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Abstract: The effect of intermetallic compound (IMC) thickness on the thermal and mechanical properties of Al/Cu honeycomb rods
was investigated. The Al/Cu honeycomb rods were fabricated using repeated hydrostatic extrusions at 200 °C. During the process, an
IMC layer with 1 um in thickness was generated at the Al/Cu interface. Different IMC thicknesses were obtained by post-heat
treatment at 420 °C for 0.5 to 2 h. The IMC thickness increased to 10.1 um. The IMC layers were identified as Al,Cu (), AlCu (1),
and Al,Cuy (y;) phases. The thermal conductivities in the longitudinal direction and cross direction decreased by 11.9% ((268+4.8) to
(236+4.4) W/(m'K)) and 10.4% ((21043.2) to (188+2.8) W/(m'K)), respectively, with increasing IMC thickness. The ultimate tensile
strength and elongation of the Al/Cu honeycomb rod are (103+£8.4) MPa and (7346.2)%, respectively. The ultimate tensile strength
increased to (131+6.5) MPa until the IMC thickness reached 7.7 um. It subsequently decreased to (124+3.9) MPa until the IMC
thickness reached 10.1 um. The elongation of the Al/Cu honeycomb rod then sharply decreased to (2942.5)% with increasing IMC
thickness.
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1 Introduction

According to technological innovation of industry
and improvement of overall standards of living, technical
conditions regarding the net shape of metallic materials
have become complex. It is difficult to meet the wide
variety of demands such as high mechanical strength
with high corrosion resistance for chemical applications,
high mechanical strength with low density for structure
applications, or high electrical conductivity with low
density for electrical applications [1]. To satisfy such
various demands, it is essential that new materials have
different properties. Therefore, the use of clad materials
as structural materials is increasing in many industries

because such materials have properties that cannot be
obtained from a single material [2]. Clad materials in
which different metals and alloys with various properties
have been joined have been developed to meet demands
and have been used in various industrial fields in recent
years. The developed materials include Al/Cu, Al/Steel,
Cu/Steel, Ti/Al, Ti/Cu, etc. [3-7].

Copper and aluminum clad composites have been
widely studied because of their excellent properties of
low density, light weight, corrosion resistance (of
aluminum), and extraordinarily high levels of electrical
and thermal conductivity (of copper) [8—10]. For
example, a two-ply clad sheet of aluminum/copper offers
a 50% reduction in weight, with the equivalent
conductivity of a copper alloy. This material is less
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expensive than a copper alloy, by a factor of 35% [11].
Methods of fabricating clad materials are classified as
overlay welding [12], explosion welding [13], extrusion
[2], and rolling [14].

An aluminum/copper clad is typically fabricated
using an extrusion process. It is well known that a
hydrostatic extrusion process has many advantages over
conventional extrusion processes because hydrostatic
extrusion can be achieved with a high extrusion ratio,
large die angle, and more uniform metal flow due to the
excellent lubrication between the metal and the die [15].
The hydrostatic extrusion process is particularly suitable
for the extrusion of billets because the surrounding
pressure medium ensures that the pressure at the
component interface is sufficiently high to prevent the
relative movement of the components of the assembled
billets [16]. The other significant advantage of the
hydrostatic extrusion process is that a uniform
morphology can be attained throughout the extrudate,
and this characteristic allows custom-made morphologies
and reliable material performance.

Moreover, during the hydrostatic extrusion of Al/Cu
clad materials, intermetallic compounds (IMCs) can be
generated at the interface and can act as reinforcements.
From a mechanical perspective, the newly formed phases
cause a weakening of the bonding strength at the
interface when the thickness of the layers extends
beyond a certain critical value [17—19]. Furthermore, it is
well known that the interatomic bonds within IMCs
between aluminum and copper reduce the number of
available free electrons, which result in higher electrical
resistivity and heat resistivity [20]. Therefore, it is
crucial to improve the bonding strength and anisotropic
thermal conductivity of Al/Cu clad materials. When a
clad material has an asymmetric microstructure with
different physical properties in different directions, a
variety of new applications can be created, e.g., a
directional heat spreader, directional low thermal
expansion material, and high-strength shafts for
achieving high torque.

In the present work, we have manufactured Al/Cu
honeycomb rods using a hydrostatic extrusion process
for heatproof plate. The advantage of using the Al/Cu
honeycomb rods for a heatproof plate is their high
thermal conductivity obtained from the increasing copper
volume fraction during the repeated extrusion process.
Also, they have low density and light weight compared
with copper.

In previous research [21], we have discussed the
manufacturing process of Al/Cu honeycomb rods and its
effects on microstructure and thermal properties of Al/Cu
honeycomb rods according to the number of hydrostatic
extrusion iterations. In the present work, the authors
describe the properties of Al/Cu honeycomb rods. To

analyze the effect of the IMC thickness on mechanical
and thermal properties of the Al/Cu honeycomb rods, the
thermal conductivity and tensile properties were then
determined according to the IMC thickness. Different
IMC thicknesses were obtained by controlling the
post-heat treatment at 420 °C for various holding time.
Further, we have discussed the IMC growth rate in Al/Cu
honeycomb rods heat-treated at 420 °C.

2 Experimental

2.1 Fabrication of Al/Cu honeycomb rods

The Al/Cu honeycomb rods were investigated using
repeated hydrostatic extrusion processes at 200 °C. A
schematic diagram of the hydrostatic extruder is shown
in Fig. 1. The hydrostatic extruder has a load capacity of
6 MN and is equipped with a variable speed ram, a linear
velocity displacement transducer, and a load cell. Table 1
presents the specifications of the hydrostatic extruder.
The pressure medium is important because it transmits
the pressure and lubricates the interface between the
billet and the die [22]. Therefore, the medium should
have properties of low compressibility and good
lubrication under high pressure. In this study,
high-temperature grease was used as the high-pressure
medium.

Die Fluid

Billet

Ram Cylinder

Container

Fig. 1 Schematic diagram of hydrostatic extruder

Table 1 Specifications of hydrostatic extruder

Parameter Value

Extrusion force/N 5337
Extrusion pressure/GPa 12
Max. punch speed/(mm-s ') 22.5
Max. billet diameter/mm 100
Max. billet length/mm 250

Main frame type 4 column of tie rod

Hydraulic power/kW 40
Container temperature/°C 400

The billet was composed of a phosphor deoxidized
copper tube (OD 60 mm and ID 54 mm) and pure
aluminum (1060, diameter 53.5 mm) rod. The inside
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surface of the copper tube and the outside surface of the
aluminum rod were cleaned with sand blasting and
acetone. After the surface treatment, the aluminum rod
was inserted into the inner copper tube. The interfacial
surface of the rear end was sealed and the front end of
the outer tube was taper-sealed using a spinning process.
A schematic diagram of sealed billet is provided in
Fig. 2(a). The sealed billets were preheated at 200 °C for
10 min and then extruded at an extrusion ratio of 17:1 at
a press ram speed of approximately 10 mm/s, thereafter
being allowed to cool in ambient air to room
temperature. The die had semi-angle of 45° and a
hexagonal shape (Fig. 2(b)). The reason for using the
hexagonal-shape die is that the hexagonal shape is easy
to stack for subsequent hydrostatic extrusion processes.
The procedure for the repeated hydrostatic extrusion in
the present work is illustrated in Fig. 3.

45°

7 N\ |

15 mm

227 mm

Aluminum

237 mm

45°

54 mm

|
(a) (b)
Fig. 2 Photograph and schematic diagram of sealed billet of

Al/Cu clad materials (a) and extrusion die with semi-angle of
45° and hexagonal shape (b)
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Fig. 3 Flow chart of repeated hydrostatic extrusion process

2.2 Effect of IMC thickness on Al/Cu honeycomb rod

properties

Different IMC thicknesses were obtained by
controlling the post-heat treatment time. The specimens
were heated to 420 °C in a vacuum furnace under
1.33322 Pa at a heating rate of 5 °C/min. Then, the
specimens were cooled in the processing chamber under
a vacuum. After the post-heat treatment, a cross section
of the specimen was polished using standard
metallographic techniques, and its microstructure and
IMC thickness were examined using field emission
scanning electron microscopy (FE-SEM; JSM 6330F,
Jeol, Japan). The chemical composition of the IMC at the
interface was analyzed using energy-dispersive X-ray
spectroscopy (EDS; INCA, Oxford, UK). Thermal
conductivity measurements were conducted using a laser
flash analyzer (LFA; Netzsch, LFA—427, Germany) at
room temperature in an argon atmosphere with disk
specimens of 12.7 mm in diameter and 2 mm in
thickness [23]. The tensile test was performed using a
universal testing machine at room temperature. The
measured engineering stress and strain data were
automatically recorded by the computer. The tensile tests
were conducted under displacement control with a strain
rate of 1x107° s'. The thickness of the IMC was
measured at five different locations on the specimens.

3 Results and discussion

3.1 Properties of Al/Cu honeycomb rods

Figure 4 shows the results of observation of the
cross section by FE-SEM during the repeated hydrostatic
extrusion process. The cell size decreased from 13.82
mm to 542.2 um with the increase in the number of cells
from 1 to 361 during the repeated hydrostatic extrusion
process. There are several layers of various compositions,
and the intermediate layer of approximately 1 pm can be
readily distinguished from the other layers, as shown
Fig. 4(c). It is understood that both aluminum and copper
atoms are thermally activated and some IMCs are
developed through diffusion during the annealing
process for repeated hydrostatic extrusion. The IMCs
were not observed in the first hydrostatic extrusion
specimen, as the presence of the oxide film prevents
diffusion of the aluminum and copper atoms, as shown in
Fig. 4(a). After the second extrusion process, thin
intermetallic layers were generated between the
aluminum and the copper (Fig. 4(b)). The layer was
indicated as an AL,Cu (¢) phase using EDS. Then, the
IMC layers grew by 1 pum after the third hydrostatic
extrusion process. This was because the oxide films were
broken down owing to severe plastic deformation and
diffusion of both metal atoms that occurred across the
interface during the annealing at 420 °C for 2 h. The
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different phase layers were identified as an AlL,Cu ()
phase and an Al,Cuy (y;) phase using EDS.

Cell size: 2.86 um

Fig. 4 Microstructures of interface between Al/Cu and cell size:
(a) st hydrostatic extrusion; (b) 2nd hydrostatic extrusion;
(¢) 3rd hydrostatic extrusion

Table 2 presents the thermal and mechanical
properties of the Al/Cu honeycomb rods fabricated via
the repeated hydrostatic extrusion process. The thermal
conductivities along the longitudinal direction and cross
direction were (268+4.8) and (210+3.2) W/(m'K),
respectively, for the Al/Cu honeycomb rod. This result
shows that the Al/Cu honeycomb rod had an anisotropic
thermal conductivity. This is because the numerous
interface and IMC layers prevented the thermal flow in
the cross direction. The ultimate tensile strength of the

Al/Cu honeycomb rod was (103+8.4) MPa and its
elongation was (73£6.2)%.

Table 2 Thermal and tensile properties of Al/Cu honeycomb
rod determined by repeated hydrostatic extrusion

Thermal conductivity/(W-m 'K ")

Tensile properties
Cross direction UTS/MPa Elongation/%
267.8 209.9 102.8 72.56

Longitudinal

3.2 Effect of IMC thickness on Al/Cu honeycomb rod
properties

Figure 5 presents SEM images of the interfaces
between the aluminum and copper after post-heat
treatment at 420 °C for 0, 0.5, 1, 1.5, and 2 h. The
thickness of the IMC increased with the increase in the
holding time. The thickness of the IMC layer was 1 um
without the post-heat treatment and 10.1 pm after 2 h of
post-heat treatment at 420 °C. The IMC layer between
the aluminum and copper exhibited several contrasting
layers, and three different phases can be distinguished
after the post-heat treatment for 2 h (Fig. 5(e)). EDS
analyses enable qualitative identification of the
composition of each IMC layer. The chemical
compositions of each IMC layer are summarized in Table
3. These results indicate that regions A, B, and C consist
of ALL,Cu (6) phase, AlCu (,) phase, and Al,Cuy (y)
phase IMCs, respectively.

Table 3 Chemical compositions of intermetallic compound
layer between Al and Cu after post-heat treatment at 420 °C for
2h

Section w(Al)/% w(Cu)/%
A 63.37 36.63
B 45.48 54.52
C 32.64 67.36

According to the equilibrium phase diagram of the
Al—Cu system, it can be seen that several AlI-Cu phases
are stable in the studied temperature interval of 300—
500 °C. The formation of interfacial phases is affected by
their formation energies. According to a previous study,
the formation energies of Al,Cuy and Al,Cu are 0.83 eV
and 0.78 eV, respectively. The diffusivity of copper in
aluminum is greater than that of aluminum in copper [24].
Thus, Al,Cu is presumed to form first and then the next
reaction phase is Al4Cug. AlCu is found to form after the
formation of the previous two phases.

The variation of IMC thickness (W) versus heat
treatment time (¢), at temperature of 420 °C is plotted in
Fig. 6(a). The relation between heat treatment time and
the square of the IMC thickness can be presented by a
linear function as given below:

W=kt 1))
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Fig. 5 SEM images of interface between Al and Cu after post-heat treatment at 420 °C for different time: (a) 0 h; (b) 0.5 h; (¢) 1 h;
(d) 1.5 h; (e) 2 h; (f) EDS line scan results for IMCs formed between Al and Cu

5 (a)

Squar of IMC thickness/1077 pm?

0 1 2 3 4 5 6 7
Time/ks

Ink

~23:2
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-23.61
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-24.4}
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T71/1073K™!
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Fig. 6 Intermetallic compound thickness with various time and temperatures (a) and Arrhenius plot for growth rate of intermetallic

compounds (b)

The temperature-dependence of the rate constant is
traditionally described by the Arrhenius law:
k=4 exp[~E/(RT)] @)
where A is the frequency factor, E, is the activation
energy, R is the mole gas constant (8.314 K/mol), and T
is the thermodynamic temperature. The activation energy
can be calculated from the slope of the Arrhenius plot,
which shows a strong linear relationship, as shown in
Fig. 6(b). The activation energy calculated for IMC is
108.5 kJ/mol, which is close to the value reported in a
previous study [25].

Figure 7 presents the thermal conductivity of the
Al/Cu honeycomb rod according to the different IMC
thicknesses. The thermal conductivity of the longitudinal
and cross directions decreased from (268+4.8) to

=~ 275 Longitudinal
v [ Cross direction
T 250
£
g 225
E 200
b3
5 175
=
38
_a§> 125
s

100

3.2 7.7 8.9 10.1
IMC thickness/um

Fig. 7 Effects of intermetallic compound thickness on thermal
conductivity of Al/Cu honeycomb rod
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(236+4.4) W/(m'K) and from (210£3.2) to (188+2.8)
W/(m'K) with the increase in the IMC thickness from
(1£0.5) to (10£1.1) um, respectively. This decrease of
thermal conductivity resulted from the formation of IMC
layers with low conductivity values [21]. The thermal
conductivity of the IMCs was approximately one seventh
of the conductivity of copper or one fifth of the
conductivity of aluminum [17].

The ultimate tensile strength (UTS) and elongation
values of the Al/Cu honeycomb rods as a function of the
IMC thickness are presented in Fig. 8. As the IMC
thickness increased, the ultimate tensile strength of the
Al/Cu honeycomb rod increased to a maximum value
and then decreased to a low value. The ultimate tensile
strength increased from (103%£8.4) to (131+6.5) MPa
until the IMC thickness reached (7.7+1.3) um. When the
IMC thickness exceeded 7.7 um, the ultimate tensile
strength decreased to (12443.9) MPa until the IMC
reached 10.1 pm. The elongation of the Al/Cu
honeycomb rod sharply thereafter decreased from
(73+6.2)% to (29£2.5)% with increased IMC thickness.
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Fig. 8 Effects of intermetallic compound thickness on tensile
properties of Al/Cu honeycomb rod

Generally, the tensile strength decreased with
increase of the holding time at 420 °C. On the other hand,
the elongation increased with increase of the holding
time. The base metals (Al and Cu) are recrystallized
during the heat treatment at 420 °C. Aluminum and
copper metals are recrystallized at ~200 and 300 °C,
respectively. However, in the results, the tensile strength
increases and the elongation decreases during specimen
heat treatment at 420 °C. These results were affected by
the IMCs between aluminum and copper. It is well
known that IMCs are dense and improve the bonding
strength between aluminum and copper. Due to their
intrinsic high strength and low toughness, IMCs increase
the ultimate tensile strength and decrease the elongation
of the Al/Cu honeycomb rod [26]. Hence, the IMCs
function as reinforcement in the Al/Cu honeycomb rod

and lead to strength enhancement until IMC thickness
reaches (7.7+1.3) um. However, the IMCs cause
weakening of the bonding strength at the interface when
the IMC thickness extends beyond a certain critical
value [17—19]. In previous research, the intermetallic
layer between the aluminum and copper phases caused
brittle fractures when its thickness exceeded 2.5 um [17].
However, in this study, it was demonstrated that the
optimum IMC thickness for the ultimate tensile strength
of the Al/Cu honeycomb rod was (7.7+1.3) um. This
optimum IMC thickness could be affected by the base
metal composition, heat treatment conditions, and
manufacturing process. The IMCs were brittle due to the
ionic and/or covalent inter-atomic bonding, which
results in high rates of nucleation and propagation of
cracks [27].

Thus, the decreasing elongation was found to be
related to the increase of the IMC thickness at the Al/Cu
interface. The deterioration of the elongation could be
due to residual stresses that increased due to differences
in the thermal expansion coefficients of the metallic layer
and the IMCs. The above differences could generate
residual thermal stresses during cooling from the heat
treatment temperature at the metal/intermetallic
interfaces, which would lead to a lower elongation
value [28].

4 Conclusions

1) Al/Cu honeycomb rods were produced using a
repeated hydrostatic extrusion process and the effects of
the IMC thickness on the thermal conductivity and the
mechanical properties of Al/Cu honeycomb rods were
investigated. The interfacial layer of the Al/Cu
honeycomb rod after the post-heat treatment consisted of
IMCs of AlL,Cu (6) phase, AlCu (7,) phase, and Al;Cug
(71) phase.

2) A maximum tensile strength value of
(131+6.5) MPa was obtained for the IMC thickness of
(7.7£1.3) um. The increase in tensile strength was found
to be due to the IMCs, which led to strength
enhancement. The thermal conductivity in the
longitudinal direction and in the cross direction
decreased with the increase in the IMC thickness. This
decrease of thermal conductivity resulted from the
formation of IMC layers with low conductivity values.
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W OE: WP T SR A S R X SR A A RN ) S PR BRI . E 200 °C R EE A TR %
Al/Cu WEFRAER . FEHIF TR T, AVCu FHIZAER 1 pm EHEE AL EYZE . 4 420 °C 3Bk 0.5~2 h J5 2:#ut
S, WA EREKSEREYE, BETIE 101 pm. 2%5%, SRELEWEZEN ALCu(d). AlCu(y,)
A ALCug(y) . BEA 4 R0 A A2 BE (380, A FIARIE 77 ) IG5 0180 11.9% (M (268+4.8) ]
(23624.4)W/(m-K)H 10.4% (M (210+£3.2) 5] (188+2.8)W/(mK)), AlCu W B IR AR K BT 7 50 3 F04 -1 2293 51 /2
(103+8.4) MPa fl1(73+6.2)%. HJ&@ALEYZERIEE] 7.7 um i, Frbram R INE(131+6.5) MPa, B &g
WA R E RN 10.1 um N, PRz sm Rz A8 2 (12443.9) MPa. BEA 48 AL &40 2 2 R 80, i s R
PR SR B 22 (2942.5) %
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