Q for the inter-diffusion between Al and Cu [34] 
 D0 (cm2/s) Q (kJ) 

Diffusion of Al in Cu 
Diffusion of Cu in Al 

0.131 
0.647 

185.2 
135.1 

 
The diffusion coefficient can be calculated for each temperature by replacing the values in Table 2 in the diffusion 

coefficient equation, the values calculated in our case are shown in Table 3. It is obviously noticed that the two diffusion 
coefficients DAl-Cu and DCu-Al increase with increasing temperature since the diffusion phenomenon is thermally activated. 
In addition, the diffusion coefficient of Cu in Al (DCu-Al) is about four orders of magnitude larger than that of Al in Cu (D 

Al-Cu), which implies that the diffusion in the solid-state of copper atoms into aluminum is much faster than that of 
aluminum towards copper. This could explain the appearance of new phases in the aluminum side of the Al / Cu interface. 
It has been reported that at a higher annealing temperature, the diffusion of copper becomes faster. Thus, more compounds 
or solid solutions could be easily formed[35]. Zhang et al. [36] also mentioned that inter-diffusion of atoms through the 
interface was promoted with a higher temperature annealing and a much thicker Al-Cu diffusion layer was obtained. They 
also reported that dislocations strongly controlled diffusional processes leading to the growth of IMCs. 

Table 3. Values of the two diffusion coefficients DAl-Cu and DCu-Al at different diffusion temperatures (DCu-Al : diffusion 
coefficient of Cu in Al, DAl-Cu : diffusion coefficient of Al in Cu ) 

Temperature (°C) D Cu-Al (m2/s) D Al-Cu (m2/s) 
450 
475 
500 
525 

1,12 . 10-14 
2,39 . 10-14 
4,80 . 10-14 
9,28 . 10-14 

5,45 . 10-19 
1,52 . 10-18 

4 . 10-18 
9,86 . 10-18 

 
In addition to the intermetallic layers, the formation of a eutectic layer was observed in Al side for the welded joints 

at 525 °C. This eutectic layer appeared just after a holding for 30 min and grew rapidly with the increase of the holding 
time. Zhou et al. [37] revealed that the weld zone of the Al/Cu joint primarily consists of α-Al solid solution and coral-
like shaped Al–Cu eutectic phase. These microstructural observations indicate the effect of temperature and time bonding 
on the intermetallic layers types and thickness. Shen et al. [38] mentioned that the atomic migration of chemical species 
across interfaces (base metals) directly increased with increasing the temperature and time. Hua et al. [39] also reported 
that an increase in the diffusion area was enhanced by increasing the bonding temperature and time. 

According to the Aluminum-Copper binary phase diagram (in Figure 3), several Al/Cu intermetallic phases, which 
include Al2Cu(θ), AlCu(η), Al3Cu4(ζ), Al2Cu3(δ) and Al4Cu9(γ) may develop during solid-state diffusion bonding. In 
order to identify these phases, XRD and EDS analyses were conducted.  
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Figure 2. Microstructures evolution of the bonded Al alloy/Cu joint at different temperatures and holding time. 

 
Figure 3. Al-Cu binary phase diagram [40]. 

XRD Analysis 
Figure 4 to Figure 7 show the XRD diffractograms of Al alloy/Cu welded joints at the four temperatures studied in 

the present work. Only the diffractograms obtained from the initial (15 min) and final states (240 min) of diffusion welding 
were selected. For the temperature of 450°C (in Figure 4) and holding time of 15 min, only the peaks of three phases were 
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revealed, namely aluminum and copper, which are the phases of the base metals, as well as Al2Cu, which coexists in Al 
as a precipitate in the aluminum matrix. Other weak peaks appear in the X-ray diffractogram when increasing the welding 
time to 240 min. These peaks correspond to the following phases: Al3Cu4, AlCu, Al2Cu, Al2Cu3, and Al4Cu9. It is finally 
noted the appearance of only one peak for each phase.  

 

 
Figure 4. X-ray diffractogram of the Al alloy/Cu joint welded at 450°C for (a) 15 min, and (b) 240 min 

It is worth noticing that when samples were held at 500 ° C for 15 min (in Figure 6), the intermetallic phase peaks 
remain weakly detectable by X-ray, and only AlCu and Al3Cu4 were detected. However, when the holding time is 240 
min, the peaks of the various intermetallic phases are more intense and more numerous, which confirms the formation of 
these IMC phases at the Al alloy/Cu interface as observed by optical microscopy.  

 

 
Figure 5. X-ray diffractogram of the Al alloy/Cu joint welded at 475°C for (a) 15 min, and (b) 240 min 
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Figure 6. X-ray diffractogram of the Al alloy/Cu joint welded at 500°C for (a) :15 min, and (b) : 240 min. 

For the highest holding temperature (525 °C) (in Figure 7) and despite the short holding time of 15 min, the peaks of 
the five intermetallic phases mentioned above were well detected. It is noticed that increasing the holding time to 240 
min led to a decrease in the peaks intensity, except for the Al2Cu phase. This could be explained by considering that at 
these conditions of temperature and time, the dominant reaction is the shrinkage of the IMCs at the interface, which favors 
the apparition of the Al + Al2Cu eutectic phase. It is important to mention that the variation in intensities of the detected 
peaks may be attributed to the presence of crystallographic texture. 

 

 
Figure 7. X-ray diffractogram of the Al alloy/Cu joint welded at 525°C for (a) 15 min, and (b) 240 min. 

EDS Analysis 
An EDS analysis was performed to study the exact composition of each IMC layer. For that reason, as shown in Figure 

8, a selected zone was chosen from the Al alloy/Cu welded joint heated at 450°C for 240 min. It is noticed from Figure 
8(a), that four distinct phases were formed between Al alloy and Cu. These phases are sandwiched and parallel to the 
interface with different thicknesses as indicated by (1), (2), (3) and (4). The first three phases have different contrast of 
grey from aluminum alloy side to copper side, whereas the forth one exhibits a yellowish color. 

In order to have more details concerning the Al alloy/Cu interface, the backscattered electrons BSE image of the 
interface was used (Figure 8(b)). Five alternating bright and dark regions are observed, which are indicative of the 
intermetallic layers in the Al alloy/Cu interface, as mentioned by Xiao et al. [41] and Galvão et al. [42]. This conclusion 
is based on the relative contrast, which in turn, is related to the relative level of copper and aluminum in the intermetallic 
phases. Region (2) in Figure 8(a) is actually composed of two different phases, as confirmed in Figure 8(b). Despite the 
good resolution of the SEM image, the region (4) previously observed with optical microscope, is almost undetectable. It 
is worth noticing that seven points were chosen to perform a local chemical analysis. The results of the EDS analysis 
(Table 4) showed that five intermetallic phases from Al alloy side to copper side are detected: Al2Cu, AlCu, Al3Cu4, 
Al2Cu3 and Al4Cu9. This last result is in agreement with a previous study reported by Bergmann et al. [4].  
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Figure 8. (a) Micrograph and (b): BSE image of Al alloy/Cu joint welded at 450°C for 240.min. 

Table 4. Punctual EDS analysis of Al alloy/Cu joint  Welded at 450°C for 240 min. 

Position Atomic fraction (%) Error 
(±%) Possible phase Al Cu 

P1 
P2 
P3 
P4 
P5 
P6 
P7 

97.91 
66.62 
49.01 
43.94 
39.76 
28.91 
0.35 

2.09 
33.38 
50.99 
56.06 
60.24 
71.09 
99.65 

2.05 
2.03 
2.34 
2.22 
2.20 
2.17 
2.15 

Al 
Al2Cu 
AlCu 

Al3Cu4 
Al2Cu3 
Al4Cu9 

Cu 

Kinetics of IMCs Phases Precipitation  
In order to assess the effect of temperature and dwelling time on the Evolution of the diffusion layer, relative 

thicknesses of IMCs were calculated by dividing the IMC thickness by the whole diffusion layer thickness. It is noticed 
that the increase of the dwelling time appear to favor the expansion of Al3Cu4 and Al4Cu9 to the detriment of Al2Cu3, 
AlCu and Al2Cu. As mentioned by Chen and Hwang [27], the thicknesses of AlCu and Al3Cu4 were measured together 
due to the difficulty of differentiating these two phases at low temperature (of 450°C). However, a higher temperature 
favors the Al2Cu and Al2Cu3 growth to the detriment of the rest of IMCs. This suggests that both dwelling time and 
temperature contribute to the growth kinetics of IMC, though only the bonding temperature has a more important effect 
on their formation. Based on the classical kinetic theory, the mathematical relationship between the thickness of the 
developed layer (y) and the time (t) at a given temperature can be expressed by the following equation [42]:  

 
𝑦𝑦 = 𝑘𝑘𝑡𝑡𝑛𝑛 (2) 

 
Where k is the growth rate constant and n is the time t exponent. A linear growth is obtained in case the growth rate 

is limited by the reaction rate at the growth site. However, parabolic growth is expected when the growth process is 
controlled by volume diffusion. The average thicknesses of intermetallic layers observed in the Al alloy/Cu joint are 
plotted in Figure 9. The growth rate constant was calculated from a regression analysis of y versus tn [21]. For these 
intermetallic layers (Al2Cu, Al2Cu3, AlCu+Al3Cu4), the curves shape is parabolic, which suggests that their growth is 
controlled by volume diffusion.  

A simple mathematical development of Eq. (2) permitted us to evaluate n and k parameters. A simple Arrhenius 
equation was applied to determine the activation energies of the intermetallic compounds growth [43]:  

 

𝑘𝑘 = 𝑘𝑘0exp (−
𝑄𝑄
𝑅𝑅𝑅𝑅

) (3) 

 
Where k0 is the frequency factor, Q is the activation energy, R is the gas constant (8.314 J/mol.K) and T is the welding 

temperature. Figure 10 presents the Napierian logarithms plots versus reciprocal of T (1/T) for the growth of Al2Cu, 
AlCu+Al3Cu4, Al2Cu3 and Al4Cu9 intermetallic layers. The activation energy was calculated from the slope of the 
Arrhenius plot using linear regression. Values of n, k and Q are summarized in Table 5.  

Table 5. Calculated thermokinetics parameters (n, k and Q). 
IMCs Phases n k (s-1) Q (kJ/mol) 
Al2Cu 
Al2Cu3 
AlCu+Al3Cu4 
Al4Cu9 

0.45 
0.41 
0.4 

0.47 

2.34 
1.94 
1.81 
0.5 

131.7 
119.7 
141.1 
243.1 
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Figure 9. Thickness variation of different layers of the bonded Al-Cu versus holding time: (a) Al2Cu, (b) Al2Cu3, (c) 

AlCu+Al3Cu4 and (d) Al4Cu9 

 

 
Figure 10. Napierian logarithms plots versus reciprocal of T (1/T): (a) Al2Cu, (b) Al2Cu3, (c) AlCu+Al3Cu4 and  

(d) Al4Cu9 

It is noticed from Table 5 that an almost unique value of n is obtained for all the IMCs studied phases (n = 0.43). 
According to Gil et al. [43], n < 0.5 corresponds to normal growth. Besides, the highest value of k is recorded for the 
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Al2Cu phase, whereas the lowest one is obtained for Al4Cu9 phase. On the other hand, values of Q of the Al2Cu, Al2Cu3 
and AlCu+Al3Cu4 phases are close to the activation energy of the Cu diffusion in Al except for Al4Cu9, which exhibits 
the largest Q value. This could be explained by considering that the formation of this phase is accompanied by the 
interdiffusion of Al and Cu across the interface.  

Based on the microstructural observations, x-ray difffraction, EDS analysis and thermokinetics investigation (values 
of the rate constant k), it can be suggested that the sequence of the intermetallic layers precipitation in Al alloy/Cu interface 
(Figure 11(a)) occurred as follows: Al2Cu and Al2Cu3 layers were formed first in solid solution of the Al alloy (Figure 11 
(b)), followed by the formation of the two layers AlCu and Al3Cu4 (Figure 11 (c)). Finally, the Al4Cu9 layer appeared as 
in Figure 11(d).  

 

 
Figure 11. Schematic representation of the sequence of occurrence of intermetallic layers in Al alloy/Cu joint  

(a) Al/Cu (b) apparition of Al2Cu and Al2Cu3 (c) apparition of AlCu and Al3Cu4 (d) apparition of Al4Cu9. 

Hardness Measurement 
Figure 12 shows the development of microhardness of the welded joints at different temperatures and holding times. 

As shown in Figure 12(a), the microhardness values on the aluminum side were higher than those recorded on the copper 
side. The microhardness of aluminum is in the order of 112 Hv, that of copper is 56 Hv, and no change was observed in 
the microhardness of the two base metals for all welded joints. In addition, the microhardness of the interdiffusion zone 
displays higher values than those of aluminum or copper base metals, confirming both the interdiffusion of the main 
elements and the formation of Al-Cu intermetallic compounds. 

It can be also concluded that the microhardness profile across the welded joint depends on the temperature and the 
holding time. It is noticed that at low temperature (450°C) and for short welding times (15 and 30 min), a slight increase 
of microhardness at the Al alloy/Cu interface. This is due either to the absence or to the very low interdiffusion in Al 
alloy/Cu interface. By increasing the holding time up to 60 and 120 min, high microhardness values were measured 
because the indenter touches the two layers (Al2Cu and Al2Cu3), which exhibit high microhardness values. A 
microhardness peak of 536 Hv was obtained for the welded joint during 240 min. This highest microhardness value is 
due to the growth of IMCs, namely the two middle layers (AlCu and Al3Cu4), which are the hardstone.  

At 475°C and for a holding time of 15 min, the microhardness at the interface is relatively high due to the presence of 
thin and discontinuous intermetallics. However, the higher the holding time, the higher the thickness of the IMCs and, 
consequently, the greater the microhardness. The greatest microhardness values were measured at 30 and 240 min, which 
correspond to the indentations in the middle of the IMCs. 

At 500 °C, it is observed that the welded joints have wider interfaces with respect to the welded joints at 450 and 
475°C. At high temperatures, the driving force for the migration of Al and Cu atoms increases, which promotes the 
development of a larger interdiffusion zone, and, thus, the formation of IMC. The microhardness at the interface 
corresponds only to the intermetallics and varies between 470 and 580 Hv. This variation is linked to the position of the 
indenter, which often touches the interface between two IMCS. The maximum measured value is 732 Hv, which 
corresponds to the microhardness of the two intermediate layers namely AlCu and Al3Cu4. 

For the welding at 525 °C, the curve can be divided into two intervals. The first one corresponds to the microhardness 
measurements recorded at the level of the IMCs; its width is small because at this temperature, the IMCs start to decrease 
and the main reaction occurring during welding is the formation of the eutectic phase (Al + Al2Cu). The second interval, 
which takes the form of a plateau with an average value of 250 Hv, characteristic of the eutectic layer.  
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Figure 12. Microhardness profiles of the bonded Al alloy/Cu at (a) : 450 °C, (b) : 475°C, (c) : 500°C, and (d) : 525°C 

Nanoindentation Tests 
The load-displacement (P-h) curves issued from nanoindentation tests performed on each IMC phase are depicted in 

Figure 13. Three distinguished set curves can be observed with respect to the penetration depth: the first one corresponds 
to the Al2Cu intermetallic with the highest depth values. The second one corresponds to the curves with similar 
displacement depth that are attributed to Al3Cu4 and AlCu IMC phases and the third set with intermediate depth values, 
corresponds to Al2Cu3 phase.  

 

 
Figure 13. Nanoindentation charge versus the displacement on the individual IMC phases of Al alloy/Cu joint welded 

at 500°C for 240 min. 

The maximum penetration depth at the end of loading segment suggested that the AlCu and Al3Cu4 IMCs are 
mechanically harder than the other IMC phases, which is in good agreement with the results reported by Bergmann et al. 
[4]. On the other side, the slope in the unloading segment is slightly steeper in the AlCu and Al3Cu4 than in Al2Cu IMCs, 
reflecting the high stiffness values of the former.  

The microhardness (HIT) and elastic modulus (EIT) values of the different phases, estimated using the Oliver and Pharr 
method [28], are summarized in Figure 14(a) and (b). It can be noticed that all the IMC phases exhibit high HIT and EIT 
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values compared to base metals (Al and Cu). The highest values were recorded in AlCu and Al3Cu4 phases with 20.32GPa 
and 19.63 GPa for the microhardness and 227.5 GPa and 256.3 GPa for the elastic modulus, respectively. As mentioned 
above, the lowest microhardness and young’s modulus values were recorded in Al2Cu phase with 10.9 GPa and 153.6 
GPa, respectively. This behavior can be explained by considering dislocation mobility. Indeed, as reported by Xiao et al. 
[40], crystal structures with low symmetry exhibit low dislocations mobility and consequently high microhardness values. 
Thus, AlCu and Al3Cu4 phases with monoclinic and orthorhombic crystal structures respectively present the highest 
microhardness values.   

 

 
Figure 14. Nanohardness (H) and Young’s modulus (E) of each phase of Al alloy/Cu joint welded at 500°C for  

240 min. 

CONCLUSION 
In summary, the present study is a contribution to study the joining of aluminum alloy with copper via solid-state 

diffusion process. The effect of time and temperature during the joining process was studied. The main results obtained 
in the present work can be summarized as follows:  

i. Aluminum alloy and copper were successfully joined by solid state diffusion welding process.  
ii. The main transformations were observed on the Al side since the different intermetallic layers were formed 

within. 
iii. Increasing the temperature and time during the diffusion bonding leads to the apparition of different types of 

intermetallic compounds whose thicknesses increase consequently. 
iv. Five intermetallic phases from Al side to copper are distinguished: Al2Cu, AlCu, Al3Cu4, Al2Cu3, and Al4Cu9.  
v. At higher bonding temperature (525°C), only the third layer underwent a morphological transformation by 

growth reaction in Al side and development of a eutectic structure.  
vi. Thermokinetics parameters (n, k and Q) have been calculated. A unique value of n =0.43 has been obtained, 

suggesting a normal growth of the IMCs phases. Besides, the higher value of k (which stands for the fastest 
growth kinetics) corresponds to the growth of Al2Cu. This is consistent with the microstructural evolutions.  

vii. The growth activation energy of Al4Cu9 is the highest among the IMCs 
viii. The higher the bonding temperature, the higher the microhardness of the interdiffusion zone because the latter 

exhibits considerably higher values of microhardness than those recorded in the base metals. 
ix. The nanoindentation measurements showed that the highest values of hardness were recorded in AlCu and 

Al3Cu4 phases with 20.32 GPa and 19.63 GPa. 
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