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1. Introduction

The design of the Modular Isotopic Thermoelectric
Generator (MITG), consisting of identical modular
generator slices, was described [1] by the author at
the 1981 Intersociety Energy Conversion Engineering
Conference (IECEC). Since it offered a number of
desirable features and a much higher power-to-weight
ratio than current RTGs, DOE initiated a program to
build and test such prototypical generator slices,
primarily to measure their power output and efficiency,
and to determine their performance reproducibility and
long-term stability.

The design and fabrication of the initial test
assemblies are discussed in a previous paper [2] in
these proceedings; and the test plan, methodology,
instrumentation, computer control and data acquisition
systems, and initial test results are described in the
preceding paper [3].

The present paper describes a serious thermal-
stress problem revealed by the test:., and presents a
detailed structural analysis which identified its
causes. Based on the understanding gained, the paper
then discusses a number of design modifications, and
presents analyses demonstrating their effectiveness in
relieving the observed thermal-stress problem.

In addition, the next paper in these proceedings
[4] describes some alternative design changes for
eliminating the observed thermal-stress problems, and
for improving thermal conductance and hermetic sealing
between the generator housing and the raulticouple cold
ends. These design changes have been validated
analytically, and are now undergoing experimental
confirmation.

Finally, based on these design changes and on
updated thermoelectric properties measured at various
laboratories during the past two years, that paper
describes a revised NilTG design and fabrication pro-
cedure, presents powei and weight predictions for that
design, and compares these with similar predictions
made in 1981.

-. Test Results

As explained in Reference [3], two tests were
carried out, each using the test assembly design
depicted in Figure 1.

Figure 1. MITG Test Assembly
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As shown, each test assembly contains eight multi-
couples, consisting of 18 series-connected thermo-
electr ic couples. Figure 2 shows an exploded view of a
typical multicouple used in these t es t s . Details of
the multicouple design and fabrication procedure are
described in Reference [-].

Figure 2 Exploded View at Multicouple

Figure 3. Typical Break at Cold End ol Thermopile
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The tests and post-test analyses indicated that
the initial multicouple design had a number of problems
respiring corrective action. The paper will explain
how additional analyses and other studies served to
lientifv the causes of those problems, and to suggest
charges in design and fabrication to eliminate them.
These changes have been analytically and experimentally
evaluated, with very encouraging results. Additional
experimental continuation tests now under way will be
described, and their results will be presented at the
conrerence.

3. Therral-Stress Problem

As reported in Reference [3], even during the out-
aassmg and heat-up of the two test assemblies to their
design temperatures, a number of electrical and thermal
anomalies became apparent. Tnese appeared to a greater
or lesser degree in all 16 multicouples. It was sur-
mised that these anomalies were due to cracks, either
within the Jdg assemblies or in the hot- or cold-shoes;
but this could i*ot be confirmed until the tests were
terminated.

After disassembly and detailed post-test examina-
tions conducted at Fairchild and in greater detail at
a number of other laboratories (Thermo Electron,
Battelle-Colurabus, Ames, GE-Valley Forge, and Teledv-ne-
Ti-oniuni, cracks •-•ere found at the following locations:

• Near the center of the cold ends of the
leg assemblies

• At the outer edges of their hot ends

• At the outer corners of the cold ends

The first of these was by far the inost common and
most serious. Such cracks were found in all 16 multi-
couples, and in many cases had led to complete cleavage
at the thermopile's cold end. As shown in Figure 3,
the cleaved surface was slightly dome-shaped, concave
when viewed from the cold end.
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This type of cracking and/or cleavage occurred
mostly within the SiGe legs. Thus, it appears that the
bonds between the legs and the cold shoes, as well as
the glass bonds between the cold shoes and the cold
studs, are actually strcnger than the SiGe legs tiiem-
selves.

The second type of crack, near the hot ends'
outer edges, occurred much less frequently. When they
did occur, these were incipient cracks which did not
penetrate far coward the center. In no case did they
lead to cleavage or loss of the heat collector.

The third type of crack, near the cold ends' outer
corners, appeared even less frequently. The only notice-
able evidence of their occurrence was occasional dis-
coloration at the corners of the cleavage planes. This
suggested that cracking at the corners may have occurred
during fabrication or early during outgassing, whereas
the cleanliness of the Test of the broken surface
indicated th.'.t cleavage had occurred much later, at a
higher tempe 'attire.

The abo\e-described cracking, particularly the
first type, is very serious and must be eliminated. It
was considered most likely that the observed cracks
'ere produced by thermal stresses resulting from one
oi more of the following causes:

• The bimetallic (W/Mo) cold stud, causing
bowing during cooldown and heatup after
fabrication

• Mismatch in thermal expansion coefficient
between the thermoelectric leg assembly
and the cold stud and heat collector

• Bowing of the leg assembly's hot and cold
ends due to the large (700°C) temperature
gradient at operating condition

• The high expansion coefficient of the
aluminum wall on which the multicouple is
mounted

Each of the above would produce thermal stresses,
during fabrication and/or operation, and could be a
plausible cause of the observed cracking. Clearlv, a
detailed stress analysis was needed, covering the
thermal history of the multicouple during the various
fabrication steps and subsequent heatup to operating
temperature. This analysis could identify the dominant
cause of thermal stresses. Only then could appropriate
design modifications be proposed and evaluated.



4. Thermal Stress Analysis

Fhe model initially used in Fairchild's thermal
stress analyses is shown in Figure 4. It represents a
45° segment, taking advantage of the multicouple's
eight-fold symmetry. The model included the tungsten
heat collector insert, the glass-bonded SiGe leg
assembly, the W/Mo cold stud, the Al housing wail, and
a nut (which was assumed to be infinitely stiff). The
SiMo hot shoes were not modeled separately, but were
incorporated in the SiGe leg assembly. Nor were the
thin tungsten cold shoes explicitly represented.

Figure 4. Thermal-Stress Model, Bass Case
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As explained in Reference [5], the analysis made
use of the MacNeal-Schwendler version of the NAST;L\N
computer code, supplemented by the PATRAN pre- and
post-processing software of PDA Engineering, A special
scheme for accommodating temperature-dependent expansion
coefficients was developed by Fairchild. The NASTRAN
model contained 144 solid-shell elements connecting
1290 grid points, for a total of 3000 static degrees of
freedom. Both 20-node hexahedral elements and 15-node
pentahedral elements were used.

Each case analyzed consisted of seven to nine sub-
cases. As explained in [5], thess subcases were needed
to simulate the thermal cycles involved in brazing the
bimt-tallic cold stud at 980°C, making a high-tempera-
ture (HOO'C) glass bond between the thermopile and
the heat collector, making a low-teraperatuTe (.680°C)
glass bond between the thermopile and the cold stud,
bolting the multicoaple to the aluminum housing, and
heating the assemb.'y to its 1000°C/300°C operating
teniperature.

A typical case required three to four hours of
CPU time, and generated over 80,000 lines of output
data. Ultimately, •core than 25 cases were analyzed
to identify the dominant cause of thermal stresses and
to evaluate a variety of possible design fixes.

To reduce the flood of output data to tractable
form, a post-processing program was written to extract
only the most significant data. First, attention
"as restricted to stresses in the SiGe leg assembly,
since that is where the cracks had occurred. Next,
attention was confined to the diagonal boundary plane,
since that is where the highest stresses were found to
occur. Finally, within that plane, we restricted our
attention to the six aesh points at the upper and lower
boundaries of the legs, since that is where cracks had
been observed and where calculated stresses were

highest. By thus restricting our attention, the
number of data sets to be examined was reduced from
1290 mesh points to 12 mesh points.

The computed results for those 12 mesh point are
displayed in Table 1, which presents both the fabrica-
tion stresses, after cooldown, and the operating
stresses with the 1000°C/300°C temperature gradient.

The data presented are for the base case; i.e. ,
the case representing the multicouple design in the
initial test assemblies. Note that all stresses have
been rounded off to the nearest ksi. Although this
often leaves only one significant figure, the resultant
clarity makes it much easier to discern trends and
differences between alternative designs.

Table 1. Base Case
Tensile Stresses in SiGe. in ksi
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Table 1 presents both the cartesian stresses and
the principal stresses. As can be seen, the highest
cartesian tensile stresses (a_) are in the Z-direction,
parallel to the multicouple axis; and these are very
close to the largest principal stresses (a.) . Conse-
quently, our examination of future results can be
further simplified by confining our attention to the
axial tensile stresses at the critical 12 mesh points.
This is illustrated in Table 2, for the base case.
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Table Z. Base Case
Axiat Tensite Stresses ;n SiGe, in ksi
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The most interesting thing about Table 2 is how
closely the analytical results match the experimental
findings. The worst rtress is the 17 ksi operating
stress near the center of the leg assembly's cold end,
precisely where the dome-shaped cleavages had occurred.
The operating stress at the outer corner of the hot
end and the fabrication stress at the corner of the
cold end are lower, but still too high. These are the
locations where secondary damage was observed in the
tests. This excellent agreement between the experimen-
tal and analytical results lends confidence in the
validity of the analytical model and methodology.

The analytical results for the base case are
displayed graphically in Figure 5. This, and similar
figures presented later, shows (in exaggerated form)
the deflections due to the operational temperature
gradients. Note the curvature of the upper and lower
faces or the SiGe assembly, as predicted by theory, and
also the thermal expansion of the aluminum wall.

Table 3. Eltect ol Bi-Melallic Cold Stud
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The figure also shows the axial stresses at the 12
critical points under operating conditions (in ksi).
The latter are obtained by superposition of the fabrica-
tion and temperature-gradient stresses.

5. Dominant Source of Thermal Stresses

Having gained confidence in the validity of the
analysis, the model was next used to identify the
dominant source(s) of th; thermal stresses, and to
evaluate design modifications to eliminate or substan-
tially reduce those stresses. The four possible causes
of thermal stress listed at the end of Section 3 were
investigated one at a time.

5.1 Bimetallic Cold Stud

First, we analyzed a case identical to the
base case except for the use of an all-tungsten cold
stud. This was to eliminate the effect of the bimetal-
lic cold stud, which would tend to change its cur'-ature
when it was heated or cooled. The results of that
change are presented in Table 3 (Case 3).

As shown, elimination of the bimetallic cold
stud reduces the fabrication stress at the cold end's
corners from 8 ksi to 1 ksi. But it does nothing to
reduce the worst problem, the very nigh operating stress
near the center of the cold end. In fact, that stress
actually went up a little, probably because of the
higher modulus of tungsten.
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5.2 Mismatched Expansion Coefficients

The second possible cause investigated was
the difference in expansion coefficients between SiGe
and tungsten. Although these two materials are very
close, tungsten does have a slightly higher coefficient.
To eliminate this effect, a case was run in which the
expansion coefficient of tungsten was arbitrarily set
equal to that of SiCe. The resultant stresses are
shown in Table 4 (Case 4).

Table 4. Ellect ol Matched Expansion Coellicients
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As would be expected, setting the expansion
coefficients of the heat collector and cold stud equal
to that of the SiGe legs eliminates all fabrication
stresses, atjjoth ends. But, as shown in Table 4, it
has no significant effect on :he high operating stresses.



5. 3 Effect of Temperature Gradient

Having eliminated the bimetallic cold stud
and the difference in expansion coefficients as the
dominant cause of the high operating stresses at the
cold end of the multicouple, we were left with two
other possible explanations: the curvature of the SiGe
leg assembly as the result of the 700°C temperature
gradient; and the high expansion coefficient of the
aluminum wall.

The f i rs t of these effects is i l lustrated in
Figure 6, ••'hich shows what the stress-free deformation
of the unbonded components would be at Their operating
temperatures. As can be seen, the SiGe assembly would
assume a convex curvature at i t s upper (hot) surface
and a concave curvature at i t s lower (cold) surface.
The corresponding tungsten parts would, of course,
remain f l a t .

Figure 6. Effect of Temperature Gradient on Unbonded Parti
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Axial Tensile Stresses in SiGe, in ksi

rMOUNTED ON WALL

WITHOUT WALL

J
TUNQSTEN-

S1G«

CASE 1

"OOling vVAII
S<G« E»D Coal'
Caio Stuo

Heat Collector

A
FT

E
R

 F
A

B
R

IC
A

T
IO

N
1 

IN
 O

P
E

R
A

TI
O

N

FUdW
Position

Ho l End / 3

li
CoW End / J

I:
Hol End C *

CoM End I '

u

1!

* i
o l T

YVIMO
40/20

w
60

-J

10

1

O,T)

W'Mo
40(20

50

u

*) High operating strassat n*ir cant*r ol
| cold «nd primarily due to

aluminum wall

As can be seen, omission of the wall virtually
eliminatas the operating stress at the centeT of the
multicouple's cold end. Thus, we conclude that the
previously observed high stress at the center of the
cold end was jiot due to the curvature of the leg
assembly shown in Figure 6. Rather, it was due to the
high expansion coefficient of the aluminum wall.

When the above parts are bonded together, the
respective surfaces at each interface must remain con-
gruent. Thus, there clearly is a conflict at each
of the interfaces, resulting in tensile stresses near
the outside of the hot interface and near the center
of the cold interface. These theoretical -stresses are
qualitatively consistent with our earlier experimental
observations. Thus, the observed stresses could in
fact be due to the temperature gradient, even if the
expansion coefficients of all the materials were
identical.

To test whether this was the case, or whether
the dominant stress source was the high expansion coeffic-
ient of the aluminum wall, the base-case multirouple
was analyzed without any wall. The results of that
analysis are displayed in Figure 7 and in Table 5.

Figure 7. Effect of Omitting Aluminum Wall from
Base Case
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5.4 Wall Expansion Effect

To confirm this conclusion, we analyzed a
case identical to the base case, except that the multi-
couple was bolted to a molybdenum wall, which matched
the expansion coefficient of the cold stud. The
results of that analysis are shown in figure 8.

Figure 8. Base Case with Molybdenum Wall

OPERATING STRESSES (ksi) AT SiGe ENDS

TUNGSTEN-

TUNGSTEN (0.080")-

,-i ,-i r<

5IQ« 10.300")-

.1 1 0 J)
MOLY 10.020") —" • - r Y

TUNGSTEN (0.040") • [ \

NC WALL H

•1U00'C

SlGe-

TUNGSTEN-
MOLY-

- r t
s

0

•1

0

f

-1

I
I

0

• 1

0

-3

1

-1

2

lOQO'C

300'C

0 0

MOLY
WALL"

As can be seen, the high operating stresses
near the center of the cold end virtually vanish when
the expansion coefficient of the wall matches that of
the cold stud.



These results confirm that the dominant
stress source is the high expansion of the aluminum
wall. The mechanism for this is clear from inspection
of Figure 5. Near the axis of the multicouple, the
expansion of the aluminum wall is resisted by the
tension in the stud pin. But near the outside, the
expansion of the aluminum causes the edges of the stud
head to curve upward.

The resultant curvature of the stud surface
is exactly opposite to the curvature of the leg
assembly's cold end shown in Figure 6. Thus, the expan-
sion of the aluminum wall causes a high operating stress
at the center of the cold end, which led to the very
serious cracks and cleavages observed in the initial
tests.

It may legitimately be asked why the above
analyses were not undertaken before the test hardware
was built. In retrospect, they certainly should have
been. But these analyses represent a major and
time-consuming effort, and there was no a-priori
evidence that they were needed, or that tney would
prove as informative and productive as they did.

6. Elimination of Thermal Stress

Table 6. cllact al Graphite-Cushioned Cold Stud

The principal cause of the therms stresses having
been determined, a number of possible design changes to
eli: inate those stresses were investigated. Some of
these are discussed below:

6.1 Compliant Cushion

One possible solution would be to insert a
low-modulus cushion between the cold stud and the SiGe
assembly, to decouple the latter from the aluminum
expansion effect. To this end, Thermo Electron —
based on prior experience on another program — had
recommended the addition of a thin graphite layer
(Stackpole 2128) between the tungsten cold stud and
the SiGe assembly. These two materials have very
similar expansion coefficients, have been successfully
bonded to each other, and the graphite has an attract-
ively low modulus (^106 psi). When this suggestion
was analyzed by Fairchild, it yielded the results shown
in Figure 9 and Table 6.

Figure 9. Graphite-Cushioned Cold Stud
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As can be seen, the graphite layer is quite
compliant. As shown in Table 6, its use completely
eliminates the cold-end fabrication stresses, and cuts
the cold-end peak operating stress in half. While this
was not considered good enough to ensure survival by
itself, it was a big step forward and its use is bene-
ficial in conjunction with other design improvements,
as shown in Sections 6.2 and Reference [4]'.
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In addition to the graphite-cushioned cold
stud, Thermo Electron had also suggested the use of a
graphite heat collector, in place of the bimetallic
(Mo/W) structure used in the initial test assemblies
(see Figure 2). This suggestion was analyzed by Fair-
child, with the results shown in Table 7.

Table 7. Elfect ol Equal-Thickness Graphite Heal Collector
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As can be seen, the operating tf-P'.ile stresses
at the multicouple's hot end would be completely elimi-
nated by the use of a graphite heat collector of equal
thickness as before. However, this conclusion is some-
what misleading, because in reality a graphite heat
collector must be almost three times as thick, as
explained in Section 6.3.



6.2 Double-Headed Cold Stud

Another design change, suggested by Fairchild,
was the use of a double-headed cold stud, illustrated
in Figure 10.

Figure 10. Doubla-Haaded Cold Stud Design

Figure 12. Eftect of Double-Headed Tungsten Stud
Operating Stresses at SiGe Ends, in ksi
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As shown, one of the stud heads is bonded to
the SiGe thermopile, while the other bears against the
alumi.ium housing wall. The intervening stress-rel ief
slots (from al l four edges) effectively serve to isolate
the thermopile from the effects of the aluminum wall
expansion.

However, the slots shown in Figure 10 impede
not only s tress transmission but also heat transmission.
This is i l lus t ra ted in Figure 11, which shows the
temperature distribution for a typical design.

Figure 11. Temperature Map (in°C) ol Double-Headed Cold Stud

As can be seen, the temperature drops for the
dimensions shown in Figure 11 are considerable but not
prohibitive. Therefore, these dimensions were tenta-
tively selected for the stress analysis required to
evaluate the merit of the concept.

Again, symmetry conditions were invoked to
limit the stress-analysis model to a 45° segment. The
computed resul ts for a 0.060" heat collector and an
all-tungsten double-headed cold stud aTe presented in
Figure 12 and Table 8.

The effectiveness of the s tress relief slots
in isolating the SiGe legs from the aluminum expansion
effects are clearly shown bv the deflection plots. As
can be seen, the edges of the lower stud head curve
upward, as the result of the aluminum expansion; while
those of the upper stud head curve downward, as the
result of the SiGe temperature gradient.

300 'C
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Table 8 compares the cold-end stresses for
single-headed and double-headed cold studs. As can be
seen, the double-headed stud has sl ightly higher fabri-
cation stresses, as the result of i t s greater thickness
and stiffness. But i t s peak operating s tress is only
one fifth that of the single-headed stud.

Table 8. Comparison of SinglB-Headed and
Double-Headed Tungsten Studs
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Thus, we see that the double-headed stud is
much more effective than the graphite cushion in re-
ducing the operating stresses at the center of the
cold end. The effect of combining both of those design
improvements is illustrated in Figure 13.



Replacing 0.020" of the 0.060" upper stud
head with graphite lowers the fabrication stress from
2 ksi to 1 ksi; and, as shown in Figure 13, i t reduces
the peak, cold-end stress from 4 ksi to 2 ksi.

Figure 13. Oouble-Headed Tungsten Cold Stud
with Graphite Cushion
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Figure 14. Isotherm Map at Graphite Heat Collector with
Optimized Thickness Prolila
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Additional analysis showed that even that
value can be further cut in half by using 0.040" of
graphite instead of 0.020". Thus, theory predicts that
the combination of the double-headed stud with the
compliant graphite cushion would virtually eliminate
the cold-end stresses.

6 . 3 Graphite Heat Collector

As suggested ear l ier , a heat collector maximum
thickness of 0.060" is adequate for aolybdenum but not
for graphite. The thermal conductivity of the graphite
used (Stackpole 2128) at 1000°C is 0.43 w/cm°C, versus
1.15 w/cm°C for molybdenum. Thus, a graphite heat
collector must be about 2.5 times as thick for the same
thermal effectiveness. But since i t s density is only
one sixth that of molybdenum, a graphite heat collector
has less than half the weight of an equivalent molybdenum
heat collector.

In addition to i t s lower weight and greater
compliance, a gTaphite heat collector has three other
advantages over molybdenum: I t is easier to machine.
I t avoids the need for the troublesome W/Mo joint
discussed in Section 4 of Reference [2]. And i t avoids
the need for a high-emissivity coating, since the
emissivity of graphite is inherently high. Such a
coating, which must last for at least seven years at
operating temperature, would have been required in the
case of a molybdenum heat collector, to avoid excessive
heat source temperatures.

In fact, the heat source is constrained to a
maximum surface temperature of 1100°C, and this con-
straint dictates the required heat collector thickness
profi le . To determine the optimum thickness profi le ,
Fairchild conducted an i terat ive series of three-dimen-
sional thermal analyses. The minimum-weight solution
for the prescribed heat flow and boundary temperatures
is depicted in Figure 14.

The optimum heat collector has the shape of
a very shallow pyramid or pagoda. The variation of
i t s thickness ; as a function of i t s x and y dimension
is indicated by the thermal-model plot in Figure 14.
(Note the difference in scale.)
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As shown, the resultant isotherms are fairly
evenly spaced, which demonstrates that the shape is close
to optimum. However, they are very widely spaced near
the center, above the SiGe legs. This indicates that
we have more graphite than needed in this region.

Figure 14 shows a maximum heat collector
thickness of 0.157", compj.red to the previously used
0.060" value. To determine the effect of a thicker
heat collector on the hot-end stresses, the case illus-
trated in Figure 13 was rerun with a 0.180" heat col-
lector, with the results shown in Figure 15.

Figure 15. Ettect o( 0.180" Graphite Heat Collector
OPERATING STRESSES (lull AT SIGo ENDS

GRAPHITE (0.180"

Comparison of Figures 13 and 15 shows that
increasing the heat collector thickness from 0.060"
to 0.18C" has no effect on the cold-end stresses, but
produces an operating tensile stress of 3 ksi at the
outer corner of the hot end. This is due to the
increased stiffness of the thicker graphite plate. The
stiffer heat collector resists conforming to the
gradient-induced curvature of the thermopile shown in
Figure 6. This results in compressive stresses near
the center and tensile stresses at the outside of the
interface. Thus, the replacement of W/Mo by an equiv-
alent thickness of graphite has eliminated the fabrica-
tion stress at the hot end and has reduced the peak
operating stress from 5 ksi to 3 ksi, but has not
eliminated it.

While the remaining 3 ksi stress may be toler-
able, Fairchild suggested that this could be further
reduced by cutting radial slots into the heat collector
at 45° intervals. This would have no effect thermally,



but would make it easier for the heat collector to bend
and to conform to the curvature of the thermopile
caused by the temperature gradient.

To determine whether this would in fact reduce
the tensile stress at the hot end's outer corner, the
case illustrated in Figure IS was modified analytically
by assuming 45° slots penetrating the full thickness of
the heat collector. The effect of this slotting is
shown in Table 9.

Table 9. Effect ot Slotting Graphite Heat Collector
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As can be seen, slotting the 0.180"-thick
heat collector reduces the operating stress at the hot
end's corner from 3 ksi to 1 ksi, but produces a
tensile stress of 2 ksi at the center. However, Fair-
child suggested that this 2 ksi stress could be reduced
by slotting the heat collector to less than its full
thickness, as illustrated by the dashed line in
Figure 16; and by adding a countersink hole at the
center of its hot surface, as illustrated by the solid
line.

Figure 16. Isoiherm Map ot Graphite Heat Collector with
Optimized Thickness Prattle
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The reason for the countersink hole is that
there is more graphite near the center of the heat
collector than is needed. Removing this unneeded
material by countersinking does not significantly
affect the temperature distribution, but does lighten

the heat collector and reduce its stiffness, thereby
reducing the hot-end SiGe stresses. As shown in
Fipure 17, a multicouple with a graphite heat collector
incorporating the suggested slots and countersink has
been built by Thermo Electron, and is undergoing evalua-
tion tests.

Figure 17. Graphite Heat Collector

6. 4 Vibrar ion Test

The above analyses indicate that the use of
a graphite cushion and graphite heat collector is
beneficial in reducing thermal stresses in the SiGe
thermopile. This makes it important to determine
whether the graphite components can, in fact, be bonded
to their neighbors; and whether these components and
their neighbors will survive the predicted launch
vibration loads.

To help answer these questions, Thermo Elec-
tron fabricated a multicouple with a graphite cushion
and heat collector, as illustrated in Figure 18. To
bond the thermopile to the heat collector, its contact
area was first coated with a 0.004"-thick layer of CVD
tungsten. This was then bonded to the SiMo hot shoes
by means of a high-temperature (11QO°C) glass layer,
as in previous multicouples. In the case of the cold-
end graphite cushion, no tungsten coating was required,
since the low-temperature glass (680°C) was found to
wet the graphite well. The lower face of the graphite
cushion was bonded to the tungsten stud by means of a
Nioro braze joint.

Figure 18. Multicouple with Graphite Components, lor
Performance and Vibration Tests
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COLD SHOE
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POWER LEADS
The above multicouple was first performance-

tested (at design temperature) at Thermo Electron, then
vibration-tested at Fairchild, and then performance-
tested again at Thermo Electron. As can be seen, the
multicouple employed a single-headed cold stud. To



avoid the previously observed thermal stresses due to
the aluminum wall expansion, the multicouple was tested
without any wall. Instead, it was cooled bv clamping
a chill block directly to the stud pin. Its perform-
ance was found to be good, both before and after the
vibration test, with no significant degradation.

In the flight generator, the launch loads on
the multicouple are not only those due to its own weight,
but also those due to the weight of the multifoil
insulation package, which is substantial. The multifoil
insulation is supported only by the multicouples in
the flight generator. During launch, this can result
in significant additional shear loads and tensile
loads on the SiGe thermopile and on the heat collector
bond.

To simulate this effect, the vibration test
designed by Fairchild employs a 2 x 3 multicouple array,
supporting a corresponding multifoil package, as shown
in Figure 19. Five of those multicouples are dummies,
to simulate the foil support provided by neighboring
elements. Only one (of the two middle ones) is a real
nulticouple.

Figure 19. Multicouplo Vibration TasI Fixture

The multicouple depicted in Figure 18 was
subjected to 2-minute random-vibration tests on three
axes, based on currently predicted levels for the
shuttle-launched Galileo and ISPM missions. Each of
the three directions was subjected to an 8.11 gnus
acceptance test and a 11.2 grms qualification test.
In addition, the i-direction (parallel to the multi-
coi'ple axis) was subjected to a 22.6 gxms overtest.
Tnc power spectrum for that test is lepicted by the
jagged curve in Figure 20.

Figure 20. Multicouple Vibration Spectrum in 22.6 Grms Test

c
<s

a
a>
o

a .

CO

to

rT—y-^-^lLjL; -)-!+.'f] J x|. - - . i j . i ._: M ^.^

J-*~iaL. " I r * ' ' - * 1 — f r - . — H k - ^ - ' t " . . i l l — 1 ,
I • " f , - i ' i | • — I — ' ^ V \ , i i .

0.04

C.02

— S ^

"11" -

- 1 • • *
' " ' - T -

rfrriH~ • - r H -(-fjj-r-X-^
10 20 40 100 200 400 1000 2000

Frequency (Hz)

No damage was observed in the above tests,
except for some minor fracture at the thin corner of
the graphite heat collector. This can be avoided by
truncating the comers in future heat collectors,
without significant effect on multicouple performance.
The m-gradient electrical performance of the tested
multicouple was unchanged by the vibration test.

7. Summary

The analysis described in this paper has identified
the causes of the thermal-stress problems revealed by
the preceding tests. The principal problem was shown
to be the result of the high expansion coefficient of
the aluminum housing wall. To alleviate these problems,
the paper described a number of design changes, includ-
ing the use of a double-headed stud with a 0.040"
graphite cushion at the multicouple's cold end, and the
use of a graphite heat collector with stress-relief
slots at its hot end. The combined effect of these
changes is summarized in Table 10.

Table 13. Total Improvement Over Base Case
Axial Tensile Stresses in SiGe, in ksi
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As can be seen, these design changes have virtually
eliminated the previous fabrication stresses at the
hot and cold corners, the previous operating stress at
the hot corner, and the extremely high operating stress
at the center of the cold end. Alternative solutions
for relieving these and some other problems are de-
scribed in the next paper [4J.
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