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ABSTRACT

The goal of this work was to fabricate an aluminum/copper powder metallurgy bimetal plates at
various sintering temperature ranging between 300°C and 600°C. Microstructure and properties for
sintering specimens were performed to appreciate the effect of sintering temperature on the final Al/Cu
bimetal properties. Three intermetallic compounds (IMCs) were detected (Al,Cu, Al,Cug and AlICu)
between Al. and Cu. interface. Cracks were obtained for the specimens that were sintered at 600°C,
lead to weaken and separation of the Al/Cu plates. The maximum strength for bonding was measured
for the specimens that were sintered at 500°C. For the samples which sintered at 500°C, the lower
electrical resistivity was detected where the good sintering was occurred for this specimen.

Keywords: Bimetal plate, powder metallurgy, intermetallic compound, bond strength, volume shrinkage.

1. Introduction

Al/Cu bimetal plates are used for many electronic and automotive components because of
several advantages [1-5]. One material can't supply a large spectrum of physical, chemical and
mechanical properties so, the indigence for dissimilar material joints increases [6]. The Al. and
Cu assembly gives several properties as high thermal conductivity and low electrical resistivity
of the copper and the low density of the aluminum [7]. Cu/Al joints are major in the electronic
components fabrication and solar collectors since it can minify materials costs and weight
while prolonging the service life [8-11]. Cu-Al bimetals was fabricated by repeated hydrostatic
extrusion and equal channel angular pressing (ECAP) techniques  [12, 13], but the Cu-Al
bimetals result from these techniques have low mechanical strength. Last decades, many works
were focused on welding copper to aluminum [14, 15]. However, the welding of copper to
aluminum is mostly difficult. The causative factor of the problem is the large difference in their
mechanical, physical and chemical properties, and the growth of new Al-Cu compounds at
high temperatures, which decrease the Al-Cu bimetal properties [16]. From the Al-Cu binary
phase diagram as shown in Fig. 1 [17], several compounds can be found during high
temperature diffusion bonding between Cu. and Al. These compounds such as Al,Cu (6), AICu
(M2), AlsCu, (&), AlLCus (8) and Al,Cug (y,) phases could be generated by diffusion bonding
between Al and Cu at temperature near 773 K [18, 19]. Recently, Yuan and Weng [20]
demonstrated the diffusion stages of the generation energy for each compound and diffusivity.
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Table 1 explains the main properties and characteristics of four selected compounds,
which are taken from [21, 22]. Many investigations have focused on the fabricating of a
stable Cu/Al joint to overcome the difficulties in joining these two dissimilar metals.
Abbasi et al. [2] studied the development rate of intermetallic compounds (IMCs) in Cu-Al
joint fabricated by the cold roll welding technique. Mai and Spowage [3] explained the
characteristics of Cu-Al joints prepared by laser welding. Lee et al. [4] mentioned
the influence of IMCs on the properties of friction-welded Cu/Al bimetallic joints. Sahin
[5] joined Al and Cu by means of friction welding; CuAl,, CuAl and CugAl, IMCs were
observed in the Cu/Al joint. Cold roll bonding, explosion and friction welding are used for
fabricating a strong bond between different combined metals.

However, these techniques are not suitable for Al/Cu bimetallic production, because of
the growth of IMCs. The conventional joining methods between Cu. and Al. are very
difficult. However, several other technologies are subject of current research.

In the current research, Al/Cu bimetallic joints were prepared by powder metallurgy
(P/M) technique. Production of Al/Cu bimetallic joints by P/M processing involves rapid
solidification that provides some advantages that are significant for the ductility of the
material such as decreasing the segregation in the powdered material, producing very fine
grains and increasing solid solubility of alloying elements [23, 24]. P/M major advantages
are; cost effectiveness in producing certain parts as compared to other manufacturing
processes, high production rates, and production of complex shapes [25]. Because all of
these advantages P/M processes are suitable for fabricating Al/Cu bimetallic joints which
is the purpose of the current investigations.

In the current study, Al/Cu bimetallic plates were fabricated by P/M technique at
various sintering temperatures and then, the interface microstructures between Al and Cu
materials were examined by (SEM) with EDX system. The phase constitution in the Al/Cu
diffusion zone was also analyzed by x-ray diffraction (XRD). The samples porosity was
measured by Archimedes laws. The electrical resistance, hardness and mechanical strength
were measured for all samples. This research is helpful to progress the microstructure,
strength, and electrical conductivity performance of the Al/Cu.
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Fig. 1. Cu/Al phase diagram [20].
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Table 1.

Selected IMCs in the Al-Cu system [21, 22].

Composition (Cu %) Crystal Hardness HV(5 g) Spec. el.
Phase structure resistance (uQcm)
Cu 100 cubic 60-100
75, Al,Cu, | 62.5-69 cubic 549 14.2-17.3
&, AlsCu, | 55.2-56.3 monoclinic 616 12.2
M2, AICu | 49.8-52.3 monoclinic 628 114
0, Al,Cu 31.9-33 tetragonal 324 7-8
Al 0 cubic 20-50 2.4

2. Experimental procedure

2.1. Powder characteristics

The powders utilized in this work were aluminum powder with 95.3% purity and copper
powder with 98.3% purity. Both powders were supplied by Sigma-Aldrich. Figure 2
illustrates SEM images of Cu. and Al. powders at magnification of X200. While aluminum
powder had irregularly shaped and copper powder had a dendrites shaped. The distributions
of Cu. and Al. powders particle size were measured and the obtained results are recorded in
Table 2. From this Table it was appeared that the Cu. and the Al. powder are nearly of the

equal size. Also, the chemical composrtlonsrof these are recorded in Table 3.

Fig. 2. SEM images of (a) aluminum and (b) copper powders

Table 2.

Particle size distribution % retained on sieve analysis.

Aluminum powder

Copper Powder

Grain size (um) Weight retained % Grain size (um) Weight retained %
>180 0.12 >180 0.815
125-180 18.8 125-180 13.36
90-125 38.76 90-125 29.52
63-90 27.25 63-90 20.66
45-90 6.2 45-90 7.96
Fines 8.38 max Fines 27.3 max
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Table 3.
Chemical compositions of Cu. and Al. powders.

Composition of Al. powder (wt. %) Composition of Cu. powder (wt. %)
Si 0.05 Ag 0.06
Cu 0.12 Bi 0.21
Fe 0.13 Fe 0.07
Mg 0.27 0, 1.36
0, 3.83 Cu bal.
Al bal.

2.2. Compaction process

The die, lower and upper punches were lubricated using zinc stearate powder to
decrease the friction between the die walls and the powder, and then the lower punch was
assembled with the die. After that the (Cu. powder) was stacked in the steel die cavity and
then the (Al. powder) was stacked.

The full specimen powders (bimetal powder) inside the die were uniaxially cold
compacted by slowly increasing pressure up 350 MPa which (equal to machine load of 12
ton) at a compression testing machine capacity of 500 ton capacity produced by (werkstoff
pruf maschinen WPM Germany).

2.3. Sintering process

After the compaction process, the green compacted specimens were sintered at various
sintering temperature under flow of Ar gas in the horizontal tube furnace (model MTI XD-
1400MT). The powder sintering temperature varies from (0.7 to 0.9) of the melting
point [26]. Because of the difference in melting temperature between the Cu (1083°C) and
Al (660°C), different sintering temperatures were applied, 300, 500 and 600°C. In certain
conditions the sintering temperature is normally under the melting temperature of all
powder. Thus, the sintering temperature should be under the melting temperature of
aluminum. The holding sintering time was set at 2 h.

2.4. Structural evaluation

Three cylindrical Al/Cu bimetallic specimens at various sintering temperatures were
fabricated with 21mm diameter and 6mm thickness approximately. Specimens for
microstructure inspection were cut with a diamond saw perpendicular to layer surface, and
their surfaces were ground, polished carefully and subsequent etching with a keller's etch
(1.5 ml hydrochloric acid, 1.0 ml 40% hydrofluoric acid, 2.5ml nitric acid, 95 ml H,O) and
then the microstructure features were characterized by (SEM) with (EDS) analysis using
(JEDL- JSM 5400LV) microscope. EDS techniques are applied to obtain the intermetallic
compounds chemical composition.

X-ray diffraction (XRD) analysis was conducted to appear the phase composition. The
data was collected at room temperature with a 20 range between 30° and 90° with a step
size and scan rate of 0.03° and 6 s, respectively. The X-ray tube was run at 40 kV and 40
mA. The XRD data was analyzed by the Williamson—Hall formula.
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2.5. Mechanical and electrical properties

The strength of the Al/Cu bimetal plates bonding was measured using (Diametrical
Compression Test) according to ASTM - D 3967) [27], and calculated by Eqg. (1).
Compression samples were machined as in Fig. 3.

2F
= 1
° - hd @)

Where o is fracture strength (MPa), F is applied force (N), h is specimen height (mm),
and d is specimen diameter (mm).

Vickers microhardness (Leitz Durimet) for the Al/Cu bimetallic plate across the bonded
interface was carried out at 50 g load for a testing time of 10 s.

Digital Low Resistance Ohmmeter (DLRO 10X) as appeared in Fig. 4 was used in four-
points technigque for measuring the electrical resistivity of the specimens by applying at (10
amp.) between the specimens ends [28, 29]. The Eq. (2) stated below was applied to
calculate resistivity.

R < A
p= ——— )
L
Where p is resistivity (uQ.mm), R is resistance (u€), A is contact area (mm?), and L is
distance of potential probes (mm)
F

Fig. 4. Digital low resistance ohmmeter (DLRO 10X)
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2.6. Physical properties

Volume shrinkage percentage (V.Sh)% and porosity percentage (P)% were obtained.
Volume shrinkage percentage was obtained using Eq. (3) and the porosity percentage was
determined based on the Archimedes’ theory using Eq. (4).

. V, -V,
Percent of volume shrinkage (V.Sh) % = —~ x100 3)
0

Where V, is volume before sintering (mm?®), and V; is volume after sintering (mm?).

Porosity (P) % = H =100 (4)

S 1

Where W; is weight of sample in air after submerged from water and cleaned the
surfaces (gm), Wy is weight of dry sample (gm), and W; is weight of sample in water (gm).

3. Results and discussion

Three cylindrical Al/Cu bimetal specimens at various temperatures 300, 500, and 600°C
were produced of 21mm diameter and 6mm height approximately. At constant pressure,
the temperature is the major controlling mechanism for bonding the two dissimilar
powders (Al and Cu). For microstructure and microhardness inspection the samples were
sliced with a diamond saw, and their surfaces were ground, polished carefully and
examined. Microstructural features were characterized by (SEM) with (EDS) analysis.

3.1. Structural evaluation

High magnification scanning electron microscopy, SEM, with EDS analysis using (JEDL-
JSM 5400LV) electron microscope was performed for each layer and inbetween the four
specimens Al/Cu bimetal. Fig. 5 shows SEM for each layer Cu. and Al. for all specimens after
sintering at different temperatures. Figures 5 (a), 5(c), 5(¢), 5(b), 5(d) and 5(f) show the SEM
for Cu. and All. layers respectively at various sintering temperatures 300, 500, and 600°C. As
the sintering temperature increases, porosity decreases. This due to, the formation mechanism
of bonds between the particles during sintering occurs, and the number of particle-particle bond
increase. This leads to diffusion mechanism occurs as the increases in temperature.

Scanning electron microscopic (SEM) with (EDS) analysis for Al, Cu layers and in-
between them are shown in Fig. 6 and Fig. 7 for all specimens at various sintering
temperatures. As the sintering temperature increase, the interface continues to develop
different microstructure with gray colures.

For sample at temperature 300°C, an intermetallic compounds IMCs were developed beside
the Al layer as noticed in Fig. 6(a). The compound with Al-rich (marker EDS3) was observed.

As the increasing of the temperature to 500°C, the IMCs continue to thicken and a
visible two IMCs noticed in Fig. 6(b) with markers (EDS3 and EDS4). When the
temperature reaches 600°C, the IMCs continues to grow and three IMCs were formed with
markers EDS3, EDS4, and EDS5 as observed in Fig. 6(c).

The different IMCs were identified, and the EDS analysis results in Table 4 identify these
structures (EDSL1 to EDS5) as Al, Al,Cu, Al,Cus, AICu, and Cu respectively. The phases formed
here are consistent with those presented in the interfacial zone of the Cu/Al couple casting [30,
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31]. According to the binary phase diagram of the Al-Cu system as observed in Fig. 1, it can be
seen that several Al-Cu phases are stable at the studied temperature from 300-500°C.

Figure 8 shows the X-ray diffract graphs (XRD) of Al/Cu bimetallic specimens for
different sintering temperatures. At the temperature of 300°C, the (IMC) of Al,Cu were
detected. At the sintering temperatures 500 and 600°C, the IMCs of Al,Cuy and AICu are
formed respectively and Al/Cu bimetal fall off during crack propagation between Al and
Cu layers as in Fig. 6(c) which attributed to the increase of the amount high brittle IMCs as
Al,Cug and AICu. According to previous study [32], the formation energies of Al,Cuy and
Al,Cu are 0.83 eV and 0.78 eV, and there is a greater diffusivity of Cu in Al than that of Al
in Cu. Thus the first reaction product Al,Cu is presumed then the next reaction phase is
Al4Cug. AlCu is next. The same results could be observed in this study.

Al-side ) Cu-side

Fig. 6. Interface development for Al/Cu bimr
(b) 500°C, and (c) 600°C.
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Table 4.
EDS analysis results of specimens pointed in Fig. 6.
Marker Al (at. %) Cu (at. %) Possible phases
EDS 1 99 1 Al
EDS 2 0 100 Cu
EDS 3 67.7 32.3 L ALCu
EDS 4 43.8 56.2 [ 0ALCug
EDS 5 48.8 51.2 Lo DAICu
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Fig. 7. EDS spectra for the different markers
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Fig. 8. X-ray diffraction patterns measured on the Al/Cu bimetal specimens at various sintering temperatures

3.2. Shrinkage measurement

Volume shrinkage percentage (V.Sh)% was measured for aluminum, copper and Al/Cu
bimetal separately using Eq. (3). Figure 9 appear the (V.Sh)% with the various sintering
temperature. For Cu. and Al. plates, It can be noticed that as the sintering temperature
increase, the (V.Sh)% increases. As the sintering temperature increases, the difference of
(V.Sh)% between Cu. and Al. decreases to reach the minimum value of (V.Sh)% at sintering
temperature 500°C. Rabin et al. [33] noticed that, as the difference of (V.Sh)% between the
two layer decreases, the stresses concentration decreases and eliminate the crack formation.

For Al/Cu bimetal, it is appeared that, as the sintering temperature increase from 300 to
500°C, the (V.Sh) % increases from (3.76%) to (11.31%), this increase occurs because the
particles converge increases. However, at the sintering temperature 600°C the (V.Sh)%
decreases to (7.87%) this occurs as a result of two reasons (1) increase brittle IMCs
amounts and (2) crack fogmation between Al and Cu layers as in Fig. (6c).

1

| —»—Arrart ‘

144 —=CuPart
] —9— Al-Cu Bimetal

124

| ——

Volume shrinkage (%)

3;]0 4I']0 5:]0 6I']0
Sintering temperature (°C)
Fig. 9. Shrinkage percentages of the Al plate, Cu plate and Al/Cu bimetal at various sintering temperatures
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3.3. Porosity measurement

Porosity percentage (P)% was obtained by Eq. (4). Figure 10 explains that, as the
sintering temperature increases from 300 to 500°C, porosity decreases related to increase
of the liquidus phase amount formation which leads to close the pores. But at 600°C, the
(P)% decreases. This decrease is related to the formation of more hard and brittle IMCs.
The lowest (P)% was obtained the Al/Cu bimetal at sintering temperature 500°C.

26

—v— Al Part
244 —a— Cu Part
224 —&— Al-Cu Bimetal

Apparent porosity (%)
=
1

e

T T T T
300 400 500 600

Sintering temperature (°C)
Fig. 10. Porosity percentages of the Al plate, Cu plate and Al/Cu bimetal at various sintering temperatures

3.4. Bonding strength

The strength of the AI/Cu bimetal bonding was measured using (Diametrical
Compression Test) and calculated by Eq. (1). The result analysis show that the decrease of
bond strength is not directly proportional to the intermetallic width, which reveals that
there are some other mechanisms affect on the strength of bonding of these material during
sintering process.

The strength of the samples bonding processed at various sintering temperatures is
obtained in Fig. 11. For the sample at 300°C, the poor strength is due to low sintering
temperature, which lead to not diffusion occurs and low particle bonds. For the sample at
600°C, minimum compression strength of 342 MPa was obtained. The poor strength
exhibited by this sample is attributed to the foundation of different and growth of hard and
brittle IMCs and poor contact between Al and Cu layers due to crack propagation at the
interface. The observations indicate that good bonding strength was exhibited by the
samples processed at 300°C and 500°C with increasing the sintering temperatures.
Maximum bonding strength was obtained by the sample which sintered at 500°C. This is
due to the lower porosity as in Fig. 10 and optimum sintering temperature (500°C), which
lead to good diffusion and particle bond occurred.
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Fig. 11. Effect of various sintering temperature on fracture strength of Al/Cu bimetal
3.5. Microhardness

Figure 12 shows hardness value (HV) of different intermetallics for Cu/Al bimetal at
various sintering temperatures. The influence of the IMCs at the Cu/Al bimetal was
investigated. It is observed that the higher hardness at the interface than on the base metals,
due to produce a different IMCs inbetween Cu. and Al.. Previous experiments as Xue et
al., Reddy et al. and Feng et al. [34-37] indicated the same observation. The minimum
microhardness values were recorded for the sintered sample at temperature 300°C. As the
sintering temperature increases, the hardness value increases due to decrease the porosity
of Cu. and Al. as in Fig. 10.

Hardness value of 325 VHN was obtained for the sintered sample at 300°C. Two
IMCs with values of 325 and 550 VHN were noticed for the sintered sample at 500°C.

—=—300"C
——500"C
—v—600°C

600

500 4

400 4

300 4

200+

Vicker's microhardness, HV (20g)

Distance from Cu to Al (mm)

Fig. 12. Typical distribution of hardness in the Cu/Al bimetal under various sintering temperatures

Finally, three IMCs were recorded for the sintered sample at 600°C with values of 325,
550 and 620 VHN. According to Table 1, which are taken from [21,22].The hardness values
of 325, 550 and 620 VHN for the IMCs refer to Al,Cu, Al,Cug and AICu respectively. A
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greater hardness of AICu (IMC) for the sintered sample at 600°C lead to low mechanical
integrity, thus leading to the brittleness and lower bonding strength of the Cu/Al bimetal as in
Fig.11, which is in good agreement with the results obtained in the previous work [38].

3.6. Electrical resistance

Figure 13 illustrates the effect of various sintering temperatures on the electrical
resistivity for Al/Cu bimetal. There is no effect of Al,Cu and Al,Cuy IMCs phase that
formed in the sintered sample at 300 and 500°C on the electrical resistivity, due to the

growth of these IMCs with small quantities.
400

3504
3004
2504
2004
150 4

o

504

Electrical resistivity (pQ.mm)

T T T T
300 400 500 600

Sintering temperature (°C)
Fig. 13. Effect of various sintering temperatures on electrical resistivity of Al/Cu

The decreasing of the electrical resistivity for the sintered sample at 500°C is because of
the good sintering temperature which lead to good diffusion and particle bond occurred.
The increasing of the electrical resistivity for the sintered sample at 600°C is caused by
increasing high brittle IMCs with high electrical resistivity as in Table 1, which is in good
agreement with the results obtained by Cheng et al. [39] and Abbasi et al. [2].

4. Conclusions

The microstructure of Al-Cu bimetallic plate and its interface were identified and
discussed. Moreover, the relation between microstructure and several properties was
investigated. The conclusions were summarized as follows:

e From the EDS and XRD analysis for the Al-Cu bimetallic plates. It was appeared
that, as the sintering temperature increased, the first reaction product Al,Cu was
presumed, and then the next reaction phase is Al,Cug and AICu is next.

e As the sintering temperature increased from 300 to 500°C, the volume shrinkage
percentage increased due to the particles converges increased. However, at 600°C the
volume shrinkage percentage decreases due to two the increase of brittle IMCs amounts.

e Bonding strength of Al-Cu bimetallic plates were increased to maximum value the
sintered sample at 500°C and then decreased at 600°C.

o There is no effect of Al,Cu and Al,Cug IMCs phase that formed in the sintered
sample at 300 and 500°C on the electrical resistivity, due to the formation of these
IMCs with small quantities.
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