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Evaluation of Direct Printed Heat Sinks on
Metallized Ceramic Substrate for
High-Performance Power Modules

Rabih Khazaka , Elodie Martin, Joel Alexis , Donatien Martineau, and Stephane Azzopardi

Abstract— In this article, we propose a new packaging tech-
nology enabling the development of a high-performance power
module for harsh environments. This approach is based on the
use of the selective laser melting (SLM) technique in order
to directly print metal heat sinks on the backside of the
metallized substrate. In order to explore the viability of this
method, the assembled parts were evaluated thoroughly after the
manufacturing process. Moreover, their robustness was assessed
during aging under harsh conditions. Results show that the
ultimate tensile strength and yield strength of the printed alloy
are higher than the casted AlSi7Mg0.6 counterpart. The interfaces
between the printed alloy and the substrate Al metal layer do
not show any weaknesses, and shear stress values are higher
than 100 MPa. For all heat sink patterns, the substrate warpage
is reduced during thermal cycling due to the Al alloy creeping,
while the highly curved substrates show cracks in the ceramic
after 400 cycles. Accordingly, direct printing of heat sink with
patterns based on fins array reveals a promising path for high-
reliability, high-performance power module packaging.

Index Terms— AlSi7Mg0.6 alloy, direct printed heat sink, power
module packaging, robustness, selective laser melting (SLM).

I. INTRODUCTION

I
N the last decades, the electrification of aircraft has
drawn considerable attention. The main objectives are the

improvement of reliability, efficiency, and flexibility while
reducing weight and greenhouse gas emissions. Recently,
in electric aircraft technology, the mechanically driven engine
accessories (oil pump, fuel pump, hydraulic pump, and so
on) and pneumatic and hydraulic systems are gradually
replaced with electrically driven versions. Electric actuators 
and machine control are often based on power electronics
converters in which the power module is a critical compo-
nent. This latter ensures electrical connections between the

Rabih Khazaka, Donatien Martineau, and Stephane Azzopardi 
are with the Electrical and Electronic Systems Research Group,

Safran Tech, 78114 Magny-Les-Hameaux, France (e-mail:
rabih.khazaka@safrangroup.com).
Elodie Martin is with the Aeronautics, Space and Defense Division, Altran, 

75017 Paris, France
Joel Alexis is with the Production Engineering Laboratory (LGP), 

INP-ENIT, 65016 Tarbes, France

Fig. 1. Schematic view of (a) conventional power module packaging cross
section and (b) proposed structure. Single-phase leg inverter with two IGBTs
and two diodes assembled on the DBA substrate. (c) Fins array have directly
been printed on the backside metallization before attaching the devices.

devices and the external electrical connectors, heat manage-
ment, and the mechanical robustness of the package. The
use of high-density integrated power modules is of utmost
importance to achieved mass and volume gain. Thus, a higher
amount of heat density requires to be dissipated, and more
robust technologies need to be implemented. This trend is
mainly driven by the market introduction of high-temperature
wide bandgap power semiconductor devices, such as silicon
carbide (SiC) or gallium nitride (GaN), with junction temper-
ature exceeding 200 ◦C [1]–[3]. However, to complete this
breakthrough, the entire packaging system of the component
must be rethought.
In conventional module assembly presented in Fig. 1(a),

the power devices of the module are attached to the substrate
mainly by the use of solder. Recently developed die attach
technologies, such as transient liquid-phase bonding and metal
sintering, have emerged during the last decade and can allow
the operation in harsh environments [4]–[6]. The substrate
provides the electrical insulation and ensures the circuitry in
the module through the upper metallic layout. Ceramic-based
substrates with various manufacturing technologies, such as
direct bonded copper (DBC), direct bonded aluminum (DBA),
and active metal brazing (AMB), are commonly used, and
the two latter technologies are preferred for large amplitude
thermal cycles where temperature swings 1T are higher than
200 ◦C [4], [7], [8]. The substrate of the conventional power



module is thermally coupled to the base plate using solder as
TIM and then to the heat sinks using other TIM. In some cases,
pin-fins are added directly to the base plate, and the heat sink is
eliminated [9]. The solders used as TIM between the substrate
and the base plate suffer from its limited reliability under large
thermal cycles (1T > 200 ◦C) due to the coefficient of thermal
expansion (CTE) mismatch between the substrate base plate
and the large bonded surface [10], [11].
The thermal coupling with the heat sink is achieved

with organic materials, such as thermal greases, elastomers,
or phase-changing films. The Achilles heel of such assem-
bly is TIMs that suffer from their low thermal conductivity
(<8 W·m−1

·K−1) and limited stability at high temperatures
(<150 ◦C) [12]. Graphite and graphene sheets are used as
TIM, but low thermal conductivity in at least one direction
has been always observed (anisotropic material). Therefore,
flat and smooth surfaces and high pressures are required to
achieve good thermal contact [13]. Finally, some technologies
eliminate the thermal interface material by using direct jet
impingement cooling [14], [15] or spray cooling [16], [17] on
the substrate or the device. These technologies allow the TIM
elimination and high heat flux dissipation. However, limited
exchange surface, complex cooling systems, and the risk of
plugging the nozzle head by impurities represent the main
drawbacks of such technologies compared the conventional
air- or liquid-cooling ones.
Recently, additive manufacturing has shown to be a growing

area of research to achieve optimized high-performance heat
sink designs that cannot be achieved using traditional manu-
facturing techniques [18]–[20]. In order to leverage additive
manufacturing technologies and overcome the aforementioned
limitations related to the use of TIM or the use of direct cool-
ing technologies, a new approach is proposed and evaluated in
this article. It consists of directly printing heat sinks using the
selective laser melting (SLM) technique on the backside of the
metallized substrate, as schematically presented in Fig. 1(b).
Various conventional and less-conventional heat sink patterns
have been printed. By using thermofluidic simulations, it has
been shown that this approach allows the reduction of the
junction to ambient thermal resistance by more than 20% [21].
An example of a single-phase leg inverter assembly on the
DBA substrate with rectangular fins printed on the substrate
backside metallization is illustrated in Fig. 1(c).
However, thermal performance improvement is not a unique

topic and the structure where the heat sink is mechanically
coupled to the substrate should be investigated. The intrinsic
properties of the printed alloy should be assessed in order to
ensure that the materials have acceptable thermal conductivity
and can withstand mechanical solicitation (vibration, shocks,
and so on). The interface quality between the printed alloy
and the substrate metal layer that guarantees the mechanical
and thermal coupling between the substrate and the heat
sink should also be assessed, as well as the residual stresses
induced in the structure at the end of the additive manu-
facturing process. Therefore, this article will be focused on
the evaluation of the mechanical, thermal, and microstructural
properties of the printed material. Special attention is dedicated
to the interface properties between the printed alloy and

the substrate aluminum metallization. The assembly warpage
was also considered as the main concern, and the substrate
camber was measured for various heat sink designs in order
to establish a relationship between the printed pattern and the
induced residual stress in the assembly. Finally, the robustness
of the package during long-term storage at 200 ◦C for 1000 h
and during thermal cycling between −55 ◦C and 200 ◦C was
investigated.

II. EXPERIMENTS

A. Samples Manufacturing

In this work, commercially available DBA metallized sub-
strates from Denka were used. The substrates were selected
for their high thermomechanical reliability, good thermal con-
ductivity, and the compatibility of the Al metallization with
the printed Al-based alloy [4], [22]. The dimensions of the
AlN ceramic and Al metal layers were 48 × 42 × 1 and
46 × 40 × 0.4 mm3, respectively, and the Al layers were
bonded on both sides of the ceramic plates. The pattern is
then formed by selective etching of the top substrate metal
layer. The apparatus used to print the AlSi7Mg0.6 metal parts
is the SLM Solutions SLM280HL 400 W with a 280 × 280 ×

365 mm3 build envelope and a high-power laser beam profile.
The particle size of the AlSi7Mg0.6 powder is in the range
of 20–60 µm. The 3-D geometry is realized layer by layer
using a 350-W laser power with a scan speed of 600 and
900 mm/s for the edge contour and the center of the built
parts, respectively. The laser beam locally melts the powder,
which is quickly solidified to form the slice. Powder layers
are consequently deposited and melted until the achievement
of the final design. An argon atmosphere is maintained in
the chamber during the entire process in order to avoid the
oxidation of metallic materials and prevent fire. To reduce
the residual stresses in the final assembly, the built plate that
receives the DBA substrates is heated at 150 ◦C. Fig. 2 shows
samples used for this study. In the following, the X-axis refers
to the laser scan direction in the plane of the substrate, and
Z is the out-of-the-plane axis corresponding to the direction
of consecutive selective melted powder layers. In order to
determine the manufacturing direction impact on the sample
mechanical strength, as well as interfaces between melted
tracks and layers, the tensile stress has been applied in the
parallel direction to the X- or Z - axis [see Fig. 2(a)]. The
DBA substrates with printed rectangular fins have been used
for microstructural and mechanical interface evaluation [see
Fig. 2(c)], and substrates with or without heat sinks have been
used for the warpage measurements.

B. Evaluation Tests

In order to evaluate the viability of the developed technol-
ogy, tests are performed in order to assess the material intrinsic
properties (thermal conductivity, mechanical properties, and
microstructure) and the interface between the metallized sub-
strate and the additive manufactured metal (microstructure and
mechanical adhesion). In addition, since the metal powder
is melted for short periods during the process, high residual
stresses can be induced in the assembly during manufacturing



Fig. 2. (a) Free-standing samples for tensile tests (where Z corresponds to
the out-of-plane axis). (b) Topside of the DBA substrate. (c) Substrate with
rectangular fins used for interface evaluation (shear tests and microstructure
analysis). Various heat sink patterns printed on the backside of the substrates
as follows: (d) pin fins array, (e) water drop shape fins array, (f) rectangular
fins array, (g) pin fins with castle-like border, (h) splined water channels, and
(i) linear water channels.

and may lead to substrate cracking. This issue has been
monitored using the substrate warpage measurements after
the heat sink printing. Finally, the robustness of the assembly
was demonstrated during high-temperature storage and thermal
cycles using destructive and nondestructive tests (mechanical
properties, microstructures, warpage measurements, and visual
observation).
High-temperature storage was performed at 200 ◦C for

1000 h, while thermal cycles were applied in the range from
−55 ◦C to 200 ◦C with heating and cooling ramps set at
10 ◦C/min and a 5-min dwell time at the maximum and
minimum temperatures.
The density and specific capacity of the material have

been evaluated using the mass and volume measurements and
dynamic scanning calorimetry, respectively. For the thermal
diffusivity, the laser flash method in the temperature range
between 20 ◦C and 200 ◦C has been used. Samples used for
these evaluations were printed on the substrate and then cut up
with the dimensions 10×10×1 mm3. The microstructure and
interface properties have been characterized using scanning
electron microscopy (SEM) after sample preparation and the
Keller etching. Tensile tests have been carried out to character-
ize the mechanical behavior of the printed AlSi7Mg0.6 samples
in the temperature range between −50 ◦C and 200 ◦C. Shear
tests are performed to evaluate the interface’s mechanical
behavior. In all cases, the mechanical tests were carried out
with a force cell maximum value of 10 kN and a displacement
speed of 1 mm/min. Three tests were performed for each con-
dition to verify the measurements’ repeatability. The warpage
of the substrates has been measured on the width and the
length of the substrates by using an optical profilometer in
white light. For each dimension, three independent measure-

ments (with two measurements on the borders and one on the
substrate center) have been performed. The warpage values
correspond to the average difference between the lowest and
the highest points measured on the three deformation lines.

III. EXPERIMENTAL RESULTS

A. Initial Properties of the Assembly

1) Printed Material Properties: The printed alloy den-
sity, its specific capacity, and its thermal diffusivity were
2630 kg·m−3, 866 J·kg−1

·K−1, and 0.5 cm2·s−1, respectively.
The thermal conductivity λ was then calculated by multi-
plying the diffusivity, the density, and the specific capac-
ity. Measurements were achieved in the temperature range
between 20 ◦C and 200 ◦C. In the tested range, the thermal
conductivity seems to be temperature independent with the
value of 112 W·m−1

·K−1
± 3%. For comparison purposes,

the density, the thermal conductivity, and the specific capacity
of casted AlSi7Mg0.6 are 2700 kg·m−3, 145 W·m−1

·K−1, and
961 J·kg−1

·K−1, respectively.
The microstructure of the selective laser melted alloy is

presented in Fig. 3 in the plane direction (XY ) and the layers’
building direction (Y Z ). A significant ratio of porosities with a
diameter of about 100 µm for the largest ones is observed. The
AlSi7Mg0.6 fabricated using SLM presents a heterogeneous
microstructure. In fact, in the XY plane, the finest structure
of the cellular dendrites is observed at the center of the
melting bath, and a larger dendrites size is achieved between
two adjacent melting baths and at the border of the printed
parts in Fig. 3(c) and (d). This can be explained by the
fact that the temperature of the center of the melted bath is
higher than the borders, and hence, the thermal gradient is
higher. Accordingly, the temperature decrease rate during the
solidification is higher leading to finer microstructure [23].
In the YZ plane, the shape of half of the circles is illustrated
in Fig. 3(e), and it allows distinguishing four laser tracks in
the Y -direction. This shape is frequently observed when using
a unidirectional scanning strategy along the X-axis that creates
parallel scans in the Y -direction [24].
Mechanical tensile tests on AlSi7Mg0.6 free-standing sam-

ples were achieved with a force applied in the scan direc-
tion (X-direction) and in the direction of the built layers
(Z -direction). The yield strength (YS), the ultimate tensile
strength (UTS), and the elongation at break are given for the
temperature range of interest from −50 ◦C to 200 ◦C in Fig. 4.
The measured UTS and YS are both more than 30% higher
than the traditionally AlSiMg cast alloy due to three main
factors [25], [26]: the ultrafine-grained microstructure favors
the grain boundary strengthening, the constituent elements
that induce solid solution strengthening, and the strengthening
given by the interactions of dislocations. A decrease in the
YS and the UTS associated with an increase in elongation at
fracture is observed by increasing temperature. The dispersion
in the results for the UTS and YS is less than 5%, while
the elongation at break shows a variation that can reach 50%
between the samples tested under the same conditions.
Both UTS and YS seem to be independent of the print-

ing direction. The obtained results of YS and UTS are



Fig. 3. 3-D image of the sample used for (a) microstructure analysis and
AlSi7Mg0.6 microstructure after selective laser melting in (b)–(d) XY plane
and (e)–(g) YZ plane.

in agreement with the ones reported in the literature for
AlSiMg-based alloys, while the elongation at break seems to
be lower in our samples [26], [27]. This can be attributed to the
high pores’ ratio that can reduce the elongation limit. In fact,
pores can be considered as a weak point for fracture initiation.
Their position and size can strongly impact the elongation at
break, which can explain the high dispersion of the results
between the samples manufactured and tested under the same
conditions. Otherwise, in all the tested conditions, the fracture
surfaces reflect a ductile behavior of AlSi7Mg0.6 alloy with
the presence of dimples and a necking that increases with
temperature, as illustrated in Fig. 4(c), after tensile tests at
25 ◦C and 200 ◦C.

2) Interfaces Properties: For the interface analysis, SEM
images in secondary and backscattered electrons, and

Fig. 4. (a) UTS, (b) YS, and (c) elongation at break as a function of
temperature (X and Z tensile force direction) and fracture surfaces of tensile
test specimens at 20 ◦C and 200 ◦C.

Fig. 5. (a) Interface images using backscattered electrons and (b) EDX
detected element distribution on the red line on the interface image (from left
to right).

energy-dispersive X-ray (EDX) spectroscopy, were achieved.
The results are shown in Fig. 5. At the level of the diffusion
layer, we can see that it is not regular over the entire interface
but rather in the form of waves [green curve in Fig. 5(a)]. The
maximum depth of the interdiffusion zone is about 200 µm,
as detected by the silicon diffusion depth, and corresponds to
the center of the melted bath where the highest temperature is
reached.
Shear tests were used to evaluate the mechanical properties

of the interfaces, and a shear strength value of 109 MPa was
obtained. The surfaces were then analyzed by SEM and EDX
and also by using profilometry analysis in order to identify the
type and the location of the fracture (see Fig. 6). SEM and
EDX analyses show a ductile fracture with a large amount
of Al at the surface that suggests two potential failure types:
a cohesive fracture in the Al or an adhesive fracture at the
Al/diffusion zone interface. This result was obtained for 97%
of the tested samples. The relief indicates a depth of about
250 µm. Combined with the aforementioned diffusion profile
where the maximum diffusion depth of the Si is detected on
the first 200 µm in the Al substrate metallization, it can be
concluded that the fracture corresponds rather to a cohesive
rupture in the Al substrate metallization.

3) Heat Sink Design Impact on Substrate Warpage: In
order to evaluate the influence of the heat sink design on



Fig. 6. (a) SEM image using secondary electrons of the fracture surface on
the substrate side where the left arrow indicates the applied force direction,
(b) Al detection using EDX, (c) SEM image inside the pit showing the plastic
deformation of the Al, (d) optical profile of the surface showing the pit formed
in the Al metal, and (e) linear profile at the red line indicated in (d) showing
a maximal depth of 244 µm.

Fig. 7. Heat sink pattern impact on the substrate warpage.

the residual stresses and the deformations of the assemblies,
warpage measurements on the width and on the length of the
substrates were realized and are presented in Fig. 7. Results
reveal that fins array heat sink patterns (rectangular fins, water
drop shape fins, and pin fins) with short continuous lines on
the substrate are recommended to avoid the substrate bowing
and the ceramic cracking. For these patterns, the deformation
of the substrate was less than 60 µm, while deformation of
about 25 µm was measured for the naked substrate. When
the pattern presents long linear printed vectors, substrates are
highly curved. Heterogeneous deformations are observed for
the geometry of spline and straight channels, and the higher
deformation in both cases is observed in the direction where
a continuous long vector is printed. In fact, decreasing the
length of scanning vectors reduces the residual stresses and,

Fig. 8. (a) UTS and (b) YS measured at 20 ◦C as a function of storage time
at 200 ◦C.

hence, the warpage of the substrate. This can be due to two
favorable mechanisms. In fact, when short-printed vectors are
used, the volume of the melted material that will solidify
after the laser scan will be lower and will occur on a small
surface. Hence, the mechanical stresses will be reduced and
redistributed locally in the substrate plane. In addition, the use
of short printing vectors with a suitable printing strategy can
allow a better distribution of the heat. The time between two
adjacent vectors can be sufficiently low, and the first printed
vector will allow achieving a local preheating to the second
one. Hence, the thermal gradient in between the second
printed vector and the substrate is reduced and, consequently,
the mechanical stresses.

B. Robustness Evaluation Under Harsh Aging Conditions

Compared to thermal cycles, thermal storage can induce
more pronounced modification in the mechanical properties
of the free-standing additive manufactured samples. However,
the interface properties can be strongly related to both types
of aging, while the reliability of the assembly (substrate heat
sink) is mainly influenced by the thermal cycles where CTE
mismatch between the various materials and the hardening of
the alloy can induce severe failures. Hence, thermal storage
aging was achieved on the free-standing samples and the
samples dedicated for interface properties evaluation, while
the latter samples and samples with heat sink patterns printed
on the substrate were used for passive thermal cycles’ aging.

1) Printed Material Properties During Thermal Storage

Aging: At room temperature, the mechanical properties as a
function of aging time achieved with a force applied in the
scan direction (X-direction) and the direction on the built
layers (Z -direction) are illustrated in Fig. 8. YS and UTS
show a decrease of about 40% and 20%, respectively, after
100 h followed by a stabilization of the properties during
the remaining aging duration. The same behavior has been
reported on AlSi10Mg samples manufactured using the SLM
technique where a slight decrease was recorded for the yield
and UTSs after 2 h at 250 ◦C [27]. However, this variation
is not considered a critical issue for our applications since
the main role of the printed material is related to thermal
management, and the latter will not be submitted to hard
mechanical solicitations.

2) Interfaces Properties During Thermal Storage and Ther-

mal Cycles’ Aging: The metallurgical analysis was carried out
during the thermal storage for 1000 h at 200 ◦C and during
the 1000 thermal cycles from −55 ◦C to 200 ◦C. Both the



Fig. 9. (a) Shear test results at the initial state and after aging under thermal
storage and thermal cycles. (b) SEM images for the surface of the fracture at
the initial time and at the end of the aging tests.

Fig. 10. Warpage evolution during aging under thermal cycles for various
heat sink patterns (L: length and W : width). Red crosses indicate the detection
moment of the substrate cracks.

aging conditions do not seem to have any influence on the
interdiffusion phenomena, and the diffusion of the Si does not
exceed half of the Al coating (200 µm). In order to validate
the weak metallurgical evolutions at the interface, shear tests
were performed after the thermal storage and the thermal
cycles’ aging, and the results are presented in Fig. 9(a). The
mechanical shear strength is relatively stable, and the stress
value remains above 90 MPa. The surfaces of the fracture
were then studied for aged samples, and results were similar
to the ones obtained before the aging, as shown in Fig. 9(b).

3) Substrate Warpage During Thermal Cycles: The goal of
these tests is to evaluate the thermomechanical reliability of
the assembly (substrate/heat sink). The results showing the
warpage variation during the thermal cycles are presented
in Fig. 10 for the highest curved dimension at the initial state
(width or length depending on heat sink pattern). Red cross
symbols indicate the number of cycles leading to the cracks
detection in the ceramic observed for highly curved assemblies
at the initial time (>160 µm).
The bare substrate does not show any variation of its

camber during the thermal cycles. Substrates with arrays and
splined channels show a drastic decrease of their warpage
of more than 50% after 1000 cycles. At the end of aging,
deformations were less than 50 µm, and no visible cracks
are detected in the substrate ceramic. However, the initially
most curved substrates (castle border-like and linear channel
heat sinks) show a limited decrease of their warpage of about
25%, and both of them present cracks in the brittle AlN
ceramic once checked after 400 cycles. Since the substrate

Fig. 11. Blisters macroscopic image on the top surface of the DBA substrate.

deformation is related to the residual stresses accumulated in
the assembly, the stress relaxation during the creep of the
aluminum-based alloy at high temperatures (above 25% of
alloy melting temperature) is reflected by the reduction of the
warpage value. However, the crack appearance after several
hundred cycles in the highly curved assemblies can be related
to the kinematic hardening of AlSiMg alloy under cyclic
loads. The stresses induced by the CTE mismatch between the
various materials increase progressively until locally reaching
the ceramic fracture toughness [28].
Otherwise, after the first 100 cycles, blisters appear at the

surface of the metal layer with an increase of the surface
roughness, as shown in Fig. 11. This behavior has been
already reported during the aging of DBA substrate, and it has
been related to the shift of the grain joint in polycrystalline
metal under plastic creep effect induced by high temperature,
high tensile, and compressive stresses [29]. The high stresses
are due to the CTE mismatch between the Al metallization
(24 ppm/◦C) and the AlN ceramic (4.5 ppm/◦C). The rough-
ness increase is due to the projection of Al grain from the
surface during the thermal cycles. Choe et al. [30] have already
shown that the roughness of the Al corresponds exactly to
the grain joint profile and, more specifically, to the interfaces
between the nondeformed grain and the projected grain. This
issue should be considered in the future since it can impact the
die attach reliability of the fully packaged power components.

C. Discussion and Recommendations for Harsh Environment

Applications

Since the goal is to develop power modules that will be
inserted in converters used as a power supply, to drive smart
electrical machines and actuator in a nonpressurized envi-
ronment, the assembly should withstand specific mechanical
and thermal stresses related to the aeronautics requirements
(depressurization, vibrations, mechanical shocks, large temper-
ature swings, and high ambient temperature). The mechanical
intrinsic properties, such as UTS and YS of the additive
manufactured material, are higher than for the conventional
casting material. In addition, the mechanical adhesion between
the printed alloy and the metal layer of the substrate is very
high, and values are about two folds higher than the compo-
nents attached by solder (connectors, devices, and so on) [5],
[31], [32]. Accordingly, the mechanical stresses due to the
vibration and the mechanical shocks will not be considered as
a potential issue for the future development of this technology.
The thermal performance is an important factor when

designing and testing heatsinks. 3-D printing is a very promis-
ing technique since it allows to print more complicated



structures and to remove the TIM in order to reduce the
heat resistance and increase the reliability under a harsh
environment. However, we have shown that the AlSi7Mg0.6
alloy used in this study has a thermal conductivity of about
112 W·m−1

·K−1. This value is lower than the aluminum
one, commonly used to manufacture lightweight heat sinks.
Based on thermofluid simulations, the authors have shown that,
compared to conventional package using Al heat sink with pin
fins, the direct printing or AlSiMg alloy with nonconventional
design (water drop shape or elliptical shape) can allow the
junction to ambient thermal resistance reduction by more than
20% for air-cooled heat sink [21]. In the future, additive
manufactured copper with high thermal conductivity can be
used to further decrease the thermal resistance of the printed
material [33].
Otherwise, it has been shown that, for some heat sink

designs, high residual stresses can be induced in the assembly
after the additive manufacturing process. The high residual
stresses are reflected with a high warpage value measured
on the substrate and can lead to the reduction the assembly
reliability under large thermal cycles. The heat sinks patterns
with pin fins arrays using short continuous linear length are
recommended to avoid the substrate bowing and the ceramic
cracking during thermal cycles. However, in some cases (e.g.,
to print a channel for liquid cooling), the use of a continuous
pattern is necessary. Continuous crooked or splined lines
pattern can be successfully used. By using a suitable heat
sink design, the packages show very promising results during
thermal storage and thermal cycling tests. To the best of
our knowledge, such robustness characteristics for a package,
including the substrate and the heat sink, were not reported
in the literature. Hence, this technology can pave the road to
the development of electronic packaging with high thermal
performance for harsh environment applications.

IV. CONCLUSION

Various heat sink patterns have been printed on a DBA
metallized substrate using the SLM technique. The assemblies
have been evaluated at the initial time and during harsh aging
conditions. The bulk materials have shown good mechanical
properties at the initial time and after 1000 h of aging at
200 ◦C. The interfaces between the laser melted AlSi7Mg0.6
alloy and Al metallization of the substrate have not shown any
voids or fracture and have presented high mechanical adhesion
with shear strength values exceeding 100 MPa. The aging
under high-temperature storage and passive thermal cycling
has not impacted the interface properties, and ductile fractures
take place in the bulk of the Al substrate metal layer in almost
all the cases before and after the aging conditions.
The influence of the heat sink patterns on the residual

stresses in the assembly has been highlighted. Designs with
long straight lines on the substrate have led to high residual
stresses in the structure that causes the substrate warpage.
Hence, it has been recommended to use fin array heat sink
designs with noncontinuous patterns or continuous patterns
with splined lines if necessary. The thermal cycles have
allowed decreasing the cambers of the substrate due to the

creep of the Al-based alloy at high temperatures. However, due
to the hardening of the alloy, initially highly curved substrates
(>150 µm) show cracks in ceramic after 400 cycles.
Finally, taking into consideration some heat sink designs,

the direct printing of heat sinks on the DBA substrates
has proved to be a very promising technology to develop
high-performance and high-reliability power module packag-
ing.
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