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Abstract—Thermal stresses have a significant impact on the
mechanical integrity and performance of RF hybrid circuits.
To minimize this impact, a series of spray deposited Si-Al
alloys were evaluated for use in electronic housing
applications. Current housings for RF modules in space-
based applications are generally made from either Kovar or
6061 Al. Although Kovar has a coefficient of thermal
expansion (CTE) close to those of GaAs and Si, it also
possesses a 10x reduction in thermal conductivity and a 3x
increase in density compared with those of 6061 Al.
Although it provides improved heat dissipation properties,
6061 Al has a CTE that is nearly 4x that of Kovar. The
controlled expansion (CE) spray deposited Si-Al housing
materials discussed herein combine a CTE approaching that
of Kovar, with a thermal conductivity approaching that of
6061 Al, and a density that is less than that of both
materials. The mechanical behavior of select Si-Al alloys
was evaluated along with the application of these materials
for direct attachment of active devices. Assemblies were
thermal cycled from -55 to +125°C.*?
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1. INTRODUCTION

Active antenna arrays often possess large numbers of
densely-packed, high-power, transmit/ receive (TR)
modules. Thermal handling for these modules therefore
becomes a critical component of the design. One method of
effectively removing heat from high power devices is to
directly attach them to high thermal conductivity housings
that are connected to an effective heat sink. If the CTE of
the housing is significantly higher than that of the device,
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environmental thermal cycling and power cycling can
expose active devices within the TR modules to severe
fatigue stresses. In addition, the high density of modules
within the arrays requires that the mass per module be as
low as possible.

This paper will discuss the evaluation of spray deposited Si-
Al alloys for use within the electronic housing (chassis) as a
means of minimizing the impact of thermal stresses.
Current housings for RF modules in space-based
applications are most often made from either Kovar or 6061
Al. Kovar is chosen based on its close CTE match with that
of active devices (e.g. GaAs or InP) and ceramic substrates.
Unfortunately, this material also has a thermal conductivity
that is about an order of magnitude lower than that of Al,
requiring intermediate Cu-Mo heat spreading carriers as an
additional joint between active devices and the housing
material. Also, the density of Kovar is over three times
greater than that of Al. Although it provides improved heat
dissipation properties, 6061 Al has a CTE that is nearly 4
times that of Kovar. The Si-Al alloys (CE7, CE9, CE11 and
CE13) studied possess low CTEs (7-13ppm/°C), relatively
high thermal conductivities (120-160 W/mK), and low
densities (2.42-2.55 g/cc).

2. BACKGROUND ON CE ALLOYS

The series of controlled expansion (CE) bulk spray
deposited Si-Al alloys evaluated herein were developed by
Sandvik Osprey for electronic packaging applications.
Compositions for the alloys evaluated are summarized in
Table 1. The alloys contain trace amounts of Fe and Zr.

Table 1. CE Alloy Compositions

Alloy Composition
(wt.%)
CE7 70Si-30Al
CE9 60Si-40Al
CE11 50Si-50Al
CE13 42Si-58Al

A Si-Al phase diagram is provided in Figure 1.[1, 2] The
two phases shown in the diagram are (Al), a face-centered
cubic (FCC) phase containing 97.4% Al and 2.6%Si, as



well as (Si), which contains 100% Si and exhibits a
diamond structure. If processed using conventional ingot
metallurgy, hypereutectic Al-Si alloys solidify with large
columnar Si grains, which significantly impact the
mechanical behavior of the alloys. Such characteristics are
avoided in the CE alloys through the use of spray
atomization and deposition processing.

Figure 1. Binary Si-Al alloy phase diagram. [1, 2]

Spray Atomization and Deposition Processing

During spray deposition, the select alloy is inductively
heated to well above the alloy melt temperature. The alloy
is then transmitted through a nozzle and atomized using
high velocity gas (N,) jets. The semi-solid droplets then
impact the substrate (initially) and eventually the rapidly
solidified billet. The billets are then processed in a hot
isostatic press. The resulting alloys are characterized by a
fine, relatively isotropic grain structure with regions of Si-
rich and Al-rich phases. [3]

4, MECHANICAL PROPERTIES

The tensile behavior of CE7, CE9, CE11, and CE13 was
evaluated according to ASTM E8-04.  Tests were
performed using standard sub-size rectangular test
specimens. Tensile results, provided in Figure 3, were
compared with published data. As expected, strength
increased with increasing Al contact. Tensile strength was
highly dependent upon surface characteristics of the
samples. The strain to failure was consistent with the
expected characteristics of a brittle material. Fracture
surfaces are shown in Figure 3, along with SEM and
compositional analyses in Figures 4 and 5. The fine
microstructure and relatively uniform distribution of Si and
Al rich phases are clear in both figures for CE7 and CEO9.
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Fig. 2. Ultimate tensile strength for CE7, 9, 11, and 13.
CEX-Pub refers to published data [4], CEXa refers to
the average of all tensile tests performed for each
material (including those that failed outside of the gauge
section), and CEXb is the average of specimens that
failed within the gauge section.

c) d)

Figure 3. Optical fractographs of tensile tested samples
for a) CE7, b) CE9, ¢) CE11, and d) CE13.

Figure 4. SEM fractograph and EDAX compositional
images for the CE7 tensile fracture surface. Red and
green indicate the presence of Al and Si, respectively.




Figure 5. SEM fractograph and compositional analysis
results for the CE9 alloy tensile fracture surface.

Four point bend tests were performed on CE7, CE9, CE11,
and CE13 according to ASTM C1161-02¢ (08). Standard
90mm test specimens were machined from CE alloy plates
in the as-received condition. Following machining, samples
were ground to a fine finish in the longitudinal direction.
The bend test results are provided in Figure 6. The bend
strengths observed were higher than those provided in the
published data.[4] As expected, specimens exhibited
increasing flexural strength with increasing Al content.
Failure was observed to be significantly influenced by
surface finish and imperfections. A CE9 fracture surface
obtained following bend testing in shown in Figure 7.
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Figure 6. Flexural strength for CE7, CE9, CE11, and
CE13. Experimental results were obtained using 4-point
bend fixtures.

Figure 7. SEM micrograph of a fracture CE9 bend test
sample.

5. DIE ATTACH STUDIES

Due to the high Si content, the alloys exhibit low and stable
CTEs, approaching those of Si, GaAs and InP active
devices. Table 2 compares the CTEs of the four CE alloys
studied with those of pertinent materials used in electronic
packaging applications. A previous study on the reliability
of GaAs solder attach to various substrates indicated that
devices placed under compressive stress, as is the case with
the high temperature solder attachment to substrates having
a higher CTE than GaAs, did not degrade through life
testing until the substrates exceeded a CTE of 16.5
ppm/°C.[5] Life testing for the current study included 1000
thermal cycles (-55 to 125°C). To verify the results of this
study, GaAs mechanical die were attached to Ni/Au plated
substrates of CE7, CE9, CE11, and CE13.



Table 2. CTEs of Various Relevant Electronic

Packaging Materials

Material CTE (ppm/°C) | Ref
25°C .
Al 23.6 [6]
Al,O3 6.7 [6]
CE7 7.2 [4]
CE9 9.1 [4]
CEl1 11.4 [4]
CE13 12.2 [4]
Cu 16.6 [6]
GaAs 5.4-5.72 [6]
InP 45 [6]
Kovar 5.87 [6]
Mo 3.0-5.5 [6]
Si 2.3-4.7 [6]

The first set of substrates ordered exhibited blistering
following exposure to the 80Au-20Sn reflow temperature
(>280°C). It was determined that the Ni plating specified
for these substrates (2.54-5.08 um of electroplated Ni) and
prebake temperatures were insufficient for the high
soldering temperatures. Following discussions with
Advanced Packaging Associates and Sandvik Osprey, it
was determined that blistering issues could be minimized
through the use of a higher prebake temperature and thicker
electroless Ni plating. The reason for this modification was
the fact that empirical evidence indicates a higher incidence
of blistering when thinner nickel layers are subjected to
higher temperatures. A second set of substrates was
purchased with a Ni thickness of 10.16 um and target
soldering temperature of 325°C.

Figure 7. SEM secondary electron image and energy
dispersive X-ray compositional analysis of a single
blister on a plated CE9 substrate.

Upon receipt of the second set of substrates, the materials
were heated to 325°C for 1 hour. Post exposure
photographs are provided in Figure 8. No blistering was
observed with the thicker Ni plating and the higher
temperature plating pre-bake temperature.

a) b)

c) d)

Figure 8. Optical micrographs of Ni/Au plated a) CE7,
b) CE9, ¢) CE11, and d) CE13 substrates exposed to
325°C for 1 hour.

GaAs die were attached to each of the four materials using
80AuU-20Sn solder at 300°C. Photographs of the complete
assemblies are provided in Figure 9. The assemblies were
exposed to 995 MIL-STD-883G Method 1010.8, condition
B thermal cycles (-55 to 125°C) without failure.

c) d)

Figure 9. Optical micrographs of GaAs die attached to
Ni/Au plated a) CE7, b) CE9, ¢) CE11, and d) CE13
following 790 thermal cycles.

6. RADIATION SHIELDING CHARACTERISTICS

No known evaluations on the radiation shielding
characteristics of these materials have been published. The
higher Al content alloys (such as CE13) are expected to
have similar shielding behavior to that of Al. However,
experimental evaluation of the higher Si content CE7 and
CE9 would be useful to verify the shielding performance of
these materials.



7. SUBSTRATE AND HOUSING APPLICATIONS

Osprey CE Alloys have become very useful in a variety of
space bhased and terrestrial application. They have become
an excellent choice for RF/microwave packages and carriers
as well as heat sinks, optical and opto-electronic housings,
carrier plates for laminate PCBs, guide bars for circuit
boards, and fixtures in semiconductor processing equipment
and soldering ovens.[7-8] An excellent report describing
the evaluation of CE9 for ARTES 4 L & S Band Solid State
Power Amplifier is provided in [9].

For the current evaluation, baseplates for a GaAs power
amplifier circuit were machined from CE7 and CE11.
Photographs of the two baseplates are provided in Figure
10. The circuits are currently being assembled onto the
substrates and will be evaluated with respect to the electrical
characteristics of the assembled circuits as a function of
temperature.

Figure 10. Photographs of RF evaluation carriers
machined from CE7 and CE11.

8. SUMMARY

Four bulk, spray-deposited, controlled expansion Si-Al
alloys were evaluated with respect to their mechanical
behavior and thermal cycle reliability following attachment
of GaAs die. It was found that materials exhibited
sufficient strength for the target application. In addition,
each of the materials studied exhibited excellent thermal
cycle reliability following attachment to a GaAs power
amplifier device. The improvement in mechanical behavior
and ease of manufacturing for the various CE alloys
indicate that alloy selection depends upon the level of
deformation that the application can tolerate. For the
present application, the most likely candidates for
implementation are currently CE11 and CE13.
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