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1. INTRODUCTION

f The objective of this program was to develop methods and
techniques that can be used in the manufac ture 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 Energy Re-
search Corporation conducted under contracts to USA MERADCOM .(I)(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, fif teen

I- 10—cell stacks were assembled (3 stacks were delivered to
MERADCOM). In the course of the f inal  phase , th i r ty  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 unavailabili ty 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.

2.1 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. DAAKO2—71— C—0302 , (1972)

(2)  Camp, R. N. and Baker, B. S., Final Report on Contract
No. DAAKO2—72—C—0247, (1973)
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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 li quid (Shell Sol) are used as
processing aids.

2.1.1.1 Anode Catalyst

During the ini tial phases of this program , platinum black
was employed as the anode catalyst; the fir st 10 stacks were
built with these anodes. Subsequently, a catalyst composed of

S platinum black, rhodium black , and tungsten oxide replaced the
pure platinum catalyst for better tolerance to CO rich fuels.

The precious metal catalyst is prepared by the Adams ’
method.(~~

) The catalyst loading for the anode is maintained at
2 grams of precious metal catalyst and 0.7 grams of W03 per
square foot of electrode.

2.1.1.2 Cathode Catalyst

Fo- cathode catalyst, platinum b lack has been used
excluEi In order to insure uniform catalyst distribution ,
b0°~ b of high purity carbon is also added to the cathode
catal un 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 . 0 2 0  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 showti in Table I.

2.1.3 Manufacturing Process

The overall electrode manufac turing process is shown in
Figure 1. The process is designed to only include steps which
may be carried out with equipment amenabl.c 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

L 

the ERC e1ec~rode process is shown in Figure 2.

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

2
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I TABLE I

- ELECTRODE SUPPORT MATERIALS

STACKPOLE UNION CARBIDE
PC 206 VP 0003

S 

Thickness, typical ( i n .)  .018 .017

Thickness range ( i n . )  .016 - .020  .015 — .019

• Weight, typical (g/sq.ft.) 11.1 7.6

- 
- 

Weight range (g/sq.ft.) 10.6 — 13.5 5.7 — 7.9

Porosity (%)* 84.6 88.8

* Ca1cu1~i.ted U sing  g r a p h i te  de~t st ty  ~ L 1.7 g/crn 3

3
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The catalyst  layer  process steps are :

( 1) b lending of the ca t a lys t  w i t h  a rolling medium (Shell
Sol) and pore forming agent (N1L .HCO 3),

( 2 )  fi l t r a t ion  of excess liquid ,

(3) rolling to the required size and t-~hi ckness , and

( 4 )  removal of the NILJ!C0 3 by heat .

The catalyst layer can be stored un t i l  needed for  electrode
manufac tu re.

The support layer process steps are:

( 1) immersion in an aciucous dispersion of f l u o r i na te d
ethylene polymer (FEP 120), and

(2) air drying followed by sintering.

The f i n a l  e lec t rode  s t ruc tu re  is obtained by l a m i n a t i n g
S the catalyst  layer to the su t por t  layer fol lowed by s in t ’r ing to

develop wut p r o o f i n g  of the electrode.

The e lectrode  product ion  ra te  which was achievable wi t h
our r i  lot, p arif ~P~ci lity  as~~r~~:bled for  t h is  p rogrm~i is~~~ l ’~r’~~n in
‘i~~hiL e t 1. A L ~~~ ; eseat L1, IL , cat a l ys t  layer  ~ iz i~~j  or5 L I l a

an] lin’~ m i l l  and Lami n a t i o n  •nf two 1.nyei: s are the only  ~~~~n r —
in tens ive  process steps in the p i l o t  m a n uf act u r i n g  process.
These cp :c’r attoas, i:o~-iaver , can be c ar r i~ ’d out on c ent i n uou s
process equi.pa: ’nt fior h ixj I~ product ion  r a t e s .

~ cc~~ .- Lance  r a te  for  ~‘lecLrocles  in the p i lot  p lan : - - ‘os
~cn e r a L l y ~ vc i: 90~ ( les s  then l0~ scrap)  -

2.2 ~‘! i tr ix

‘l’he ~ne tr i : :  • ; ‘ P - -1ed La h j ~~ ~~~~~0I~~~~~~~fli ~~~ j  1 55 . fi--r ~~ 
n f .Lbcu ~; a~~cj a ‘ 5 c : ~u 1 IC r:e: n di -~~~~ ioa l y  ~i

•~~ fl ~~ 1I~~ L I ~~I~ ( l j  r : c’ r ~~~j nJ  i~ ~~~~~~~~ ~~i L ~~~ :d ( f l
;~~~r~; j~i L 1i~ :1 I a I  a ( ;t a : inc J  ~l~~~- :;s ind :;C~~’,e~ ; 

~ t ) . i LV ’ , . 1 1 T

~ n’ S kJC t: —

2.2.1 ~ 1ber 1 - r ~~[ - - o r e L io n

The h 1o~-~n p h e n - ) I  i.c f i P er : ;  u~~r d  n t:~ ie C: tn x ~-iere

~i~iJ 111117 s 1 1 } ) , 1 X~J b” A- ’ r  i:-u1 y nol Cm: oret :i :I (:~~b’~j d j - .~r 5 ’ o1
L- ’~ ’ Un h ; : ’l  Ce; p cr: ,: i I: nil) . DIe : i l l  th . - s- ‘~~~) 1 I .1 j’L :: ‘ of L~~’

r . ’i cj ; lm , i h I .1. 5 w e r e  ( H) L 54 I IlI 1 r. I ) I i I  H ~:Oi1 ~e i Ce 1)01 0 L i  ‘ f l 1 110W
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• TABLE II ELECTRODE PRODUCTION RATC

- I OPERATION EQUIPMENT ELECTRODES/ MANHOtJRS/
8 ’IIR DAY 10-CELL STACK

A. Catalyst Layer

Blend Waring 500 0.3
Materials Blender

Filter Buchnt r 800 0.2
Funnel

Roll to Rolling 40 4.0
Size Mill

Heat at Oven 800 0.2

B. Substrate

Immerse in Bath 400 0.4
FEP 120

Sinter Oven 500 0.3

C. Composite

Laminate Press 40 4.0
at lOO psi -

Sinter Oven 500 0.3

- TOTAL 9.7

k
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The fibers are first digested in H3PO . 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 diges ted 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 .

Af ter the fibers and the emulsion have been thoroughly
blended , sufficient 0.lN sulfuric acid is added to lower the pH
of the liauid to 4.u — 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 manufacturing
process are shown in Figure 4. The quantities of materials shown
in this f igure produce a sheet measuring 18 X 18 inches~

2.2.3 Process Modifications

Minor modifications to the basic matrix process have been
-undertaken from time to time in an e f f o r t  to enhance cell perf or—
mance and to improve gas seals. These var ia t ions  are listed in
Table I I I .  Some improvement in in i t ia l  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 negligible.

The matrix production rates which were achieved on this
program are detailed in Table IV. In general , production yield
was over ‘35% (under 5% scrap). Since the pilot process is one
of batch papermaking , we do not visualize any serious problems
in adapt ing it to a conventional paper .naking process.

8
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• TABLE II I

MATRIX CHARACTERISTICS

- MAT ’ L W T . ,  G/ 2 . 2  SQ. FT.

% POROSITY~~’~
CODE FIBER RESIN THICKNESS , in.  (CALCULATED)

A. 28 1.2 0.017 55

B. 42 1.2 0.024 67

D. 42 2.4 0.017 52

• 
- E. 42 2.4 0.024 66

H. 42 2.4 0.020 60

I. 35 2.4 0.017 60

( i)  Calculated using resin density of l.2g/cm
3

L

F
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TABLE IV

MATRIX PRODUCTION RATE

OPERATION EQUIPMENT MATRICES ! MANHOURS !
8-HR DAY 10-CELL STACK

- - 
- Acid—treat Sheet 100 0.8

Kynol fibers Mold

Beat Kynol Beater 100 0.8
Fibers

KOH-treat Sheet 100 0.8
Kynol fibers Mold

Form Sheet Sheet 40 2.0
Mold

Wet Press Press 250 0.2

Press to Press 250 0.2
thickness

TOTAL 4.8

12
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2.3 Bipolar Plate

A photograph of the bi polar plate is shown in F i g u r e  5.
Th e p la t e  is compression molded f rom a m i x t u r e  of g r a p h i t e  and
thermosL~L t ing  resin  powders.  I n i t i a l l y, 11— res in  f rom Hercules ,
Inc.  was used as the molding powder , and the f i r s t  15 stacks -

• bu i l t  on th is  progr am had plates molded w i t h  th i s  m a t e r ia l .
A f t e r  t e r m i n a t i o n  of product ion  of 11-resin was announced by
Hercules , I n c . ,  pheno l—forma ldehyde  (P F )  resins were employed
f or 1)roduction of al l  b ipolar  plates.

C o n d u c t i v i t y  of p lates  molded wi th  the two types of resin
was found  to be comparable.  With  a resin content  of 22~~, vol tage
drop th ru  the p late  measured 4mV at 100 amperes/ square  foo t .

The bipolar  plate process is shown in Figu re 6. The
F !n L: :t u re of graphi te  and r e s in  powders is f i r s t  leveled to a un i—
— 

fo rm den si t y  in a r ec t angu la r  mold measur ing 5 X 15 inches
• ( the f i n a l  plate d imens ions)  and compressed to produce a p r e f o r m

• ‘t h i ch  can be t r a n s f e r r e d  i n tac t  to the mold cav i ty .  The mold
i s  ~-o ;inted in an u p — a c t i n g  h ydrau l i c  press as shown in Fi gure 7.
A v i e w of t h e  mold cavit:y can be seen in Fi gure 8. The plate
is r ; n d  by p ress ing  the  preform at 150 tons for  6 m i n ut e s  at
3~~U ° F .  Th i s  is s u f f i c i e nt  to cure the res in , and the p ] _ i t e  can
be ej e c t ed  at  the  m o ld i ng  tem pe ra tu re , which  ob v iabe~, ‘tho need
1:cir ~i n v  t e m p er a t u r e  cyc l ing  of the  mold.  The process is ccsi—
p L’~~ eCI by he’i t: i ng  the pJ aLes in an oven wh i c h  sorve~ to ne:~ip le t - e

o ~ t h o  r o s in .

2 . 3 . 1  Graphi te

In an e 5or t  to lar - rov e  moldab ‘ill Lv , n o d  i f  ice Li ens in
Le cen ’20: ;iL,i  on were u i ;d er t ak en .  f l oi J i  i icj  art r •Sfl i;1Z .�S

ml:- : ic; s ever a l  tv -es of gr ap h it e  ‘to r arOVe mo] lab a  l it y , I .e  •
S-

~~
O I I  - L — ~~r:i; dis ;- h  I- : IJe  ~coo the  mold . in q n n L ’ v_ i , l ure _ ic:- 1 C0d5:~ C

t~~~u1i i t-~~T; a re  ml:  : 1  to pr ov ide  imp ;:ov e1 ,~ 115 iL ’1- ad st :~- r - ~ th-

in  t h i s  ‘.-;erh , t ut ! :er O L  I ;r : p h i L ~~n - ; ‘.-;e:a Lv , - ;t • _’d. \
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!~ro fene  (Ashland Chemical Co.) and Colloid nesin 84 - 10  (Col loid
Ch e m i c a l )  . These r es ins  are s u it a b l e  for  mold ing  over the sw_ic
tempera tu re  r an qe t h a t  was employed for  11—resin , and ca n be
postcured in a few hours at 3 2 5 - 3 7 5 °P .

Mos t of the work on the PF resin p l a t e  was cond uct ed  w i t h
Ashland Iiro fcne 890 (now replaced by Ash land  w i th  A r of en e  889 )
Additionally, Arofene 1382 , which  con t a in s  less u n rea ct ed  pheno l
than Arofene 890, and Colloid 8440 , which appears to have a
coarser particle size then  the Aro fene  resins and gives somewhat

~~~~ bet ter  molding proper t ies , were evaluated .

Pla tes made wi th  a l l  of the above res ins  showed s imilar
s trength , c o n d u c t i v i t y ,  and  phospl-ior ic  acid r e s i s t ance .  The
choice of the P1? resins has , t h e r e f o r e , been mostly based on

I i inoldabil i ty  r a the r  than on f i n a l  plate  c har a c t e r i s L i c s .

2 . 3 . 3  P la te  Composition

-: The in i t ial  work wi th  PF res in  plates  was conducted wi th
composit ions cont a in ing  18 to 2 6’~: by wei g ht  res in.  The ma in

~~~~ reason for  expe r imen ta t i on  over th is  range was the need to

~~~~ 
*rnprove y ield . Sec t ions  broken fr om these pla tes  d~ L1 not show
any signs  of d isi n t e g r a t i o n  Wfl ( -t f l  iruniers-:d in H 3 P011 a t  350°F f o r
severa l  weeks.  However , in stnc lc s bu i l t  w i t h  these p la tes

• t~’~ ~p:5adua l. p e r f o r m a n c e  degr e d_ it i o n  was observed.  Ten—cel l  s t ack s
r~ i_ i- h t -re c l  1 7 and 29 thru  39 , as en ii as the  35—ce l l  S taCkS
r.a1’hov-_ i_ i 1 th ro  5 , h_ id. Lh~~_i 4— e l _ i r  p late  foei 5u l at !on.

Post mort em i ns pe ct u_ in  of those  st o ck s  showed oFten  ir5-g
•Lnd  s~-:nl 1ing of p la te  c :orr -crs a :csiad the  f i ll  hole.  c - e  bn ,1Je’;c
t h is  to he ceus d by lec- k of cor i p i e t e  d en s i fi c at ion  of cl_ic p l at e
cc- cr ;ers d u r i n g  r s-n ld in q  because  of I I tO v a r i a b l e  t i :~~oLeoss  Of Lhe
p la te  ( the n _ i  11  come s to a stop ot ’ the ccr t lp let ely  HI • i O i  f i n d  er-ti )
5-i ree , w h i c h  is ahou L 0 . 0 3 0 ”  L1 -t b k  ce e p a r e d  to a 0 . 170”
in ‘Pc’ corner s)  - ‘She cc Ld Is bin to p n -n c -t t r  ito com e sr; I s:-cn I iS’S

of t il O i r  !)OS(, L: i L’/ and to pJ O ( I L i - 2  ‘ a r ea ct  ~on over the  \- ory  is s i c ’
area  o~ [h e  r ’oe-Hnccd ~es P i  i n  tn  r e s in —  J : .  ‘-o h i :c :- - - aLr , ix .

L’hc O h V i t ,)U1 ; el l lroo ch  F or ,  C~~1 : r f l C I 0  ~1p Lhc’ a’ao -c con-] 1:ic_i
app-~ - end 1,-to ha u ’ n S1 F1 s t t  ron i~~ L h-s — s t a i n e r _ i  tm. ’ a ch 1;i ; - n c r ’
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approach is, of cour se , the conductivity of the plate. h owever ,
as shown in Table V , voltage d rops over 2OmV at 100ASF , are not
reached with res in  concentra t ions  below 35’~ - The figures in this

— table were obtained by clamping a 2 X 2 in .  section of the p la te
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 wi th  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
t ime of 12 min u tes is indicated for the process; the production

• r a te  could , of course , be increased by employing a m ult icavi ty
mold .

The actual output of piates on this program was not deter-
mi ned by the basic c a p a b i l i t y  of the process , but r a the r  by our
a b i l i t y  to produce d e f e c t — f r e e  p la tes  w i t h i n  desired dimensional
tolerance l imits .  The most common molding defects  encountered

• were miss ing  r ibs  and b l i s t e r s ;  f i s sures  in the web ( t h i n  sect ion)
of the plate were also encountered.  Plates which vai-icd  more
than 0 . 0 0 3  in .  in th ickness  were also considered unacceptab le ;

• this  may be an overly t i g h t  tolerance for shor t  s tacks  (10-cel ls) ,
- but may not be too conservat ive  for  the t a l l e r  (3 5 - c e l l)  s tacks .

In the course of th i s  procjr:am , over 3 , 80 0 bipolar  pLates were
molded , of which 930 were used in st ack cons t ruc t ion .

2 . 4  Sisack Asbe )u ly

The ERC bi polar  ac id  s-tack is assembled in the  convent •i  an a l
f a s h i o n  as shown in F ,Leu ro 9. rj~~~~ s t ack  is assembled c- ’it h  d r y
m a t r i c e s , which  pe rmi t s  an eiastome.c adhesive  to be z’m p [  l ied a rou n d
the p e r iph e r y  of the m a t r i x  fo r  isrI ro v cmd p ar  sea ls .  to f i ll  the
_i L : c ~k , 0 6 %  ii 3 P0 4 is wicked by t h e  m a t r i x  f r o m  she c h a n o t t i  which
is c o nt i n u o u s l y  r e p l e n i s hed  f r o m  an out s ide  r e s e r v o i r .  Tn-ri sL~~ok
is r n a i n t a L n e d l  sit 2 0 0 — 2 5 0 ° F -  d u r i n g  ‘.- i ic k i n q  - N i  t h i s  t l n - : i :n b ’,, :uo , it
i_ s a l, :o ossible to r e p l a n t  sh t he  e l L m c t r o  by t e  in the  st ac k  ~t cay
‘L i t r e  du r i n g  i ts  o p e r a tin g  Life .

nor n:odi I _ c- : it ions  to tho ha :,s ic a s::’ sb ly wu so under  sb  ii

d i i i  i r t - ~ H e  c o u r se  of Lbs t -  opr -arn  in  ;, t n  e t ite  Is to lapin-s - p _ i s
~,e:i L ; .  f a n s ’ ’  ,j t m c i I::l :Ij 0 . I 1 2 in .  ~- l ~c ’k ‘l a H o n  L i l m  ‘ ;n , :c ’r t s  _ i ’: :r

t i -  - ‘t L -_i vs 1 00 1’ he a I - ‘ , - 0 . 00 5 1;; * rP-: Fat ‘t ’ • i
j I l t ’S 1 o’inr t h e  t e a L  iI t L-s m t  ~~hIj  e d - - n ;  I) f  t o  p l a n  i n
c o i l  of t ! -  a- I  i i  Sl I l i c ’  , t t c t O 5 L  5 - I - ,1 j ~~t L  I l I_ , t )  L hi- ~:-~~ ‘ 1 ,  - m P ~~n ; : o I :~ .

• s:; n h  l~ i t S  1 1 0 I ’ ’ 1: 1 ’’ o 1 111  j ie H ‘ C I  F Or . Ho — ) 1. I i  - 
~~~~ ‘ I. r j

5 ; f l -  : i -, l - a1 ’t o ,  -n t o  L_ h-~ p l - ~ L - ’ — T 1 ; c - ‘I 1 sI - t ,n t s  d 5 3: , ‘1 - - 1 ,_i5 - I’
It i~~ 

- s r i  - I a ‘O , ac I t ’ he S’ - , 
- e 1 - - 
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TABLE V I

BIPOLAR PLATE PRODUCTION RATE

OPERATION EQUIPMENT PLATES/ ?4ANHOUR S/
8-HR DAY STACK

Mold Preform Press 40 2.2

Mold Plate Plate  Mold 40 2.2

Cure c ate Oven 200 0 . 4

TOTAL 4 . 8

.
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Ha:J 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 , 0.0 17 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 eff ort to evaluate some mater ials for li ghtweight 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 lbs. 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—Ill was used).

Tha 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—
tam ed 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 O.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.OV 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

OPERATION MANHOURS /STAC K

• Electrode Production 34.0

L Matrix Production 16.8

Plate Production 16.8

Auxiliary Components 3.5
Production

Stack Assembly 7 . 0

TOTAL 78.1
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‘;‘i i r t .’,- - - f i  - .‘ -~~ cn~ i ’ d  oh-: p c - r f t o r ; s a i c ~ -c - ~ - a; r i ; i i i~r (on a p ’-r
c e l l  t - a s : ’ h  to : h od , of 11) c’ i i  : : t e c ; L s .  I~ L ’ .’ I ) i Y S i i .  pe .1; ; : c ;:sd in :
cu t ’s’.’ c - I F , - i _ H ‘,- . • LI  L I S L - ; , - S I c Pa-; at  S C i h )  ~l’ ‘a b I A  I -ure t , ’’d ~~‘~~ui’ i. 1, t ’ 1
in; sI :o- , : nc 1- ’ i p n n - ’ 1 - h . i c - ~~~-:i1 . I u 1 l  ccli. \ - o J t n p a - s w . j , - a l s o
;:-: -- sj t ’ s ~ -P f ’ r  t I : e e - i i  ~~~~~~~~ \‘~~ , .~at .i c - ; s 1 - s i:uor ‘o i l s  P~~d
not  i ;Oi t h y  ct-sirs. C 5OittS’ at  4 0 A .  ( ‘ c l i  volt~~acs  m e a t - u s -c l f a t ’ t h a
3 5 — c o I l  ots icks  P- -i  J_ \— ( ’ r ed  to i-l - ’R d,) -CGH are  sl as i n  ‘la P i n  Vi U I .

T- .- ;c--ccll :: Lack s  gene ra l ly  showorl  I own:: cell vo l ,tn ’~cs ;  t lI I  S

is c on sist en t  w i t h  the  i.o~, -:c r  v o l t ag e  obsc i :vc-d  f o r  end C U l  is in
10 and 3 5 — c -n J  1 stacks. At the prcsc:’; i , t i m e , no reason  for  t h i s
reduc t ion  in cell voltages has  b orn  i dn n t i f ic - C.

Af ter i n i t i a l  c h a r a c t e r i z a t i o n, st acks  ‘-:c;re put on load at
40 amperes. D u r i n g  the f i r s t  week , the s tack  was u s u a l ly operated
for up to 8 hours/clay and was kept on open c i r cu i t  for  the ren a i n —
ing time . The temperature of the stack was maintained at 250—300°F
by the end plate heaters dur ing  the o f f - l oad  pe riod .

operation wi th  oxygen was attempted on some s tacks .  In
aen er al , a cell voltage increase of 80- lOOm V was obtained wi th
oxygen compared to air  at a cur ren t  of 40 amperes .  The r e su l t s
obtained wi th  th i s  procedure for  Stack 10 arc shown in Figure 15.

Performance wi th  CO added to the hy drogen fuel  was also
tested . At 40 amperes , reduction in cell voltaqe resulting from
2% CO in the fuel was approximately lOmV . Results of a polari—
zation scan for stack 15 with 2% CO in hydrogen are shown in
Fi gure 16.

For stacks bui l t  wi th  plates having 2 0 — 2 5 %  of PF resin ,
load voltage decay was observed following the first 10 to 50
hours of operation at 40A. Simultaneously, hydrogen utilization
in the stack decreased and some ce l ls  began to exh ib i t  va r ia t ion
in load voltage wi th  f u l l  f low rate va r i a t i ons .  This type of
stack behavior is typical of a gas cross leak condition .

Disassembly and inspection of these stacks at the conclusion
of tes t ing at 40A revealed the plate  corner condit ion described
earlier. This appears to have been the major cause of stack de—

- gradation . Other deqradation machanisms , such as edge seal leaks, 
-~

may also have contributed to performance decay.

i i
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TABLE VIII

CELL LOAD POTENTIALS, 35-CELL STACK

STACK TEMPE RATURE
LOAD: 40A STACK 8 320°F
HYDROGEN FLOW: 30 L/MIN STACK 9 - 340°F
AIR FLOW: 250 L/MIN STACK 10 320°F

- . CELL VOLTAGE

CELL NO. STACK 8 STACK 9 STACK 10

1 0.56 0.57 0.59
2 0.55 0.58 0.57
3 0.54 0.59 0.57
4 0.58 0.59 0.58
5 0.56 0.60 0.58

• 6 0.55 0.59 0.58
7 0.53 0.58 0.57
8 0.55 0.60 0.57
9 0.56 0.59 0.57
10 0.57 0.59 0.59

11 0.56 0.59 0.58
12 0.57 0.57 0.58
13 0.55 0.59 0.59
14 0.57 0.57 0.57
15 0 .54  0 .60  0 .59

16 0 .57  0 .57  0 .58
17 0.56 0 .57  0 .59
18 0 .56  0 .58  0 .56
19 0 .55 0 .58  0 .57
20 0 .55 0 .56  0 .58

21 0 . 5 6  0 .58  0 .58
22 0 . 5 3  0 .59  0 . 5 6
23 0 . 5 4  0 . 5 7  0 .58
24 0.54 0.60 0.59
25 0.51 0 . 5 8  0 . 5 8

26 0.52 0.60 0.56
27 0.52 0.60 0.57
28 0.5 1. 0 . 6 0  0 . 5 6
29 0.53 0.57 0.56
30 0.52 0.59 0.59

31 0.51 0.55 0.57
0. F9 0 . 5 9  0.57

33 0.50 ~~~~~~~~~~~~ 0.53
34 0 . 5 9  0 . 5 7  0 . s~
35 0 . 5 0  0 . 5 7  0.52
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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 a f t e r  it had
become evident t h a t  some gas cross leakage was occuring in the
first four cehls.* In order to maintain the performance at over
5.5 volts in this stack , hydro gen f l o w  rates in excess of 150%
of stoichiometric were generally employed. This stack accumulated
over 4,000 oper a t ing hour s , with  some decay in load vol tages  in

- 
- the four cells in which gas cross—leakage was indicated , bu t w i t h

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 adequately over several
thousand hours.

Voltage-current characterist ics  for the stacks delivered
to MERADCOM are shown in Figures Al thru A14 in the Appendix.
Construction and initial test da ta summar ies fo r all stacks buil t

- “ on this program are also shown in the Appendix , Tables Al th ru A3.

4. CONCLUSIONS

-
~~ One of the primary objectives of this program was to de-

velop a rational manufacturing process for phosphoric aci,d 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 la rgely
overcome by modifications to bipolar plate composition and stack
assembly methods. In stacks which showed good çy~ s tigh tn ess ,
cell voltages were close to the goal of 0 .6V @ 40~t ( 100 ASP) .
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 stack1
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TABLE Al

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 A 20 B 1.19 1.1]. 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 33 I 1.09 .92 1430

6 65 C 33 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 C 33 A 1.09 1.02 1510
-

- 

10 71 ii 20 B .97 <20 1 or 2

11 72 A 33 B .90 <20 1 or 2

12 73 A 33 B .96 <20 1 or 2

13 74 -A 33 B 1.12 1.06 220 1 or 2

14 75 - C 27 B 1.12 1.03 100 1 or 2

15 80 C 33 A 1.09 1.16 100 6

16 81 C 33 A 1.15 1.02 740

17 86 C 33 A 1.04 1.04 70 3

18 87 C 33 H 1.05 .98 20

19 88 C 33 B 1.07 .92 50 2

20 90 C 33 A 1.04 1.16 50

21 91 C 33 I 1.15 1.03 530

22 92 -C 33 B 1.04 .95 520
23 93 C 30 II 1.02 .98 2030

24 94 C 33 I 1.09 .95 145
25 95 C 33 I 1.19 1.14 340 6 ,

26 97 C 33 I 1.14 1.06 30

27 99 C 33 I 1.07 .70 50 8

28 100 C 33 I 1.12 1.02 2 4 0  7

29 101 C 33 I 1.12 1.16 4 50 6 ,
30 102 ç 33 1.15 L14 320 6

A -i 8
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STACK BUI LD PLATi -~ MiI ~i ’ R IX  VOLTACE @ 40A HOU R S NOT ES
NO. NO. R ES TU ~ CODE S’I ’AI- ~T END TESTED

1 4 II 22 I 5 .0  — <10
2 5 H - 24 I 4~~5 — <10
3 6 1-1 24 I < 4  — —

~ 4 7 H 24 I 5 .6  5 .6  20 1
5 8 i-i 24 I 5.7 5 .6  20 1
6 9 II 20 I 5 . 2  5 .0  20 1.2
7 11 H 25 I 4.1 — —

L 8 12 H 22 I 5.8 5 .2  50
9 13 H 25 I < 4  — —

10 14 H. 25 I 5.7
11 15 H 25 I 5.6
12 16 II 25 I 5 .7  5 .0  720
13 17 H 25 I 5.3 <10
14 21 H 25 I 5.8 5.0 650
15 22 H 25 I 5.7 5 .2  2200
16 29 H 22 A 6 .0  6 . 0  40 1
17 30 A 22 A 6.1 5.2 4000 1, 7
18 31 H 24 A 6 .1 6 .0  40 1
19 32 H. 24 A 6 .0  4 . 9  280 2
21 33 A 20 A 5.9 5.3 50 1
22 34 A 18 A 5.3 2
20 36 A 18 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  5.6 100 2
38 40 A 20 A 5.6 5.0 160 1
26 41 A 20 D 5 .4  4 . 3  100 1
27 43 A 20 D 5 .7  2
28 44 A 20 B 5.7 5.1 50 2
29 45 A 22 B 6.1 5.5 200 2
31 46 A 22 B 5 .3  5.3 50 6

_  
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TABLE All (Continued)

DATA SUMMARY, TEN CELL STACKS

STACK BUILD PLATE MATRIX VOLTAGE @ 40A HOURS NOTES
NO. NO. RESIN % CODE START END TESTED

32 47 A 22 B 5.5 — <10 1
25 48 A 22 D 5.7 5.7 200 1
30 49 A 22 B 5.7 5.7 <10 6
35 52 A 23 B 5.8 5.8 50 6
33 53 

- 
A 23 B 5.8 5.8 50 2

34 54 A 23 E 6.1 5.4 300 2 ,4 , 5
36 55 A 23 B 5.4 5 .5 20 1
37 56 A 23 E 5.5 — <10 2 , 3,4
38 59 A 23 D 5.3 5 5  <10
39 64 A 33 I 5.8 5.0 280
40 68 C 33 A 5.6 5.5 640
41 84 C 33 H <10
42 85 C 33 A <10
43 98 C 33 I 5.6  4 . 9  < 10
44 105 C 33 I 5.3 — <10 2,3,4

45 104 C 33 I 5.7 5.6 12

A 2 0
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DATA S U1I -~i-~RY , ~~ C E I L L_ STAGE S

- 
STAC I< Bull.!) I ’LATE MATR iX VOLT?~GE @ 40A HOURS EOTE S

N O. NO. RE SIN ~ CODE START END TESTI3I)

1 50 A 22 D 21.0 19.1 20 1, 2

2 51 A 23 D 19.6 10 2

3 57 A 23 D 19.9 <10 ] , 2

6 82 C 33 II <10
7 83 C 33 1-1 <10
8 89 C 33 A 20 .0  <10 6
9 96 C 33 I 20.5 <10 6

10 103 C 33 I 20.2 <10 6

NOTES TO TABLES AT - A lIT

1. 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 11-Resin
A = Arofene 889
C = Colloid 8440

A-2 1

_ _ I
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— APPENDIX B

PROJECTED STACK MANUFACTURING

As part of the contractual e f for t , a faci l i ty  for the pro—
duction of 100 1.0 KW stacks per month was designed , and equipment
and manpower requirements were estimated. The component manu-
factur ing 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

r The facility layout as well as the equipment and daily
manhour estimates are shown in Figure Bl. The critical (output—

-, limi ting) operations for each component manufacturing process
are the following:

1. Electrode Process

Operation: Catalyst layer rolling
Monthly Requirement: 8,000 layers

U Expected Scrap Rate: Under 10%
Equipment: Two—roll it~i1ls (3),

18” roll width
Batch Size : Sheet size 16” X 48” cut to

9 5t t  X 15” layers
Mill Proces s 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 Requi rement :  4 , 000 matrices
Expected Scrap Rate : under 5%
Ec:uipment: Sheet molds (2)

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

• to 3 mat r ices  5” X 15”
Molding Cycle: 15 minutes/batch

~-1onth1y Capacity : 4,128 matrices

4
B~~~~.L 
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- - OpeiU~Lion : Piatc- rno ld i i iq
!-1o n L ~:ly  Eequ H c-~~c-n t :  4 , 100 p l a t L L ;
Exp~~ctec1 Scrap Rate : 25~
Equipment :  ‘1’w i n cav i ty  presses ( 2 )

operated 16 hours/ day
Molding Cycle:  15 m i n u t e s
Month ly  Capac i ty :  5 , 504 pla tes

MATERI1~L COST

Material  cost breakdown for  the present stack desi gn is
shown in Table El.  The f i gu re s  are based on a power level of
25 watts/cell, or 62 w/sq. ft.

- - TABLE El

STACK MATERIAL COSTS

MATERIAL PRICE USAGE/CELL COST,$/CELL COST,$/KW
-

- Pt , Rh $ 7/g 1.6g 11.20 448

Support $ 1/sq. ft. 1 sq. ft. 1.00 40

Kynol $15/lb 0.03 lb 0.45 18

Arofene Resin $ 3/lb 0.2 lb 0.60 24

Graphite $ 1/lb 0.5 lb 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 . ,  s tat ionary
U stacks can probably be built with low cos t, heavy steel endplates ,

while portable systems will  require development of more expensive ,
l ightweight hardware . Also , for the purposes of this calculation,

I. cost of scrap mater ial  is neglected (noble metal scrap is normally
recoverable).

13-2
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LABOR COSTS

Based on the manpower estimates summarized for this
process in Figure B1, direct labor costs can be calculated*
to be about $3l5/KW. This figure would , of course, be reduced
in a fac i l i ty  where a higher production ra te would justify
installation of continuous process equipment for the electrode
and for the matrix. In the 100 stacks/month fac i l i ty  shown in
Figure B1, 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 component 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.

Table B2 Cell Component Weights

Component Weight , g/cell

Bipolar plate 215

Anode 8

- 
Cathode 9

Matrix 9

Electrolyte 18

Ta Shims 2

Cement 2 
—

Total 263 g (0 .58  lb)

Since 40 cells are required for a 1.0 KW stack , the stack
weight becomes 23.2 lbs/KW , not including cridplates and manifo lds .

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

* (368 hours/day X 21 .5  days/month  X $ 4/ h r ) / l 0 0  s tacks/month

13—3
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