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CHAPTER 1

INTRODUCTION

A. Background

The recognition of hydrogen as a deleterious solute in

steels and other materials has been a sub jec t of broad in-

terest since this phenomenon was first reported by Claire

Deville and Troost1 iii the mid nineteenth century. Since

then , it has been seen that hydrogen has a role in induc-

ing brittle failure in a wide range of metallic systems,

both fe r rous  and non f e r r o u s .

The presence of absorbed hydrogen in metals  is of spe-

cial in te res t  to the pe t ro leum and aerospace indus t r i es .

The aerospace industry is continuously designing aircraft ,

missiles and spacecraft using high strength metals to re-

duce weight and cost.

Failure caused by absorbed hydrogen in parts such as

wings , f a s t e n e r s  and f u e l  t anks  can be costly .  If f a i l u r e

occurs during service , injury or death may possib1~- resu lt.

This problem became quite noticeable in 1965 in the United

States space program. Large storage vessels for high

purity-high pressure hydrogen began failing 2. Six f a i l u r es

occur red in fivc Li uiks made of low st renqt Ii s-t~ cl • l i nt  p r o—

viously known to be susceptible to hydrogen embrittlcmcnl .

In 1968, high strength nickel alloys used in hydroqon

storage vessels for mariner space vehicles were found sub-

ject to the same form of embrittlemcnt as in 19652.

_ _ _ _ _ _ _ _ _ _ _ _ _ _
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P a i l  urcs  duo  to a b st hod h yd roqon i ii t he pet ro 1 eum 1 7 1 —

d u s t r y  a r e  u sua 1 ly r iot  as c o st l y  as t hoso in t h e  aerospace

industry. The most common problem is t he  failure of struc-

t u r a l  s teels  in  sour o i l  w o l  1s~~.

There a r e  t h i  c’e commo n CI1V 1 ronmt ’ut  a I w ay s  f o r  hy d i  oqen

to enter  meta I s 4 
. Meta l  exposu u es t o  hi i qt i  t emper  a t u l  0 01

h i g h  p ressure  h y d r o q en — c o n t  .1 1 11 1 nq  01W 1 t o t im o n t s  are  t h e  two

most common source’s of hyd~ CA IC II in m ot  a i s  . Com b i nat ions of

hig h t e m p e r a t u r e — h i g h  p t c s s i i t C c-nv i t oulmeul t aue a iSo com-

mon. Electro lytic hydi i~~t’n tlt ’ }’o S i t  on is  t h e  t h i r d  commo n

source of hydrogen in metals. Tu e oh’ctrolytic method is

the nios t po ten t  p rocess  t o in t r o d uc e ’  hyd ~qen , s ince  i t

sus t a in s  enormous f uq a c  i t  ‘es 01 a t o m ic  liy di  oqen at the m e t —

4 -al  surface - There ’ a t  - m a n y  sources  of e l ec t r o l y t i c  hydro-

gen.  In the p e t r o l e u m  i n d u s t r y,  the usua l source is the

corrosion r eac t i on  of steel w i t h  aqueous hydrogen s u l f i d e

so lu t ions ,  encountered  either in production of crude oil and

n a t u r a l  gas or in oil  r e f i n i n g  operations. In F’igure 1, a

po t en t i a l -ph i  plot , some processes by which hydrogen can en-

ter  in to  m e t a l s  a re  shown 4 . In the region  below w a t e r  sta-

bility, hydrogen  can be evolved  s p o n t a n e o u s l y  in c o r r o s i o n ,

pick l i ng , and bat t o r y  (galvanic c e l l)  oper  a t  i o n s  wi thout

e x t e r n a l  c u r r e n t  be ing a p p l i e d . Be low the s t a b i l i t y  of the

r n — i o n , w her e  t her e  is app l  ic-a t  1011 of ex t  orn a l c u r ren t , hy-

drogen can be produced in olec t ropla t  i IIq , c l e c lr o w in n in q ,

and cathodic protection. Hydrogen can be electrolytically

introduced into a particul ar met allic component during any
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4

of the many steps in i t s  pre ’pa r a Lion or ser v i c e .  Other hy-

drogen sources inc l ude do—icing f l u i ds , ch em i c a l s  foz de—

greas ing , p a in t  S tr i p p i ng  and e t c h i ng .

Hiqh sti c n qt h i  steels ar o  ~ ub j ec t to de la y e d  b r i t t l e

f a i l u r e  und er  a s te a d i l y  ~ip p i  i~~d r o l a t  i ve l  y low e x t er n a l

stress when t h e y  a r e  contam i n at  ed w i t  Ii hyd I oqen - ) . The

s teels  lose t h e i r -  d uc t i l i t y  b y t h e  f o rm a t i o n  of n i i c r o cr a ck s

w i t h i n  t he  m et a l  l a t t i ct ’ .

The k i n e t i c s  of hyd rog en  em h r i t t  l enient  can be d o—

scribed w i t h  t u e  aid  of a load ver s u s  t i m e ’  d i a g r a m  (Fig-

ure 2) . At certain stress levels a crack will form after

a period ca l l ed  i n c u b a t i o n  t ime . T h i s  c rack  w i l l  p r o p a g a t e

s lowly ,  and in most cases t h e  stress i n t en s i t y  a t  the

crack t i p w i l l  r i s e  as the c rack grows . When the  s t ress

i n t e n s i t y  f a c t o r  reaches a c r i t i c a l  v a l u e , r a p id  f a i l u r e

w i l l  occur 2 . When the initi a l stress level is increased

incuba t ion  t i m e  and  c r ack  p r o pa s at ion  t i me  tend to u C cr e l s e

u n t i l  a s t ress  level where f a i l u r e  occurs immedia te l y upo n

load a p p l i c a t i o n2 .

When the i n i t i a l  s t r e s s  level  s t a y s  below a th resho ld

va l ue , no f a i l u r e  occurs . The t h r e s h o l d  stress v a lu e  ap-

pears to be a f u n c t i o n  of hyd  i oqen  con t en I of the  mat  e’r ia I

and w i l l  be h i gh e r  the lower-  t h e  h y d i  0OL ’I1 e’O I i C C I it i a t  i o n ,  as

shown in  Figure 3
)~ T h i s  i s  the  reason w h y  a b ak ing  t reat-

ment  is a p p l i e d  to steel p a r t s  t h a t  ‘i t - c  c o n tam i n a t e d  w i t h

hydrogen due to processing. This  b a k i n g  is expected to

d r i ye o u t  q u . i nt  i t  ics of hiy d roqeIi , there’ 101 0 r eduCing  the

S ~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~ 
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hyd L o t i O n  concei t  t r a t  ion t o a s-i t o  1 eve 1 l’hie ou tcome o

t h i s  process is  t o  r a t  so t ho or  i t  ica I st r o s s  level .tbovo

t tie st oss I eve’) o \ pet ’ t eel in St ’l  vice ’ -

Tt e 1 ano , ot  . .tl . h at e  show n t h a t  ci . ick p r o p ag a  I t on  i s

d i  scent i f l u e f l i S  . in  F’t gu t  o 4 i t is  shown t h a t  c rack  pt  ep ag a—

t ten occurs  i i i  di  so ret e st ops

i t  has  been pioposed t h at  h y d r ogen  entb r i t t 1 ement i s

di t I us ion dep enden t  
— 
~~ . I t i s  a rgued  t h.~ t h y d ro g en  tends

t o  di  t f u s e ’ t o w - t i  ~ls the most hi tih ly st i essed tog ten s  . When

a ~~ it ica I cenib i flat ten of st l os s  and hyd l o t ro l l  c on t e n t  is L
a t t a i n e d , a o t ac k  m i t  iat es~ . The otack i i ;  a t re st ed  be—

cause , a It h~ utiti the stress tnt ens i ty at  i t s t i p  may be h igh ,

the  loca l  h ydr e~~en cencen t  r at  i on  wi 11 be t eo low f o r  f u r  —

t her  c t:a i- k e x t  ens i on .  H y dr o o e n  d i  f t us ion w i 11 new Ot’CU

u n t i l  the or ack tip condi t 1011 is  or i t  ica I a g a in  and a sec-

ond h u i s t  W i l t  occur . Rep et i t  ten 01 t h i s  ptece ’ss cent i n —

ucs u n t i l  the d i sc on t i n u o u s  cra~’k growth r esults in tai l —

~ap fe e  pi ~~~~~sed I he p1 ~ana  r es s u r  o t heet  y wh ic’h

says  t hat  h y d rog en  emb i- i t t  l t’metit vesults t rem the prt’c l p a —

t t o r i  of hyd rogen  gas a t  do t  ect s such .a ti l t ’) us tons . The

p r e ss u re  ~-~tuses  oxpar is  ton ot  n i t cr e c i a c k s  ,ti id vo ids  du o t o

the gas pressu r c - 
. h lere  1 ins and Li iidb 1 em I ~~~.‘ ‘1  ~ r c~~~~t t ed

t h e  t n t  or na I ~r as  pi essur  o to be:

1’ — I , (1)

_ _ _ _ _  
-~~~~~~ --- - S - -- -~~~~~~~~~~~~~~~
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w h e r e :

P = pressure  in atm

i = c u r r e n t  dens i ty  in amp/cm 2

The planar pressure theory was later modified by many re-

searchers, including Tetelman and Robertson 14 .

As one can see , hydrogen embr i t tlement  is a compli-

cated phenomenon , and i t s  exact  expl ana t i on  has been qu i t e

u n c e r t a i n .  But  no matter how uncertain the e x p l a n a t i o n ,  i t

is important to note that hydrogen has a maximum embrittle-

ment  e f f e c t in the same t empera tu re  range  where anomal ies

in both hydrogen s o l u b i l i t y  and diffusivity have been re-

ported 15 .

- - -~~~ -~~~~~~~~ - ~—~~~~~- -~~~~~~~
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B. E x p e r i m e n t a l  System

Much work  has been dose on s olu b i l i t y  and d i f f u s i v i t y

in the hydrogen—iron system . These results are often not

easily compared or generalized because of the differences

in experimental techniques , material composition , and pro-

cessing history. Therefore, a clear and concise character-

ization over a wide range of temperatures  and pressures has

not bee n obtained .

Sieverts L,aw 16 , expresses the solub i l i t y  of d ia tomic

gases in metals:

1/2where : C = SP ( 2 )

C = concentration of dissolved hydrogen in equilibrium

with gaseous hydrogen at pressure P

S = proportionality constant which is temperature de-

pendent

P = hydrogen pressure

The P1’2 dependence of hyd rogen concent ra t ion  indicates

that hydrogen enters iron in the atomic or dissociated form

rather than the molecular form
17 .

There is substantial evidence that hydrogen in solid

solution in iron occupies interstitial lattice sites18 .

This is suggested by the small size of hydrogen atom ,

l. 06 °A d iameter , and by the l a rge  e q u i l i b r i u m  par t ial .  mola l

volume of hyd rogen in iron , 2 . 0 cm 3/q atom ’9 . A t l . 0 6 °A

the hydrogen at o m  is much  s m a l l e r  t han  an iron atom , 2.  52°A

diameter , it is therefore unlikely to have such a large and 

S t k  __ ~ _ &_~ S_ _ .~ . S _ h .  ‘
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positive partial molal volume if the hydrogen existed at

subst i tu t ional  lat t ice sites.

The previous information tends to suggest hydrogen

diffuses interstitally in iron. The equation for intersti-

tial diffusion is as follows13:

D = Do e~~~’RT ( 3 )

where :

D = d i f fu s ion  coef f ic ien t

Do = pre-exponential term or frequency factor

Q = activation energy of d i f f u s i o n

R = universal gas constant

T = temperature K0.

The pre-exponential term Do , has been calculated by Wert

and Zener 20 fo r hydrogen in iron to be 1.6 x ~~~~ cm 2 / sec , F
assuming interstital diffusion . Using the same assumption ,

McNeil21’ has calculated the activation energy for lattice

d i f fu s ion  of hydrogen in iron to be 1.3 Kcal/mole.  The

theoretical pre—exponenta l term , Do , of We rt  and Zener and

the ac tivat ion energy value of McNeil compare reasonably

well wi th  the range of hi gh temperature experimental  values

as shown in Figure 5l5~ 28

_ _ _ _  
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TE~-’FE A T ’~~ E (
~~C)
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-

10 3/ T ( °K )

F igu re  5:  D i f f u s i v i t y  of Hydroge a  in Iron  Versus
Inve r se  Temp er a tur e l5

Note:

a .  Geller  and Sun ( R e f . 2 2 )
b .  Sylces , Bur ton  and Gregg ( R e f .  2 3 )
c. S t ross  and Tompkins  ( R e f .  2 4 )
d .  H i l l  and Johnson ( R e f .  17)
e. Heumann and Pr irnas  ( R e f .  2 5 )
f .  Barrer (Ref. 26)
g. Beck , R o c k r i s , McBreert , and N a n i s  ( R e f .  2 7 )
h .  K urnnick ( R e f .  18)
i.  Q u i c k  ( R e f .  2 8 )
j .  Nelson  and S t e in  ( R e f .  29 )
k .  B r y a n  and Dodge ( R e f .  30)  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
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C. Low Tempera tu re  Anomal i es

In spite of the general agreement of the physical as-

pects of the hydrogen-iron system , c o n f l i c t i n g  data on both

the diffusivity and solubility have been reported in the

low temperature  ranges .  Hi l l  and Johnson 31 reported posi-

tive deviations from Sievert ’s law and showed that low tern-

perature measured solubilities were substantially greater

than values predicted by extrapolation of the hi gh tempera-

ture data  shown in Fi gure 6. The dashed l ine  in Fi gure 6

is taken f rom the equation of so lub i l i ty  calculated by Gel-

icr and Sun 22 . The same deviation was also observed by

32Chang and Bennet t

The resul t s  of other exper imental  studies ‘ ‘ 
—

on d i f f u s i v i t y  of hydrogen in iron are summarized in Fi g-

ure 5, in which apparent diffusivity D is plotted against

reciprocal temperature. As is shown in Figure 5, as tern-

pe ra tu re  decreases the scat ter  increases . This scat ter

cannot be attributed to variation in composition of tested

material ’8.

Hil l  and Johnson 31 observed an anomalous break at

about 200°C in the diffusivity versus inverse temperature

plot shown in Figure 7. This phenomenon was not observed

by Stross and Tompkins 24 using a method similar to that of

( ( i l l  and Johnson .  Bryan  and Dodge 3° u s i ng  a d i f f e ren t  ex-

perimenta l technique also did  i-r o t  observe the b r eak .

Quick~
8 did observe a break at 700C while using a vacuum

method . Also the low temperature diffusivities recorded

-- - - -_ - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -— -. - - - - _ -~~~ - - -~~~~~~~~~ --.s~~~~~~~ -~~~~~~ -~~~~~~~~~
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- - - 17 , 24
US1UO evo l u tloir experimen ts tend  t o  be lower  t h a n

tohse a s soc i a t ed  w i t h  p er m e ab i l i t y  e x p e r i m e n t s ’8 ’ 28 This

SUcJ (1C St S t h a t  some sor t  of I rap !) i nq phenomenon is o c c u r r i n g

w i t h  hydrogen at  t he Sc Lower  teurpe r a lu res

- 33 - .Darken  and S nn i t h  f i r s t  suggested hydrogen d e l a y  or

t rap p inq . They f o u n d  t h a t  annea l ed m a t e r i a l  ex h i b i  ted an

evo 1 Ut  ion  r a te  s lower  t h a n  t he  a hs or pt  ion  i a  t e  f o r  the same

sample .  They a ls o  found  an increase  i n  sol ubi  1 i ty  of h y —

dorgen wit h increasing p1 .rsl  ic deformation • Subsequent an-

neal inq at 800 °C was found to decrease the solubil ity from

t h a t  of the  c o l d — w o r k e d  s ta t e  b u t  d id  not  r e t u r n  the  mate-

r i a l  to i t s  o r i g i n a l  ho t  r o l l e d  c o n d it i o n  w i t  ii respect to

hydrogen  sal ub i i i  ty . Since  Da i-ken a rid Sm i t  h much work has

- 17 , 1~~, 34 , 35been done o ii hy dr o g en  t ra pp 1

The exact nature o I Ii appi nq S i t  (‘S 1S u n c l e a r , ~i 1—

though m an y  a ! t e r n a t i v e~ have  been proposed on the  basis  of

experimenta l work ’8. Darken and S m it h 3 3  descr ibed t r a p s  as

imperfections in the lattice. Gibala~~ suqqested that dis—

l oca t ions, voj ds  and i n t e r f ac e s  s h o u l d  be cons idered  pos-

s i b l e  t r a p p i ng si t es .
- I Since there seems to be much confusion r e l a t e d  to low

lenipera  I Lire dat a, i-ese.nrclrers shou ld  woi k i n  t h i s  a r e a . I t

is  ROSS 11) 1 0 1 u . n  I p a r t  o f  tire s c r  I. t e n  I in a v a i l  ab Ic  dat a can

be r e l a t e d  t o  d i  f t  ( ‘i - c ut  & ‘x I ’ ( ’r i m e n t a  I t e ch n i  i qn les  wh i c l i  seem

to e x i s t  I roni l a b o r a t o r y  t o I .nbor a  to n  y - T a b le  1 summa r i zes

a v a i l a bl e low tempe n a t  n i n e  d a t  a Ofl hy d rogen  pe r nica t ion i n

I
-~
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D. Purpose

The purpose of this work is to be t t e r  charac te r izehy-

drogen transport in iron by studying both concentration and

thickness dependences of hydrogen permeation in iron in the

vicinity of room temperature .

In previous work a t  the Un ive r s i t y  of Rhode Is land 43 ’

and at the U.S. Army Materials and Mechanics Center48

using an electrochemical hydrogen charging technique , no

final steady state hydroqen permeation flux was observed .

A possible explanation for this could be t r ap  nuc lea t ion

and growth throuqhout the experiment 34 . The high hydrogen

flux levels produced during electrochemical charging could

have been the cause. The best alternative to lower the

flux level was to initiate gas phase charqing experiments.

Presumably by charging at lower flux levels a steady state

will be attained .

- -~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  -- -- - -— --- —-.- .- .~~~~~~~~
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m en t a l  c e l l  usc l i n  t h i s  I osoat ’.’lt ut show is  I I I  l-’ iiuro 8.

l~xpo r it f lcntd I cc l  Is o t t h i  s t ypt ’ have boon n opo t t od i t t  ox —

per imen t a T  p~- i mo.t t i t ’ . ) )  n o t ;  oa Fi’ h condsi ’.’ I L ’d . 1  t c -  I IIL ’I I I I ’ .  i —

vor s  i ty 18 t ho tin s Vt’ FS i t  V 01 l’t ’nnSy I v an  n - . n  ‘ - 
, Oh t o  t a t  o

Un iversi t’4’ , a nd M I • T - l)y S- I S  1 13.3 .3 )1 ( ‘x~ ’0r I mont a I cot I

S j Ill S La t - t o  t 13 ( 1 so n o  tx ’.  t I t ” .l ~ 1 sowh 0 5 0  .1 t~~’.~~’. i (  compa r so ii w t Ii

ropo r ted dat  a shout  ‘.1 be at -h ov ’.’d . ‘iho ‘l o -  I t c c i  v o n  it

it)  t 1’. I t ;  ri ’soa t c b  i s  shown in  Fi 1 4 1 1 0  ‘~

Tho ti.i s Ilbas t’ pormea t t O I l  Ot ’ 11 was  ~“ .‘.mI\ ’.sotI 01 t wo

t broc—t iockod , sphor i ca 1 I’y t o x  t I a sks  wh i ’.’l i  havo  i-o I n -n in es 0

1 , 000 ml  t ’aoli . ‘Ihoy W o t o coIln’.’ct ott by o I , n s t ;  i t ’ .  l o t  S i~’li l o l l

.3 1 0  . 3 1  o~~i otl I o I 5i ko l t L i t t a — N  0 — l i  I ) t 3  • A }‘ 1  1 3 0 1 1  ci  .ITn ~’ l i t ’ 1 d t ho

to  L I I I  , w I I In I I n ’ .’ s ,> un~’ 1 c woninl i I • I l l ’ . ’ b’. t i~ - - - It I tu t u . j l n ~’ ox s - I

.t yea w i t ;  1 . ‘ i ’ i t ’Iit ’

- -
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‘i’hc t ’ i t t  i v : - ) ‘ .11 ’ o t  t ito ;
~n u t I i i 1 0 m o u u l I 4 I n I l ~’ was  t ’ x L s t i S t ’( I  t ~~i

hyti l- o ;eit c i  t I t ’ .’ i I i ow t i to  1 • n : ;  p li ~) so t i n  L ’ v c i t  It’.’.’.l n-~~ po I ~n .- a —

l i o n .  Ont  t it o ox i t side t ito amount  ot  l i y d s  oqon t h at  ~‘ei m e—

ated L h n - o u q h  was moasu n ott as a f uno t ion  o t t i nit ’ . The 1w—

d t ’ . ’’ic t t  wa s  it tc . ts ’. i  1 I ’~1 0 100 t 1, ~1cl) en1u i 1’.i 11 ‘4 b y m a m t  a m t i  11.3 t ho

cxi t side o I t h e  s~’cc i ntoi ) a t  a COOS I a t i t  .inod lc  h o t  ont  i a 1 ot

+ 2~~0 my v’.’rsus a sat un it ed ca b ind i ’ f o n o n c o  e l ec t  rode .

A t L i t  i s  pot  on I s a l  t r i y  I tyd r o t t en  T oad ) inq t I to ox 1 I S i  do W OU I d

bt ’ j O l t  I 0 i 1  . -‘4 ‘01 0!) t I C ’  St  .1 t 551 
~
‘.p 1 1 od t 1)0 csinT cot itooc sa v

t o )  lt y dro~iet i  1’.’!) 1 :a t io n  w i t  hon t olt ~ii’i -~ m n t a  I it ’.’ pol on t  t 151 1 o t

t he  samp 10 . I’ht ’ }‘0 1 011 t j o t ;  t at  i c cu~ on t w as  a ~1 i root mt’a —

s u re  of t h e  a rn o t i t i  ~ of hytlit icelt 1 oav i n t ~ t ho cx i  t s i ‘.1’.’ of I ho

s pt’o i m en .  ‘l ’lt i s on r r e n t  was  recorded ~n s a I unt o t 100  et  t 11)10

w i t h  a No i t h i  oy P loot n ornuo t or  Model Ii 0014 a i-nd a l io ns t on  Omn u —

son  ibe s t  r L~~ char  t ret’o n - d c r • i n ice I ho :; untup l  c had .i c o n —

s ta nt  c r os s— se ct  ~OIIa 1 area  , t ho recorded cu r r e n t  c ou l d  be

convert eti to current dotis i t y Us inq  i-’~i t . ) l~ty ‘ s I•aw 0 t E l  o c—

t t o  1 ‘4’S i S  , o u t i - c ut  dens i t  
~~
‘ L ’~~I l t  be expn - - t’s scd .is hyd  I o q t ’n t I mi x

by t h e  I ol  low n- i to  n - c i a  t 8

10 C-’ amp/cm = 1 . 0 4  x 10~~ ~ mob s ii , cnC sec

f’I sixcs can Lit ’ nucasur od  aet ’tI l a  t e l  y as  low i: ; 10 1 1 mo l e s
1 1 ‘4ii ‘cnu ~ SOC U t ;  1 1 1 . 3  l i t  iS  1 i’Oi) i l  il l S - n t’ ‘ 

-

t~a ~ili~i 50 t’ha t~~ 1 1 0.3 p’.’ i tuca t i on t ’ x pci  i r’cI) t s w er e  n- u t t  mIs  —

i nq hy d i o o o n i ( t t  u - ‘199 ~ ) wli j ’ . ! 1  w a S n it  x t ’d w m t It at qon

~) . 9’) 
~ 
) w i t It the a iti ot  Ma t l t o s t ’ .t t  ~ode 1 1 51 ~ as P I t ’Ix’ n-- —

t j ona h Ct ’ . i t t  i o i  l or s .  T h i s  m t x t i n t c  w a t t  s i m p l y  ~) i  IO W cd t o

_______ • 4- -
~~ -~~~~~~~~~~~



f l o w  i n t o  t i t t’ m c I S i t I t ’ 01 t It o ccl 1 - by va i y  1 4 . 3  1 i to  f l O W

rates of t hese  two 0aSt ;~’:; d i i  t t ’i -c i tt  h yd t -oqt ’n p ar t i a l  p r o s —

sures were at I a m n e i l . ‘rho t o t a l  gas }‘ t  o ss u ro  in  the  cell

was maintained 5n- t sliqht lv ov ’.’r one a tn n o s i ’h e r e  in  a l l  ex-

p e r i m e n t s .

The sol mi t ion in t it e  ox i t  c o i l  was  0 - 2 N sod n - u r n  hyd r ox  —

ide . Ot h e r  rost ’a r t - l t er s 4 
‘ ‘ ‘ -~~~~ ‘ ~~ l i a v o  used sul u ic

ac id  fo t  t h i s  r escar ct l , hu t  s od i um  i v d i  o x i d e  it ; mios t
l i , IS , 2~’ , 38 , 4 0 ,  I i , 4 1 , ~‘4 , 57commo n l v  n o b ’ o  n t e d  . A l l

sodi urn l tv J  t o x i d o  so T  u t  m o n t s  w o n t ’ n t i d e  I nom Fi slier cer  1 i f l e d

ACS eb  oct t ol yl i c or ad ’.-’ sod m iii i ty dr o x  id~ p e l l e t s  used w i t  li

d e i o n i z e d  — ~! i s t  1 I I  oil wa t or  . ‘I’h e sol u t i O n )  I~’ 1 S  .1 l w a v s  d o—

a era ted wit h n i t roneit ~ri  s I or tw e i t  t 
~~~

— f o u i  h o u r s  p r i o r  to

u se. The so t n t  j ot ’. j~ t h e  ~- ‘ . l  I Wa S St i r  red w i l l )  t h e  . u i d  of  - 
-

a m a qn et i  c St  1 r r e r  . Ni t t 000!)  ~1~ 15 ( ( 1 (1 
- 

9 . 3  

~ p u r e )  was  bub-

bled t h r o u q l t  ~t I  1 ex p e r in n e n t a l  s o lu t  i o n t s  to  a id  in  St i r r i n o

as w e l l  as to puroc  a n y  d i s s o l v e d  o x id i  i u t o  qascs  - The en—

t i r e  e x p e r i m e n t a l  ap p ar a  tus  is  t’flCl oscd i n  a c o it s tan t  tent— 
- 

- -

pci-a tu ro chant l~er ma iot a  i ned t o  W I  t i t  + 0 - 1 ~~ by t h e  use o t a

RFL In d u st r i e s  P r o p o r t i o n a l  T e r n p e r a t u i ’ .’ C o n t r o l l e r  Model

7 0 — 1 1 5 .

Two s i J o  by m d c  n - d c  n 1 t ‘.‘a 1 cxpe i  i mc nt  a 1 pet mea I ion set

i i~ ’t ; . t rt ’ n - i s ’ i  ( l u l l  i n q  O. I t ’ i t  & ‘\ 1 ’I . ’ l l f l T t ’I t t  I I . ~ t t i t ~ t It ’ . ’ o o i t st  l i l t

I i ’mpc r a t  n i  0 ‘.- i l I n n h t ’r  . ‘l It i t ;  t o  c ho ck  o i ’ t  o~1mn ’ .’ I h i  1 i i y
1 ~ .

W h i l e  111051 C’. I l it ’ .’ c xI ’ t ’ I 1 1)101) t S t o  be d t  S’.- u i t ;  ~t ’d I 0 I. It i s

lhes is used t h e  nas  ph.nso o l t 5 t  r t i  i 1) 0  sv stem 1i scuissoti 5ibove

some e x p e r i m e n ts  wore  t - m i n i  us m o  elec t to I t  i c a l l  c h a i q o d  

-~~ -~~~- --
~~~~~

—
~~~~~~ --~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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h y d r oq e n  . The t ’xpt ’ n - m nii ’.’it t a I c c l  1 t o n  t hc~~t’ ‘.‘xpon  i r n o n t  i t ;

shown i n  Fi  ‘.~u r e  10 . ‘l it o  r n- qlt 1 — lt~i itd on - cx i t  si ‘.1’. o f t h e

c cl i  is simi Tar - to t h a t  shown i n  F’ i u t im - o 8 , A it . i d di t  iona 1

ci oc t  iode is  .tiidcd to  t h e  it ’t t — h and ‘ t  cl ta  i j  11.3 S I  do of t lt ._’

c e l l  , and t ho samp J o  and a ux  i 1 ia ry  ol oct ro~1c i t o  connec ted

to a oonstaiit cui m -cn t L).C. ele c t  n m c  f lowt ’l :;u~ip l v .  l’lt’.’

‘.‘ha i- c i nj  s i d e  of  t he  c o T  1 wa s  I i i  led w i t  h in  ‘.i ’.’ac ra t od 0 - .‘N

SOd ~ urn hy d r o x  n-dc so 1 u t  iont . I I  oct  rob v t i c hvdi-oqcn was pto —

duo t’tl b v t C - li-n ) 1 no cm t h e ’ powo t s UPI) I y at  a pr ’.5 — Si’ t c hi ~ii c i no

cut- rent * The I on- -n ut cur ucn t dons i t  v , Cl) , i% ’ i  11 ho used to 10—

scribe tito c h i n  tii no cnn n - co t ~t0il its no i t s ,t t -e t ;t a  cm~ . A

schcma t so of t h e  c i  cot i- ochen i  i ca 1 Ct’  1 1 ,tni i  it s ci cot i I c  - i n  —

cui  t lo t  e l ’.’ot i t m che nui ca l cii4i m o i  n t q  j s  sh ow n i n  F’ s our ’.’ 11 .

Gi a ss  ox l ’ t ’ n i rno n t a  1 ‘.•c I is it av  I no qcome t i x e s  Sin i i  1 a r  to

t h a t  shown i n  F’ I o n t o  S ha v’.5 been m- epo n t e d  by a n iun ib ’.’ r of
15 , 4 3 , 3 7 , 45 , -15r e s ear c h e rs  , b u t  t’ a n l v  n o s e ar ch  at  th c

U . S  - A r m y  Ma t e n  ia is  and M c c i t i n  i i :~ R est ’a r ’.-h C en t  or 48 and  it

t h e  Un t Vi ’ r s  i t v of Rltod ’.’ I s Ta u u d  ~~ ‘ ‘ ~~ ~‘ i n’.i t 4 -a t c’.I a ntee~1 fo r

an imp t o v o d  c 1 oc t  r o c he r ni  ca 1 cc 1 1 dos i ~i i i  I I i . ’O 1 o t a  I i nq t h e ’

pr 1 oc 1 p1 es d’.’ sot  i bed by N . ~ roe ’ no 
- m I  i l l  h ook on c 1 cot ro —

chem ica.I tech n t i  quo . ‘I’t it ’ t -ocon iunen id a t l o  n:; o G t -et’ n e  wt ’ t o  i n  —

co r po r41 t ed i n  t It’.’ Ce ’ 1 1 tIe: ; 1 ‘i i )  s l u ’wnt i i i  p ‘ l i l t - ’.’ i o~~
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REGULATED
DC C U R R E N T  P O T E N T 1 O S T A T

SOURCE

ELECTRO METER RE C O R D E R
H

- 

_ _ _ _ _ _

AUXILIAR Y 
______ “—SPECIMEN

E L E C T  R ODES

F i g u r e  1 1 Schemat i c  of  E x p e r i me n t a l  FJec t roche rn ica l
Ce l l  and the  E l e c t r i c  C i r c u it .  N l e c c s sar y
fo r  E l e c t r o c he m ic a b  C h a r g i n q  H y d r o g e n  Per-
m e a t i o n  E xp e r i m e n t s .
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i t  . ~~tn ut ~’ I e ’ £ ‘ h ’n utl m I ~I Iie ’~

I . l~1a t e ’i I J I

‘l’)it’ n u i , l t t ’i  i 5 I l  e - I t e m t ; ’ l t  I ~m t  (li i :; St ud y Wo ; i-’o t t  ‘ . m V . l O  — I:

m m  on .  l’It ’.’ O0II1}’OS it i ti nt 1 5  t . J i O W t t  i i i  ‘I’ ah I c .‘

I’li’.’ Il i i’ t  a I w i t ;  s n - t I m l m l  i e ’d i~~ t i to  at ; t ol  I cii ~‘~m m1 i t  i ~sm

. .‘ 4 cm ( n - m n i t  . ) by ft . 2 4 ‘.‘m ( I . 2 n - n i  . ) toy S . 2 4 c 1w ( ~ . 2 
‘‘

m i t. . ‘l’lt ’.’ i t ;  I e ’CO i ve’.l i n - o n  Wa;; iii5n -c’lt I n t e ’i i ot  o s a m i m I  e ;; j ~‘ ‘5

rh i t ;  was don ’.’ b y I i t  st  ~‘u t  t t i t s i  (lie i t  on h a t  , F m e~t N i t d i o u  I 5 t t

t o  t i l e ’ I~~it t i  a x i t ;  c ’I I he ’ b an  , 111 10 sI  1 ~- O 5  t ’ t  1 no 5ippt opt- m a t  ‘

t it n ck i l i ’s s  . ‘t’ho-~~’ sI  n - ce ’s w e ’?m ’ t h t ’ n o n - i t  i n t o  to n - i t sant im i os,

e’.t t ’it ott’.’ Lit ’ i no 2 .  1 ,4 ciii i. I t i t . ) x 1. 5-1 cm 1 t o .  x samp l e

Iii n - c ’k t i e ’~~:;

— l - i i  on w as  o iios ; ’n i i i  ( i t t : ;  t e ’s e at c it  be’caust ’

c i t  n - I  s I t i e~lt j ’n-i i i t  y . In- I so I m t ’ 1 i i tO , l  I i ont t I 5 i t t t ;  1 O t t  t t;  Sit oWod i i’

psoduc i b m  I i t y  1 t O n i  dup 1 j o a t  o samp i t ’s , S~~i1te ’t I i i  r t q  a ~~i e ’V I s ’tnS

t udy us i it.3 A i n i t ” .m i i o i t  o t ( i t t ’ t il t V & ’ t s i  t y o I Rhode 1st  anti

Tb o I ntpa u t I Ii’s 1 i t ;  I i’d iii ‘1’5tb 1 e .‘ ~ he ’ n - i  I ci n o t  ha~’e

a O t e ’.I I e ’ I t o o t o tt  I l ie ~ oI  me ’,i t jolt 01 i i y t i t  ‘.-m~n ’ It  i i i  l i t  j ; ;  h i  t i l t

- -1 -I
1i iit i t  y i t  t in

e at’.’ tiyiht c’qt’ii t i 5ipm ; mit 1 Ii ’.’ l~~’t  t O\’~ ) ’.’ P i i  oil

51 t i c I i e ~~i .  A l l  ;; 5 I m I ’ i  ot; : ; h i o u i h t i  h av e  s t u n t t , i u  t i  ~ip d t ’ u t t ; n- I t t ’H

l’hc 01 1 oct  1 t . ips h ave ’  ‘ i t  l i~~e l I ~‘~i O i t  r e ’?  inca t ion t ; i u o u l  l~ I OX I : ;

~ it i i  I e ’ x pt ’i i n i o n t t  :; . ‘ I ’h t i  S i S : ; m n p I m o l ( e ~s l h~ - t i l t ’ I act  t h a t  i & ’

~~~~ p i o s i ’5 ms ’ i t ’ i I i t  y WS%: . e x h t l i i  I t ’ d  I t  e ’nit itn - i i d i a t  t-

I 1’ ’ 1 1  2 ’~ , 4 .’

Pt ’ I I OV i s  - t t o n - n  i t .  W e ’ 1 1 a t ;  A t  111cc’

18 , 28 , 4 , 4 ’ ’ , 4 4 , 4 4 , 4 u ’  , 4 .3
i t  ; ‘i t  Ii , I\e ’ Lie ’t ’ i t  ti~~~t ’it by ‘ .m t

i ,‘t ; ’a t ~‘h et  s
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Table 2 Composition of Ferrovac - E I ron

used in t his  Stud y *

Element Weight %

Aluminum 0.01

Carbon 0.005

Chromium 0.001

Cobalt 0.002

Copper - 0.002

Managanese 0.001

Molybdenum 0.005

Nickel 0.007

Phosphorus 0.003

Silicon 0.006

Sulphur 0.005

Tin 0 . 0 0 4

Tungsten 0 . 0 1

Vanadium 0.004

Oxygen 0.0078

Iron Balance

* Analysis supplied by Colt Industr ies , Crucible

Inc., Speciality Metals Division , Pittsburgh, PA. 

- -S*_ .•__ ~ —-- — ~a~_ ‘ 
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2. Specimen Preparation

a. Polishing

The as received Ferrovac - E iron was machined to

thicknesses varying from 0.051cm (0.020 in.) to 0.208 cm

(0.080 in.) by the procedure mentioned previously. Then a

surface  preparat ion sequence was performed . The square

samples were ground w i t h  Carbimet  - SiC grinding paper -

down to 600 grit. The next  s t age  was rough polishing in-

cluding a 6 micron diamond abrasive polish followed by an

1 micron aluminum oxide abrasive polish . The samples were

then ultrasonically cleaned in Buehler Ultrame t Sonic

Cleaning Solution for 30 minutes . A distilled water rinse

was used to remove all residual cleaning chemicals , and a

very shiny surface resulted . At the end of the preparation

sequence the sample surface was checked fo r  scratches by

the use of a Unitron Inverted Metallurg ical Microscope

Model MEC-CM-055. This sequence was found to be quite re-

producible front sample to sample.

b. Electroplated Palladium Surfaces on Iron

Membranes

Examination of the potential-pit diagram for iron ,

Fi gure  12 , (w h i c h  itas been experimentally confirmed )50 ’ 51,

i f ld i  ca tes t h a t  sur  face  react ions ( ion bu i I t lu p  •-ii t d pass ive

film formation ) resulting i n  h y d r o gen  b l o c k i n g  e f f e c t s  dr e

expected i n  nio s L it queous  so I u Li ons . 1)ur  I it q  gas  phase

cha rg ing  the i n l e t  s u r fac e  is not in an aqueous solution

but  in -un o x i d i z i n g  a t m o s p h e r e .  The iron w o uld  f o r m  an

- —- -~~~~ —~~~~~~~--~~~~~~~—- -- - — - -  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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e ’X  i c i ’ .’ t i t i n  11 h t m 1 ‘k i i t q  i t y t  I t  t ’ I i e ’ i i  • u t  
~~
‘ . I It  o , i u i  - 0 e m I (lit - I ’

b lock i t t e~ e ’ I t o o t  5 I I was  I o t i in l  t o  bc! n t ’c ’est ;  t r y  t o  oo5n - t t h e

sampi e surfaces w i l i t  a n I no t  I c e -t a t  i n t (

P al  i n d i u m  w5tt ; 0 ) 4 0 5 0 1 1  I e’ coat I i t t ’ sam~’ to su i  1~ tco  a nt i  I t ;

in  tended to p r t m d u o t ’ a n i net  I sn -n I ace , m l i i i ru~ .‘ i no cot u o~; ion

o f t  oct s on liy d rociett o u t  t y  , wit i I c  sn - ip~ m l  y i  t n - s i  a t o a d t l y  pet —

moab 1 o med i unt w1 i oh is ito t i-a t ‘ con I i o i i  t it c i t 01 hyd rot ion

t r a n s po rt  . P x am i  oa t  io n ot  t i t o pot t ’ i t t  i n  1 — p11 d i  no t - ant  l o t

p a l  l .t ‘.1 in - tm ‘0 , i ’ i  ~~~~~ 1 4 • i ttd i t ’a t et~ I t t 5t t pa I 1 , t e I  i n - t n t  s n - i t  I aces

shout (1 be t het int idyi t .tnhto ,i I I y ~ t . i I - t  I t ’ I I I  t n o t ;t  tc ~ n- ie ’on-I S on t v  1 r e m I t -

ment  s . ‘ th e ‘.‘o.t I i nq on t it o  ext t si tie ~m 1 t h e ’ samp l(’ t ;; no—

ci’ss at y  l i t  p t o t  co t  t h e  s n - i t  I . ico I t o r n  cc ’i i t ’ : ; t o i t  i t ’sul 1 inq

f r o m  the app l  ted p ot e n t  m l  n - is t’ti t o  ion 1 : -  t he ?tyd roqen

‘.‘x i  t m g  t he  5 . l rnp l e ’ .

A pr ov  i t m t i s  s t u d y  at  t h e ’ (‘ i t t  v e t  S i I y e ’ t  Rhode I s l a n d  i n—

di  oat  ed I ho i m~-t e i t  t ,t noe e’ t~ oh t a i n t l nil  - in  acUt e ron I [ad i tI m

coat jog4 
4 , 41m 

~ cot 1 01’ l.~t i’d pa 1 1 ~id i c l i i i  w. i t ;  I o n - i t t ’ .]  t o pro —

duce t he  most  adh’.’r e r t t  sn -i t I ic ’o.

Fi qu ro 1 4 shows t ho o 1 0’.’ ( 1  op I a t  i oct t ; e ’ I t ip’  . ‘rite ’ s . ii i i—

p ie was  a I t  aohod t o  t it o tt ( ’ el , t I t \‘e ’ o n - i t  p u t  o I t [l~ n-.’ . powet-

suppl y atl(1 matte t h e ’  o5t t itode , w it  i I c p I .t t n it t .~e ’d i i i  oh i urn was

n-is (‘ci as  anode’s . ‘I’Iio e 1 e&’ I t~~ ~‘l at  I it o  t ; ,  -m I n - i t i i  ‘n was  Te’.’hn ic

P.i i I n d i um )fl’~ . Tiu ’ p l . t t  i i i ~~i sol  n - n t  i o u  Wa: ;  - i t ’ t t t  t y  s t i t i  ~ ii by

a f l l d tj f l ’ .’ t t ’ .~ S I i i  i ot . The s . i i u t i ~ i t ~ W a ; I u’utne t ;e ’ci in  t h t ’ so i n - i —

I-

I. 100 lot cottt t o t  l et i t i iit0~~ a t t e l  0 1 1 1 1  ‘ i t t  t t t ’ i t t ’ i  I t ( 5 . ‘I’lio (
‘

. i -

* I’ut 1011 1 S( ’~l I t onn ‘i’i’clttt ic  I ito • , Pt  on-’ t d cn t ~~~e ’ , R .

_ _ _ _ _ _
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t hod t o o n - I t  t o i t  I t ien : ;  n- t y c~’a ;: 1 1 ni .i cm u n . I  ~- i ~ I i t t - i  t n - m e  w a ;

2 nut nut et; I s - t i  .‘ 000 -\ ot  } ~- i  I 1 as i i  t int on - - i t ’i t  S I de ’ . Th~’ i ’l a t —

i ng t im e  was  4 m i n u t e s  w i i o i t  4 0 0 0  A° c m i  ~‘n I i n d i u m  w a s  di’—

Si  r o d  . At ; t h e - :;arnIm I t ’ w t  t ~-~:i ov t ’~ i at t ci  be i n t o  c i  oct t op ta t t ’~~~

i t w a s  w t  Sited  W I  I i d i  st i I led w i t  e ’t  a tid wa ~
, t l ien t eady t o t

a pt’rme.t I toni ‘.‘xpct irnen t . A t  I d i  t a i t t  thu s t opot t i s  lo t

sample:;  w i t h  .‘OOO A’ ot elect r o p l a t  eel p a l  I ac t  i n - t n t on b t t  it

sides un i t ’s ~; ~ I h o i w  i Se ’ st  at ed

W h e n  p a l  l i d  i nun was  t t e ’c ’eS:;di v on ott I y ot t o  t; ide ot t he

sample’ one ci I Ito autodet; was removed intl t h a t  s id e  o f  t hi ’

sample Wa :; rn,ts~~’~l w i t  tt ~~ ‘t - m t  cit 1 1  oct  t op1 a t t n - n ’ i  ‘Fape N t im b et

4 70  .

Tho sa m i’ 1 o sn-i t f ace i onua u nod b r i ci  It t t nd sh i ny a f t or t It o

e l e c t  t -op l a t  i n — i  p t c ’ceSS . ~~im p l  o s u i t  ,t~’o:; we ’r e mict -os ’opI —

call y checked be’ f o r e  and  a t  t ci e x p o s m n  i t ’ . No c lan t ac i e ’ was

v i s i b l e  ot t  o t t t t e ’t  t h e  t t t l (’t 01 exit 5ti tt ~ i’.’c ’.

Fi q n- i r e  I ~ shows a hyd  n ‘~~i c-n porn’t’i t n - o n  sami’ 1 e wit i oh w,t s

titi t’ci i i i  t ’s t i  I i t ’ V It ’~c li  0 c 1 ’t i  pot meat io n  s t  mid i t ’s i t  t h e  t - n i l v t ’i —

s i t  y ot  Rhode I: ;  I a n 1  . Ti -ne t t’pe ot  c i , i t m t - i t ’ t ha I m i  qh t h a v e

oo ’n - i r t e d  i t  t i t t  s t’ i ,t t in t ’  pi c ’ce ’s:; it , t d  not i’oe’ti success t u l  I S

q u i t e  ap i-a  i t - n t
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C 1 I A P T P R  I

RESULTS AND 1-m IS C U SS ION

A. Expo t - im e n t a l  Pa r a r n~~t et  S

1. Pal  i n d i u m  E n t ry  and E x i t  S u i t  ac’.’s

It is important to show that the palladium exerts no

limitinq of foot on hy d i o q en  t ranspo i-t  d u r i n g  the pe rmea t i on

experiments . This is t he  sante as ShOwif l q  t h a t  the b u l k

iron is the r a t e  1 imi t m o  material for h y d r o g e n  t r a n s p o r t .

I n l e t  and ex i t s u r f a ces w o re both coated with paliadiunt

f i l m s . This  was shown t o  be neces sa ry  by r e s u l t s  w h i c h

will be presented l a t e r  in  the  t e x t .  The ~sa11ad iurn  does

not nieasurably alter the tiatisport cm~ hydroqen  because it

is very  t h i n , on ti -n e order of 10~~ cm , and because the pal-

ladium has a hiq in -e r  s o iu b i li t ’1’ for  hydr oq en than iron has

fo r  hydrogen 18 .

An ana l y s i s o f d i f f us ion in  composi te  membranes  has

been carr ied out by Barr io et. al. 52 . It shows thatdiffu—

sian throuqo the bulk iron is the rate limiting step. From

Barrie t’t  . al . the  equatioit for permeation through a Pd—Fe—

Pd composite membrane is:

L 2LL 
— 

Fe 
+ 

Pd
P 1) S . I) ST Fe Fe  Pd Pd

and

= _~~is’ - ~fliL (4 a)
DFe SF.e ~ F’d Sp~

f o r  a F’e— P d nti ’mbr ant ’

- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
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whore :

= l ’ t ’rm oabi  l i t  y t h r o u g h  c o mp o s i t e  n t a t e r i t i

= Lat t ic e  n - l i  I f u s i v i ty  o f  hydrogen in iron

La t t ice di  I f u t ;  L v i t  v of  h y d ro q e n t  In  p a i l  a —

d i u m

S , — isa t t ice  501 Oh i i  itt ’ of hvd i oqelt in i ton - i t
I-c ‘

eq u i l i b r i u m  wi t h I a tmosphere  hydIo~ien

pressu re

5 pd = Lattice so lob ii ity of uiydro~ on in pal la  —

di n - t m a t  e q u i l i b r i u m  w i t h  1 a tmospherehy—

drogen pre ssure

L = Th i c k n e s s  of  i ron  lay e rFe

= Thickness  of p a l l a d i u m  l ay e r

L = 1
~Fe ~ 2L~~1 or L F + ~~~ = Total thickness

of m e m b ran e

Oriani~
’4 found the lattice diffusivity of hydrogen in i r on

-) 53at 25 C to be 3 . 2  x 10 cm~ see , while An-isell et. a l .

found the lattice diffusivity of hydrogen in palladium at

o —7 2 - -19  1525 C to be 3 . 1  x 10 cm /5cc . From Oriant and Salmon

the ratio of lattice solubilities of h y d ro g e n  in  i ron and

pa l l ad ium at  25 °C can be e s t i m a t ed as :

= i .~ x 10 6 (~~)

I f  a subs t i t ut  iot t  is made i n t o  i qua t n-on 4 t o r  the  t h in n e s t

sample, LFe= 6.1 x io 2 cm ( 0 . 0 2 4  i n . )  and t’pd = 2 x I 0 ~~~ cm

(2000 A°), us ing the fastest rc~’ot t e d  I a t  t i cc ’ d i  f i n - u s  i v i  t y of 

— - --~~~--- 
_ _  - 

~~~~

- -
~~~~~~~~~~~~~~~~~~~~

~ -
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3’)

hydrogen in i ron , O r i a n i ’ s v a l u e , and  the slowest reported

l a t t i ce  d i f f u s i v ity of hy drogen  in palladium , Anseil ’ sval—

ue , it can be shown that the overall permea tion process

wi l l  be con t ro l l ed  by the b u l k  iron t o with 2 parts in ~~~~

As the thickness of the i ro n sample increases , the palla-

dium will show even less influence on hydrogen transpor t54.

This analysis therefore shows the worst effect the palla-

dium could have on the overall permeation process. This

sor t of analysis has been used by other researchers 15’ 18 ,

28 , 54
• Thus palladium surface coatings can be used on

iron permeation samp les with no meas urable change in the

total transport rate .

- - _~~~~~ ,__ ~a~~~~~~~ _s_ 
— - —‘-- ~- —k . 

~~~~~
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2 . 1 V p  l c ’~ n I ha t a  - n n - n d  R e -p t  o c l u u e  h i !  i t y

:\ t y p i c a l  e x p e r i m e n t a l  l - c r 1 c ’ 511 l d ’ t %  cuive has dist m d

t ‘o 1 O l t S  , wit i -o e ’ t-~ how n in I-’i ~i U re I t ’  . 1-’ i n s t  i S the break —

th  ‘ ou5tii req on wit ich  desc i-i h e ’s the t ime r i ec os sa  t v for t h e

n- r s t  h y d i  0~~i e ’!t t o  l e a v e ’ t I to  e x t  I side . ‘l’ltc ’ measut-ed b t  oak—

t h t -o u q it  time n - s dependent upon di ft us L V  it V . t he  sens itivity

of t he  m e a s u r in o  sy s t e m  and the  t h i c k n e s s  of  t h e  m e m b r a n e .

Second is a t r a n s i e n t  r e q  ion  w h i c i t  ShOWS an increasing hy—

dr octen ~ lox w i t h t i m e . The t r a n s  ion I r e - i  I on is foil owed by

a s t ea d y  s t a te  reu  ion a s s o c iat e d  w i t h  a stable hy d r oq e n

concentration ur-o file within t h e  nuemb r~i ne .  The m a - a n i t u~le

of  the  s t eady  La to  f i  mix depends uni t I t o  lattice di. f u s  i v —

i t y ,  t h e  coneentra t jot-i of in tt ice h y d r a - a e n  a t  t he  en t r an ce

s u r f a c e  and t h e  t h i c k n e s s  oI  t h t o  n u e t u b t a n e  , as show n b~

F i ck ’ s f i r s t  La w 13 :

C
=

which  can be r e w r i t t e n  as :

D
L , 

-

- 

— I (~~~~i

~ L
0

where:

S t o ad y  s t a t  o h t y d i o 5 ~~- ui I I ux

I ~ it t t cc ’ d n I t in: ; t ‘~ t I v

C Ceu ic  ou t  i - a t  i on  of I at  1 i C e ’ h y d l o d u e n  at en—

t t l t i C C  so-u I

I, = Month t a n - i t ’  I h i c k i t e ’S 5
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s Iu ~’n-~- n t  i ii I n  - n u n  I e ’

S n - t c c, ’t ; t -  n - V t ’ ah ’ -~ - i  p t  n - O h  au\si C \ s ’ l i l t  ion I t i u u ;i o i t t  t ;  t o

Cc ’ i t i e ’s! ~~ i i  t i - n t ’  t ; 5 u n ~ t 5 a t u u l ’  10 ‘~i~ ‘Cc - l ’ s ‘-1 i t ’p i s i sh itt I i i i  I u I ‘y - I’; ‘ -

shown n - n I i  q u i t  e- ; I an i~1 j ’ ) . I’it n t  t op t  odun ~- n h i  I i t  y u u u u t ’ I ; t  S

4 l It .t I t i . ij  -
~~~ - i t  o no t he  Hi - I o n m~ ‘d ‘ u o u t  I - i n  ti ’, I s i n - l i  i u si it v - It ‘- I t ’ i t

c h s u u q t i i s i ,  5 i t  l e a s t  w u t i t t it l i t ~ - -;~ ‘ u 1 s l  I i t  i t t  o t  t h e  t t ’ C h t i t i d I t l e ’

t o  u n , ’a s t n i  o i i  u p  s i i s ’C% t hi . ~~t nui  I . u u  u op n  s ’s I n - i t ’ t I ’ s %  1 u t v  11 1 1; b, ’s~ i u

~i t ’ i t u oi t t ; t t a t  e ’d t t i e  i ’ n t I ~ e n i t t  V s ’t  l’ o n u u ;v  i v u u u  , C ot  —

i t o h  1 t I n t I n - - c t  t ;  1 t n- “ ‘ 
, a u~~I a t  Ii . C .1 - . -\ . i t s  u t tci elect n ‘che ’t u i  -

‘

c~~. 1  I c l i n t  a I O . ‘i Re ’ nc’c~’s t ;  i t  v t o  p t e t ’ h i  i s t O  - imp  1 i’s w i I h by  —

— i t  ‘c ) t ’l’i , ~‘t o s i i i i i I 1  I s ’ I u 1 1 1 1 h u t c h  u ’ - I t u l  I t .u ~ - t ;  , i t 5 i t ; h ’ t ’ ’ u i  c ’ E i —

l v  I s ’ o u t  - i n  t u  I t ’~~~t O s h t i c ’ I i ~ t t t V n - f l  cot se ’ cmu t

c l t , i t  - u t n~u e ’x p t ’t  t i fl e ’ n t t i ;  5 1 - . • T i t i - ;  u i t ’ c ’ t ’ s t ; - n t y

w. t S  itot to I t si i i i  I h i , ’ ‘t  s; ‘ u ì t  u ‘s e ‘a t ch

lloc ’k r  i t  u u t d  S i t E ’t  t u i u 5 i t t y . l n i  ‘~~~ ; t i t t c t , ’- - t  ‘d I h a t  hl ~~e l t  s ’c I ( ’ I i  1 1 i

s h l t d i ’d c i a n u t - l e ’ s ’t c t i t  S i n  u:i , ’t  , n - 1 : ;  a t  h t a b  1 u y ~ i i  s ’- Ie ’Il I i t i \  i t ’v t ’I

d t i c ’ t o  I i  ip  U t % s ’ I  , ‘5 i t  t on ~n u s I  t o t  e icl i i t s i  of n u t s - n ecu . u c k t ;  t o t  um ’~1

by  d t : ;  i c ’c at  l o u t  l i ii u 1 d n - i p - - - S f lee ’ - u u t ~ phta ’;e ch i t a t  i~~ low t i \  -

ci i  0c oi l  I in - i ~~~t ts 5 t  -
~ ii - s si t n  I I - n i t .  !0i; t ’, il - it , n u l l  ( ‘t  0,1 1 ch U l i s t  qe ’ m t

u t ’ n ut n i t  i uuu t 1

l i  i t ’ I I iii - I l h ’ s ’ s ’ ‘; ‘ - - I I  I I i  I l i t  - i “ - , ‘ i ,  , I - I I I , ’ - s - - I l l i ~~~I

i s ’I t  ‘‘ i l l  \ s ’ i s ’ 1 4 ’ \ - i  ‘ I t  ‘ ‘ 1  I t ’ - % ’- \  S t s ’ l s i \  - t i l t ’  I l l ’  c c ’ l i S i s l( i —

4 i 5 ’ I ~ 4.t
1 11 1 

~
‘ i t ’ l i q t ’ t li t - i t t  I I l i l t ’ - 1 t ’~ ‘s ’t  I - I o1 - i s ’ t  0 ‘ • 5 

-

‘I’iii ~’ t 1 t I l t ’  I t  — S I t ‘ - i~ 1 t - i t I ’ I ‘ ‘ I I t ’t i  s - I - - - i t  l i t ’ I t ’ I V l s I  I ’ I I 0111 I

nit on -tI OS ~j o w t -n  I c ’ 1 I i i  I i f l i  I t ’ ‘ 
I s  h - ~ I l u  o - t ’ t t ’ t - i  - n - i  c l i

- 

- 

~~~~~

- . -- . -

~

- - --

~ 

-

~~ ~~~~~ 

. 1 . . . ~~~~~~~~ 
. , ~~

- 
~~~~~~~~~ ~~~~~~~



—~~—~~~ - -

- ‘ —
- 5-

-- _ a . 1

~

-- 

I

I
-, C

‘I I —. - 
-

- -
~~~

-

~~~ I- 5— 
‘—:~“ -. _,._ -‘ 
- —5

’
I

N
_ u ‘

5 — 
-

-‘ 
~-t

~—~~~~- ~- ‘ ~:

I ‘-

5-- 
~ I_.

‘3 ci 1 -
‘ - ‘ -

‘ ~~~ 5~~I~ 
- 

-~ ~
‘ 

~
‘ - -

• ‘I ‘ I  - 

~-5__—---——--’ -



r
44

_ _ _ _ _ _ _ _ _ _ _ _ _ _  
— 5-’ -

IC-

~~
I C-

I’
-rI; — 

4-i

- H. -

~~~
— c

iN tJ’-~~~~I - -

_

~~~~

. _  n-,
C , H ~~~~~~~~~~~~~~

L - —
-~~ ~~~~~~~~~~ 

- C
L’~~~~~ 

‘ 0
II — I.’; i~’I ;‘I I
— — 

•

~~~~~~~~ ~~~~~~~~~ 
Z —~~
— 1-4

IC’  0
~C’~~~~~ U-n

I

\\ \ \

-
‘ :. ‘ I-a -m 

~~~~~~~~ -_ - --5— -5---—- -—~~~
-—-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-- 

~~
- —



T
4 ’ ,

________________________________________________________________

II

--4 x ~~~~~~~ -;~~ I5~~ 
—

I~~ C - i l  ~I I I  r ~~
c-i 

~~~~~~
.-,1 -5’

“.5. - -(N ~~~~~~~~~~~~~~~~~~~~~ 
‘~~, - I_I,

I, -:~~~ J I) -
-1) C- - — - —  

~ ii Cz ~— --~~~ -~~ - -1)
~~~~~~ ~~~ —~~ 51 —4-5—n ~~~~~~~~~~~~~~~~~~~~ -

— — — ‘ -, 
- —

I 1-4 
p

—‘.

I C’
I . ‘—4

— _,_ I
—/ /  —4

C-
~~~~~ 

Cl

-k ’-- ~/ H
~— >

- -—,5 I — ~ft- I

— w
- - 0

/ i - ~

~4~;

~ C . O

~‘. ~~~~~~~~ ~~~ 

-- — - -----~~~~~~~~~~~~~~~~~—-~~ -- -— -~~~-~~~~~~- 



41s

ers do not sitow t h e  permea t ion transients I or  .1 long  t ernt

s i t u a t i o n , say 10 hours .  In  t hi s  s t u d y  a st e a d y  state was

reached in  most cases iii l e s s  than S h o u r s , but  in a few

cases s teady  s t a te  was not attained until 10 hours.

Non-steady sta te conditions have been reported by oth-

er resea rct~crs 3’ ~~~ ‘ ~~ and were  the  sub j e c t  of an e X t e n S i v e

earlier investiqation at the University of Rhode Island 43 ’

46
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3. Surface Versus Vo l ume Cont  rol

In permea tion experiment-s it is important to consider

the possibility of surface impedence 18 . S t a t e d  otherwise

bulk transport should be the controllinq factor itot surface

entry processes . A suitable test is the measurement of the

steady state f l u x  as a f u n c t i o n  of membrane th ickness ,

- , - 3 , 15 , 18 , 24 - - -Fick S Fir s t  Law . Fol lowing  the r e l a tion  in

Equation 5 the steady state flux , J ,,, should vary linea r ly

with inverse thickness , L 1 . Fi gu re 20 is a pl ot of s tead y

state flux versus inverse thickness , and it shows a linear

re la t ionship  fo r three hyd roqon partial pressures , indica-

tiveof a bulk transport controlled process.

Absorpt ion curves f o r  membranes of  d i f f e r e n t  thir’knes-

ses are show n in Figures 21- 23. The basic shapes of the

permeation curves remained the same throu ghout all experi-

ments done via gas phase charging.

It was stated earlier in this thesis ti-nat the neces-

sity to coat the samples with electroplated palladium ex-

isted . Experiments were run to varify this. Witen a sample

with an uncoa ted (bare) inlet surface but coated exit sur-

face was tested in a gaseous hydrogen environmen t, no per-

meation flux was recorded . it plausable explanation for

t h i s  is tha t  the  i nl e t  s u r f a ce  reac t ion s w ere no t a l l o w -

ing  hydroqcn  to  e n t e r  t h e  i ron . These sn u  lace i-oac I- i ons

could include an iron oxide layer build-up which would hin-

der hydrogen e n t r y .  Yet , when  an uncoated e x i t  side  and

coated i n l e t  side sample  was tested , a permeation flux was

- ~~s~~~~~~~~~ à 4 ~~~~~~~5 .- £.~ - -~~~~ -- ~~~~~ -,.S----- 
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registered . The reproducibility of this experiment is

show n in Figure 24. But the recorded permeation flux was

considerably lower than a coated inlet side and exit side

sample under the same hydrogen partial pressure conditions,

Fi gure 25. This lower permeation flux can be related to

the build up of the iron oxide external layer in the pros-

cence of the sodium hydroxide environment. The iron oxide

stops the h ydrogen from leav ing the iron , caus ing  the

cha nge in permea tion curves see n in Figure 25.

Since the iron surfaces are coated with palladium , it
i-I

is necessary to test for palladium thickness having anyef-

fect on permeation . Figure  26 shows a plot  of permeation

data for samples with varyiriq palladium thicknesses. No 
-
‘

appreciable difference in absorption transients was ob-

served , thus proving palladium not h a v i n g  a measurable ef-

fect on permeation . This experimental data supports the

calculation shown earlier in Section 3Al of this report.

L -—~~~~ - — -- - 4
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4 . ~~ [ e~~ r o c h e i u i i u ’c-i 1 (h a  i s ~ n- uq Vet ~; t I S  (is Pitise (it,i ig 1 uq

I t  ‘ -.- - i  men t i (sued cc-i t I i  01  i n  t h i  I. hes ii ; t h e  fo e  t t h a t

t ~mes t o  reach s t e a d y  s ta t e  f l u x  w 0 t t ’ co n s i d e r a b l y  Ionqet

than t imes t c- -po t ted el  s ew h e u  e . No St ec-idy sta to f l u x  W a s

at t o  i nod i it p r ey  i on-is s t u d  i c-s at  t he tiii.i vers i t y of Rhode I s —

I and 4 
‘ c- i t c- i c - i t  t he  U .S.  A r m y  M a t  or t o  is c - u itd I lcchan n - c s  Re—

s ec - u rn -’~ n--n et~ 
~ US 1 t in -] 11i el  oc- - t rochem i cal eharq i itq met hod

Fiqu tn -’ 2 1  is a plot of  -n t y p i c a l  e lec t  r o c he m i c a l

cha r~i i itq ox - e u  n-me ii t~ pe rmea t i on  t u a n  S i O tt t - No s t ean -I y st  ~i t ‘.‘

was a t t a i n e d  a f t  or 100 h o n - i r s .  ‘ t h e  c h t a r q i i t q  current d e n s i t y

was 0 . 0 2 5  ma/ cm 2 .

An a t  t empt  was made t o  compare  e l e c t  t o c -’ h i e mi ca  1 c h a t  c-~ 
—

i nq  I In - t x  h y d r oq o n  lev e l s  so t h a t 01 —I ~ i s pit a se  cha tq i nc -i

H Due t o  ec~u i p m e nt  l i m i t  ~i t  t o n s  t he  c o mp a r i  soit w a s not  a t —

to m ed . The P. C . power supp ly  used f o r  pu c-~du ct  j olt of  C 1ec

H t r ol  y t  ic hyd t _ 5 ’~~J O t i  could  not  pro du ce  c-i low en ouq h  o u t  pu t  -

The elect rociuem tea I hydroqeii fin - tx 1 eve 1 i s a t  le a s t  f o u r

t i me s q rea tot t han t he  nua x i mum q c - u  s phase ity d req en f in x 1s~-~-—

ci  c-ich t oy ed  . ‘ t h e  c - i b  i 1 i t y o t CompOr t ’  e i  en-’ t F O C h ) Of l ) ~ C )  I a nd

go pita SO rita ~~q 1 U c - J  h O S bt’eit I e~
&) 1 ten -i by o t h ot  t n- -s ea i c he  t s

15 , 18 , 28 
~ p os si b le  exp  1 anc - n -  t ion t the n o n — s t e a d y  St ~u t  e

c-~ t~~l i t ion ron 1 d be c- -on t i n n - t o u t s  jut or n i 1 dam 5u s i c - ’ c- -a its u nq h y —

( I r o n - I t - t i  I ~~- l ( ’  c - l i  c - s w t h . ‘ l i i  t i c  w~~~t i t  d i s , ’ 110 1 e .i~ ’p~u t out i t

It i c ,h er  hy dt  ecjeii t 1 u i x  1 ’v t ’ l  S

S i nc e  a s te a d y  st i t  e I I t i s  I c- ’~~c- ’ I w e ;  - c - - c- - c - - s~~- n y  ( 0 1  , i i  I i

analys i s t o  p roduce  di  I fu s io n  c eet  f t e n - o u t  S or  a ct i v a t  ion

- ui ci; , c - t O ; ;  phase  c h u i - i u  nq we ; uiscc - I u it  a I I c- ’- ’~pei  i m en t  II 
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B.  Data A n a l y s i s  Methods

1. E f f e c t i v e  D i f f us i v i t y  from Absorption and Evolu-

tion Transients

If the permeation of hydrogen in iron is diffusion

controlled , the effective diffusivity of hydrogen in iron

can be calculated under the assumption that hydrogen perme-

ation obeys Fick ’s First Law’5’ 18, 29 McBreen et. al.57

developed an analysis for hydrogen absorption that can ap-

ply to the permeation experiments done in this study . The

permeation process can be shown by Fick’s Seco nd Law for

constant diffusivity 57 :

- -~~~- = 0 0 < x < L ( 7 )
D
L ~t

where:

C Concentration of hydrogen

t = T i m e

The boundary and initial conditions for this experimental

set—up during an absorption transient are shown below57:

C = 0  X = L  t > 0

C = 0  0 < X < L  t < 0

Using the mc thod of Lap lace ir on s  forms on liquta ijon 7 for

the above conditions , a series solution of the t r a n s i e n t .

hydrogen flux is obtained~
7:



- ~~~~~~~ — -

(,0

2 D  C
= 

L 0 1 ). (_ ~~)n exp - (2n + 1) 2 / 4 1  ( 8 )
L ( ) l/2  n=0

where:

T — 

D
EFF t ( 9 )

- 

L2 I ’

= Hydrogen flux at time , t

DEFF Ef fec t ive  d i f f u s i v i t y  of hydrogen in iron

Noting from Equation 6 that:

D CL o

L

we have :
I.

= 
2 

1 2  
~ (_ 1 ) fl 

exp -(2n + 1)2/4 ( 10)
J ii~~~

’ 
T ” n 0

The first term of the series in Equation 10 gives results

valid up to 96.77% attainment of steady state permeation ,

i.e.,

2 1 1
= 

~l/2 ~
l/2 exp — 

~~~~ 0 < -i < 0.5 (11)

Using Equation 10, i t  possible to c a lc ula t e  e f f e c t i v e  ab-

sorption diffusivity of hydrogen in iron by f i n d i ng  the

time required to a t t a i n  any f r a c t i o n  of the steady s t ate

permeat ion  up to ~~~~~~~~~ The e q u a t i o n  f o r  e f f e c t i v e  a b —

sorption diffusivity now reads :
- 2r L  ( 9 )

L — - 
— - -



~ ‘~~~ F .~~~~:T -

( I i

For example , when the f l u x  reaches 83% of i ts  stead y sta te

value , the following expression for ef fect ive diffusivity

is used .

— 
0.25L

2
DEFF ( 12 )

t83%

where: L
t 83% = Time necessary for  permeation f l u x  to

reach 83% of J

Figure 28 is a plot of dimensionless time , i (Equa—

t ion 9) ,  versus normalized flux , J/J ,~. There seems to be
1~

very good agreemen t between actual data arid theory, there-

fore the t83% analysis is shown to be valid and is used in

this permeation study .

The same sort of analysis used for absorption tran-

sients can be used for evolution transients15 ’ 18 , 57~ Us-

ing the method of Fourier analysis , effective diffusivi-

ties can be calculated. However i t  is important to point

out that because the boundary condition at the inlet sur-

face is not well defined when hydrogen charg ing is stopped ,

the evolution transient analysis is somewhat more compli-

15 , 18, 47cated

The absorption t r a n s i e n t  a n a l y s i s  w i l l  lj~ used in  t h i s

thesi s to c a l c u l a t e  c f f e c t~~ve d if lur- ;i v it ics. ‘thus thic

term “ effective diffusivity “ c - u s used in this thesis is ac-

t u a l l y  “ e f f e c t i v e  a b s o rp t i o n  diffusivi ty . ”

- - - -  - - -  -- - — -
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2 .  L a t t i c e  D i f f u s i v i t y  f r o m  the Time Lag Analysis

L a t t i c e  d i f f u s i v it y can be calculated from time lag

e x t r a p o l a t i o n s .  Fi gure  30 shows an ideal time lag extrapo-

lation . The value of the time lag, tL~ 
is derived from a

plot of the to tal hydrogen flux vers us time . What is meant

by the tota l h ydrogen flux is the total quantity of hydro-

gen eme rging from the exit side , in other  words  the time

integral of the permeation current. When a steady state

permeation flux has been attained , the slope of th is cu rve

will be linear. The time lag is calculated by extrapolat-

ing this straight line back to the horizonta l or time axis.

McNabb and Foster in 1963 developed a time lag analysis to

take into account the effect of hyd rogen t r a p p i n g , this was

la ter modif ied by Does and Zuchner 5’ in 1976. Since this

analysis was developed in 1963 , earlier researchers could

not take advan tage of its simplicity .

McNabb and Foster58 modified Firk’s second Law to cx-

plain tra pping as follows :

— L + N —-
~~~

- = D  V 2 C (13)x L L

where:

DL = Lat tice d i f f u s i o n or h ydroqen

— F r an  i n i t  occupancy ( i f  I 1

N ‘l’ rci p k ’ie ;  i ly

I La t- I i c-~(’ ~( nc (‘Ii t rc-i I i on o I hyd  roqen

W i te i t  ( I ~) 1iS 1(10! ~i t ig  r c - l t O  nt i i t t  e ret i iinp ’ ( s t  hydroc -~ei i  a t  ems be-

tween trapped - m d  diffusinq species , the r ot e  e qu a t i o n  f o r

L 
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trappinq is:

= k C ( 1  - 0 ) - p~~~ ( 1 4 )L x x

where :

k = ‘Ic- lie k i n o t  i C t ra ppi nq p a l o  II1C tet

p = The k i n e t i c  r n - ’ l e a s in q  p a r a m et e r

A solution cc- f E q u a t i on  ( 1 3 1  is used to cicsribed the  lac
t ime :

a~ I -~tL = - - + — - - - ( 1  + ) Ioq  ( 1  + ~) ( 1 5 )
D 6 2 i~ ~

-
~~

5-

w h e r e :

a = Jump  d i s t a n c e  ( me m b ra n e  t h ic k n e s s)

k -
-‘ N~ ~ t r ap p i n q  p a r am e t e r

= C = — --— - - -- = ac t  i v i t  v of h v d r o c - 1e n  i n
1 - 0  -

x
traps

C = La t t  l e n -’ concc’n t ro t i en at input sur I cc-’ 00

t he  p e r m e at i o n  m e m b r a ne

Only the first term of Equa  t ion  15 i s  used wh e n  a t i m e  I .si

an a l y s i s  is neces sa ry  t o  c a l c u l a t e  I - I t t  t Cc -’ d i f t  LlS1v ~~t \-

‘~h~’ r e s t  of t It o t o t - ms lfl I- : s t ii m t i c - c - n  1 ’ c- t i c  seq I t c -~~ t h t o .

eq n- I i t  io n  f o r  t ~ mc 1 c-i q bce, ‘isi ~ s

:c- 
~ ( 1 -  1
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or

2
D = ~~~— ~~~—L 6 t L

Fi gur e 31 is a n ac t ua l  t ime lag plot of a 0.122 cm

(0.048 in . )  thick  membran e a t a hydroge n pa r tial pressure

of 1/5 atm. The time lag is equal to 28 minutes . Subs t i-

tuting into Equation 16a a value for lattice diffusivity of

1.47 x io’6 cm 2/sec is obtained .

Fi gure 32 is a plot of lat t i ce  d i f f u s i v i t y  versus

th ickness  for  thr ee d i f f e rent  hydrogen par tial  pressu res .

There seems to exist an increase in calculated lattice dif-

fusivity as thickness is increased .
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c- S i  p i O C a  I t emp or .i  I u re i s  s t io wi i  i n  F iqu  mc -’ 14

I~c- ’s t at i i i c - i  l~c - i L i . t  t i c-~n :

I ’  exp n-_) WI’ ( 1 2 )  p

i t  is scott t ito t Ui is equa t i c - c - t i  h a s  t ho f ot l i t  ot a t ~‘1 c - i c - o  I

react  i o u — r a t  e s ’ q ( l c - i t ion  1 i t s t  c - lc - ’ i ; n - ’ r i b c - ’n - I by A n iicn i n-is .

Tak i nq t he  comtiion 1 n-i a i i  t h i n  ( .~ ~ - c - ’  0 ( x )  — L i i  C x )  c - c - f

I-~c-1 11.1 t j o l t  1 1 i’ i e I n - I s

ci
Ic - c - i -i I) - , , c-- - — - 4 i o q  P ( 1  ~1- _ I- I- n- c-

‘Ihi i ; is  c - u t  c c - I n - i c - I t  i o u  01 t h u e  t c-~ tm :

= m x  4 1) ( i’~)

wh ic l i  i s  t ho equ at  ion  c- i t  c - i  S t  I c - l i c - i h t t  I tic -’. I t  n- ’a i l  [ c - n -~ Sc-c -c it

t h a t  t tic’ tel c - I t m u s h  u p  b e t w c - ’ e t i  I on -i 
~~~~ 

a i m — I  1 c- i ’ 15 1 i t i n - c -c - i t

w i  t hi i I i c - ’~ ’ s. ’ ( ‘( l i t . !  I t o  - ç) . 1I~ . A c t  m n - - . i t  t o l u  emlc rsIy , c i ,

c c - i t t  it ow I c - c - ’ i inp I ‘
~ 

cc - i  I n- ’u i  I c - i ( c c - I  - W I u c - ’it l i i  i 5 c-i  t i c - i  I ‘~~:; i S  I p c- c - i

- 4 f o r m e d  on c - i i c- ’, i  t squa  I c  S I I t of t i t s . ’ c - h i t  c - i  ot  i-c- i qu ic 14 1

( I i i c - c - S  l i t  I C  t 1 v i  t I c - c - i l  c’itc I c - I  c-f o t  c - l i  I I t i  i s  c -mi  c - c - I  c- c- K c c - i  I mc- -’ I c

‘Ic-ti is c-c-c - a  Inc cc- ‘n i i c - i t c- ’:; s c m  ; c- c - m u , m h c -  1 y W i  1 1 W i  t t t  t Its. ’ I i i  c-~~t i  t empet c-i —

‘ - I
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7-1

t n - i r e  va 1 UCS t c - n - k e n  I mom the  dc-i to c-if I-c- n- ~~ti Ft_ c- ~c- . Thi s vol us.’ is

considera b ly  lower than mos t of the  low t e m p e r a t u r e  values

taken from the data of F i n - t u r e ’  5.

The s t e c -u d y  s t a t e  1 1 UN Wc -I S also obse-u ved c-IS c-i f u n c t i o n

of tempera tn - i r e  and the  r e s u l t  s a r e  shown i n  F i qu r o  15 , c -  , A

least squares f i t  o f t h i s  d c - i t o  reveals an activation cnerqy

of pc i-moot ion I h a t  iq roes soniowhta t w i t  Ii t h e  Ii iqh tempera Lure

values of o t h e r  r n - ’ s e a r c h i n - c - r s. c c - o u m z a l e .~
6 1 

summarized and

s t a t  i st i n-’a I ly  a n a l  y ;~cd 111(1st ot t he ova i lab I n -’ permea t ion (hi —

to ann - i  a r r i ve d  c - m t  an a c t i v a t i o n  e n e r q y  of i~1 . 5  -f 0.4 Kc ai ’

mole w i t h i n  ,~ c-) () % n-’ o t i t i d e i i n - ’e’ l e ve l .

The di saq ree mcnt  bc -’ tween the  two c i i  cu 1 ated act iva—

tion e n en q ic s  deserves some’ c on s i d e rc- i t i ot i . A n - I i f f u s i v i t y

a c t i v a t i o n  ener qy  of 1 .9 Ke’c -u l /niole i n  t h i ’ c--ibS eflCt ’ of  t r ap-

p ing was p r e dic t ed  by Or i a ui 19 . The c al c u l a t e d  v a l u e  of

3 . 5  Kca l  ‘ mo l e , bc inq  c o n s i d e rab l y  h i c - i i t e r  t I t a n  Oi i an i  ‘ S v i i —

ue, i n d i c a t e s  t h a t  t r a p pin q  may be o c cur r  i n c - i  i n  t h i s  1- c- e r r - c - —

vac — 1-5, iron .

The ’ c - i n - l re’emeii t of cal  cu i c - i t  ed ac t  i V a t  ~~0fl e i ic rn - iy  of pe r—

mea t ion wi  t hu  ( h u e  vc -u I LI e S of n- c - c -n~~ u I ~ is i n  d rama t i -. con—

t r a s t  w i t h  the  lam-ic deviation of c al c u l a t e d  di  f f u s i v i t v

a c t  n - v a t  ion  en e r c - iy  w i lh  t I t - i t of Or ic -in i . c - n t  i s  s i t n - ia  t j ç i i i

coit Ic-c’ r c - i t i c -’ m i u a I i ~ ’ c- c- n - I  i t  t h c - c- c - h i f t c -’i c u i c c - c- i n  the two a ct iv at i (1i

ener qies  i s  considered . Mec-istu-em ent of t It o  0 i t  fm .isii- i ty  i n —

vol VCS t h e  c - i n c - i  I y 5 iS 01 c-i St  t- n - i ct u t s . ’ s ens it i ic- n- ’ p roper  t y be-

cause  of t r c - u p p i ~~~ 
18 ‘i’hiet c- ’ t  ore c - li s . i c - i r e n - ’ i t s o n t  n - ’ t s c i t  tot

,imonq CII f t  cr c - c - s i t n c - c - s c - c -c-i i d i o t  c c - t i m  hr  ( ‘\p t ’c- ’ t  ed , due to

- - - ---5- - - - -~~~~~
- ‘- -

~~~ 
- -—
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v a r i a n c e  in m e t a l l i c  i n t c i u i c - i  1 stru n-’t ures . Rut s t e c - ln - ly s t - i t o

permeation is not i n f l u e n ce d  by t r a p p inq because at  s teady

state the lattice and trapped hydrogen are in equilibrium

and la tti ce d i f f u s i o n  is the dominan t pro cess ’8. Th er e f o r e

it is not s u r p r i s i n g  tha t r easonab le  ag reemen t  w i t h  lit-

erature values for permeation activation energy was ob-

t a ined  in t h i s  s t u d y .  
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4 . Me’nib t c - i n n - ’  ‘i ’h i ck i u c - ’ss t-: t I c - c-c ts a t t n - i  ‘I’ Yc - lp )pi mig

F i n - i u r e  c - c - )  a u t O  Fin -i n - i r e  4 2  Sltn - )W Cd t h e  of  fe c t  of  membrane

t h i c k n e s s  out t h e  e’c - m l c u l i t o c - i  i c - i t t i c e  and ef  f e c t i ve  d i f f u s i —

v i t  ic s.  O t h e r  r e se ar c h e rs  h av e  seen s i m i la r  r e su l t s  of

membrane t h i c k n e s s  e f f e c t s  on effective diffusivit y in per-

meability oxperimotits where I”icks Laws c - t i e  assumed to be

- 15 , 18 , 28 , 62v a l i d

t3 u i ck~ n- ’b sc-’r v e d  ~u t h i  c- ’kness  c f f e c -’t W O r k i I t C )  w i t h  F e r r o —

V c -i c  — 1-5, i r on  w h i  Ic us n- iiq c-i c - u i  p i ta  Sc’ c- ’iia rn - i i it n -~ t n -’ n -’h in  i c - t u e  at

low t e m p e r a t u r e s. lie observed  no dc-’v i c - i t ion f r o m  the li ii —

e a r i ty  of the  s t eady  s tat  n-’ f l u x  ve r su s inv e rse t h i c k ness

plot; Fick ‘s First Law Wc-i5 ic - i l id .  At It iq h  tempera tunes no

th ickness  e f f e c t  was  observed . He s u c- i q e s t ee l  t h a t  at high

temperatures the thickness dependence on effective diffu—

sivity gradually dampetis out due to the therma l i za ti on of

h y d r o g e n  front traps; when D
EFF D

L t h e  t h i c k n e s s  e f f e c t
i r

d i sc - ip p e c - ir s  . Sb i i i  used .‘oti e i n - ’ finen-i anti c-c-a led i ro n  and  ob-

served t h e  t h i c k n e s s  c-c- f t  ect  a t  low t e m p e r a  t ur es w h i l e sc-c- n- c--

inn - i  no d e v i a t  ion  f i -om F ’ick ‘ s i-c - i t - s t  Law.  R c - i d h c - i k i i s l i n a i t  and

Shrei  r t’ 2 
worked with Swedish i ron  c - i t  low tempo rc-i tn-i res

found  nc - - ’ t hu in -’kness dependence c-ni e f f e c t  i ‘c- -c ’ di f f u s i v i  ty  in

as t ecei ved m a t e r i a l  . When  t hey used m a t  e r i c - il t h a t  had

hoc-c-n a nnea led fo t two It n - h n - i m S c - i t  650 °C t he t hi i c k rues s n-c- f fec t

was detect en- i . There ~ as c - i  S L I h S t c - i n t i c - l  I i n c r e a s e  in of f e c —

t i v e  diff u sivity with i umc -’mec -isinq t i i i e’k t m n-c - s s .  No d e v ia t i o n

frc~ii Fick ‘ S F i r s t  Law was obset i’ed

~
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in  (I’I j  S S t  n - I c - l \  i tO dci’ i c - i t  lO l l  t i -OUt  l ’ t c- ’k ‘ I ’ i i  I I c - c - i w  W I S

observed . c-F
~~ j S C c - i l l  be sec- ’it I rout F in -ui s c-c- .‘() ~ e’I c - i t i t i n - i  t 0

Equa t ion  6.

A poss ib  i n -’ c x i c - 1 c - i n a t  n - e n  f o r  the  n- ’x i  S t  c- -t t c e  o f  t h e  ( b u i c k —

ness e f f e c t i s  the  sn - it -  fa c e  c - i t  c-c- c- i t o  ic- c- 1 ume i c - i t  i o . Whe n t h i t s

r a t i o  is I - i t  c - c - c -’ , c - I S  j l t  t h e  t h u  u t i o r  sc - imp I n - ’s , t t i c -’ s u r f c - m c n -c- c i  —

f leets  wi 11 c - if fe c- c- ’ t permea t ic - tn 11101- s.’ t h a n  wi -i on t h i  s ratio is

sma l l  , as in  the  t ii i c ko t  s c - t i c - p 1c - c-~ 
18

I f t h e  vc-i I ues  of  I c - i t t  i n - c- c-’ n - I i t  f n - is  1 I i  t y c- D
i c - 

I t o m  1-’ i g u t  C’

27 a rn -c- romp-i i e(i w i th  t he  va i n-ies of ci lect i i c  c-u ft us i c-c- ’ jt y

c-c- f r o m  F t  qu r e  2 1$ , it is sen -’ri t h i c- it l~ 
c-’ D l~F.F c -it t he same

hy d r n - qen p a r t  i c - i l  preSSurc-’s . Phi  s c c- i t t  he at t n i b u t  en - i to t h e

t r a p p i ng  t h a t  could  be occurritiq in t i m e  i i  o n .  The i c - i t t  ice

di f f u s i v i ty  is the di  f fus ivi t y c c - i  l eu l  ~i t en- i i f  t h e  on v di f—

fusion pi cess occurring Wa s  i c - i t t  1CC n - l i  f t  n-is m u  , i t t  ot her

words  i t  does not  take ’ t r ap p ing  In t l cotis i - c - I c -c - r a t  io n .  Ef f n - c - c —

t i vc  d i f fu s i v i t y  t ak e s  Ili to cotm sid e rc - i tic --in Stu n- ic -c - t n - l i e  SOnSi—

t ivc  processes , such c - i s  t r ap p i ng  18 ‘ i c - t i c - c- t e l n- ire , i t  t ex-

pected t i - i c - it D
L 

DEFF . I n  t h i s  s tud y it n- n va ri c-uhiy i s .

I 

--- --5---- -- -.. - - c - - 1- - . -~ 
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5. j ’l n - ’~~; s I l c - ’ E f f e c t s  o u t  P e r m e at i  -c -  
-

Fin - t ur n -c- 3 is a plot of st Cc- i c - Iy St Ote  f l u x  v e r s u s  the

squ a r e  ~~‘c - t  c - f  t i c - c - I r o n - s n - n p a r t  i c - - i l pre ssu re a t th ree  d i f f e r e n t

sample’ t h i c k n es s e s .  The tela tio n shi p which exists between 
-

steadi stat c- ’ f l u x  c-mci s qua re  root of hydrogen part n - a l pres—

s u r e  is  c-i I in n -’ar c-iiie . This shows that Sievort ‘ s Law , E c - l u a—

t i o n  2 , holds t rue  f o r  t h i s  pn-’rmea t  ion s tud y .  O t h e r  i n —

1’~ ‘8v e s t i q c - i t i o n s  h a ve reached similar conclusions ‘ . r 

— 5 - -_-5- - - - - - -~~~~~~~~
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C I I A P c - i ’ i : R  I

SUMMARY AN t )  Nl - W IDEA S

Gas ph as e  h y d r o g e n  p e r m e a t i o n  c u r v e s  have been obtained

fo r  Ferrovac - E i r o n,  A st  cc- c-c - d y  s t a t  n- c- wa s  a lw a y s  ob ta  ir ied ,

t h e r e f o r e  the  d a t a  c-t iL l  l yse s  dev ’iopod I f ’lcN abb ari d F o st e r

58 r 9  r 7
Boes and Zuchner and McBreen et. c - il.

3 
were used to

calculate lattice and effective diff usivities. In this re-

search the t i m e  t i c- i c - i t t c - i i n  steady state was considerably

longer t h an  times rcporten-i elsewhere , the n-’cilculated effec-

tive di ffusivities shown in  Table 3 c-ir e slower t h a n  most of

those reported by otheu laboratories a n d  summarized in Ta-

ble 1.

A membrane thickness effect on effective diffusivity

was observed c-n-s shown in Fioure 29. The effective diffu-

sivity as calculated was observed to increase with increas-

ing thickness of the specimen. The same sort of thickness

15 , 18 , 28 , 62e f f ect h a s  bec- ’n repor tec- 1  by ( I t t - i c r  r e s c a rc hn -c- r s

A poss ib l e  e x p lan a t i o n  f o r  t h i s  t h i c k n e s s  e f f e c t  c o u l d  be

s u r f a c e  e f f e c t s  t h a t  impede hydrogen  e n t r y  and p e r m eat i o n .

C o m p a r i n g  ic-i t t i ce  d i f f u s i v i t y  w i t h  e f f e c t i v e  d i f f u s i v —

i ty , Figures 29 and 32 , i t  was obser i -cc- i  t h a t  a t  the  same

h ydrogen  p a r t I a l  pr es s u r e  l a t t i c e  d i f f u s i v i t y  is q r e c - i t e r

than effective dif fus ivity . The di f te r c r u c -’c cc-i n be i t t u l —

buted to ti-appinq t h a t  could be o c - c n - i n u i t i c -’ in the inn - c -uu lS

Effective diffusivity takes int ernal structure effects suc h

c- iS trapping on diff us ivity i n t n - t  a ccn - t n - tn t  , w h i l e  l a t t i c e  di  f —

f u s i v i t y  don -c-s not. O b v i o u s l y  e f f e c t i ve  d i f f u s i v i t y  w o u l d

- ——5- 
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H 4

be less  t han

‘r a b le co n t a i n s  a summary  of a l l  permeat ion  and d i i —

f us t ion dat ,i presen ted i n t his thes i s . (‘ompa r i nq t he e I —

f ~~ t ive di I t us t vi  t y d’.i t 5i i n Table I w i t  h the dat a in Table

3 , i t is seen that the va 1 U(’S C . l  1 CU 111 t Cd t or o t t  ~ct i V0 (I i f  —

fus iv i ty i n t hi s st  udy ar e  cons i der ab  1 y s I ower than most of

the v a lu es  r epor t ed  el ~ewhei e • The low et  ca lc ula ted  c i—

f ec  t i ye di f ins i v i  t i es can be exp Ia i ned by t ho lont ie r t i mt’s

i n  Iii s St  udy t o t each teady st  .i to  t han have been t c poi ’  I

elsewhere . i\~; p r e vi o uS  1 y m ont  i Ined I n th  i t hes i s , on~i 
—

t e rm  pernea t ion t’u rves  h av e not •lppe~i r ed i n  I he I i t  or 11t u t  (‘

I f  ot hei r e sear o l i c i  a lewt’d the i  ~ pt ’ i  meat  ion  c u r ve s  to be

extended , i t  i s  po ss i b i  e t hey wou ld  see t h e  same re’su i t

t hat has been seen i n t h i t udy

The ex p er i m e n t a l  chamb er .is des to ne d has I he a b i l i t y

to  reach t em pe r a tu r e s  in  t h e  r a n~~o n I  100 °C • A h i q h vr

t emp or a t UI e st  udy seems t o  be t h e  n e x t  st ~‘p t 0 I n v e s t  iqa t e

t in’ so— c i  i i  ed anoma I otis h teak  in di !  (us iv i t y dat a . To put —

su e t his , a t empeta t t i re chamber and poss i h ly t he expel I —

men t1i I cvi 1 a I on q wi t h i t  s 1ippa t at us need t o ho t ebu i i t  t o

wi th s t and t he hiqhe r tempo i at t t re~

The s i as I ‘to w sys t  em .15 bui l t  Is  I ‘ t i l ed  t o  i t.Ivl’ an

Ott  I put pi 055111  e o f  I s i t  Ill . 111( 111 ~~~ (‘5~ . I II  I’ ~~0I fl 1011 I I Oil Stud I e~;

wou Id conip Ienlt ’Il I h t~h t ‘. ‘nipt ’i a t u i  t’ ex p e t  ment s v e ry t i i  eel y

A pressure  chamber ex pc t I men t a I eel I wo uld  have to  be Liu I I t

to pur sue  t h i s  so r t  of expe t  im ent  a I t e st  t

- ~~~.---~~~- - - ----~~~~~~ - -- - ---
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An experimenta l set -uf ) in which a sample could be

stressed in a hydrogen environment while monitoring permea-

tion flux could also be a direction to further this study .

Experiments o f this type have been reported by Bockris et.

al .27 , Latanision et. al. 45 and others. Complicated fac-

tors would h ave to be taken into account such as the ef-

fects on the palladium coating or oxide film integri ty.
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CONCLUSIONS

1. A thickness effe ct exists on the calculated effective

diffusivity. As the experimental membrane thickness

is increased , the c alc u l a t e d  effective di f fusiv i tyalso

increases .

2. Steady state hydrogen permeation fluxes were obtained

for all qa s phase h ydr o q e n  perme.i t ion expcr  int ents  per-

fo r med in  t h i s  rese, i  rch

3. The t i nie s to reach s teady s t a t e  hy d rogen permeat ion

f l ux e s  wore  s u b s t a n t i a l l y lonqer  than  t imes  p rev ious ly

reported fo r  low t empera tu re  hydrogen permeation stud-

ies on i ron  membranes .

4 .  E f f e c t i v e  d i f f u s i v i t y  ra tes  fo r  Ferrovac — E i ron , ca l-

culated by the technique developed b y McBreen , Nanis

and Beck , were in the ranqe of 5 . 1  x IO~~ cm
2/sec to

9. 5 1 x 10 cm /sec at  30 C. These v.i I tics a re  s ub s t ’ . i n—

ti al ly slower than values reported elsewhere .

5. Lattice d iffu s ivity rates for Ferrovac - S iron were

calculated to be in t h e  range of 6 .9  x 10~~ cm 2 /sec to
6 2 02 . 3  x tO  cm /sec a t  30 L by the technique of Foster

and McN ahb 58 as m o d i f i e d  by [locs and 7.uchner 59 .

6 . The ca Ec u l at ed  e f f e c t i ve  d i !  fu s  i vi  ty  i ricreases as the

pat t i .il p r e s s u r e  of hydrocien i ncroas ’s

7. In  L e t  and exit sides of the e x per i m en t  .t i membrane must

be ci oe t rop I at ed w i t It 
~~ 11 .1(3 1 t In’ I 0 oh 1 a i ii I i tie tnt I k
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iron permeation data.

8. Calculated lattice diffusivity is shown to be greater

than calculated effective diffusivi ty.

9. Fick ’s First Law of steady state flux varying linearly

with inverse thickness was shown to be true .

I
I

a
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