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Abstract

Novel aluminum-copper compound castings devoid of
oxide layers at the interface between the joining partners
were developed in order to increase the thermal conduc-
tivity of the hybrid component. Due to the natural oxide
layers of both aluminum and copper, metallurgical bonds
between such bi-metal castings cannot be easily achieved
in conventional processes. However, in an atmosphere
comparable to extreme high vacuum created by using
silane-doped inert gas, metallurgical bonds between the
active surfaces of both aluminum and copper can be
realized without additional coatings or fluxes. An inter-
metallic was created between aluminum and copper. Thus,
very high thermal conductivities could be obtained for
these hybrid castings, exceeding those of conventionally

joined samples considerably. The intermetallic phase
seams emerging between the joining partners were inves-
tigated using scanning electron microscopy and X-ray
diffraction. The reduction of casting temperatures resulted
in narrower intermetallic phase seams and these in turn in
a much lower contact resistance between the two joining
partners. This effect can be utilized for increasing the heat
transfer capabilities of compound casting components
employed for cooling heat sources such as high-power
light-emitting diodes.

Keywords: bi-metal compounds, extreme high vacuum,
microstructure, intermetallic phases, cooling components

Introduction

The performance of many devices such as high-power
light-emitting diodes decreases with increasing tempera-
tures.! To counteract this, cooling solutions offering both
high performance and high cost efficiency at the same time
are necessary for modern electronic components. These
two requirements can be met with compound heat sinks
made of aluminum, contributing low density and good
thermal conductivity, and copper, providing high thermal
conductivity. A major disadvantage of conventional com-
pound heat sinks made of these two materials is the high
contact resistance resulting from a gap that is typically
formed along the interface between copper and aluminum.
These metals are often joined mechanically, with thermal
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paste used to bridge the gap, or by soldering. But the
thermal paste has a relatively low thermal conductivity
itself and the soldering process is often not able to fill the
entire area between the two joining partners.” Other typical
methods of solid-state joining of aluminum and copper,
such as diffusion welding,** cold rolling,>™® explosive
welding,9’lO extrusion,”’12 etc., all have certain disadvan-
tages in comparison to compound casting, e.g. in terms of
the dimensions of the processible specimens as well as the
time and effort required or the high production cost.
Against this background, casting with its potential to
overcome the described limitations'® was the process of
choice in this study.

Compound casting is classified as a process in which a
solid and a liquid metal form a metallic bond via diffu-
sion.'"* However, creating a metallurgical bond that pro-
vides high thermal conductivity can generally not be
achieved by directly casting liquid aluminum onto a solid
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copper insert in a mold, since oxide layers on the surfaces
of the two metals impede the necessary diffusion process.'?
A possible solution is to apply intermediate layers onto the
copper insert piece, e.g. low-melting alloys based on zinc
which are partially washed away and dissolved in the
molten aluminum, establishing direct contact between the
juvenile metallic surface of the copper and the aluminum
melt."” Similarly, copper inserts can be coated with tin to
create the necessary wetting between the two joining
partners'® or copper inserts can be integrated into a pattern
for lost foam casting before being joined with aluminum. "’
Another approach is to use conventional fluxes and pickle,
which prevent the formation of new oxide layers on the
copper insert.'®'? However, these chemicals are toxic and
harmful to the environment.

In this study, a novel approach was developed to prevent
the formation of oxide layers on the materials prior to
casting that occur in an inert gas atmosphere. Since even
high-purity inert gases such as argon 5.0 (99.999% purity)
still contain approximately 0.05 ppmv oxygen, their use
cannot prevent the immediate re-formation of an oxygen
monolayer on a deoxidized metal surface.”” In contrast, the
approach employed in the present study aims at eliminating
the formation of oxide layers on both the copper inserts as
well as on the aluminum melt by reducing the oxygen
activity to extremely low levels. This way, collisions of
oxygen molecules with the deoxidized surface can be
avoided at least for the duration of the actual casting pro-
cess. As calculated by Hollinder et al.,** a thermodynamic
oxygen activity as low as < 107% at 800 °C could
potentially be achieved under ideal conditions, such as
those that exist in an extreme high vacuum. Due to the
challenges of generating an extremely high vacuum, the
approach pursued here is to create an XHV-adequate
atmosphere by doping high-purity argon (99.999% Ar)
with small amounts of SiH, (monosilane). In the inert gas
atmosphere, the silane reacts with the residual oxygen and
water to form non-reactive silane dioxide, thus removing
both educts from the environment:*'

SIH4(g) -+ 202(g) — SiOz(S) + 2H,O (g)
SiH4(g) + 2H,0 (g) — SiOy(s) + 4H,(g)

Eqgn. 1
Eqgn. 2

In this study, compound casting was conducted in such an
XHV-adequate atmosphere. The objective was to develop
novel aluminum-copper compounds with a continuous
metallurgical bond, and without any impeding oxide layers
at the interface of the joining partners. Thus, the resulting

contact resistance between aluminum and copper should
mainly be governed by the characteristics of the local
microstructure of the compound zone, i.e. types and
thicknesses of intermetallic phases and diffusion zones.
In particular, the temperature regime of the casting process
was varied to investigate the impact of the casting
parameters on the local microstructure as well as the
thermal conductivity in the compound zone under XHV-
adequate conditions. It is important to emphasize that the
current study aims at gaining a profound understanding of
the fundamental mechanisms governing the oxide-free
casting process. Thus, pure aluminum was used as the cast
material, which provided a benchmark in terms of
achieving high thermal conductivity. With respect to
application, the new deoxidization technique offers the
advantage that it can be integrated into industrially relevant
casting processes, as the XHV-adequate atmosphere is only
required inside the mold. Likewise, the new process can be
adopted for typical aluminum cast alloys, since the
prevention of the Al,O; layer formation in an XHV-
adequate atmosphere is based on thermodynamics and
therefore works in the same way for Al-Si alloys such as
A356 as for the pure aluminum used here.

Materials and Methods
Basic Materials

Cylindrical copper inserts with the dimensions @ 31.8 mm
x 2 mm were cut from a cold rolled oxygen free (OF)
copper plate (Hans-Erich Gemmel & Co. GmbH, Berlin,
Germany) by wire electrical discharge machining (EDM).
The copper inserts featured a purity level of > 99.65% and
were cleaned with ethanol prior to the compound casting
experiments. The cast aluminum provided by Hydro Alu-
minium High Purity GmbH (Grevenbroich, Germany) had
a purity of > 99.87%. Table 1 shows the chemical com-
positions of the metals used in this study as measured with
a spark spectrometer.

The aluminum ingots were heated to 200 °C to remove
water residues and then cut into small pieces weighing
30-40 g. Subsequently, both the copper insert and the
aluminum pieces were transferred into a glovebox with an
XHV-adequate atmosphere via an airlock. Inside the glove
box, the native oxide layer of the copper inlay was
mechanically removed by grinding, using first 500 grit and
then 1200 grit abrasive papers.

Table 1. Mean Chemical Composition (wt.-%) of the Samples as Measured by Spark Spectrometry

Cu Al Si Fe Zn B others
Copper > 99.65 0.007 0.0005 0.003 0.015 0.0002 <0.3
Aluminum 0.022 > 99.87 0.0094 0.012 0.026 0.014 < 0.05
2172 International Journal of Metalcasting/Volume 17, Issue 3, 2023



Compound Casting in an XHV-Adequate
Atmosphere

Compound casting was conducted in a glovebox (Lab-
master 130, Mbraun GmbH, Munich, Germany), that was
previously flooded with argon 4.8 (99.998% purity) to
displace the air inside the entire box. To remove any
residual oxygen and water, a prefabricated mixture of
99 mol-% argon 5.0 (99.999% purity) and 1 mol-%
monosilane provided by Messer Industriegase GmbH (Bad
Soden am Taunus, Germany) was infused. This procedure
allowed for an inert gas atmosphere with an extremely low
oxygen activity (reduction to 2 - 107'® vol.-%) in the
process zone. The actual oxygen activity was continuously
monitored with a calibrated A-probe to make sure that an
oxygen-free, XHV-adequate atmosphere was reliably
established.

The aluminum-copper compounds were produced by
gravity die-casting. For this purpose, a casting device
featuring a manually operated tilting graphite crucible with
a filling volume of 130 ml was employed. The crucible and
the aluminum placed inside were heated by a resistance
heater coil whose temperature was controlled by means of
a type-K thermocouple. The mold for the copper inserts as
well as the casting channel had previously been coated with
boron nitride (Henze Boron Nitride Products AG, Lauben,
Germany). The mold had a drilled hole for the copper
insert and another one for a thermocouple (type-K).
Additionally, the temperature on the copper surface was
measured with a contact thermocouple (type-K) before
pouring the liquid aluminum onto it. Furthermore, a tube
allowing direct doping of monosilane into the mold was
installed. This way, the copper insert can be immersed in
excess monosilane during heating in the mold, thus pre-
venting its possible re-oxidation caused by gases released
from the mold.

The casting experiments were performed with various
temperature regimes to determine the influence of both the
crucible and mold temperatures on the microstructure in
the bonding zone between copper and aluminum. The
minimum temperatures required to establish a successful
bond in an XHV-adequate atmosphere had been deter-
mined in preliminary tests. For the experiments described
here, the crucible temperature was varied between 750,
775, and 800 °C and the mold temperature from 300 °C to
500 °C at intervals of 50 °C. These temperatures cover the
ranges typically used for the crucible and the mold when
aiming to create a bond between aluminum and copper.'®

The crucible was filled with 115 g aluminum at room
temperature and then heated to the target temperature with
a heating rate of 45 °C/min. The mold was heated with a
heating rate of 20 °C/min. Depending on the selected
casting parameters, the heating of the mold was timed to
achieve both the selected crucible and mold temperatures
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simultaneously. After the target mold temperature was
reached and the aluminum casting material had melted
completely, the deoxidized copper insert was placed in the
mold. A subsequent holding time of 5 min allowed for
reaching stationary conditions. Finally, the molten
aluminum was poured into the casting mold directly onto
the copper insert and the heating was deactivated.

Microstructural Characterization
of the Aluminum-Copper Compounds

After cooling to room temperature, the aluminum-copper
compound castings were removed from the glovebox and
prepared for analysis. The specimens with an outer diam-
eter of 31.8 mm were shortened by turning until the copper
part had a plane-parallel thickness of 1 mm % 0.1 mm in
order to allow comparisons of the effects of different
casting regimes. Four samples with a diameter of 10 mm
each and three samples with a diameter of 8 mm each were
then cut from the compounds by wire EDM. Figure la
illustrates the sample extraction positions from the cast
compounds. Each specimen was turned plane-parallel to a
total thickness of 3 mm (Figure 1b). The samples with
@ 8 mm were used for microstructural characterization by
scanning electron microscopy (SEM) and X-ray diffraction
(XRD) and those with @ 10 mm for the thermal conduc-
tivity measurements.

For microstructural investigations, cross sections of the
samples were metallographically prepared and etched.
Grinding was performed with emery paper with grit sizes
of 220, 400/500, 1200, and 2500. Finally, the samples were
polished with diamond suspensions with grit sizes of 6 pm
and 3 pm. Etching was performed using a hydrofluoric acid
(10%) for aluminum and a mixture of potassium disulfite
(25% to < 30%) and sodium thiosulfate pentahydrate (1%
to < 5%) for copper. Images of the polished and etched
specimens were taken by a BX53M optical microscope
(Olympus Europa SE & Co. KG, Hamburg, Germany) and
a DM4000M optical microscope (Leica Microsystems
GmbH, Wetzlar, Germany).

To investigate the chemical composition of the compound
zone, the polished samples were examined with a Zeiss
Supra VP 55 field-emitter scanning electron microscope
(SEM). For recording images dominated by material con-
trast, a backscattered electron detector (BSD) was
employed. The chemical compositions were determined by
energy dispersive X-ray spectroscopy (EDS) using a
detector (Bruker AXS GmbH, Karlsruhe, Germany) in the
SEM.

Quantitative identification of the phase stoichiometry
inside the compound zone was performed with an X-ray
diffractometer (D8 Discover, Bruker AXS GmbH,
Karlsruhe, Germany). Specifically, a symmetric 2-theta
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Figure 1. (a) Top view showing locations of the & 8 mm and & 10 mm specimens; (b) corresponding
side-view with target layer thicknesses after machining.

setup with Co Ko radiation (wavelength of 1.788 A) was
employed. The X-ray beam was narrowed using a 0.3 mm
collimator and the diffracted intensities were recorded with
a VANTEC-500 2D detector at a step size of 20° for
coupled 2-theta/theta measurements. Given the assumption
that at least some of the intermetallic phase seams between
the joining partners would only be a few pum wide,'>* the
samples were cut at an angle of 80° (Figure 2a) by wire
EDM to effectively enlarge the area of the compound zone.
As shown schematically in Figure 2b, this allowed to probe
the compound zone by XRD without the substrates con-
tributing to the signal. For XRD analysis, five measuring
points (MP) were placed across the compound zone of each
specimen (Figure 2c¢). The measurements were thus
performed on copper (MP 1) and the phase seam (MP 2—4)
as well as on aluminum (MP 5). Evaluation of the
diffraction patterns was performed using EVA 4.0 software
(Bruker AXS GmbH, Karlsruhe, Germany).

Thermal Conductivity

The thermal conductivity of the castings was measured
indirectly by irradiating the bottom surface of the samples
with a xenon flash measuring device (LFA 447 from Net-
zsch-Geridtebau GmbH, Selb, Germany). The resulting
temperature change of the upper surface of the sample was
recorded with an indium antimonide infrared detector,
which was cooled with liquid nitrogen. Prior to the

(a) (b)

Al — |

cutting
compound line

zone

measurements, the samples were coated with graphite on
both sides to improve the absorption of the energy and the
emission of infrared radiation to the detector. The thermal
diffusivity was calculated using the pulse correction
according to Cowan.”” The radiation losses as well as the
convection on the surface were considered for the
calculation.

Based on the measured thermal diffusivity a, the thermal
conductivity A can be calculated as>*:

A=a-cp-p Eqn. 3

Where, ¢, is the specific heat capacity and p is the density
of the measured material.

In the present study, the density of the samples was
determined using an MK 2000 density measuring scale
(MK  Industrie-Vertretungen GmbH, Stahlhofen am
Wiesensee, Germany). The specific heat capacity was
determined using a reference sample whose respective
values were known. Following this procedure, the ther-
mophysical properties were determined for each base
material, i.e. aluminum and copper, and the various mul-
tilayer samples. For measuring the latter, the exact layer
thicknesses of the whole compound zone were determined
in the SEM. Since it was not possible to measure the
compound zone exclusively, the thermal conductivity of
the compound zone was estimated using a simplified

compound
zone

Figure 2. (a) Sectioning of the sample at an angle of 80° to enlarge the width of the compound zone; (b) XRD
measurement of the different areas of the compound zone; (c) actual location of the measuring points for the XRD

measurement.
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model. Assuming that the aluminum-copper compounds
consist of only two layers (aluminum and copper), the
contact resistance between the copper insert and the cast
aluminum and thus the thermal conductivity of the com-
pound zone can be calculated (using Eqn. (4)). In the cal-
culation, the layer thicknesses d; and the average values of
the previously measured thermal conductivities /; of the
pure metals aluminum and copper were used. The calcu-
lated contact resistance R is the thermal resistance of the
compound zone. The relationship between the thickness of
th62:4compound zone and the measured value was calculated
as™

] o dcompoundzone
Lcompoundzone — R

Eqn. 4

In order to better assess the influence of the compound
zone on the thermal conductivity between the copper insert
and the aluminum casting material, the combined thermal
conductivity was also determined. The thermal resistances
of the compound zone (Rcompoundzone) and the aluminum
casting material (R,;) were combined as

dcompoundzone + dAl

Eqn. 5

7 dzone+Al =
compounczone Rcompoundzone + RA]

The combined thermal conductivity can potentially reach
the thermal conductivity of the cast material, so ideally, the
thermal resistance of the compound zone tends to zero.

To shed light on the influence of different casting param-
eters (i.e., mold temperature and crucible temperature) on
the thermal resistance of the compound zone, at least three
samples of each parameter combination were measured to
calculate average thermal conductivity values. Since ther-
mal conductivity depends on the actual temperature, ther-
mal diffusivity was measured in the temperature range
between 25 °C and 200 °C, corresponding to the typical
operating temperature range of heat exchangers. Higher
temperatures could lead to increased diffusion processes,
which would permanently affect the local microstructure of
the compound zone.*

Results

Process Temperatures and Limitations

The temperatures of the aluminum melt and the solid
copper insert were monitored during the casting experi-
ments. The process parameters resulting in formation of a
metallurgical bond are provided in Table 2.

The temperature of the crucible (Figure 3a) heated by

means of a resistance coil was approx. 57 °C higher than
the temperature of the aluminum melt for all castings.

International Journal of Metalcasting/Volume 17, Issue 3, 2023

Table 2. Suitable Process Temperatures for Formation
of Metallurgical Bonds; Process Limit at Lower Tem-
peratures is Marked in Blue

Mold temperature 500 450 400 350 300

Crucible °C °C °C °C °C
temperature

800 °C v v v v v
775 °C v v v 4 X
750 °C 4 v v (v) X

v: Bonding, X: No bonding, (v):
repeatable)

Occasional bonding (not

Figure 3b shows that the mold temperature was also higher
than the copper insert temperature. On average, the mold
temperature exceeded the copper insert temperature by
approx. 70 °C. This suggests that the process limit shown
for the crucible as well as the mold temperatures in Table 2
is even lower if the actual contact temperatures between
the bond partners are considered.

Characterization of the Compound Zone

Figure 4 shows light microscopic images of representative
aluminum-copper compounds produced using different
casting parameters. While copper can be recognized by its
reddish colors, the cast aluminum appears in different
shades of gray. In both samples, a distinct compound zone
was formed, divided into different layers. With increasing
casting temperatures, the overall thickness of the com-
pound zone also increased. For the specimen cast at a
crucible temperature of 800 °C and a mold temperature of
450 °C (Figure 4a, a maximum layer thickness of
~ 1.3 mm was observed. Lower temperatures led to a
reduction of layer thicknesses, as shown exemplarily in
Figure 4b with a specimen cast featuring a crucible tem-
perature of 750 °C and a mold temperature of 400 °C.
Here, a layer thickness of ~ 0.7 mm was obtained.

The dependence of the built thickness of the composite
zone on the given temperatures of the crucible and the
mold is illustrated in Figure 5. It is evident that the tem-
perature of the mold, and thus the one of the copper insert,
had a greater influence on the total thickness of the com-
pound zone than the temperature of the aluminum melt. For
this reason, employing different crucible temperatures
while keeping the mold temperature constant resulted in
only slightly differing the thicknesses of the compound
zones. Similarly, a tendency towards a higher overall
thickness of the compound zone was also observed for
increasing mold temperatures combined with a constant
crucible temperature. By contrast, it was not possible to
create a full bond at a low mold temperature of only 300 °C
at a crucible temperature lower than 800 °C.
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Figure 4. Representative light microscopic images of etched specimens: (a) T¢,ucipie = 800 °C, Tmord

=450 °C and (b) Terucible = 750 °C, Tmoltd = 400 °C.

SEM and XRD Phase Analysis

Based on the aluminum-copper phase diagram, the chem-
ical compositions obtained from the EDS provided initial
indications of the phases present. The sample with the
largest compound zone of ~ 1.3 mm (T yeipe = 800 °C,
Tota = 500 °C) is shown exemplarily in Figure 6. The
three differently shaped layers already detected by light
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microscopy were also evident in the SEM. In order to
identify the different phases formed between copper and
aluminum, EDS linescans were performed.

Given the aluminum base material, the first layer of the
microstructure according to literature (e.g., Tavassoli
et al.,22 Grel3 et a1.26) should be a eutectic structure
consisting of a copper-rich aluminum solid solution (o-Al)

International Journal of Metalcasting/Volume 17, Issue 3, 2023
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Figure 5. Measured total thicknesses of the compound
zones of samples cast at different temperature regimes.

and the 6-phase (Al,Cu). This is also the case with the
compound castings created in XHV-adequate environment
here: The BSD image (Figure 6a) of the first layer reveals a
thin lamellar microstructure characteristic of a eutectic
microstructure. According to the EDS linescan (Figure 6b),

the eutectic microstructure consists of o-aluminum with a
copper content of about 17 at.-% and the composition of
the intermetallic fits the 0-phase (Al,Cu). In between the
second layer — containing the 6-phase—and the copper
substrate, another very narrow third layer was detected
(Figure 6¢c). This additional intermediate layer was also
described by Tavassoli et al.*’In the EDS analysis, local
element enrichment was detected. Specifically, the EDS
analyses showed a chemical composition of about 35 at.-%
aluminum and 65 at.-% copper for area “B” (Figure 6d). In
contrast to region “C”, which featured irregular thickness,
region “B” was more homogeneous across the whole
sample. The corresponding diffraction patterns found in the
XRD measurements were more distinct and the inter-
metallic y-phase (Al;Cug) could be assigned to this region
(PDF 00-024-00032"). The third region “C” had a chemical
composition of about 47 at.-% aluminum and 53 at.-%
copper, indicating the presence of the m, (AlCu) phase.
Between the regions B and C, another very thin and
discontinuous layer, marked by (*) in Figure 6¢, could be
detected in some of the BSD images. Its composition will
have to be elucidated in a future investigation since the
EDS analyses did not provide the necessary lateral reso-
lution due to the excitation bulb.

(c)

eutectic |
phase

21-0484
BSD MAG:51x HV:15kV WD: 83 mm Px:1,5( pm

(b)

Cu
A14C119
Y-phase e

(d)

e Al ==
% 80
)
g 60
£w at.-% Cu
g 20
8
DU 500 o leneth in mmon 1500
Lo :
Cu ©O-phase eutectic phase  a-Al
a-Al & ©-phase

-
2
8

—
p—

=53
at.-% Cu

=30.5
at.-% Cu

s g 02
5 8 8

concentration in at.-%
N
3

o
o

5

gage length in um™°

A

Al4CU9
Y-phase

Cu AlCu

N2-phase ©-phase

AlZCu

Figure 6. (a) BSD overview image and corresponding (b) EDS linescan (trace is marked by arrow)
with element concentration in at.-%, Tcyuciple = 800 °C, T 01 = 500 °C, (c) BSD image providing a
detailed view of the 3rd layer and corresponding (d) EDS linescan with element concentration, (*)

unidentified layer.
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To further substantiate the findings regarding the phase
compositions, XRD analysis was performed on the
prepared specimen. Diffractograms obtained at the differ-
ent measuring points MP 1-5 are shown in Figure 7.
Employing the ICDD PDF2016 database,”’ the diffraction
patterns can be assigned to the 6-phase (Al,Cu) (PDF
01-076-3073) as well as to a-Al (PDF 03 065 2869). The
incorporation of Cu atoms into the Al lattice causes a
distortion resulting in a peak shift towards larger diffrac-
tion angles. The copper-containing aluminum thus featured
a smaller unit cell than the base material. A decrease of the
lattice constant along with increasing copper content was
already demonstrated for copper-containing aluminum
solid solutions.”*Consequently, the diffraction peaks at 20
= 46° and 53.5° (Figure 7) can be assigned to the copper-
rich aluminum solid solutions created by compound casting
in XHV-adequate atmosphere.

Thermal Conductivity

For measuring the thermal conductivity of the multilayer
specimens, the outer layers (here: aluminum and copper)
had to be fully characterized to calculate the contact
resistance of the phase seam. Thermal conductivity A was
calculated using Eqn. (3). First, the averaged thermal dif-
fusivities of three samples from each bulk material were
measured. Since the standard deviations of the respective
mean values were below 1 mm?s for the thermal diffu-
sivity and below 0.01 J/(g-K) for the specific heat capacity,
the error bars in Figure 8 can barely be recognized. It was
observed that the thermal diffusivity of copper first
increases and then decreases with increasing temperature,
whereas that of aluminum decreases continuously with
increasing temperatures (Figure 8).

Thermal conductivities of the compound zones of the dif-
ferent specimens as well as the combined thermal con-
ductivities were determined using Eqns. (4) and (5).
Figure 9 shows the thermal conductivities calculated for

: Jh-——ﬂ A MP 1
J A Uw A A MP 2
5 ,,,JL A JU,.M A MP 3
<
Z A
é e A MP 4
. e
A A MP 5
1 1 o 1 [ T R T 1 1 AlLCu
[ 1 1 Al
1 1 ! ! 1 Cu
1 1 1 1 Al,Cu,
20 40 60 80 100 120

20,°

Figure 7. Diffraction patterns of the XRD analyses at the
measurement points (MP) marked in Fig. 2.
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Figure 8. Thermal conductivities of the bulk materials
depending on ambient temperature.

140 9 M = mold temperature in °C
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60
48.6

-
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20 4

Combined thermal
conductivity A in W/(m-K) at 200 °C
(o

T T T T
M500 M450 M400 M350

Figure 9. Combined thermal conductivity at different
mold temperatures, mean values with n = 3.

the composite zones as a function of the mold temperature
used. For the specimens produced at a nominal crucible
temperature of 800 °C, lower mold temperatures were
found to be resulting in higher thermal conductivities of the
specimens.

The range of thermal conductivities that could be achieved
for the different aluminum-copper compounds produced
are shown in Figure 10. Depending on the casting param-
eters, different thicknesses of the compound zones were
induced, which in turn resulted in a substantial change of
the thermal conductivity. It needs to be noted that due to
the usual local process fluctuations, it is not yet possible to
produce compound zones featuring homogeneous thick-
nesses over the entire cross-section, which impairs the
overall performance of the compound castings.

Using Eqn. (5), the maximum possible combined thermal

conductivity of an aluminum-copper compound is obtained
for a contact resistance of zero, corresponding to the
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Figure 10. Combined thermal conductivity of pure alu-
minum and the compound zones, mean values with n =
3.

thermal conductivity of cast aluminum (234.7 W/(m-K)).
Hence, in order to create the highest possible thermal
conductivity, the total thickness of the compound zone
should approach zero. Although the thermal conductivities
demonstrated in Figure 10 are high, they still turn out to be
substantially lower than the thermal conductivity of the
cast pure aluminum. The highest thermal conductivities of
about 125 W/(m-K) were obtained for the “C775/M350”
and “C750/M400” specimens.

The relationship between thermal conductivity and thick-
ness of the compound zone at 200 °C, which is the maxi-
mum applicable temperature for aluminum-copper
compounds before phases start growing permanently by
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Figure 11. Thermal conductivity in relation to the com-
pound zone thickness; *: marks different casting
parameters resulting in similar compound zone thick-
ness, see main text for details.
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diffusion, is summarized in Figure 11. Lower casting
temperatures (left side of Figure 11) lead to a smaller
thickness of the compound zone and hence to a lower
contact resistance, which in turn results in a higher com-
bined thermal conductivity. The error bars mark the scatter
of the individual measurements. It is evident that different
casting parameters can result in almost identical thick-
nesses of the compound zones but different thermal con-
ductivities. For example, eight different samples with mold
temperatures between 350 and 400 °C and crucible tem-
peratures between 750 and 800 °C all showed similar
compound zone thicknesses between 0.73 mm and
0.78 mm (standard deviation of + 20 pum). Yet, the ther-
mal conductivities of those samples varied from 74 to
132 W/(m-K). Moreover, the standard deviation of the
thermal conductivity was larger at lower casting tempera-
tures. This indicates that here the metallurgical bond could
no longer be fully established.

Discussion

The obtained data on thermal conductivity show that one of
the previous limitations of compound casting of aluminum
and copper could be resolved. By doping monosilane into
the inert gas atmosphere, the strong oxidation tendency of
copper at elevated temperatures'” often resulting in copper
oxide inclusions at the interface between copper and alu-
minum?® was successfully prevented. In order to form a
compound casting featuring a strong metallurgical bond,*
the aluminum casting alloy has to be liquid at the contact
zone for a certain time. The introduced heat causes diffu-
sion and finally results in a hypereutectic aluminum-copper
melt directly in front of the copper melt interface.”” Yet
local temperature fluctuations affect the transport pro-
cesses, leading to varying thicknesses of the compound
zone. The diffusion of aluminum atoms into the surface of
the copper piece lowers the melting point, and the copper at
the interface finally starts melting as a result of the heat
input from the liquid aluminum. Given the presence of the
precipitates on the copper side, the diffusion of the copper
atoms resulted in a hypereutectic melt. The eutectic
microstructure was formed after the temperature dropped
below the eutectic temperature. Based on the phase dia-
gram, the first layer should form after the second.
According to Tavassoli et al.,**the second layer precipitates
mainly consist of the 0-phase (Al,Cu). This incoherent
phase forms globular precipitates as shown by Roos
et al.’'. Accordingly, there was an enhanced intensity of
the B-phase pattern at MP 3 (Figure 7). This indicates that
the diffusion of copper atoms into the still liquid cast
aluminum resulted in a hypereutectic melt, leading to
nucleation of the O-phase at the copper interface upon
cooling. The change in thickness as well as microstructure
of the second layer at different casting parameters indicates
that its formation can be prevented by selective adjustment
of the casting parameters, resulting in a eutectic alloy in the
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compound zone. Consequently, the preheating temperature
of the copper insert seems to have a more significant
influence on the total thickness of the layers in the com-
pound zone than the melt temperature. This can be attrib-
uted to the high thermal conductivity of copper.

It was observed that different casting parameters lead to
different results regarding the formation of the third layer.
With higher concentrations of copper in the resulting
phases, the thermal conductivity decreases.** Specifically,
high copper insertion temperatures as compared to the
temperature of the melt lead to an increased thickness of
the third layer. This can be attributed to the formation
mechanism of the third layer, since it is formed as a result
of the diffusion of copper atoms into the already solidified
f-phase.””*®> Besides the already mentioned phases,
Tavassoli et al.”” identified the phases { (Al3Cuy) and 6
(Al,Cujy) for melt temperatures of 800 °C. The phases were
identified based on the chemical composition, but no ver-
ification of these phases with XRD was performed. In
Figure 6 (c) an unidentified phase (*) in the compound
zone can be spotted, which could be either the phase {
(Al3Cuy) or & (Al,Cuj). Pintore et al. also reported the
presence of a rather broad Al;Cuy phase in their Al-Cu
compound castings.”” Fu et al.** argued for the sole
occurrence of the phases 1, and 8. Jiang et al.'” determined
and verified the y-phase using XRD. The occurrence of the
N,-phase between the y- and 6-phase is controversial in
current research. Zare et al.'> and Tavassoli et al.** have
determined its occurrence based on the chemical compo-
sition. Using the same approach, Liu et al.'> were able to
show a similar chemical composition of the mentioned
phases. However, the more detailed examination of the
third layer by electron back-scatter diffraction (EBSD) has
revealed that the m,-phase is probably a two-phase mixed
structure of the y- and O-phase. By contrast, the EBSD
images of the third layer in Jiang et al.'” appear to indicate
the presence of the n,-phase. The formation of the different
phases at the interface between the joining parts lowers the
free Gibbs enthalpy of the system, which provides a driving
force even in absence of a temperature gradient. In fact, the
good thermal conductivity of the copper insert ensures that
temperature gradients are low in the zone within which the
intermetallic phases form. Earlier literature has already
demonstrated that the phases do grow under isothermal
conditions at temperatures as low as 495 °C,* ie. in the
completely solidified state.

The effect of the overall composition ratio of Al to Cu on
the thermal conductivity has also been investigated earlier.
The data reported by Ho et al.*? indicates that minimal
thermal conductivity (< 50 W/m-K) is reached for copper
alloys containing between 70%-95% aluminum. Never-
theless, the influence of the multiphase intermetallic com-
pound on the overall thermal conductivity is difficult to
separate from others, since there is currently no way to
measure the thermal properties of the individual phases

2180

formed in the manufactured compound castings. This issue
should be addressed in future work, as findings in this
matter could contribute significantly to the further
improvement of the casting process.

Klose et al. compared the thermal conductivities of con-
ventional heat sinks with and without thermal paste with
data obtained for aluminum-copper compounds produced
by a high pressure die casting process. In that study, Zn-
based coatings were applied to the copper surface prior to
casting to allow for metallurgical bonding in spite of the
process being conducted in normal (oxidizing) atmo-
sphere.” In Figure 12, the results of the current study are
compared with the results of Klose et al. as well as those of
industrial methods such as soldered connections between
the copper and aluminum.”® To emphasize the effect of the
casting parameters employed, both the data from the
experiments that led to the low thermal conductivity
(49-78 W/(m-K)) and the ones that resulted in smaller
compound zone thickness and high thermal conductivity
(=~ 125 W/(m-K) are included. It is immediately evident
that the metal-to-metal contact achieved in the XHV-ade-
quate atmosphere allowed for much higher thermal con-
ductivity compared with conventional mechanical
connections with or without thermal paste. Even the alu-
minum-copper compounds with a compound zone thick-
ness of 2010 um produced in the XHV-adequate
environment had significantly higher thermal conductivi-
ties than the conventional heat sinks with and without
thermal paste between the joining partners. When using
moderate to low temperatures for both the mold (350 °C-
400 °C) and the crucible (750 °C-775 °C), much thinner
compound zones (732 pm / 773 pum) and very high com-

bined thermal conductivity could be realized (=~ 125 W/
(m-K)).
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Figure 12. Comparison of the data obtained in the
present study (orange and blue) in comparison to
literature results from Refs.2,25 (in gray).
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The phase diagram shows the compositions of the different
phases in the third layer hardly changing with temperature,
which can also be observed in the EDS line scans.
Accordingly, the thermal conductivity of the third layer is
clearly dominated by the thickness of this zone. The
thicknesses and the microstructures of the other layers
change with temperature, and it is not yet clear which
effect is responsible for this phenomenon. However, data
on electrical conductivity, which can be correlated with
thermal conductivity, suggest that the overall thermal
conductivity is governed by the behavior of the inter-
metallic compound and the eutectic zone. In this context,
Pintore et al. observed a distinct correlation between
increasing electrical resistance and increasing thickness of
the eutectic area of their Al-Cu compound castings.*® This
effect also depended on substrate temperatures, which had
a roughly similar influence on phase formation as the mold
temperature regimes in the current study. Although the
gravity die casting process employed here already allowed
for thermal conductivities at least on a par with those of
coated samples or soldered ones (Figure 12), it can be
expected that these values could be improved if a further
reduction of the still relatively thick intermetallic phase
seam and the eutectic could be achieved. A viable approach
appears to be tailoring the heat dissipation through the
mold such as to inhibit the growth of the different layers
during the compound casting process.

Conclusions

In order to achieve high thermal conductivity, which is of
great interest for many highly effective cooling compo-
nents made of aluminum and copper, a novel compound
casting process was developed. Pure aluminum was cast
onto a solid pure copper insert in an atmosphere adequate
to extreme high vacuum (oxygen-free) to prevent re-oxi-
dation of a de-oxidized copper insert as well as oxidation of
the aluminum melt. The results of the present study can be
summarized as follows:

1. Light and electron microscopic investigations of
the compounds showed that an oxide-free, met-
allurgical bond was successfully established
between the two materials. In the XHV-adequate
atmosphere, aluminum bonds to copper without
using coatings or fluxes. Thus, with counteracting
the strong tendency of copper to oxidize at
elevated temperatures, a major limitation of
compound casting, could be overcome by doping
monosilane into the inert gas atmosphere.

2. The thermal conductivity measurements showed
that similar or even better results compared to
those of conventional processes of joining alu-
minum and copper were achieved.

International Journal of Metalcasting/Volume 17, Issue 3, 2023

3.  With decreasing casting temperatures (7. uciple
and Tp,04q), the compound zone thickness
decreased, and consequently the thermal conduc-
tivity increased. Casting parameters of Tcpycible =
750 °C and Tp0q = 400 °C as well as Tyruciple =
775 °C and Ty01q = 350 °C resulted in the highest
thermal conductivity of about 125 W/(m-K).

4.  The layers detected using electron microscopy
and X-ray diffraction starting from aluminum
were: an eutectic structure of copper-rich alu-
minum solid solutions along with the 0-phase
(AlL,Cu), precipitates from the 6-phase, and
finally the 1, (AlCu) and y (Al4Cuy) intermetallic
phases.
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