Soldering Silver to Aluminum
and Copper for Cryogenic
Applications

Cryogenic evaporators were manufactured by soldering with silver heat-conductive plate
to explore the internal design range of a possible electronics cooling solution

icroprocessor design has re-
Mcently turned in another direc-

tion relative to the past 30 years.
The emphasis is now placed on spreading
computational workloads to multiple
smaller, separated devices. This change
was brought about in part as a solution in
electronics cooling (Ref. 1). Consistent
miniaturization of transistor parts de-
creases thermal resistance and power con-
sumption per part, but growing device
complexity and part density increase the
heat flux at the device’s surface, necessi-
tating more formidable and massive cool-
ing items to prevent heat-induced materi-
als-expansion-related stresses and current
leakage (Refs. 2, 3).

Moreover, the future is invariably that
of mobile devices.The market is driven by
demand from consumers for mobility, and
power inefficiency is now a primary con-
cern. Although microprocessor manufac-
turers presently increase the overall num-
ber of processors, while lowering
operating clock frequency per processor,
and produce dies wherein multiple other-
wise self-contained processor cores exist
on a single processor die, that methodol-
ogy is but a successful temporary compro-
mise between increased device perform-
ance and its heat output, since increases in
the number of processor cores can only
provide marginal benefits. It’s the law of
decreasing marginal utility. Efficient dis-
tribution of software tasks is not possible
in many circumstances, and miniaturiza-
tion of transistor parts cannot continue
forever (Ref. 4).
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Fig. 1 — Mean temperature and operating clock frequency of last single-core processors

(Ref. 12). A — Fan and heat-sink: Celeron D 2.40 GHz; B — pulses of liquid N,: Celeron
D, 2.40 GHz; C — fan and heat sink: Pentium 4 3.60 GHz; D — pulses of liquid N:
Pentium 4, 3.60 GHz. Operation clock frequency of device and its voltage increased in BIOS.
Heat output of each device increased at a rate greater than operating clock, and the device
experienced increased Joule heating and exhibited greater thermal resistance. Control:
aluminum heat sink cooler containing six copper heat pipes, primary forced convection part
being 120 x 120 x 20 mm fan, Windows® XP run.
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Fig. 2— Evaporator design. The cold plate
at the bottom contacts the cooled surface.
This design assumes automated supplying
of refrigerant by a temperature-monitoring
controller (Ref. 12). 1 — Aluminum cylin-
der, 2 — Sterling silver cold plate, 3 — Sol-
dered lid, 4 — Thermocouple input, 5 —
Ligquid N, supply tube, 6 — Vapor output, 7
— Vapor distribution tube, 8§ — Solder
joint.

Dissipating Heat

Heat spreaders subject to free air con-
vection can conduct heat away from a con-
tacted surface. To dissipate greater heat
loads, their surface area must either be in-
creased linearly or exposed to greater air-
flow (Ref. 5). Larger heat-sinks predomi-
nantly utilize forced air convection parts,
and contain technologies facilitating
greater rates of internal heat transfer such
as heat-pipes, which are elements wherein
heat is transferred between two ends of a
sealed chamber by a liquid that is evapo-
rated at one end to condense passively at
the other (Ref. 6). Software throttling in
response to heating or net computational
workload exists (Ref. 7). However, the
next big step has been debated.

Advances in Technology
Contemplated leaps to technologies,
which manage the concentrated dynamic

heat-loads expected in the near future, all
assume wider use of mediums other than
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Fig. 3— Computer installed within automated refrigeration system, wherein liquid N, is the
working fluid. The Cu evaporator is pictured (Ref. 12).

air, such as working fluids like water, low-
boiling-point refrigerants, low-melting-
point alloys, and cryogens. Water has a
higher thermal effusivity and volumetric
thermal capacity than air (0.16 W/cmZ/
K/s 05 and 4.185 J/m3-K-100, respectively,
at 60°C). Systems utilizing liquid alloys of
sodium or gallium pumped by electro-
magnets are even more favorable in this
regard (Refs. 8, 9). Water may be released
upon a surface by small jet arrays in quan-
tities such that its boiling removes as much
as 1000 W/cm? from the surface. Refrig-
erants such as chlorodifluoromethane and
tetrafluoromethane boil at lower temper-
atures (Refs. 10, 11). Technologies exist
that allow for as much as 100% increases
in the operating clock frequency of mod-
ern computing devices, or comparatively
yielding changes in device complexity —
Figs. 1 and 2.

However, producing marketable solu-
tions requiring a relatively high level of
capital investment on the part of con-
sumers involves satisfying the related ob-
jectives of 1) eliminating hassle and serv-
ice costs related to minimum maintenance
by increasing the life cycle of relevant
parts, and 2) increasing the marginal ben-
efits of the technologies over standard
fare. The latter function can be achieved
either by decreasing net cost through use
of less expensive materials, or increase ef-

ficiency through use of more expensive
materials. To avoid contradiction, designs
of many materials are unavoidable.

One component that must necessarily
be resolved in this manner is the refrigerant
evaporator, which is applied to the cooled
surface of the CPU in most low-tempera-
ture refrigeration systems. This part expe-
riences significant thermal cycling, and
while aluminum is preferable in this respect
as a lightweight metal, as well as in material
cost relative to copper, its poor thermal
conductivity relative to copper and silver
make it only suitable as part of the con-
struction. The most cost-efficient configu-
ration of materials to comprise an evapo-
rator suitable for operation at 77K (the
boiling point of the most inexpensive re-
frigerant, liquid nitrogen) is an A3003 body
soldered to a sterling silver cold plate,
which contacts the device being cooled and
is the intermediate surface between heat
load and working fluid — Fig. 3.

In previous work, a copper evaporator
was used. It was placed at the surface of
the central processing unit, while other
components are cooled at different local
temperatures within specific areas of the
sealed subenvironment through auto-
mated refrigerant flow in prearranged
tubing coils. Air condensation was pre-
vented by enclosing all computer compo-
nents in a sealed subenvironment wherein



air was pumped out. As liquid nitrogen
evaporated, it was circulated through this
chamber (Ref. 12). Noncryogenic applica-
tions can also benefit from similar mate-
rial combinations (Ref. 13).

Investigating Base
Metal/Solder
Combinations

The objective of this work was to gather
the following data for copper or aluminum
base metal/solder combinations: 1) Tensile
strength of base materials before and after
cryogenic cooling; 2) shear strength of sol-
dered joints after soldering and after cryo-
genic cooling; and 3) microstructure analy-
sis of soldered joints after soldering and
after cryogenic cooling.

Conducting the
Experiment

Copper C1010, sterling silver, and alu-
minum Alloy A3003 in the form of
wrought tube and sheet were used as the
base materials with the lead-free solder
Sn-20 wt-% Zn. Standard single-lap shear
test specimens of all these materials were
manufactured according to specification
AWS C3.2M/C3.2:2008* (Fig. 2 at the
overlap 0.24 in. [6 mm)]).

Prior to assembly of the joint, faying
surfaces were cleaned with fine sandpaper
and ethyl alcohol before soldering. Cop-
per-to-silver joints were soldered with the
acidic flux No. 71 supplied by Superior
Flux Mfg. Co., Cleveland, Ohio. In order
tojoin aluminum to silver, both base metal
faying surfaces were pretinned with the
Sn-20Zn solder by rubbing with a steel
brush on the hot plate. Then, aluminum-
to-silver joints were soldered without an
additional solder portion but using the or-
ganic aluminum soldering flux ASF-40
(Ref. 14) supplied by Titanium Brazing,
Inc., Columbus, Ohio.

Soldered joints were subjected to cryo-
genic cooling by submerging them into lig-
uid nitrogen. Specimens were dipped into
liquid nitrogen and held for 6 min to pro-
vide full cooling to the temperature
—196°C. Following each cryogenic cooling,
the specimens were dipped into water to
return them to room temperature. The
base materials were subjected to the same
cryogenic treatments as joined specimens.

The specimens were subjected to ten-
sile testing to determine ultimate shear
strength of joints and tensile strength of
base materials.

Fig. 4 — Structure of copper-silver soldered joints. A — Macrostructure after soldering, 2x;
B — microstructure after soldering, 100x; C — after cryogenic treatment, 100x.

Results of the
Investigation

Mechanical Properties

The results of the mechanical testing of
base metals and soldered joints are pre-
sented in Table 1. The data in Table 1 are
comprised of averages from the perform-

ance of 4-7 specimens tested for each
combination of base metals.

The repeated cryogenic cooling does
not affect tensile strength of copper and
A3003 alloy unless another thermal treat-
ment was done before contacting liquid
nitrogen. After soldering, base metals
that were subjected to cryogenic thermal
cycling had a significant decrease in ten-
sile strength by approximately 15% for
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both aluminum and copper. This means
that short-term heating during soldering
to 270°-300°C (520°-570°F) affects the
base metal strength more adversely than
short-term thermal cycling at cryogenic
temperatures.

The cryogenic thermal cycling de-
creased shear strength of aluminum-silver
soldered joints by 14%, whereas the
strength of copper-silver soldered joints
was changed insignificantly — only by 4%.
No cracks or microcracks were found in
joints after soldering; therefore, a slight
decrease of mechanical properties was ac-
cepted as noncritical for the application in
electronics cooling, where structured sol-
dered joints are not exposed to any
stresses other than those arising from dis-
similar expansion/contraction of joint ma-
terials during thermal cycling.

Microstructure of
Soldered Joints

Microstructures of copper-silver joints
soldered with the Sn-20Zn solder are pre-
sented in Fig. 4. The joint metal is dense,
without voids and pores. Despite the for-
mation of AgiSn intermetallics was ex-
pected at the interface between silver base
and solder, no intermetallics were found.
However, the joints were characterized
with significant erosion of silver by the sol-
der — Fig. 4B, C. The joint microstructure
was changed after cryogenic cooling. A eu-
tectic type of solder microstructure after
soldering was transformed into a quench-
ing-type microstructure after on-and-off
cryogenic cooling. This change did not re-
sult in a shear strength gain due to signifi-
cant tin content in the solder, which causes
low strength of the alloy independent of
any structural changes.

Microstructures of aluminum-silver
joints soldered with the Sn-20Zn solder
are presented in Fig. 5. The joint metal is
dense, without voids but with several
small-size pores (Fig. 5B), which probably
appeared due to organic flux application.
This flux is characterized by considerable
evaporation of gaseous products from the
decomposition of organic amines. An ex-
pected intermetallic layer of AgzSn phase
was found at the silver-solder interface
contrary to the previousley mentioned mi-
crostructure of copper-silver joints. This
can be explained by the fact that silver was
pretinned before soldering with alu-
minum, while soldering of silver with cop-
per was conducted in one thermal cycle.

The cryogenic treatment also trans-

Fig. 5 — Structure of aluminume-silver soldered joints. A — Macrostructure after soldering,
2x; B— microstructure after soldering, 100x; C — after cryogenic treatment, 100X.
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Table 1 — Effect of Cryogenic Treatment on Strength of Base Metals and Soldered Joints

Base metal at

Base metal, 6 min

Sample room temperature, dipping in liquid 6 min dipping in liquid

MPa nitrogen, nitrogen,
MPa MPa

Aluminum 169.2-176.6 162.2-175.1 147.7-150.1

Alloy A3003 174.7 172.6 149.5

Copper 1010 271.4-279.1 273.6-283.1 229.9-237.4
276.0 281.75 234.45

Aluminum +

Silver

+ (Sn-20Zn)

Solder

Copper +

Silver

+ (Sn-20Zn)

Solder

Base metal after soldering,

Joint at room Joint, 6 min
temperature, dipping in liquid
MPa nitrogen,

MPa
28.2-34.3 26.3-29.7
31.63 27.32
33.1-38.3 32.8-36.1
37.36 35.77

formed the joint microstructure: needle-
like structural aspects appeared as distin-
guishing features of a quenching struc-
ture. However, no cracks or microcracks
were found in both the copper-silver and
aluminum-silver soldered joints after
cryogenic treatment. It is possible that
thermal stresses are relaxed by relatively
soft, plastic tin-zinc solder metal, as well as
all the base metals, which also have good
plasticity.

Conclusions

Soldered joints of A3003 and silver can
be implemented, and are preferable in en-
vironments wherein they are expected to
experience significant thermal-cycling-
induced stress. The implication is that
high-efficiency, low-cost components in
electronics cooling can be assembled and
applied, without a reduction in part life cy-
cles, to intensive heat electronics cooling
applications. Heat dissipation solutions
dependent upon the relevant constructs
are thereby made more competitive and
brought nearer to market viability.

Cryogenic cooling resulted in a de-
crease in tensile strength for both copper
and aluminum by about 15%, as well as
shear strength reduction of soldered
joints, but this can be considered as not
critical or dangerous for this application.
No cracks were found.

Significant erosion of silver by the Sn-

20Zn solder was found after soldering
with copper, while a formation of AgzSn
intermetallic layer, due to pretinning, pre-
vented this erosion when silver was sol-
dered to aluminum.

Also, the cryogenic treatment resulted
in changes in the solder joint microstruc-
ture, namely, an appearance of needle-
like crystals characteristic of any quench-
ing structure.
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