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1 INTRODUCTION

The objective of this program was to develop methods and
techniques that can be used in the manufacture of phosphoric acid
fuel cell stacks. The effort covered all facets of fuel cell
stack manufacture from production of components to the assembly
and testing of stacks. The processes evolved on this program
utilize technology which is in the public domain or to which the
government holds license by virtue of previous contract efforts.

Basic electrode and matrix technology for phosphoric acid
fuel cells has been the subject of earlier studies by Enercy Re-
search Corporation conducted under contracts to USA MERADCOM. (1) (2)

During the first phase of this program, manufacturing
methods for production of electrodes, matrices, and bipolar
plates were evolved. At the conclusion of this phase, fifteen
10-cell stacks were assembled (3 stacks were delivered to
MERADCOM). In the course of the final phase, thirty additional
10-cell stacks as well as 10 35-cell stacks and 30 experimental
2-cell stacks were built. Of these stacks, 6 10-cell, 3 35-cell,
and 5 2-cell stacks were delivered. Also during this phase,
process modifications necessitated by the unavailability of some
of the original materials for component manufacturing were under-
taken. In this report, the manufacturing processes and results
of stack evaluation are presented.

2. PROCESS DEVELOPMENT

A prerequisite for a low cost fuel cell stack design is the
capability for mass production of the three key cell components -
the electrodes, the matrix, and the bipolar plate. In this
program, designs and processes amenable to mass production methods

were evaluated.
21 Electrodes

The ERC acid stack electrodes consist of a thin catalyst
layer laminated to a strong support layer. Production of both
layers as well as the laminating step can be carried out by
conventional mass production methods.

The process has been specifically designed for electrodes
with low catalyst loading levels. For this program, a maximum
combined anode and cathode catalyst loading of 4 grams/square
foot was specified.

(1) Camp, R. N. and Baker, B. S., Final Report on Contract
No. DAAK02-71-C-0302, (1972)

(2) Camp, R. N. and Baker, B. S., Final Report on Contract
No. DAAKO02-72-C-0247, (1973)

1




2.1.1 Catalyst Layer

The ability to produce a thin distinct catalyst layer is
important for delivering a uniform catalyst distribution over
the electrode area. The same process is used for the anode and
cathode catalyst layers. The catalyst layers are composed of
the catalyst and polytetrafluoroethylene binder. Ammonium
bicarbonate and an organic liquid (Shell Sol) are used as
processing aids.

2.1.1.1 Anode Catalyst

During the initial phases of this program, platinum black
was employed as the anode catalyst; the first 10 stacks were
built with these anodes. Subsequently, a catalyst composed of
platinum black, rhodium black, and tungsten oxide replaced the
pure platinum catalyst for better tolerance to CO rich fuels.

The ?recious metal catalyst is prepared by the Adams'
method. (3 The catalyst loading for the anode is maintained at
2 grams of precious metal catalyst and 0.7 grams of WO3 per
square foot of electrode.

2.1.1.2 Cathode Catalyst

For cathode catalyst, platinum black has been used
exclus? In order to insure uniform catalyst distribution,
10% b of high purity carbon is also added to the cathode
cata n extender. The cathode catalyst loading is also
2 gr precious metal/square foot of electrode area.

2.1.2 Support Layer

The electrode support layer is a porous graphite paper
measuring 0.015 to 0.020 inches thick. In this program, material
from two vendors, Union Carbide and Stackpole, has been employed.
This support layer combines good conductivity with high porosity
(about 85%) to insure low electrode resistance and provide good
gas diffusion. Characteristics of the electrode support mate-
rials are shown in Table I.

2.1.3 Manufacturing Process

The overall electrode manufacturing process is shown in
Figure 1. The process is designed to only include steps which
may be carried out with equipment amenable to high rate produc-
tion. The basic equipment required for the process consists of
a rolling mill and a sintering oven. The rolling mill used in
the ERC electrode process is shown in Figure 2.

(3) Organic Syntheses, R. Adams Ed. (1932)
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TABLE I

ELECTRODE SUPPORT MATERIALS

STACKPOLE UNION CARBIDE
PC 206 VP 0003
Thickness, typical (in.) .018 <017
Thickness range (in.) .016 - .020 .015 ~ .019
Weight, typical (g/sq.ft.) 11.1 7.6
Jeight range (g/sq.ft.) 10.6 ~ 13.5 ST O
84.6 88.8

Porosity (%)*

* Calculated using graphite density of 1.7 g/cm’
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The catalyst layer process steps are:

J (1) blending of the catalyst with a rolling medium (Shell
Sol) and pore forming agent (NH,HCO,),

., (2) filtration of excess liquid,
(3) rolling to the required size and thickness, and
1 (4) removal of the NH,HCO; by heat. .

4 The catalyst layer can be stored until needed for electrode
A manufacture.

The support layer process steps are:

- (1) immersion in an aqueous dispersion of fluorinated
ethylene polymer (FEP 120), and

. (2) air drying followed by sintering.

- The final electrode structure is obtained by laminating
the catalyst layer to the support layer followed by sintering to

develop wetproofing of the electrode. j
- 5 . » . ¢ it
B | The electrode production rate which was achievable with f
: our pilot plant facility assembled for this program is shown in f

Table II. At the present time, catalyst layer sizing cn the k

rolling mill and lamination of two layers are the only labor- ;

intensive process steps in the pilot manufacturing process. #

These operations, however, can be carried out on continuous

process equipment for high production rates.

g

3
- ] N }4
i Acceptance rate for electrodes in the pilot plant was

generally over 90% (less than 10% scrap).

22 Matrix

The matrix employed in this program is made from phenclic
resin fibers and a phenolic resin dispersion by a papermaking
process. The resin from the dispersion is precipitated on the
fibers in the manufacturing process and serves as a binder for
the sheet.

2.2 Fiber Preparation

i 1 rer

The blown phenolic fibers used in the matrix were g
initially supplied by American Kynol Corporation (subsidiary of ; ;
Carborundum Corporation). During the second phase of the §
pregram, fibers were obtained from Nippon Kynol Corporation, now
the sole source for blown phenolic fibers. The fLibers have a
diameter of 1-2p and an aspect ratio in the order ol 100.

1 b}
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TABLE II ELECTRODE PRODUCTION RATE

3 OPERATION EQUIPMENT ELECTRODES/ MANHOURS/
> 8-HR DAY 10-CELL STACK

A. Catalyst Layer

Blend Waring 500 0.3
Materials Blender
Filter Buchner 800 0.2
Funnel
Roll to Rolling 40 4.0
., Size Mill
- Heat at oven 800 0.2
4 . 75C

B. Substrate

Immerse in Bath 400 0.4
FEP 120
Sinter oven 500 0.3

C. Composite

Laminate Press 40 4.0
at 100 psi ;
Sinter Oven 500 0.3

TOTAL 9. ;




The fibers are first digested in H3;PO, to remove any
soluble matter. This is followed by treatment in a conventional
laboratory-size fiber beater to insure complete fiber dispersion.
The fibers are then digested in 30% KOH solution which etches
the smooth fiber surfaces and improves their wettability.

2.2.2 Sheet Molding and Curing

After the fibers have been treated as described above,
they are dispersed as an aqueous slurry, and an aqueous phenolic
resin emulsion (Monsanto Resinox RI0216) is added. The resin in
this emulsion is only partially advanced, and complete cure is
accomplished upon subsequent heating during sheet processing.

After the fibers and the emulsion have been thoroughly
blended, sufficient 0.1N sulfuric acid is added to lower the pH
of the liquid to 4.0 - 4.5. This causes flocculation of the
base-stabilized emulsion, and the resin is precipitated on the
fibers.

The slurry is now diluted with water to about 0.1% solids
concentration and rapidly filtered thru a sheet mold. A photo-
graph of the 18 X 18 in. paper sheet mold used in this program
is shown in Figure 3. The resulting sheet is squeezed free of
excess liquid and air dried. The final step in the matrix
process is sizing the sheet between heated plates in order to
bring the matrix to its final thickness and to completely cure
the phenolic resin binder.

The various steps needed in the matrix manufactufing
process are shown in Figure 4, The quantities of materials shown
in this figure produce a sheet measuring 18 X 18 inchesz,

2.2.3 Process Modifications

Minor modifications to the basic matrix process have been
undertaken from time to time in an effort to enhance cell perfor-
mance and to improve gas seals. These variations are listed in
Table III. Some improvement in initial cell performance was
demonstrated with matrices having higher porosity. However,
the effect of the matrix variables on stack gas seals and life
performance appeared to be necgligible.

The matrix production rates which were achieved on this
program are detailed in Table IV. 1In general, production yield
was over 95% (under 5% scrap). Since the pilot process is one
of batch papermaking, we do not visualize any serious problems
in adapting it to a conventional papermaking process.
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TABLE III

MATRIX CHARACTERISTICS

MAT'L WT., G/2.2 SQ. FT,

s porosITY (')
CODE FIBER RESIN THICKNESS, in. (CALCULATED)
A. 28 1.2 0.017 55
B. 42 o2 0.024 67
1 D. 42 2.4 0.017 52
E. 42 2.4 0.024 66
H. 42 2.4 0.020 60
3 35 2.4 0.017 ' 60

(1) Calculated using resin density of 1.2g/cm3




OPERATION

Acid-treat
Kynol fibers

Beat Kynol
Fibers

KOH-treat
Kynol fibers

Form Sheet

Wet Press

Press to
thickness

TABLE IV

MATRIX PRODUCTION RATE

EQUIPMENT

Sheet
Mold

Beater

Sheet
Mold

Sheet
Mold

Press

Press

12

MATRICES/

8-HR DAY

100

100

100

40

250

250

MANHOURS/
10-CELL STACK

TOTAL

0.8

2.0




2.3 Bipolar Plate

A photograph of the bipolar plate is shown in Figure 5.
The plate is compression molded from a mixture of graphite and
thermosetting resin powders. Initially, H-resin from Hercules,
Inc. was used as the molding powder, and the first 15 stacks
built on this program had plates molded with this material.
After termination of production of H-resin was announced by
Hercules, Inc., phenol-formaldehyde (PF) resins were employed
for production of all bipolar plates.

Conductivity of plates molded with the two types of resin
was found to be comparable With a resin content of 22%, voltage

drop thru the plate measured 4mV at 100 amperes/square foot.

The bipolar plate process is shown in Figure 6. The
mixture of graphite and resin powders is first leveled to a uni-
form density in a rectangular mold measuring 5 X 15 inches
(the final plate dimensions) and compressed to produce a preform
which can be transferred intact to the mold cavity. The mold
is mounted in an up-acting hydraulic press as shown in Figure 7.
A view of the mold cavity can be seen in Figure 8. The plate
is formed by pressing the preform at 150 tons for 6 minutes at
330°F. Tunis is sufficient to cure the resin, and the plate can
be ejected at the nolding temperature, which obviates the need
for any temperature cyvcling of the mold. The process is com-
pieted by heating the plates in an oven which serves to complete

guringG of the resin.
2031 Graphite

In an effort to improve moldability, modifications in
graphite composition were undertaken. Molding art recognizes
mixing several types of graphite to improve moldability, i.e.,
defect-free discharge from the mold. In general, fine and coarse
gravhites are mixed to provide improved density and strength.

In this work, a number of graphites were tested., A mix-

ture which gives good strength and moldability with PF resins
consists of 11 parts of a coarse synthetic grachite (Asbury A-99,
average particle size 50u) and 4 parts of a fine natural graphite
(Asbury 850, averaqge particle size 6u). This compositicon has
been found to provide good moldability with resin concentrations
over the range of 18 to 37% by weight. Other graphites evaluated 3
included Asbury 230~U (coarse natural), 840, and 870 (both fine
natural). No improvement in moldability was obtained with these
materials.

2¢3.2 P Resins

All of the PI' resins tested on this program were of the two
step, Novolac type. Materials included Resinox Monsanto),
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Arofene (Ashland Chemical Co.) and Colloid Resin 8440 (Colleoid
Chemical). These resins are suitable for molding over the same
temperature range that was employed for H-resin, and can be
postcured in a few hours at 325-375°F.

Most of the work on the PF resin plate was conducted with
Ashland Arofene 890 (now replaced by Ashland with Arofene 889).
Additionally, Arofene 882, which contains less unrcacted phenol
than Arofene 890, and Colloid 8440, which appears to have a
coarser particle size than the Arofene resins and gives somewhat
better molding properties, were evaluated.

Plates made with all of the above resins showed similar
strength, conductivity, and phosphoric acid resistance. The
choice of the PF resins has, therefore, been mostly based on
moldability rather than on final plate characteristics.

2.3.3 Plate Composition

The initial work with PF resin plates was conducted with
compositions containing 18 to 26% by weight resin. The main
reason for experimentation over this range was the neced to
improve yield. Sections broken f£rom these plates did not show
any signs of disintegration when immersed in H;PO, at 350°F for
several weeks. Howcver, in stacks built with these plates
gradual performance degradation was observed. Ten-cell stacks
numbered 17 and 20 thru 39, as well as the 35-cell stacks

e Do e =Y =1 £ o A iy A . At el S S
numbered thru 5, had this bipolar plate formulation.
’ J o

Post mortem inspection of these stacks showed softening
and swelling of plate corners around the fill hole. We believe
this to be caused by lack of complete densification of the plate
corners during molding because of the variable thickness of the
plate (the mold comes to a stop on the completely densified web
area, which is about 0.050"” thick compared to a 0.170" thickness
in the corners). The acid 1is able to penetrate corners hecause
of their porosity and to produce a reaction over the very large
surface area of the powdered resin in the resin-graphite matrix.

The obvious approach for correcting the above condition
appeared to be densification to the corners by adding more
material to the preform in this area, i1.e.; to mold plat
a "shaped" preform. This approach was pursued with some success

the plate corners did in fact show gcod resistance to Hi:POy in

S LTrom

beaker immersion tests. However, molding of plates having
consistently acceptable dimensions was found to be difficult by
this method.

Another approach to producing plates which are impervious

to acid is through the use of high resin content, Plates con-

taining over 30% by weight of resin appear to form corners which

are not penetrated by the acid. The limiting condition for this
18
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approach is, of course, the conductivity of the plate. However,
as shown in Table V, voltage drops over 20mV at 100ASF, are not
reached with resin concentrations below 35%. The figures in this
table were obtained by clamping a 2 X 2 in. section of the plate
between flat electrodes at 75 psi and measuring the voltage drop
thru the plate under a direct current of 100 ampere/square foot.
Contact to the plate was made with graphite electrode support
paper.

The production rate capability of the pilot process equip-
ment employed on this program is shown in Table VI. A mold cycle
time of 12 minutes is indicated for the process; the production
rate could, of course, be increased by employing a multicavity
mold.

The actual output of plates on this program was not deter-
mined by the basic capability of the process, but rather by our
ability to produce defect-free plates within desired dimensional
tolerance limits. The most common molding defects encountered
were missing ribs and blisters; fissures in the web (thin section)
of the plate were also encountered. Plates which varicd more
than 0.003 in. in thickness were also considered unacceptable;
this may be an overly tight tolerance for short stacks (10-cells),
but may not be too conservative for the taller (35-cell) stacks.
In the course of this program, over 3,800 bipolar plates were
molded, of which 930 were used in stack construction.

.4 Stack Asselb .l.y

The ERC bipolar acid stack is assembled in the conventional
fashion as shown in Figure 9. The stack is assembled with dry
matrices, which permits an elastomer adhesive to be applied around
the periphery of the matrix for improved gas seals. To f£ill the
stack, 96% H3PO, is wicked by the matrix from the channel which
is continuously replenished from an outside reservoir. The stack
is maintained at 200-250°F during wicking. By this technique, it
is also possible to replenish the electrolyte in the stack at any
time during its operating life.

Minor modifications to the basic assembly were undertaken
during the course of the program in an effort to improve gas
seals. These included 0.002 in. thick Teflon film inserts owver
the secal area on the air side, and 0.005 in. thick tamtalum shims
placed over the fuel ribs at the edges of the plate to prevent

collapse of the electrode support material into the fuel channels.

Subassemblies are made by glueing the cathode to the matrix

and the anode to the plate. The Ta shims are glued to the anode
support layer, and the TFE elbows to the exposed cathode plate.
The subassemblies are then stacked onto the end support plate,
with cement applied to all gas se: surfaces.

based catalyzed cement (C-32 [TON RTV Cement,




TABLE V

VOLTAGE DROP THRCUGH PLATE

Contact Pressure: 75 lbs sqg/in.
Current: 2.7A DC (LOOASE)

PLATE NO. % RESIN VOLTAGE DROP, mV

18 0.004
22 0.006
27 0.008
33 0.018

37 0.032




TABLE VI

BIPOLAR PLATE PRODUCTION RATE

3 1
OPERATIOQ EQUIPMENT PLATES/ MANHOURS/ 1
8-HR DAY STACK ‘

Mold Preform Press 40 252

Mold Plate Plate Mold 40 A2

Cure P.ate oven 200 C.4

2 TOTAL 4.8

3

A v 4 S
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Ha:d Rubber Co.) is used for all seals. Areas of the matrix
where cement is applied are shown in Figure 10. Cement is also
applied to the surfaces mating to the matrix.

To prevent passage of gases between the outer graphite
plates and the end support plates, a 1/8 in. wide section of the
ribs is machined off to the web, and a solid Viton rubber gasket
is installed. Current collection is accomplished by the use of
0.005 in. thick silver sheets. To improve the electrical contact
to the silver sheets, 0.017 in. thick graphite paper electrode
support is placed over the ribs of the outer graphite plates.

The final test assembly of the stack with endplates and

gas manifolds (upper air manifold removed) is shown in Figure 11.
Most of the stacks had 3/4 in. thick steel outer support plates
and 3/4" thick epoxy-fiberglass inner insulating plates. Strip
heaters for starting and for maintaining temperature of an idle
stack were located between the outer and the inner plates. Steel
bars and tie rods were used to supply about 4 tons of compression
on the stack assembly.

In an effort to evaluate some materials for lightweight end
support plates, panels were assembled with 1/16 in. solid skins
and 1" honeycomb cores as shown in Figure 12; both phenolic and
aluminum were employed as the materials. Endplates assembled in
this manner weighed only 3 1/2 1lbs. in the 5 X 15 size, but
tended to delaminate when used in stack assemblies, indicating
need for a more temperature resistant core-to-skin adhesive (3M
AF-I11 was used).

Th2 manhours needed for the production of a 35-cell stack
are shown in Table VII. This estimate is based on continuous
operation of the existing pilot plant facility.

3. STACK EVALUATION

The standard procedure in evaluating stacks on this program
was to bring the stack temperature to 300°F with the end plate
heaters and to determine voltage~current characteristics and
hydrogen utilization at 40A. Air flow in these tests was main-
tained at about 10 times stoichiometric requirement for loads of
40 amperes. Fuel flow to the stack during polarization tests
covering the current range of 5-80A was maintained at over
0.8L/min/cell (stoichiometric requirement. at 80A is 0.62L/min/cell).
The excess fuel was used to insure that sufficient fuel flows to
all cells at all current densities.

Typical initial performance of the 10 cell stacks at 300°F
was 6.0V at 40A with hydrogen fuel utilization efficiency over
90%. Polarization in the linear region of the V-A plot was
typically about 3mV/A/cell.

23
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TABLE VII

PRODUCTION RATE FOR 35-CELL STACK

4 OPERATION MANHOURS/STACK
{;'_ Electrode Production 34.0
- y Matrix Production 16.8
Plate Production 16.8
‘ Auxiliary Components 3.5
i Production
Stack Assembly 7.0

TOTAL 78.1
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The voltage current plot for a representative 10 cell stack
tested under the ahove conditions is shown in Figure 13. Individ-
ual cell voltages were monitored and did not normally show devia-

tions of over 30mV from the average at 40A. The two end cells
usually showed the lowest voltage at the somewhat lower tempera-

ture of these cells.

Thirty-five cell stack performance was similar (on a per
cell basis) to that of 10 cell stacks. A typical polarization
curve obtained with these stacks at 300°F with pure hydrogen fuel
is shown in Figure 14. Individual cell voltages were also
monitcied for the 35 cell stacks. Variations between cells did
not normally exceed 50mV at 40A. Cell voltages measured for the
35-cell stacks delivered to MERADCOM are shown in Table VIII.

Two-cell stacks generally showed lower cell voltages; this
is consistant with the lower voltage observed for end cells in
10 and 35-cell stacks. At the present time, no reason for this
reduction in cell voltages has been identified.

After initial characterization, stacks were put on load at
40 amperes. During the first week, the stack was usually operated
for up to 8 hours/day and was kepi on open circuit for the remain-
ing time. The temperature of the stack was maintained at 250-300°F
by the end plate heaters during the off-~load period.

Operation with oxygen was attempted on some stacks. In
general, a cell voltage increase of 80-100mV was obtained with
oxygen compared to air at a current of 40 amperes. The results
obtaincd with this procedurce for Stack 10 are shown in Figure 15.

Performance with CO added to the hydrogen fuel was also
tested. At 40 amperes, reduction in cell voltage resulting from
2% CO in the fuel was approximately 10mV. Results of a polari-
zation scan for stack 15 with 2% CO in hydrogen are shown in
Figure 16.

For stacks built with plates having 20-25% of PF resin,
load voltage decay was obsecrved following the first 10 to 50
hours of operation at 40A. Simultancously, hydrogen utilization
in the stack decreased and some cells began to exhibit variation
in load voltage with full flow rate variations. This type of
stack bechavior is typical of a gas cross leak condition.

Disassembly and inspection of these stacks at the conclusion
of testing at 40A revealed the plate corner condition described
earlier. This appcars to have been the major cause of stack de-
gradation. Other degradation machanisms, such as edgc seal leaks,
may also have contributed to performance decay.

T R T




08 0L

%)
AOVLS
4y

HOVLTOA

J00¢
utw/70L - ITY
utw/18 :u2b601pAH

SOILSIVILOWYVHO MOVLS TTIO-NIL €T J¥NAODIJd

et SN

i, il llacsieg




I

IR

SIYIdNWY
ce

0T

0T

,3)1
“waulde

W e v

LW/ T0CC ATV

Y 5 2 /v ~ .« TY ~ TV T

utw /70 :uaboapii

ADVLS TIdD-GE

1539

7

SOLLSIVILOVIVYHD

e v———

1T 34NdId

I

o

N
SLTOA

30

S B T e —

PRS- F SN J5L .V SESRITE. FL B




‘Ag“..ﬁ:‘-

CELL LOAD POTENTIALS,

LOAD:
HYDROGEN FLOW:
AIR FLOW:

CELL NO.

=
OCLVoONON s W=

11
12
13
14

16

18
19

21

23
24
25

26
27
28
29
30

31

)
)

33
34
35

TABLE VIII

40A
30 L/MIN
250 L/MIN

35-CELL STACK

STACK

STACK 8
STACK 9
STACK 10

CELL VOLTAGE

STACK 8

0.56
0.55
0.54
0.58
0.56

0.55
0.53
0.55
0.56
0.57

0.56
0.57
<55
<57
.54

(o NeNe)

.57
56
.56
.55
55

OO0 OO O
.

.56
«53
.54
.54

« 5L

[ NeNeNeNe)

«52
92
« ol
«53
¢ 92

COOCOo

o0

«929

0.58
[ -~

OO

+9
0.56

ST

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0

0.
0.

[eNeNeNo N

oOCcoOoCo

0
0s
0.
0
0

ACK 9

.57
.58
+59
» 59
.60

<99
.58
.60
29
59

.59
<97
.59
SEH
.60

.57
367
.58
58
56

.58
.59
«57
.60
.58

.60
.60
.60
57
«59

95
39
58
w9
« o

TEMPERATURE
320°F
340°F
320°F

STACK 10

0.59
0.57
0.57
0.58
0.58

0.58
0.57
0.57
0.57
0.59

0.58
0.58
0.59
0.57
0.59

0.58
0.59
0.56
0.57
0.58

0.58
0.56
0.58
0.59
0.58
.56
« o7
0.56
+96
+59

o O

o O

v
o7
«38
39
«38

QO OO
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In order to gain life data with the other components, one
of the 10 cell stacks was continued on 40A load even after it had
become evident that some gas cross leakage was occuring in the
first four cells.* 1In order to maintain the performance at over
5.5 volts in this stack, hydrogen flow rates in excess of 150%
of stoichiometric were generally emploved. This stack accumulated
over 4,000 operating hours, with some decay in load voltages in
the four cells in which gas cross-leakage was indicated, but with
little decay in the remaining six cells as seen from Figure 17.
We believe that this data indicates a basic capability for all
component materials employed to perform adeguately over several :
thousand hours.

——

Voltage-current characteristics for the stacks delivered
to MERADCOM are shown in Figures Al thru Al4 in the Appendix.
Construction and initial test data summaries for all stacks built
on this program are also shown in the Appendix, Tables Al thru A3.

4. CONCLUSIONS

One of the primary objectives of this program was to de-
velop a rational manufacturing process for phosphoric acid fuel
cell stacks. This objective was largely achieved and a capability
for producing components for 100 5 X 15 in. cells per week was
demonstrated in a small pilot plant. Alternate materials were
successfully adapted to the basic processes when lack of avail-
ability of the original materials of manufacture made these
adaptations necessary. No difficulties with the manufacturing
processes were encountered which would lead us to believe that
scale-up for mass production based on these processes could not
be achieved.

Some difficulties were encountered with stack gas tight-
ness and performance stability. These problems were largely
overcome by modifications to bipolar plate composition and stack
assembly methods. In stacks which showed good cas tightness,
cell voltages were close to the goal of 0.6V @ 404 (100 ASF).
Tolerance to CO was also demonstrated over short periods of
operation.

Endurance testing was conducted on a limited scale only,
partly due to difficulties with gas tightness. Some tests,
however, were conducted for up to 4,000 hours, and the results
suggest that the basic component designs are compatible with the
life goals of several thousand hours.

* A numbering convention has been established at ERC whereby cells are
numbered starting at the anode (negative) side of the stack,
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The phosphoric acid stack technology will continue to
undergo changes with the aim of improving performance and b
1 endurance. The Lu:}c m.:ui?:turjuq LPCth?UQS developed on this
! program, however, will continue to be applicable as new materials
af construction arc evaluated. Thus, these processes will form a
3 basis for high rate production of stack components in future
‘ programs.
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TABLE AI

DATA SUMMARY, TWO CELL STACKS

STACK BUILD PLATE MATRIX VOLTAGE @ 40A HOURS NOTES
NO. NO. RESIN ¢ CODE START END TESTED
. 1 37 A 18 D 1.2 1.08 190
] 2 42 X 20 B 1.19 1.11 530
3 61 A 36 H 1.06 1.04 240 1 or 2
4 62 A 35 H 1.16 .98 450 1 or 2
. 5 63 A 133 I 1.09 .92 1430
3 6 65 UL A 1.19 1.04 1300
7 66 c 33 A 1.15 1.09 1100 6
8 67 c 33 I .91 .80 220
9 69 ¢ 13 A 1.09 1.02 1510
10 71 H 20 B .97 <20 1l or 2
11 72 A 33 B .90 <20 1 or 2
‘ 12 73 A 33 B .96 <20 1 or 2
13 74 e B 1.9 1.06 228 1 or 2
14 75 ° S B 1.19 1.03 100 1 or 2
15 80 g 33 A 1.09 1.16 100 6
16 81 e . 33 A 1.15 1.02 740
17 86 c 133 A 1.04 1.04 70 3
18 87 c 13 H 1.05 .98 20
19 88 ¢ 3 B 1.07 .92 50 2
| 20 90 e 33 A 1.04 L0850
21 91 ¢ 1 I 1.15 1.03 530
22 92 e a8 B 1.04 .95 520
23 93 e 30 H 1.02 .98 2030
24 94 & 33 I 1.09 .95 145
25 95 A I 1.19 1.14 340 6,
26 97 ¢ . 33 I 1.14 1.08 30
27 99 ¢ 3 I 1.07 .70 50 8
| 28 100 R I 1,12 1.02 240 7
29 101 ¢ 33 I 1.12 1.16 450 6,
30 102 e 33 T 1.15 1.14 320 6
A-18




DATA SUMMARY, TEN CELL STACKS

STRCK BUILD PLATE MATRIX VOLTAGE @ 40A HOURS NOTES ;
NO. NO. RESIN ¢ CODE START END TESTED ]
1 4 W2 I 5.0 - <10 i
2 5 H O 24 I 4.5 ~ €40 |
3 6 B 24 1 <4 - = 4
4 T TR I 5.6 5.6 g0 1 5?
5 8 B 2% I 5,7 5.6 AR | b
6 9 H. 58 I 5.2 SR S
7 11 H 28 I 4,1 = -
8 12 B 29 I 5.8 5,2 50 ;
9 13 B 25 I <4 = -
10 14 H 25 I 5,7
E | 11 15 H 25 I 5.6 1
; 12 16 B 25 I 5.7 5.0 920 A
' 13 17 B 25 I 5,3 <10 "
1 14 21 H 25 I 5.8 5.0 650 i
15 22 H 25 I 5,7 5.2 2200 i
16 29 8. 23 A 6.0 6.0: fwb @ :
; 17 30 A" 23 A 6.1 5.2 4000 1,7 F
18 31 24 A 6.1 6.0 @m0 1L
19 32 a7 24 A 6.0 4.9 o8O0 2
21 33 A 20 A 5.9 5.3 55 @4
22 34 A 18 A 5.3 2
20 36 A 1B A 6.0 5.8 50 6
23 38 A 18 B 6.0 5.8 50 2
24 39 A 18 B 6.0 5.6 A0 2
38 40 A B A 5.6 5.0 W60 4
26 41 A 20 D 5.4 0.3 Weo 1
-l 27 43 A 20 D 5.7 2
‘ 28 44 X 2 B 5.7 5.1 55 - 2
1 29 45 AR B 6.1 5.5 200 2
, }% 31 46 A 22 B 5.3 5.3 50 6
{ A-19




DATA SUMMARY,

TABLE AII (Continued)

TEN CELL STACKS

L i J

STACK BUILD PLATE MATRIX VOLTAGE Q@ 40A HOURS NOTES é
NO. NO. RESIN & CODE START END TESTED i3
i

32 47 A 22 B 5.5 - <10 1 |

25 48 A 22 D 5.7 5. 200 1

30 49 A 22 B 5.7 5.7 <10 6

35 52 A 23 B 5.8 5. 50 6

33 53 A 23 B 5.8 5. 50 2

34 54 A 23 E 6.1 ; 300 2,4,5

36 55 A 23 B .4 : 20 1

37 56 A 23 E .5 - 210 2,3,4

38 59 A 23 D .3 .5 %10

39 64 A 33 I .8 .0 280

40 68 C 33 A .6 ; 640

41 84 c 33 H <10

42 85 c 33 a <10

43 98 C 33 I 5.6 4.9 <10

44 105 o 33 I 5.3 - <10 2,34

45 104 fo 33 I 7 5.6 12




- TABLE AIII

| Ll SRR |

DATA SUMMARY, 35 CELL STACKS

STACK BUILD PLATE MATRIX VOLTAGE @ 404 HOURS NOTES
NO. NO. RESIN % CODE START END TESTED
1 50 A 22 D 21.0 1951 20 1,2
2 51 A 23 D 19.6 10 2
3 57 A 23 D 10159 <10 1,2
4 58 A 24 D 20.5 <10 3
5 60 A 24 D 20.5 <10 3
3 6 82 C 33 H <10
7 83 (@ 33 H <10
8 89 C 33 A 20.0 <10 6
9 96 (2 33 I 20.5 <10 6
10 103 C 33 I 20.2 <10

NOTES TO TABLES AI - AIII

8 Fuel manifold leak

2. Gas crossover

3. Cracked bipolar plate

4. Honeycomb endplates used

5. Operated with cathode air recirculation
6. Stack delivered to MERADCOM

PLATE RESIN CODE

H-Resin
Arofenc 889
Colloid 8440

H
A
C
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APPENDIX B

PROJECTED STACK MANUFACTURING

As part of the contractual effort, a facility for the pro-
duction of 100 1.0 KW stacks per month was designed, and equipment
and manpower requirements were estimated. The component manu-
facturing processes developed on this program were used as the
basis for the manufacturing facility. No basic modifications to
the process equipment were assumed, although a double cavity mold
for bipolar plate production is proposed. The 1.0 KW stack is
assumed to be made with 40 5 X 15 in. cells delivering 25
watts/cell.

EQUIPMENT AND MANPOWER

The facility layout as well as the equipment and daily
manhour estimates are shown in Figure Bl. The critical (output-
limiting) operations for each component manufacturing process
are the following:

l. Electrode Process

Operation: Catalyst layer rolling
Monthly Requirement: 8,000 layers
Expected Scrap Rate: Under 10%
Equipment: Two-roll wills (3),
18" roll width
Batch Size: Sheet size 16" X 48" cut to
9 5" X 15" layers
Mill Process Time: 30 minutes/batch
Monthly Capacity: 9,288 layers

Note: Catalyst layer output presented in Table II of this
report is based of 50% duty schedule for the mill,
while in the 100 stack/mo. facility a 100% duty
schedule is assumed.

2. Matrix Process

Operation: Sheet molding
Monthly Requirement: 4,000 matrices
Expected Scrap Rate: under 5%
Equipment: Sheet molds (2)

Size 18 X 18 in.
Batch Size: 18" X 18" sheet, cut

to 3 matrices 5" X 15%

Molding Cycle: 15 minutes/batch
Monthly Capacity: 4,128 matrices
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3. Bipol

ar Plate Process

Operation: Plate molding

Monthly Requirement: 4,100 plates

Expected Scrap Rate: 25%

Equipment: Twin-cavity presses (2),
operated 16 hours/day

Molding Cycle: 15 minutes

Monthly Capacity: 5,504 plates

MATERIAL COST

Material cost breakdown for the present stack design is
shown in Table Bl. The figures are based on a power level of
25 watts/cell, or 62 w/sq. ft.

TABLE Bl

STACK MATERIAL COSTS

MATERIAL PRICE USAGE/CELL COST, $/CELL COST, $/KW
Pt, Rh $ 7/g 1.69 1120 448
Support $ 1/sq. ft. 1 sq. ft. 1.00 40
Kynol $15/1b 0.03 1b 0.45 18
Arofene Resin $ 3/1b 0.2 1b 0.60 24
Graphite $ 1/1b 0.5 1b 0.50 20
Miscellaneous
(TFE, Resinox,

etc.) <25 10
14.00 560

We see from this table that 80% of the stack material cost resides
with the catalyst. The major material cost reduction will, there-
fore, come from catalyst loading reduction. Such reduction may be
possible thru the use of supported catalysts (Kocite or Pt on
carbon). A 75% reduction of catalyst cost would yield materials
cost of $225/KW.

Endplates, manifolds, and other external hardware are not
included in these estimates. The cost for these items will depend
on the size of the stack and on application, i.e., stationary
stacks can probably be built with low cost, heavy steel endplates,
while portable systems will require development of more expensive,
lightweight hardware. Also, for the purposes of this calculation,

cost of scrap material is neglected (noble metal scrap is normally
recoverable).

B-2




LABOR COSTS

Based on the manpower estimates summarized for this
process in Figure Bl, direct labor costs can be calculated*
to be about $315/KW. This figure would, of course, be reduced
in a facility where a higher production rate would justify
installation of continuous process equipment for the electrode
and for the matrix. In the 100 stacks/month facility shown in
Figure Bl, 200 manhours/day are estimated in the batch-type
matrix and electrode processes. Assuming a 2/3 reduction in
labor for these processes in going to a continous process, a
reduction in direct labor costs to $183/KW would result.

STACK WEIGHT

A cell ccmponent weight breakdown is shown in Table B2.
Endplate and manifold weights are not included in this analysis,
since the weight contribution of these components depends on the
number of cells in the stack, endplate design, etc.

T ———
P
- T

Table B2 Cell Component Weights §

Component Weight, g/cell :
Bipolar plate 215

Anode 8

Cathode 9

Matrix 9

Electrolyte 18 f
Ta Shims 2 |

Cement 2

Total 263 g (0.58 1b)

Since 40 cells are required for a 1.0 KW stack, the stack
weight becomes 23.2 1lbs/KW, not including endplates and manifolds.

About 82% of the stack weight is made up of bipolar plates;
therefore, a major weight reduction would result if lighter plates
3 could be used. A 20% weight reduction in this component would
E g reduce the stack weight to 19.4 1lbs/KW.

* (368 hours/day X 21.5 days/month X $4/hr) /100 stacks/month

B-3
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