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SUMMARY

Purpose: To design and develop a modulated inicrostructure hardened

steel consisting of alternatin g hard and soft layers such that

the steel has a strength of 400 ksi (28 GPa ) and a frac ture

toughness of l5O/i~i (1 50 GPav1~). The complex is to be heat

treatable, i.e., it can be so ftened for mach i ni ng and hardene d

for maximum properties .

Conclus ions: /l special O.28~C al loy (Ni Co C Mo V) was desi gned and

develo ped to have the same carbon potent ial as a high speed tool

steel (later selected as M4), which contains l.35 C. The latter

hardened to about 870 KHN while the former hardened to 330 KHN.

The complex with the best properties was one with 4~bout

soft l ayer. It had a strength of 270 ksi (1.8 GPa) and d

fracture toughness of 60 ksijn (65 CPa/rn). These are SUI)-

stan tially below the design levels and the main problem is in

develo ping sufficient strength in the hard layer. (The hard -

layer , high-speed steel originally intended for the project

turned out to be too brittle for use.) The toughness prob abl y

could be increased somewha t by a further increase H) the th itk -

ness of the layers . The complex was heat treatable as required ,

and the achievement of the properties attained was due to the

desi gn of an eas i l y  parted i nte rf i .  e between t he sot t tillIl t ided

l ayers. This interface ~il 1 owed the ducti lit y f the soft I aver

to ci fe~ ti vely contribute to the fract ore t ou thfles s of the

com p lex , but i t did no t S t I P  td ( k 1?1 ~ ill the m l  I II  II e et f e ~

ive ly enouqh SO t hat ~~O!iip(1~ I t 1005 I 1C 1 11’’ I ti~ n II) thIrd 1 t \ ’ I ’ ?

CoUld i t i * ’ ’ ~t iqh st  I I !I~~ t 1.
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I. INTRODUCTION

This project has been the design and development of a heat treatable,

modulat ed micros truc ture , (laminated ) allo y steel complex . The complex was

to be machinabl e and hardenable and was to retain adequate toughness in the

hardened condition. Each complex consisted of alternating layers of soft

and hard allo y steels . The complexes were manu factured by hot rol l i ng

stacks of steel sheets. The design and development of the complexes in-

volved manipulation of such variables as: the compositions and properties

of the constituent alloys , the nature of the interface between them , the

relat ive amount of the softer l ayers and the modulation distance , i.e., the

thickness of the soft and hard l ayers. These variables were adjusted to

optimize the strength and fracture toughness of the complex .

The basic concept upon which the complexes were designed is that the

alloying of each steel can be adjusted so that soft alloy can be presented

for testing as soft unstable austenite or as various austenite- martensite

mix tures while the simultaneously heat-treated hard alloy is completely

hardened. In the soft l ayer some of the unstable austenite will transfonu

to iuartens ite during test ing and ‘work harden ’ the soft layer. The ~ot  I

layer deformation is designed to impede crack propaqation and to contr ibute

to the energy required for a fracture to propagate. Fractu re toug hncs’~

(due to the deformation and strength of the soft  layer) and strenct .h

(contributed by both the soft and hard l ayers ) are the basic ¶ j oa l  s of the

I rs icjn.

To impi ement this desi qn coIlulIerc i al steels Wer e selec ted f o r  the ha id

layer and the soft l ayer was specially produced . The soft layer Wds adjust -

cii in coi p osition so that it would be presei l t  H at room t e pe ra t ure dS

uri c table aus t en I te by the ie t t  t rea tment  requ i red to harden t tic ha ri 1,1 yet 
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Subsequent sub-ambiant cooling to form some rnartensite and low-temperature

tempering treatments were then used to optimize the soft layer propel-ties

without altering the hard layer. A l ower carbon level in the soft layer

was desirable but the two l ayers were required to have the same chemical

potential of carbon. This latter requiremen t was instituted so that carbon

di ffusion woul d not chan ge the layer compos i ti ons durin g requ i red pre-

1 iininary heat treatment. By appropriate al l oying the M5 of the soft layer

was placed slightly below room temperature and the carbon content of the

soft layer was maintained in the medium carbon range.

Two series of complexes were tested . The first involved AIS I 01 tool

steel (so called nondeforming oil hardening tool steel) as the hard l ayer.

This was matched with a soft l ayer alloy containing O.38~C, 25 Ni , and 6

Co. This latter steel is referred to as PS2. The complexes so produced

were used as a model of the system to be developed later because the therino-

chemical treatments were short and results could be obtained fairly

rapidly. Following the developmental work on this alloy by Dr. W. Y. C.

Chen , as a second series was studied by Dr. Daniel Ng using for a hard

layer one of two high-speed tool steels REX 71 * - -  a special hi gh carbon ,

very hig h hardness steel and A ISI M4, which is a similar alloy somewhat

l ower in hardness. The first of these was matched by alloy PS4, a carbon-

nickel-cobalt alloy steel of slightl y different composition than the PS?.

A chan ge from REX 71 to r14, which compromised the hardness of the hdrd

l ayer was necessitated by the low observed fracture strengths of th e REX 71

layers in complexes tested in tension . The majority of the work reported

on the so called hi gh-stren qth complexes is on the M4/P~4 system .

*Trademark of Crucible Steel Corp.

-_ -__-

~

---

~ 

_—_--- . . _  . - - . --- . - .----- __ _ - _ ._ . ,_- - - -- --— .-~~~~-~~ --
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The design target of 400 ksi (2750 MPa) at a fracture toughness t i

150 ksi/f~ (165 MPa~1~) was never achieved largely because the REX 71 high

hardness layer did not supply a strength corresponding to its indention

hardness. In spite of this failure to obtain the design goals, design

rational described below did appear to correlate the results of mechanical

property tests on both the Ol/PS2 and the M4/PS4 complexes. This r’d ti oii ~i 1

should provide a basis for some future development of such mater ials.

II . THE DESIGN RATIONAL E

In this section the variation or fracture toughness and tensile

strength with the various design parameters is considered and method s of

optimizing toughness at high strength are described . Loading in uniaxial

tension along an axis in the place of the interfaces and the propagation

of cracks in a direction normal to the tensile axis and also norma l to the

interface plane are considered first. Then fracture toughness for a

fracture plane perpendicular to both the tensile axis and the inte rfac e

normal is considered. The first two processes are thought to be ess n ti u l

aspects of tensile strength and the latter is the important fracture

toughness in the so-called divider orientation.

Accord i ng to the law of mixture , the strength (o) of the co mplex is

governed by that of the hard ( 1
11 ) and soft (c s) layers and by the t d ~ tion

of the soft l ayer (f5) as follows :

~H ~H + S (:‘ . l )

Since + = 1, t he above equation can be re ri t ten as

= (1-f ) + I 1 - f (
~

- ‘ .
~

‘ )
~ ~II

Wi th  the specimen under tens ion ~, ~on ; lI t e r an elliptic a l c .  ot

_ _ _  _ _ _ _ _  .- . . -~~~~- . -~~~ - . -~~~~~
- -—-~~~~ ~~
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len gth WH across a hard la yer parallel to the modulation direction ~-axis.

(Fig. 1).  The stress at (x ,O ) wi l l  be the sum of tension s t res s rind

the stress wh i ch ar i ses due to the near by cra ck~~ i.e.,

P W H
a = 

~~ + —-—— (2.3)yy

If the crack is not permitted to jump across the soft l ayer to induce

fracture on the next hard l ayer , the str~ss : at (w 5, 0) has to be

smalle r than or equal to the strength of the hard l ayer 
~~~~~~~~~~ 

i .e.,

a ~ (2.4)
4w

using relations f = wS/wH 
+ WS) and 1 - f5 

= wH/(wH 
+ w5), we have

1 (2.5)— [1_ f5
1 +

Fig. 2 shows the relation of s— to f for both Equations (2) and (5).
H S

The minimum strength available is indicated by the dotted line. As t he

strength of the soft l ayer , 
~ 

i ncreas es , the available strength according

to the law of m ixture increases . The complex of interest must be contai rn d

in a region below the stress sufficient for cracks to ju m p across the ~r V i t

l ayer and above the minimum stress expected , i.e., the region with the

i nward pointing arrows .

In such a complex a maximum fracture toughness is desi red . The

fracture toughness can be est i i~ ited from the adsorpt ion of I r o r t y ,  C
S S

of the soft  1 aye er dun ii g the pro l I  t I  t i orì of the - i . k . Here i S t O t

f racture strain in the sof t  layer under p la in  5 t 1 ’ I i f l  ( U f l I t i t i o n c .  t us

assu me toat  the oft 1 a ver can deform without re I ~ i nt to  a depth ~ f 

- ~~~~~~~—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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• i . , the region w i t  Ii t O t  inwa rd point ing d e w .
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“ 1 , see Fi g. 3). The amount of work per unit area of fraction of

soft layer , C5 is G~ = O S CS ci 2 w5. Al l owing a small work per unit area

of fraction of the hard l ayer GHI for the complex containing independently

deforming hard and soft l ayers , C = (1_f) GH + f5G5 or since G ~~

-

~~

--- -

~~

- = Kjc
(where E and ~ are Youn g ’ s modulus and Poisson ’ s ratio for both l ayers)

K c = (1-f) K~ + 2 ciO
5
C
5 

L/(l-v 2) (2.6)

If the first term on the right hand side can be neglected (or independentl y

evalua ted , and submitted for the equation), then K i~ 
(or /K

~~ 
(lf 5) K~)

is seen to be p roport ional to f 5 and A
L 2

. The proportionality to

is dependent on the constancy of ci with varying x and is not solidl y

based . The pro portional i ty cons tant has ,/T~~
5 

as the most important

material parameter. The variation of this for several alloy steels has

been determined by Clausing (1970) who studied plane strain tensile

behavior. His results are recorded in Fig. 4 and they indicate that broad

maximum in this parameter may exist at strength leve ls of about 150 ksi

(1000 MPa).

Actual composites obeying the above relat ions must have soft l ayers

wh ich are easily debonde d from their nei ghbors. The deformat ion of each

soft l ayer must be associated with debondi ng at the soft-layer/hard-l ive r

interface. Should this interface be too tightl y bonded , a tn iaxial

tensile stress component w ill develop and the fracture strain in the ~~tt

layer will be greatl y reduced. One of the cons iderations in flu de~ ign

and itanufacture of all the complexes whose propertie s are reported n ow

has been the attair un ent of low int e r face bonding.

C

-- .,~~~~~~~
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o 1 ~~~~ --

0 50 100 150 200 250 Ksi
0~

4. / r*~~ as a Funct ion of  the Strength of the o f t  l a ye r .  Data
~

from Claus ing (1970). ~i is the shear modulus and v iS

Poisson ’ s ratio.
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III. THE MODEL SYSTEM

In the model system the hard l ayer is AISI type 01 tool steel because

of i ts low cost , commerc ial availability , and ease of heat treatment. To

match 01 steel , a Purdue soft layer allo y (PS2) was designed based on the

following criteria: (a) reasonably high ductilit y , (b) strength of about

1 50 ksi (1.0 GN/m 2), (c) carbon potential equal to that of the hard layer ,

(d) heat treatment compatible with that of the hard l ayer. In order to

meet these criteria an iron-nickel-cobalt-carbon alloy was selected with

M = O C .  The composition shown for PS2 in Table I meets these requirements.

It is compatible in carbon potentia l~~ ’~~and heat treatment with 01 steel arid

it may be subzero quenched to produce martensite at any stage in the treat-

ment. Such subzero quenching has little effect on the Cl steel. The re-

tai ned austeni te can trans form dur i ng deformation and fracture~~’~~ to

increase fracture toughness.

The com positions for both hard an d soft allo y steels are shown i n

Table I .

TABLE I. COMPOSITION OF MODEL SYSTEM. 
~~~~~

Elements
Materi al C Mn Cr W V N i Co Fe

AIS I type 01 * gQ~ 1 .20 . .50:. .50 .20 . 0 0 Bala nc e

PS2** .38 z 25.2~ C Bala nce

*Compositions are nominal
**Compositions are as-charged values . Actual carbon content. may be .O2~

l ower.

_ _  ~~~~~~- - ,-
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3.1 Experimental Details

3.1.1 Soft Layer Alloy Fabrication.

The Purdue soft layer alloy PS2 was manufactured at the

crystal growing facility at Purdue univers i ty~~~. The metall ic

elemen tal charge of the right compos i t io n for PS 2 a l loy was

placed in a 99.8~ alumina crucible and induction heated in

vacuum . After the charge was melted down , a partial pressure

of CO was admitted to the system and the carbon was added into

melt. The introduction of CO gas was to prevent loss of ca rbon

in reacting with the crucible. When the temperatur e of the

melt was stabi lize d , the casting followed and the If power was

turned off. The system was pumped out and the fused s i1i ~ a

draw tube was l owered into the melt. The system was pee . rUC j ZUd

with Ar gas while the draw tube was being pumped on to ret ovu

any gas that might be generated by the hot m etal. The mel t WOS

sucked up in the draw tube until it contacted a chill , iiadc of

plain carbon steel. Solidification of the alloy was compl ete

in a very short time after the draw ; thus, s egreqat ion and iii-

homogeneous microstructure were avoided .

The sol id rod product was then cut into pieces ol proper

sizes and enclosed in preox idized , sealed s t a in less  stee l  101)0’S

for hot rolling to the desired sheet thickness. The shret~

were removed from their s t a in less envelopes before further

processin g .

3.1.2 Manufacturing of Alloy Compl exes .

Pi nt .  of 01 t i l  and PS? met e c ut to I b e  b r i e  ti rIrit rI lon

1” wi cit and up t o  4” L r i g )  a r id n li m ed n an nil  ri  ‘oni e c l i i  n i l .
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In severa l complexes the component sheets were pre oxidi~ t l  in

air at 600°C fo r  a speci fied t i r i e of 3 hours or less. A sealed

stainless steel container was used to prevent ox iddt ion of the

sample at high temperature during the rolling proLes . A

schematic drawing in Fig. 5 shows the dimension and confi guration

of the container and samples . The container consisted of two

stainless steel flats (A, F), two pieces of 4-5/8” x 1/4” x 1/4”

(B, 0) and two pieces of 1” x 1/4” x 1/4” (C, C) stainless steel.

The pieces of A , B, C , 0, and F were Heli arc weld ed together

(Fig. S[b]) first. After alternating sheets of hard and soft

alloys were inser ted i n the cont ai ner , piece E was welded orlto

it. The interior of the stainless steel containe r was preoxi-

dized at 950°C for a period of 15 m m .  so that after rolling

the stainless steel would not stick to the sample.

The capsules containing samples were heated to 1l50 ’ C prior

to rolling. Typical heating time was about 10 m m .  prior to

rolling and typical reduction per pass was 0.1” . Fi g. 6 S h O W s

the approximate heating and rolling program for each Sil ip l O .

After rolling , the stainless steel container was removed by

sawing off the edges and forcing a chisel between the samp le

and the stainless steel .

Every as-rolled samp le, was cut to pieces of ‘~~ 4.125” long

and s 1/2” wide for tensile testing speci mens and two 1” s 1/ i ” .

Every as-rolled sample was annealed at C7 C toe I hour and then

cut. to p i eons 4” long and 1’ wide for ma clii ti i nq to ten i 1 e

spe c i~ien Spe i f~~ . i t  ion (Fig . 7 ) .

-- -- - - .
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3.1.3 Heat Treatment.

Tensi le specimen received heat treatments as fo l low s :

(a) enclosed in a container , heated at 700 °C for 20 minutes in
a lead pot.

(b) quenched in oil , then in l iquid nitrogen for 30 minutes .
(c) clamped flat w i t h  stainless steel plates , enclosed i n a

container , heated to 830rC for 1 hour.
d) quenched in oil , then in l iquid nitrogen for 30 minutes.
e) tempered at 200°C for 1 hour.

The reason for the f irst thermal cycle ( (a )  ~ (b) ) used in t h e

above procedure was to refine the martensite plate size in the

soft layer.

3.1.4 Interfacial Bonding Measurement.

There are severa l methods to characterize inte rfacia l

bonding. The method chosen here was similar to the one G i 1man(~~
used to measure the surface energy of various single crystals.

In this method a partially split spec i men , (Fi g. 8), is loaded

as a double cantilever beam and the force required to propagate

the crack recorded . Knowing the original crack length and the

w i d t h  of t he  s a m p l e ,  the interfacial bonding energy density , ~ ,

can be calculated according to:

6F 2 L~= —-—-- - , ( 3 . 1 )
Ew t 3

where t is the half th ickness,  F is the force , L the o r e  C m oot C

w the width , and E is Young ’ s modulus. For the case whe ic ’  I i i ’

sp l i t  is not centered , ~ can he wr i t ten  as:

1 
3F- L~ 1 

1 
1 (3.2)

E w ~ t 1 t~

where t 1 an d t~ a rt ’  t,h 1 ness of I he upper amid t he b e t , hal v i . .

For the present t no t o  • spe ii i four layer - l i m i t s  cor ipri e l



of al ternat ing hard and soft layers of equal thickness were pro-

duced by the standard techniques. A four-layer sheet was prepared

using each of the following oxidation treatments: no oxidation ,

1/2 hr., 1 hr., 1 1/2 hrs., 2 hrs., 2 1/2 hrs., 3 hrs . at 600°C.

Five spec imens 1 ” x 13/16” x .031” were prepared from each

sheet. The specimens were heat treated as prescribed in Section

2.4. A hole was cut by electro discharge machining (EDM) as

indicated in Fig. 8. By means of a sharp wedge forced against

the specimen end , a crack was introduced in the center interface.

The crack was propagated until it extended to about half the

specimen length. Specimens with irregular cracks were rejected .

The specimens were then tested in an Instron machi re by

clamping the wires (Fig. 8) in standard friction-type grips.

When the crack began to increase in length , the applied force

decreased suddenly because of the increased deflection of ends

of the specimen. The force at which this happened was recorded

as cr i tical force for crack propagation. The orack lengt hs ~~r e

measured under the microscope. The interfacia l bonding energy

was calculated by means of Equation 3.2.

In order to improve the measurement of the interf ace bond-

ing energy a change was made in the analysis of the test data

and in the way the test was conducted , the method used is

basically the same as that previously described . The split

spec i men (Fig. 9) was loaded as a doubl e can t i lever  b i n  mii i

the f orce F , requi red to propaga t o  the crack was r e i o r hd

Knowing I he or i g i a I n it  C 1 eng t h L , and wi ci lb  w of ti ne . iisp 1 m ,

the interface bonding energy density was c a l c u l a t e d .

~
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Samples were prepared by hot rolling two li ve ’ , t c d e t t  c -

In order to eliminate the difficult task of f c rc i n i i O~ a

starter crack between the layers after the sam ple m s  r i i i  ~tl ,

a portion of each layer was thinned to substantially ii s than

the rol led half —th ickness ;  this assured the pre sen ce of a cr a ck

immediate ly after rol l ing. The starter r o .~ was then e~imnded

sl ight ly wi th a wedge into the uniform . ar ~ of t he  s peci r ’

The average rol l ing reduction was det e r - m e d  by i : e a s u r in i  I i5

areas enclosed by marker -holes before and afte r r u  In n .

Specimens of approxima tely 1/2 in. (12 .3mm ) x 1 in. (25 . 4 i i r ’ )

were prepared wi th a hole dri l led using an e lec t r ic  d is i liarni’

machine. Wires were attached through the drilled hole to t i n

uniform portion of the spec imen. The specimens ar ’ - t es ted  in

an Instron machine by clamping wires in the standard friction

gri PS (Fi g. 8 ). When the crack begins to inc rea se in 1 eniq t C ,

the applied force decreases suddenly because of t he  inc. r oe-

def 1 ec Li on of t he ends ci the spec i m n i  - Th e t o - ro n at  v. 1

this happens ias reco i led by a s t  r io c h a r t  e t c  o i l  i n d n

crack length measured by a t rave l ing nn i r u c o p e . By : ‘ c , u n i n i q

di f ferent values of F and L, an average value of c i i  be

obtained by using the above equations . howev e r , t i m i ur~~i .  n i l  o t

L is inconvenient and was e l imin a ted I ’  i nns ot  ~~ ‘ b a t  h r

re la t ing the e l a s t i c  def l tn t i ~~n of  t b  n i l  i f  the c o t  i lev i ’
3[1n u n ’ , 

~ a nil e l i  s t i c t rn r , U , i . t . , I — ( i t  ii I n .e I 
• ° L 

•
~~~‘

of tb time I n i v r t i v n , : m d  I , L i 3M ~ / 1 , w 0 r n  I is
0’ t ’ I’

th t .’ area l u~~rn~~n m t it  i n n e r  t i a ,  
~ 

is t~ie rüsoht ,i d 5 1 1 1 m d l  . a n d
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Fe s is the slope of the force time cu rv e which is cni r r t

recorded. Thus ,

~6(3E I~ 
) . / 3  

-

~ F ‘
‘

1 = I ( ~ 
.

~ 
)

E ‘~~ t
1 ~~~!/3 /

As the interface crack propaga tes along the specimen , F and s

boto decrease and a pl ot ~~~t F versus s~
1
~ yields a straight l i nt

passing through the origin as shown in Fig. 9. Since all the

bracketed teens in the mO o vi ’ equati on are fixed and known , t h in .

slope of this line deter mn ri nt s ~~ .

3.1.5 Tensile Test.

The tensi le—sp e c i rnen des ig n  (Fi g. 8) u t r l i o t d p i n i— l o a d i ’

To hold the tens i l e  o b J t c i m e n s ,  a pa ir ut pin- loaded gri~ ’ w i n e

desi gned m d  kice ined . TOe p rt o r’~’ ’ . nce of I’ m a g r i p s  m d  tO n

tensi le spec l le ’r dur m it t t t ’ t i n n  was satisfactory .

Al l  the t c’ no i  le S p e c h i n n o  were t i  ted at roon t c~n U ensm tu rm

(o 22 °C ) W i t h  an Ins t run F 1 s n  T y p o  m ac hine w i t h  m ax i m U c d pad  i t  V

of 10 ,OUc lbs. A stra r gauge ev l  ir son n eter ( M u l l  G—b l  — l s i  w i  ~

used to rt ’c o n l  s t ra in .  The r-o s—nea d speed was m d i  i t d I Hi i t  i t

.02 / mm . at a l l  t imes so that t he  strain r~~tt e n s  il n~ ~~i t

all specimens. The t u t~~t an d  s~ n- n in were rec . on I t I l in e t o  t C r

te t .

3.1.6 M i r r o st ru cture .

Secti nn , of ti ni J in .: test spi , i m 1 t e -  were , m u t i t m ’ d  and poi 1 0

ed. Tine ~il  
n- u’~t r uc . t  urn’ went st u died w i t h  d 1 , 1 1 . / ii ’ j c . , m1

h i l t  r u n  no or a s c m n o i t n u i l  t n  n’icn ( cupm if hi r i m  ‘ i

n t  ion was needed f i r  f i f l~’ I t t  n i b s .

— - ---- ----- -- - -- -- -- -—-- — - 
~~~~~~
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3.1.7 Microhardness Test.

The microhardness as a function of d istance in the inn o d u i at j r

direction and along the tensi le axis was nineasured w i t h  a

indentor and a 400 grains load. This measurement was used as a

test of proper quenching of the tensile specimen and to obtain

infor m tiation on the hard and soft l ayer strength levels in the

complex as compared to each single component.

3.1.8 Tensile Testing Program.

A systematic program was implemented to investigate t h i m .~

effect of interfac ial bonding and fraction soft layer on the

tensile properties of the alloy com plex. Oxidation tn -e m tinn en t

of l ayers at 600°C for 0 hour , 1 hour , 2 hours , amid 3 h o u r s

were selected . For each treatment four samples were m euduc ed

at the 0.5 fraction soft layer (f5 = .5). Another se r i e s  O~

sam p les rece i ve d th e 2 hours oxidat ion treatment whi le  f r a c t i o n

of soft l ayer varied from 0 to 1.0.

For mechanical testing a standard sample was requir ed

Each sample contained eleven l ayers in total , five hard l a y er

arid six soft layers . The outer l ayers were soft i n n s whi ch

might reduce the possibility of specimen cracking ori g in ating

at exterior surface f laws . For conveni er i c ’ n in n r e c b n , u n n i  ( m l  t r o t -

ing as well as to keep mat nri al s costo low . the specim en t h l ~

m i n u s was ~n t  ~ n~ . iit i l .080’ ( 2mn~m n) . i.e., 1 waveleny t h i of at m i ul

.01 5’’ ( .4nmtin ) . A l l  t li t r,pe(: m ’nn n~ w i r e  to lie Cm~~t t m t i t m ’ d  and

t e s t e d  at t h i  s uite (1)11 111 in which w i l l  be in s c r i be d  in a l a t  t e n

s e c t i o n . T a b l e  I I  q i Vv m s u r ’ lnh i , nm v i t  a l l  spec i m m r n ni . their

o x i I m t  j o i n  t r , t i i r nt t pniiir t i  hot — e l i  weld in g .  and t i n vo lu —
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metric fraction of soft layer for this study .

3.2 Experimental Results and Discussion.

3.2.1 Interfacial Bonding Energy Measurement.

The interf acial bonding energies obtained for vari ous oxida-

tion treatments by means of the techniques described in Section

2.5. are shown in Fig. 10. These results are regarded as

tentative because the specimens have so few layers and because

the measuremen t technique was under development during their

measuremen t , but the data do show a reduction in bonding w i t h

increasing oxidation time . The interfacia l bonding energy de-

c reases as ox i da ti on t i me i ncreases as ex pected , since increasing

of oxidation results in poorer bonding, therefore , requires loss

energy to propagate c racks .

Using the  more precise m easuring technique, addi t j o nil dat a was

obtained. Four samples were m ade from 01 steels which h t i v i  bee n

oxidized in air for 2 hours at 600°C (lllO ’F). They were each

rolled twice and after each rolling annealed at 1150 C (?l00’I)

for ten minutes. The rolling reduction of these samples n - m o ’ s

from about 4 . to 40.. Measurements showed that the bonding

energy is essentially independent of rolling reduction nt ab ut

5 x iO
r 
erg/cm : (Fig. 11). This is a rather surpris ing res ult

and we postulate that the bonding energy dm c m - t a , e s s l i iw l y w i t h

increased amount of ox ide s at the int en t . r c  e and dot riot. v m r ~

s igni  f i c a n t l y  wi th  i n c r e i r i l  rol l ing reduct ion , in i l t hat  m i l l  1 rpm

may well i nfl uence the I nter 1 aii el lan - bond S tn ni l t i  l v  redo i i i

hi oxide p a n t  id e S ize  and hen ri  e rem luc i fl (t I Inn si .‘n~ i t  t h i n la t i n

m i t  ia l  m rack. further experiments how t i i’ t o n i d i n m q  t r i l l n ,  lo t ’ ’.
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depend on heat treatment temperature and time .

For these ex periments , samples were prepared by a fixed hot

rollin g treatment followed by a ten minute annea l at 1 200°C

(2200°F) or 1050°C (1900°F) or 870~C (l600~F). The interfacial

energy of these samples is shown in Fig. 12. In spite of in-

significant differences in rolling reduction , an increase i nn

energy with increasing post -rolling annealing temperature is clear.

A value of -
~ 

= S x l0~ erg/cm for the oxidized 01/01

interface implies a value of stress intensity factor of about .

15 ksi v’f~ for the propagation of a crack along the interface.

While large improvement in tensile ductility in the mnnode l systei m

is achieved when this kind of interface is substituted for well

bonded ones , further reduction in the value of is required for

the high strength system to be described later.

3.2.2 Tensile Test Results.

The tensile test data will be divided into three subs ection s :

(a) the stress-strain (o-d .) curves for solid 01 steel and solid

soft alloy PS2; (b) the effect of oxidation time of each individual

layers prior to hot-rol l welding on the tensile propertie s of

alloy complex at the fifty percent of soft l ayers (j. m.’. , fs .50);

and (c) the effect of soft layer f r a c t io n on t he te nul i m Im n m I t r t  ii

of alloy com plex at a constant oxidation t un e of 2 b rr c . at p0 (1 C .

The data for spe c i r i enu which failed outside the reduce d seo ti ori

were not I nd uded exc e pt . fun’ c ases where duct i 1 i ty w a s ve ry low .

i . e . ,  ts ü .ind t •  =

- -

~
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3.2.2 .1  0-c Curves for Sol id Single Components.

Figure 13 shows the ‘ -c characteristics for solid 01 steel

and solid Purdue soft alloy PS2. The 01 steel after hardening

and li ght tempering is expected to be of high strength (“i 340 ksi

or 2.3 GN/m 2) and to be brittle and Purdue soft alloy PS? is

expected to be ductile and of l ower strength . The measured

strength for 01 was around 300 ksi (2.1 GN/m 2), not far from the

expected value , and no plastic strain was observed . The tensile

strength for PS2 was around 180 ksi (1.2 GN/nu~) and the total

strain was about 5~1. The last figure is lower than one desires

to have but it is large enough to have meaningful tests on the

allo y comp lex. Note the stress-strain curves presented here are

engineering stress-strain curves . The heavier symbol at the end

of each o-. curve represents the fracture point.

3.2.2.2 The Effect of Oxidation Time (Partial Debonding) on Tensi le

Pro pert ies at Cons tant Fraction Soft Layer .

The fraction of soft layer was chosen to be .50 , i .e., equal

amounts of hard l ayer and soft layer , as suggested by the de sint n

rational e . At thi s constant soft layer fraction , four s e t s  of

speci nmi ens were prepared : no oxidation of layers prior to hot -roll

welding, 1 hr., 2 hrs . , and 3 hrs . oxidation at 6 (111 C.

The . - curves for these four sets of specimens ire hewn in

Figures 14 , 15, 16 , and 17. The tensile stress T~ ’ 0.1 y ield

and the plastic strain (~ ~
) of these specimens as a t c 4 r m i  t i on

of oxidation time are plotted in Fig. 18. The T and fm

s lowly whi it the p l a s t i c  s t ra in  i nc rn , m , r ’ s  Si ~ i i t i m . t n t  lv  c i .  O A 1  —

dati on inn re uses . These an exp em ted because as t l m n  o.~.ida ‘ l i m i t  
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increases the interface bonding becomes less perfect.  The un-

bonded areas where retained oxide part ic les reside mnmay ~erve as

a blunt to the approaching crack and mnnay also allow the ir t er-

face to separate and let the soft layer to deform indope mmien t ly.

As a result , the plastic strain and percent reduction in area are

incntsi sed as oxidations increases. This is also in agreement w i th

the interfacia l bonding energy measurement. The small de rem se

in the strengths , less than a l0 drop as speci mniens ox id ized I .;

3 hrs . , nay be due to the s l ight decrease in e f fec l i ve  hard ldve r

volume by decarburization acco nnipa nying ox idat ion . The p las t  ft

strain is almost doubled as oxidation time is inic ree ~ ed to 3 hrs.

The p last ic  strain increases inure rapidly ini t ial ly and l evels

off after about 2 hrs . oxidat ion.

3.2.2.3 The Effect of Soft Layer Fract ion on Tens i le  Pro pert ies a t

Fixed Oxidat ion Ti me (Pam - t i a l  Dehondin g).

Two hours oxidat ion at 600 C apo na rs t o  L i an optimum t rm it-

went l u  the al loy compl ox w ith  I 0.50 in t om - n ’ s  of t i n  i i .-

properties (F ly .  18). In order to set the t ’ f f m c t  ~4 s u it  1~m ’ . t m

fraction at this optimum treat ton i , l o i n  add it i on~il ~ t t  • O f

speci men s: f 5 = 0 ( i .e . ,  laminated 01 ste el), 
~ 

.2 h , 
~ 

. 15 ,

and f . 1 .0 ( i . e. , lamina ted sof t  alloy PS2) , we re  prn! m e t - f  for

com pa rison w i th  the f 5 .50 set ol specin ~em i- m l r ~~m~lv t o t  1 .

The m l -  curves for these ¶ ive set s  of sp t ci m n i e n s a r ’  1 ’  “ i t -

ed Fiq .  1~ . Al l  L i i ’ t = 0, a n d  f 5 — . ‘5  sets 01 spe eio t ’ ns

fa iled out i t f_ hi edu 1 ‘ t ion m u d  a n ’  in c luded t . •  H e  t h e i r

br i t t le  m i t  i n - ’ d n t  t im m R~ j’ iUi ~~ii1 1 ilc mIL m l ’n I W~ mi 0 ~~s ~f e  ~~-

ed (des ign  t’ a t i u n m l ~~ . I t o  slop e the t ’ l m . i Ii por t ion o ’ —

L . . . . .  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - .  

~~~~~ . • 
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curves decreases as f5 increases. The tensile stress and O .1’~

yield stress dr o p sharply as f 5 increases (Fi g. 20 ). The p las t ic

strain and percent reduction in area increase s lowl y with i i ,  noos-

ing 
~ 

and rapidly beyond 1s .75. The amount of plastic st r a in

as a function of soft layer fract ion s eetmis to deviate fro imi the

law of mixtures wh i le  the strengths of the al loy comp lex dij i er

well  w i th  the law of m ixtures.

3.2 .3 Microstructu re .

An example of oxide part icles retained in the i t I r f a c i a l

area is shown in Fig. 21. The nearly c i rcular shape lark am I i c1 e ~
across the middle of the rm iicrograph are oxide particles . T h is

SEM micrograph with a 3000 m agnification was taken . b l  a ‘~e~ L i i

of a specimen in which layers were oxidi:ed at oOO C i . 30 m i n u t e .

prior to rol l ing.

The optical mi l icrostructure of com p lex 0121 , f5 - .50 and

oxidation treatment 2 hrs. at 600’ C , is shown in Fi g. 2 2 .

3.2.4 ftft rohardness.

Tensile specimen 0121 was sect ioned into f i ve  p1 ecr s .  The

outer two parts including pin ou le and the cent  ra l ri ta m d  see t ion

were mounted and poi i shed for miii croha rdness nniea ,ueer t nt  - F iq.  22

shows the Knoop ha rdnes s numniber v e rs us  d i s t ance  moclulu l i n  di nc-

t iun ( i .e . ,  perpendicular to l n t e i - f a ~ m~~). The hardne ss imuml i t m um S

• in h a r d  or soft lovers alone arm’ qui I t consis t e m i t  ‘~a ~ b l  t w

• ou t.t ’ r j  I I . la yer , .

ft~ h ar m imme ’, r I m j n l i m m r ,  i,~ i i ,  P a n t  l i  ~~r • a t e m i mmid 80() id~i 1

t h o s e in thm ’ al t l a y t t ’  ar t  m t o ~. m t  410. ~d,e u~i t  ,,n~ ha m l a  ~,
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1,5

the soft and hard layers and proper hardness achieved in both

prove that the heat treatment was properly performed . Ti i~ de-

crease in hardness at the exterior surface of the outer soft

la yers mi ght be due to the draining of carbon fromni these layers

into the stainle ss steel container during the hot-roll weldin g

process.

3.2.5 Fracture Path.

The fracture surfaces of all the spec i mens tes ted were exam-

ined mnicroscopic ally. Typical schematic fracture topographies

are shown in Figs. 24 and 25 for no oxidation , 3 hrs. oxidatiomi

at 500°C respectively. Figure 24A is a scanning electron micro-

graph of a typical portion of the fracture shown schem atically

in Fig. 24. Figure 25A shows a corresponding view for Fig. 25

in the fracture topography ; f i rs t , the overal l  fracture surface

is irregular in appearance except for a few hard layers wh i r

smooth b r i t t le  fracture occured. Secondly , debonding alomn ~ int i m~~

faces arid some degree of necking of indiv idual  layers is pm m aer t

Thirdly, the ori gins of cracks in these spec imens wer o

located in the I ntor I or.  The e four fi gui-es show that as • .~~ ‘ idat i on

time is increased , the a!nlount of necking as wel l as the mi ount I t

partial debonding increases. This resul ts  in the increased s t ra in

and reduction in area as ot served in the tens ii e test ro il I s.

Fi gs. 26 , 27 , 28 , 29, and  30 show schom atically t~e f rac tu re

appearances of s h o e  l ien , 0304 , 0332 , 0353 , and D3P4 .

s peci m lio l wo re a l l  0-  id ized t o  2 t ins and show so ft Ii •,‘ ‘ .  c li-

ten t ,  which m ange f m - mu zero to one. Figs. 2 ( 4 , 27A , ~‘FA d 1 . ’m , and

30A are scanning electron m i i e m - o g n ip h s  of t F ~ p o nti ais of I I .

I....- . . .  — — — —.——- ,. —. — -~-“— —— - —— — — — . ... ...~~~~~ — - - - — .  ..————-- .- 
_. 

~~~~~~~~~~~~ .. ,siL.114



46

Specimen D 1 1 2

.�‘ 
e~_ .

—

I ~ 
.~t.-

-.
~~— , 

‘-

~~/ 

V

A

/ /\

A 
\

/ 
~~~~~~~

A

A

— ~ I.’

S, 
H1 S2 H2 S3 H3 S4 H4 S5 H5 S6

/

/

~~~ \ — —. .— 
—t

A-- A

Figu re 2 .  A Schem.it ic r r a c t e ~~r ;~~i. f o r  S p c c f r c a  P 112.  T inc c r 1  F ~~~~~~~~~~
f r o m H 2 

, S .~ , and H ar e . m . The s h ear  t rae t a r C  munc h s de n t  n a b  a
except In H 1, ~ iid H s t e r n  I m r f n  u i ,  m e c t ’ ; m  oc -cur ~- i  . Ne dc i ’  ~ n
fog  or ne ck in g  wa s o n , .~! L v ~~d.

- rn--—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ rn- —- -.- -. ,- .- . -- — —.--- - --- - -- - ---



F __

I .— ,- -

I- ~ 
‘

~~~
‘
. 

- 

-~r)~
*

•‘

- ~.. .. - - 
•
~ .& . . “ -~r’— -4

- .
‘ 

-.- 
- 

. -
. 

~~~~ . - - .,ø. ..,

1 i r m r rc 2-L~. bhi. c rc~~y n l  I; S l i c ~~~- : j u n ’ t ine t r t c : n ; u o  ~d : n  f a c e  of Spe~-L ~:’ a ~ ] 2 .
i f  i c a t  i c i i  I



—

~~~~~~~

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

Spe cimen D4 11
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Speci m en D304

— 

i~
. — - -— —

N c
cs 

-

—

A —
~ 

N

/

\
\

0 ç
F-::

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ fti
H 1 H2 H3 H4 H5 H6 H7H0 H9 H1~ 111

0~~ 
‘% — .—. —

A — A

F igu re 2 m . A Scberr .itic F r : e t c ~~ n i~~~~i i  f c ~~ f pec ~~~ c - n .  l~t 30 .. ( I c I) ) .  C r . i ck
o r i g i n a t e - I  f r a r n  t h e  ;st t— u m e  1 a t ’ - . .‘rn IL .nn I m u I’. t  i t t  li
f r ae I m i r e  O( c- t i  i - I  n t o - . n~ ’; ’~~

- r ma r n t  ti ;~ - fll. C n,  a I n -  - I  • -

dimp l e  t y p e  r n  t : -  1o~~t r  t i . ~1 i .  :i , m t  ~~ .me’ - ; ‘ .- r t r t , u j a t
g m  I s h.ib i  .-

~a4IL -— .—~~~~~ a.—_--—_ —rn .~~~._ -- —  — — — - 
——



.1•

~~~~~ :~ i ...
I’ -~ -

~~~~~~~ 
h i
~!~

;I. ,
.
~..

_ 

- 
r. .

I ( , I
~~

- 1~ 
-

• 
~~~~~~~~~~~~~~~~~~~~ ~~ .

. - .
~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~ ~
• . 

- - •
1 ~• -

-~ . _  ,

‘r ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~ . 
. 
,•~~- -

~ : ~~ 

¼ 
~~~~~~~~~~~~~~~~

F i gure 26A. A Fir-re t- m p h  S i n o . c i n ~ ~ i -  I t r u ~ ; m r ’ i . : . . ~~~~ : l ~~u n I ’
F uy;i I IC,ct[ijl t I Ci’.ix .

-- — -—.~~—-.-—•. - — —~-..n.c.Jnz ~ . ;r . . ~~~~~~



Specimen D 332

V
V V

“

I
’- V

\ ;
\ 

~~ /
/

(

I
’

/ A

A

7/ L
i

s t H1 S2 H2 S3 H3 S4 H4 S~H5 S6

— I — ~ —

A --A

Figure 2 / .  A Schem -nu t i c  F r a c t c r ~r a p tc f o r  f o ” c i a :i P 137 (f, ~ .75). i’: in t i e
f r a c t u r e  o c r - a u- ed in  1. rd l . ;v , : m m m c i  • i l , ’au  : :. I c t u ; r  , O r - C u t - I ;
l ay . -r s .  C r i c k  e r i , -. i r r . i t e d  b r a  it. r u n  p. .’~m : a m c  n h  I~ i t

8pcc i ra t ~n .  F c m l t r p ’c t  - rae ~ r n m r c  b a t  1 ’ ni w ; t t - : ~~l ‘1~~ !‘~~d in h i :
l a y e r s .

- .________ _ ..___ 
~~~~~~~ 

-- -—



9 ~~~~~~~~~~~~~~~~~~~~ . .

~~~ >
‘
: 1~

j

- 

-~ ~~ ‘ 
‘
~

• - - -:. . . ., ~ .. . ~
- . 

‘-
“ ~~ 

-

- Ic ’ ,~

~~— 
~~~~~~~~~~~~~~~ 

. . • 
. 

~u_ ~

~~~~~~~~~~~~~~~~ :.~ :~ 
~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~

Figur e ~~~~~~~~~ A ‘- l i c e . - .~ 0 S I c n ’.~ I : n ,  t I . , !-ra ~~~~n ’ , O : : 1 • - ., . e i f  t~~~ i~~~’ 1 )  I) ~~~
Man;; i t  i e. .t  i c f l  11th -n .

~ 

- , - - • . • , - - - -- -



- -~~~~~- - . --- - .~~~~- --- rn-

514

Sp ecimen D 3 12

necking

,1 \ ‘5
“
I

I A
A

A- —
~~

- 
~~~

—

A A

A A ~~ 
i_ —debonding

H, H2 H3 H4 H5

fl_f . ~~~

/

_

—. —
—-- —‘

~~~ — — •1~~~

A — A

F igut e ~‘ hi . A I c - h e  uc-i t Ic  F r . m - t  - l u - m p h c c e  I F C c ’ -at 0 212 (f . .50). Fle ;t i n .  I
from Figure 2 3.

_ _ _  ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ - . -.--- -- — . A



_ _ _ _ _ _ _  - ~~~~~~~-- - ..

. :~ ~ ~

Fi g u r e  28~ . ~ l h - r c - r . m n , i ;  Shc ’-~ j r t ~ t O . - ~ - -ra f..:~- - ~p C i - ’ : -  P -F.; ; ;  lea t i~~u 1 flax .

-, . .1



Sr

Specimen D 353
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Speci rn c-n D 3P4
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fractures shown in Figs. 26-30. The fr~ cture it the l o u i n a t e d

01 steel (Fi g. 26) shows typicu l br i t t le f racture c h d r a c t e r i s t i c s .

Fa r - spe cimen s w i t h  f 5 .25, Fi g. 27 sh-sw~ several cr . nu t leatio n

Si tes as f r a c tu r e  pn~ - pag ated across the whole sp eci ae r l . As is i n

creased , Figs. 2~ and 30 , the deg m- ee of debond ing and necking i rmLr ~- i - s

and so does the amount o~ shear f -acture.  Fig. 29 shows meou . ~ d

debonding and necking and the corresponding tensile tests show

decreased ductility but not decreased area reduction. The reason

for this exceptional behavior is not clear.

In  c o n t r a s t  to t h e  scanning electron mi crographs of fractures

of laminated complexes , the fracture of the solid 01 and so l id

PS2 alloy are both smniooth and perpendicular to the tensile m \ is .

These are shown in Figs. 31 and 32.

3.3 Conclusions.

A Purdue soft layer alloy PS2 has been designed based on n , -ve m ~~l

design criteria to match the hard layer alloy , AISI type 01 teal S t e e l .

The PS2 alloy was successfully fabric ated with a vacuu m nn n mm elt i n t

facility at crystal growing laboratory of Purdue Universi ty . l t nn-

ingots were hot—rolled to suitable size for m nanuf arf uring uS a lloy

complex (MMS) with 01 steel .

One of the m Ost  important conclusions i n n  a pre l m u  ri m y  ‘~tu 1 , i-~ n ~

that the inter faces were too w e l l  lau ded . As a resu l t  I tnt 50t

1 a~ors : o m ld nu t deform in depr c nd n it ly  and l i t t le  duct i i i ?  w - i . ou st r v —

ed . In th e m odel  sys~ n i , n , -1 t ’ - n ’i nni qur of C . a t  ing par t ia l  dm boi m ditm m i

in j n ten - t . o  r- ... by ox ida t ion  of t h e  - u t - f a c e s  of l m v m - m - s  r n - io n to - i

w m- l d i r n ; ;  hds bi er n dev e lope d mi n d ev a lua t ed . A eel hai l ;it m t — n m ; t al

Funding . r~~rgy m nte a su r a n ’ at  was d~ v t-lu t - l  I C ; d n m n  ac I n n : ,  tti t  i t i t  1

—— -.-— ---—-. - .- . - - - - - —----,---- - — - -  —
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face bonding and preliminary measure ments wet - c made ;-nh j - . l: ~- ‘iO~, t a ’.

the enen ’oy decreases as the ox id a t ion t u n ic increases.

The pan - t ial debondi ng w hi Ut m-esul tel f re t the r m - t a i  nit- i o.. Lit-  p r ’ i - .

d e s  in the inter faces , cont r i bu t es  duct i lit . y tu the all y •~on ni p le . ct~ lmdd

been theorized . The evidenc e is shown in the stud y o~ t h e  s- ’~~e ; t  0’

ox idat i- s n t in;ie on t Ine tensile properties of alloy complex at 50. sof t

laye r fract ion. In that study , the tensi le Str 2SS and .l~ stn ~ ss

decrease s lowly with increasing ox idat ion t i mn e , wh i le  t i . - p las t i c

strain increases rapidl y as oxidation increases w h i c h  is in agr eei nt

with in iter fac ia l  bonding e nem -~y niiea sure mn nent.

In the case of the ef fect  of soft  layer f ract ion on the pi-o pt - ’ -

t ies of a l loy comp lex at cons~ . n ni I  .j xj dat i c i ,n ti nm ne . i .e . ,  i d - r i t i c a l  I’-

bonding condit ion , the results show : (1)  the tensi le st r c -s s 
~- T ~ 

arid

l1.~ yield stres s ( m y ) drop sha rply as i~ i nc reases ;  (2) T i ’d ‘
~~ 

i f

the alloy complex obey the law of nii ~ tures ; (3) the p la stic ste i~~ r

and the percent reduction in are a increase s lowly  w i t h  in - .is j n y t~~

and r a p i dl y beyond 5~ = .75 wh ich seems to d v i a t m  fr om I I -  lii -ji

mi / tut- m-s

The e,s i n ina t i on  of fracture s ut - f a i t s  r -v n-a l ed  t t t  the ~~ - .;r

~rm ;; t uri- modes domin ate t/ n -pt in few L c n n ~d l n v n - m - ~ w h ,r - r m i

i t  s tur ’ occurred for specimen of 50 t o t  t, 1 d y e r .  t n m -  r.m( t a m ’ - h i)-

cjr -ap hy was quit e irre gu lar . Jhm-n - e mon pa r - ’ ct 1 1 t . c . f l l i m i J c mnH

more i m -cki r ; ; t which impl ie d ib m - n -  pl n s t mc ~~~t rd l r  a S ut ida ’ c am III was

i m n s r e , m - ,tud , r m n s  a n i r -I s w i t h  tn ; f t f l S i I o  t e S t  ~~~~~~~ a . n i ’ ~‘ l l .

Anoth e r u r t i ’ r m - - t i m i n j  o b s t ’ r v - n t i o n  w as t h a t  U -  t m ’ i o n - i n n  h i - -

spec l i i i  ‘~~~~ . ur i i  ~L- mo) 1. 1 y ra t  - n u t - r 10’- r~ mm  ~ ri I ,- t nn n m d

o f a i m  h i n t  l ive r m s  micco n ‘- - - i n n  pe n 1 iru mi ‘ 1 ’  . tm .~ . I - - n i t ;.

. •

~ 
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that t his replacements of hard layers by soft ones on the out most

iay~ rS helps decrea 5e the probabi l i ty  of specimen fai lu mi Ir is s u n f j c e

f l aws .

3 .3. 1 Conclusions f ront Model by s t en i m

The following concl usions were drawn fromni the study o~ tne

model syste m anc were used in planning the hi gh strength - .1 s te n ;

program :

1. The design rat ionaleun strength was not dispro ved . The l a w

of ui ,~ tuna - s nu 1 ds for tens i le  s t m -e nigth for fi~a; t U r i s ni l

l n y e r’ - . gre a r m .-r tha r~ about 0.5 when this premature fna - ar :

occurs which is predict - il by the design rational a~ due t o

e l a s t i c  crack jumping.

2. To get deformation in (and he nce fracture toughness ra in - 
-~ the

so f t  l a y e r ’s they nnn ust debond ua t ine adjoining hand  l aye rs

during d o f u r - n i at  ion and f r ac ture . A t m- i  h i mn ique f ur  ds-v - lo p i r i g

i nt e r farm -~s which wi l  1 debond has been part ial ly jrv ;-l~~jrl -

3. A very high hardness hard layer is - e q i m i  rod to ge t f -  I~ i

strength a t 0.5 -: The soft layer sniuu ld a lso In ,- is

strong as poss ib le .

-.
-

•

. 
m~~ H I G H  srRE ;~hTH SYCT (

• 
.

- 
The h i gh strength comp lex m- s contain ci l tm- m at i nn- . n là vi i- ’ et  l i i  ti -

speed tool s t ee l  and a nratUiing l owe r hardness alloy. ~t i ’ - ;  w i . le~

signed l u  utilize t i e a~~ii n u :- i - m m  d ’o-~ s mv a i l . m l c l - in the I m m n i -~ m t -;i

s t e e l arid tmi , m c h n i m c v c  t ;jil t t i ; ; . S  I f m l l o w i n q  i n - I  ta -r i -n i t n l m - t ; , r - n n t i n r ;  a

the sot  tm- n -  a l l oy ,  I n i t i a l l y  H I X  / 1 w as  used i t m h , n s . t n - -~~ n t  / t t  l~m

t,ru ci f - I -  ~ t m t f .

I 
- —--- —-.— --—-—--—‘ 
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¶ (1075 DPH)(obtained by tri ple tempering at 540° C) as the ha rd layn- m

arid alloy PS 4 was m atched to it. However , complexes t m - u i - REX 71

always fractured in the prior austen ite grain boundaries a t . a s t n n - .s

* 
much below that expected front the indention hardness. A ISI M4 toi l

steel was substituted for REX 71 to help avoid this -re i -n a tu n- r-- I n- c l i t Un- i s

prob lem nt . Although this subst i tute was successful , Md has a m axi i-i u in -

hardness of 65 Rc (800 DPH) which represents a substantial dec r€- ,n- -e in

potential strength. Essential ly all the work reported in t i n i S Sc-c tion

is on M4/ PS4 complexes.

Another major change was required in order to contr ol bot t lin g of

soft layers to hi gh-speed steel hard layers . The hiqh -s peed tt - - l  i a V’: s

contain a l loy in i - n e lement s which i-educe pref i n-- ned oxides arid t h es m -  l o v e r -

usual ly ei ther bond readily to the sof t  layer or for um a ya~ I - u n  I t - I

along the i nt€ - r face .  (The gas is n r c-s ui ied t nt bin Co fun-i nt l 1 v rm- Iu  t i o n

of the i ron oxide which had been positioned itt th e i n t n - r f ac m - . ) To

co ntro l  the bonding in these compl e x e- ~ two  thin layers ~ ~u- ..t -n i it-

sta in less steel (A ISI type 310) were placed at eac ’ i i n te r f acm .’ ar id

their i nte nf ac e  was n n ~~i d i  zed ~nid fo r: n i en .l the pan - t i  ng plant - lie

propei - t ies of th is interface and inter t ace :c- ne w i l l  Uc- d e s c r i L - -c I ,

4 .1 The Al loys and He a t . T r e a t nn - n t .

The a l loy co nr pl- - . is co r n ipn - i sed  o f t n-a esa n nit iol l a v ’ - r -  w in ic

al ternate and a -iotm’a tc- d Liv a ‘ h n ~ n j r i t ( - f ’ f j (  n zone. r 
i l

COrl mp r i s i n i r  the two e~s pnf ial l a y -rs arts 1

I (n n n p .m t i l l ~c in t n - i t  t r ’ i t; fle r i f , i . e . • t i n y - m i s t L i -  t n - m t

tm ’ ’t i  t i nt t n i n n h e r ,

en ct 1 in to n- l iO n a I v i t y,  i - n - - , - a rbor d in -s rmo ’ • m r 1

mu ft ace unit n ’ ~ i ‘ . - 100 t I c  - i’ - a n  ‘ h’Si t I ‘ m t  • - n

—~~~~~ —



3. properly bonded , i.e., the interface roust be suffic ient l.

well bonded to prevent interface shear and thus ma i n! td in

the same strain in the hard laye m’ and the sof t  laye r but

the interface must be weak enough so that it w i l l  part

during cracking and hence allow the softer layer t o

plast ica l ly  defor m .

The alloys presently in use are M4* and PS4 deve lol ie n .1 u t t i rn

this project and melted by Ar mntco Steel . Their co m posit i u nr is

(nominal for M4 and actual for PS4) are given in Table III. 154

was developed to match a slightl y higher carbon h i g h_ s l i ced s t e - i

and has a carbon ac t i v i t y  some 20 . higher than that of I-Id . Th us

about 0.05 w t .  pet.  carbon transfer occurs fro n t PS4 to I-i d - l uri n n i

the heat treatment of the present complexes . The i r t e r ace •tone

is comprised of two sheets of /US1 310 s ta in less  stne -l eai im of

which has been carburized to the same carbon potent ia l  as i~’~

Each has a lso been preoxid ized on one s u n - l i c e .  The s t a i n i 1 c - -~s

surfaces facing PS4 and Md are clean a mn .l t he  p re u \ i d i : en . t ~ ‘ t d c ’ - s

abut. The ent ire zone has a thickness ~t cibOUt 5 pet .  n n f  Ihi

total of the hard and so f t  layer t h i ckness , i .e . ,  about 5 pc t .

the repeat distance in the con ple.\ .

-~~ TA bLL III. ALLOY d0MtU~nIT I0N S 
~~~~~~~~~~ I .C~ cJ

Al loy - , Co Cr Mo ~i • -f

M4 1.35 -- 4 .25  1.50 - -  4.00 I / c

1h4 .28 10 ~~
— 1 . 5 ;yn .5

3 ) 0  C ’ - -  25 - -  2 1 - -  -

m I n i m .“ j  t nn i t t  i v i t v  of C mm I’s -I -

*
i_ n- . c _ L i i -  ~~ m l  C- ~ ‘

hh~~  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~
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The M4 steel was obtained in o ar --s 3 / t~’ -• - 
.5mm -n -

For the mnanufac tu cc of the cor ’;pl e.’ ~~
- , tine t a n- S ,~e mt- Pr - - ,  n ’( eu I ‘ I

temporary stainless steel envelopes i r in i  r o l l e d  do, ’ ‘ o ‘,niC€’ ’~ -
,

.020” (0.5mm ) thic k at a temperature o’ a l - o ut  J00 F ( l l~ u t.).

The PS4 alloy had been cast in ingots of aboa~ 1 1/4 ‘ I C .

The ingot was i ut  and rolled down to sizes in t s imi lar  a mino - i -

According to inianufa ctu rer ’ s instructions, the ‘-Id St- n - w i  -
~ a n i na - i l -

ed after rolling b y holding at 1600 F ( i3 7 0 - C)  t on 2 li n a c o n t o

cooling at 25°F (14°C) per hour in the furnace to L i - i n j i -, 1000

(540 °c ) .
Hardening heat treatn nr ent of the comp1e~ is o ssent ial1- ~ t i l t -

heat treatment for the M4 recon nnuended by the manu f a c t o  i-c r t o 1 1 un-ned

— by a hardening and te ruperi ng t reatnnient for PS4. It is ~i n uw n h im

Fi g. 33 and involves austenitizing at 2175 F (1190 C) Io n- 2 m i n u t e s ,

quenching in oil and tetniper~ ng at 1000 C (hdh C) for t n- , - hou r s.

cool inn } to 14h F (60(C)* arid repeating th is te per mi i i  t m  na i  t i e I

two more times (tn pI e t m t n n n i cc ri ng) . The PS4 alloy was t i n -n

part i ally t ransfor nned to marten s i t -  and t em ; p - r n ;c i  for 30 mn - a ’

—~~u~ F (230 C) .

4 .2  M iu rost ruc tu n - i- of the Co m pl exe s

Complexes - - i on - - -  pta- pared t r o n n i ~I4 n i — i l  l a v n - m -s • ~ ‘— o f ’ la~~- i s

an d 310 in ter f a n ;c-  ~:onic- s in a rnu;iher 01 d i f  le m- mo nt, 1~~vn - ’  - .:ni ’ p u  - -

lions to exhibi t t ine v m n  i a t un O~ ‘ra~~ U’-o tOug tm t nm e S s ,.. ‘ l t t m

pm - on - n n n i - n t r i t i r n i  tm -m - n s t  ics on i i i  1 . m n . n r n m t - n , , I,i- . , t t i m -  f r i m  - - - -

inc 140 F cat f r  . n i rj ’ tm ’ pm ’- - f ’ t  n _ i l  n o ,  ‘ - n t .1 10 I tun i~ n 5 .m n  n

-
~ 

t’ i - .1 lovers .

—-----—. ‘—---—-~~~——-—-•- .
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so f t  layer f 5 t i e  m ’mn ~ E;~ t d is tance ( n- ~ dth uf a - Pot t and a ian - i

layer). Some complexes wem -e r-~pa n-ed for tensile testing. T oe

inLet - f a c e  bonding was held essent ia l ly  constant as viO . t ine inter-

face zone geometry . The heat t m- . -a t m :nr- n t .n t - evi ous l y d e s c r i b e d  was

applied to all sam n iples except as noted . Fig. 34 shows t in - Li l nt i cc j l

uticrustructure of t ine resu lting complex . The liquid nitrog en ;

quench has resul ted in substantial mar-t 0151 te formation i nn tin-

l i g h t  PS4 l ayers  and th e dark M4 layem -s exhibit substantiall y

complete transforn mation after triple teniperi ng. T ’ nc n a r t n - f l s j  te

in the dark (hard) layet- s is much finer than that in the PS4 and

it s plate shape is difficult to resolve after trip le t e l m n l inri m m g.

The PS4 etches rather ii m i h t l y  S i n n . n- i ts in m a m -t on isite has h em -n

te m pered d t  oni / 450°F (230 c)  . The interface zone cm nit m;m s

around the oxide bearing m t - I - f a c e  wr i l c i n  is wel l  nria r~~v nf by the

fine dispersion of oxide particles. These are t r a pped a t  t i n t -

abutting 310 stainless sum—i aces and they populate I t ie  s u n - I  ~ I-

along -,-,it i ch partin g occurs 1. 0 allow the Sn i t t layer f ; n l - ’ n a v n-

duct i le ly.

To reduce the value of the i n t i - r f . m c e  bonding to a low lev -1

1. - n ) l.nyer s uf s t a i n - l e s s  st eel fo i l s  w ’ - t ~~
- m t  roduced at t i e  Mi—

r’,— i —i m i t . €-n - t - m c e . [ni _ h fo i l  has oni~ one sid e oxid ized mmii

s idc - s  I cm .; (Iii Ii other wh i l e  the unoxid i .’ed sum -fa t i - S i c -  f a c i m i - t

h i t  
~~~~ ~r l i i i -  PS4 s-urt mi . - - roi- . past -\ p r i er iue , t~ s i t  i?il m ” -S-

- u m  t . c p c -  - t ni j mtl d be e a s i l y  i lt- i nn d€-d . - itc h o n ;  i ’ i t - r f o t m -

1 m m - , - ‘ - ‘ - ni , . i - t n n r . - j  c m — - I  i ’ n - t s u r - - ni t nd I ’ - -  Intl c - n - f i i  e tnn n i l i r i - t  - s m - I

n t i ~ - ,.-, .~ I ~~ . - - - v a i i t m .- if ~bouf 2 . 5  ~ l0 e r - n  c n nm , m i m l i t a t  i n n 1  t I n t

t O n .- s t t ’ n i e ; s — - ~t .ii nm lc - ss h m n t , v - ’ ace as low l c .-~Hj ’ i - t  e n ’ - ’ - r y  i t  o t - n n t ’

L 
- -_ - .--—-- - -  _~~~~5 - _ _~~~~~~~~~~~~ -_
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half that used in the model system .

Several features of the interface and interface zone ar~~of

interest. As previously discussed and experimentally de nm onstm - at ini ,

an interface with an effective of 15 k s i  ~- i n )  (16 GPa~i-i or

less is desired and the value is dete mmm tined by interface ch c ’ nsi st t y

and by annealing temnperature and time , but not by rolling reduc-

tion . The preoxidized stainless steel foil interfaces appear lu

meet the requiremn ient. In addition the zone has measurable widt h .

As a result of required hea t treat m en ts , the interface is

necessar i ly diffused so that the s ta in less  layer is no lo nn i m- ’ -

distinct but a zone of altered chen m ical composition , struct ams- ,

and mechanical properties is developed . S in - c t  in-any m i t - n - f  a c es

are present in the complex , the width of their zone s is a s i n i m m i t i -

cant var iable.  The zone and its w idth and t h u  v a r i a t i n a r n  of

width with treatnm ient is discussed below .

Curves drawn through rn-i croprobe comnpos it i i r m  : ‘ n t  -a ‘ u n - n u n  ‘ i f s  a re

shown for a typical sample in Fi g. 35. The ze ro dist.c i m i cm .’ i s  t O n -

center of the in ter face m arked by oxide par l i c les .  Nick e l  jn id

cobal  t are diffused fromni the s o f t  1 n -isr i~ s) into t ho - hard la y r

(H) .  Cr is peaked at the in ter lace whem - ’- it was added in - t 0 -

s t u nless s t u n - i  and has d i l l  c i-ni int l i n  bof In la- i t - - . Ti m ’ m mmi ‘ u —

st r i un I ural et feut -
- of this is In :

Retain .m u sten ite in the i d j o i n m i m i n -  r - 5 1 0 f l  n t  t I n e h d m ~cI

layer. t~of ice that N i .  Cr , , m mmd Co are a l l  a c i d -nt t a

b n m i 5  n - m g  ion. Thu-’ ,t’ act irn U lnpos i t  m y - . - i nn liii ac 1 1  v i l  -,

c o e f f i c i ’ .- n i t  ~~~t car lo - m m Sm ) c t m I - o n i  i ~nt -m n l H l i t t l e  i t  f , ’ u ’ -

ed . Ni i el - i m d  c m nr u t i ; n Lii i-  1)01 i;  I - in - c I Om ’ ‘ m i n i  I lie m e

_ _ _ _ _ _ _ _  — — . - — _
~~~~~~~ — — — - - — - -~~~~~~- 
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comnibined effect is perceived to account for the m e t e m m t i u - r i

of austen ite in this region.

2. Stabilize austenite in the adjoining region of the sof t

layer. This region loses some nickel and cobalt and

picks up sonme chromium. These affec t the M in opposite

ways but they all decrease the activity coefficient of

carbon . Carbon thus probably becomes higher in this

reg ion and l owers the 
~ 

causing corimplete austenite

retention.

Also shown in Fig. 33 is the low load (25g) microhardness

profile through the interface. (These hardness readings a n - ;  much

larger than those obtained at high loads and indicate o n T-  rela-

t ive hardness , which suff ices for present purposes ). These Imam - ut-

ness values indicate that the effective s tn - m nngth i n tn .-n -~ace has

been shifted 0.0004 in (10 0m ) into the hard laye r  to time pos i t ion

nmna rked by the vertical lin e from b up to a. This l ine is posi t iom i—

ed so that area a is equal to area C .

In su nnmnm a ry , the two in tc- r face prope r- t ies 01 priu at - v i m m t e t ~m -- .t

are : interface zone th ickness , in pdrt icula r n~s - -  t hifl e f t m - n  t i v m :

shif t  into the han ’c layer and in ter fa c e binding, the m m i i  i t - , to

release the sof t layer so t h a t . its dum t i litv L~Im u be ut il i,’eni h i .m

stop c m - am ..k propagatio n .

1i t ~ dbove n cn ; n mo immr en ta l m t ’su l ts are fo r  ( m m - s a n n i p le m m i i I t o  m m ’

us e fo n- o t t i m; r  s a mnmplm ’ s wi I t t  d i f I - n - r m i t  m i t  t m m ’ a t .u n n eni l  .m m ;. t m n n l  1 ini~

r m - h i j  n iOmi im is t o r j i-s rO l i l 1 r m - ’~ IlJ~i n - O l n n - i d t C  cn mr ren . t ~0fl. l t c  l~~~

cou rse of pn - e c e s S  i n n u n  t u e  c o m m m p l m - ’ i - -  , V a n - i n n u S  l u - u t  I n - i - a r  ‘ n t s  jnd

roll m i - u  m - i ’ d i t i t i o n c  art; c m i c ivj mu t . le t -  i - f  f ’  1 - . me , -- L ( i i t i t I l ~~ nd 
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to produce the interface zone. Since rol l ing is accomplished

rapidly, diffusion occurs during the annealing period s and t h e

effect of rolling is to alter the thickn ess. The final inter lace

thickness is the cormibined effect of broadening by di f fusion and

reduction by rolling.

The combined ef fect  can be calculated in the fo l lo u~ing it.m y .

The diffusion distance during the ~th annealing is = m ’2D
~

t
~

when D
~ 

is the appropriate diffusivity at t he a n n e al i ng t e m p er a t u r e

and t .~ is the annealing t u n e .  Fol lowing this annea l a th ickness

reduction m - . = h./ h .  occurs and \. - becom ues n~. \ - . The i+l annea l
1 1 i+ l  1 i i

is then carried out with s~~ -~ = ~
‘2D +i t~+1. The d istr ibut ion due

to these two anneals is characterized by diffusion distance

[(ri .~~~)2 n
~~+1

2]
~

1
~~. This may be combined w i t h  subsequent re-

ductions unt il for all reductions , with R. = r————- . one obtains

/N - N

= / ~ ~~ ~‘2 / 
- 

P. D. t. (4.1)final / i i / - -  1 1 1
m/ 

1 = 1  i — I

4.3 Mechanical Properties.

Two mn iain types of mechanical property n un i ’ asun - ’ t i u i ’ n ; t s  we n- e  u m m d n -

f racture toug hness for cracks whose f i-ci nt is nor t nma l to the i m i t  - n - l a -1 - r

boundary plane (div ider or ientat ion)  amid tensi le stren gth m- n ii m ’ rr ~~ ‘ d

tens i le  ax is l ies in f 1 t la m ina t.n - plane. The roll i rig di l~t -i I j oin w a s

n n m u l j ; n L m i r n - I no.mra l l e l  to the ax i s  of t i-n- _ i l ’  h a i l ing in n I n n - t i m  f 1 - 1 n 5 n t

I ost - . The r e s u l t  - - of the s m-  l i s t s  - hmm m w I but t nm- r~ pr ’ri i ;u m - nit . ô1 mn~ f - - rn ,m l

beh aved oti s - t m - n - f l y but ( I l l  t i i t ap l n romU ; Ihe Ii- - , ign l v ’- is m m ’ I .i ni

m t t ’ S 5  or s I r t -miq t  f t .  

—-_‘-------—-—---_—-———-.——.—--—.— — -



71~

4.3.1 Fracture Toughness Meu n — urennments.

In order to determine the behavior of various comm ip le ’.e;. .

several var iables were exatni i ned in the fracture toug hines s t m ;~ ti m ig

prograt mi . The fract ion of the complex in the sof t (P S4 )  layers ,

the thickness of the individual layers , and the th ickness of the-

te st sam p le , were individually varied . The n-manufacturing t~~ h-

n i ques and heat treatment were maintained constant as previous l .v

described .

The deta i ls  of the test ing procedures in general fo l l ow

ASTM E 399 -72 “Pla in-Strain Fracture Toughness of Meta l l i c

M a t e r i a l s ” w i t h  several exceptions dictated by the material. The

com upact fracture toughness specimen shown in Fig. 36 was used cit

thicknesses between .04 in (lmm mi ) and .18 in (4.6mm). T his t h ick-

ness is sometimes less t . han that m-equired by E399-72 and  is

smaller than W-a. The specimens were tacO m c d , in the a n - n u t -a  led

condition and then heat t reated . The sur faces were ground amid

polished so that cracking could be observed under a n ; ; e t a i  1 L n - g i e a l

microscope . The specimens were fatigue cracked at contr o l le d

force at a frequency of 2Q  H~ a h i n t a u li c test ing n ; n a c h i nn e .  The y

were cycled between a m m mi n i nn m a l tensi le load and a level w h i c h

would ;n r -oduce K 1 10 ks i ,  ( 11  I’~ . u~~i~i). Abou t. Id ” cy r l ;- , n-,-e - re

n’equi red to produce a fat i  nue craiJ about .050 in (1 . ‘n~i )  I t i m

the nnn i n i ni iu i ’ i crack length used . The spec j i m-fl5 wen - n- ted fe-U l i i  1

**screw dr iven emi ~ i 1 e mac h inc and th u ci r’ac k open j m ng d i  sp 1 i n ‘ - - - - n - f

,-,t-ITS m a chine in labo ra to r y  of Prof.  iii l l n n ; m i \  , Pmt m nl a ’ . - I n iv -

I r is tron -“ li/nI 1 11 CL.  

- - -— - -  ~~~~~
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(CCD) was n-measured w i th  a standard c l ip—on gauge whic h had I m c - € i I

ca l ibrated wi th a t m nechanical extensotm iet e r. The ~-in-i .e and tiC ci ,  m e

recor ded . Fi g. 37 is a copy of one such record Icr a ;,ai~~m l e 14

which l i c i d  a thickness of 0. 155 in. Al l  curves were o f f s - n s  I , :-

(Type I according to E399).  The 1< 1 correspondi ng to t I me n u i a~dn n u~m

force  was found to be reproducib and uo n - m - e l a t a b l e  muat - r i l

property. Its sel ection was dictated by the pres L i t / c ’ h O f l  f i a t

cracking would be occum - m - n g  ~ ‘i a l l  laye rc at t ’ u is load. T h m na

downward part of the fm /n -ce di sp lacei - ;e n l t curve was ciou - i i - . c i t n l  y mel 1

defined and mna n -ked the continued propagation of the cra c k f sn-ou ih m

the spec loen wid th .

The resul t ing f ract ’.n n - n - s  nniacr oscop i cal 1 :~ fol low e -uI tint’ p lan

def ined by the notch and fa t igue crack exce pt  ~or o s c i h 1 a t i o n n~

which gradually increased in ani p l i td e as t i m. .- t n - acture co o t  m ime - I .
A m nmacro p t mot ograph of the f racture o ’ ~an n ; p 1m - i - ~ is sh i n- ,- ’ ~ n F i-c - 3o .

The  f a t i gue crack is the seoul her regio n and t e c orn - c - i c t t . e n! 0.1 ~0: - -

in the ha rd layer fractures arc- readi ly  S d - u -! u nder t in - .- on - I  lu l li m

i l l u m i n a t i o u m .  The s o f t  I a ii ; m f n - a c tar n- is ; ;f e a iq h it e r .

f i ne K 1 ia l u ; - - c o r n u f s : - ( n n n l i n c j  tc - a x i n m u n - m n i  load w er m- c i a l c u l a t  i’d

fromn n t hat load . P . an d 1 1 m m ; geoini e tm . i j ( t b n i c l - ne sc  . ii , dm - pt h . ~
- . a md

c e - m n  F le m m g t i , a) of th ie c a -n ile acco r d iu n- i m m

K , (P/ i .~~U) f~~~ ’~~) 
I 

-

wher - (ni j’W) 15 qi v i- n in E39~ t O m c,ou it~i t ç t . ;ne H n m ? f l a  whi m

n i / m ~J .5. i ’ m -  B va lues t n n -  ‘ i~ st  - a n - n i 1u ’~ ~. m mt ( I  ,ilI t m n . i n ~ i n l a l

1,.nyci r ’,) I t  w n - I l  h i - low t hmjsm’ r i - c s m r u - j  b y  F -.~~ ‘ t ur c a l c u l . I t i c t n  o ’

[ 

n v - m I t t  F. nt i n - nm _ c — t n - i ;  - , . m b m n i ;  ( c i i  c l i i - , —  - ‘— u l u l l - - a .

ft. - I -~~ - Hn - ,. .i 1 m ;  , f m c i n - u tn  tn H - .1 .m ’ i y - m i - c - na - - - , - t n ‘ I i i  

‘~~~~~~~~~~ - --~~~ -~~
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j thickness and to co rre late wi th  tin - S t t ~UCt Un - i ; .

— . A ser ies of samples was prepared and tested at v a r i o u s

di fractions ot~ P54. Ma intained constant were t i me wave lengtn

(total thickness of a typical so ft and a typical hard l a y - n - )

the sanm iple thickness. * The m ec ult s are shown in Fi g. 39. T O ’ -

resulting str aig ht line relationship shows that t t me Ob 5er~vn -nI

m nmaximmmun tt K
1 

values for laminates consis ting m .nf m ixtures of so ’

and hard l ayers are ap proximately linea m - ly n-elated to similar

properties of similarly la nm tinated P54 and i’l

i\ n i ot ht ;r ciaries of sci n m up l c-s was prepare- i l  an -n J tested cit va r j uu -~

sample thicknesses with 1 n.Iyer th i i kness .me-i t cact i  n / t i  soft (Pol

layer mm m a intai n ed constant. The frac tion rS4 . f5
, is Sum — au

imm mportant var iab le  that t O -  K 1 values n- - m ; n ~. - all cor n- u ted front ; tt me

mneasum ~d f
5 

to f
5 

.5 using the nm m easu n - m -n t t~ a lum ;; . clO t! t t n e  slope

of the lin e in Fig. 39. This correcti -.mm n was t y pically a L n n u t

— 3 ksi I n .  fhe result ing v. m r ia t ion of 0 . wit h B is sO w’ I n: - ii i . -~L).

T he l a i n - e r  0 values suffic e t~~ a l l - n w  K
~~ 

t o  be i d n i 5 t , i m l  c i i  n i l ’  -

to ‘ p1 - mim e - strain ” conti n uum m n t hi n / n - V t i n e -  ci i n uu/oj€ ~nm e ( n S  S c i u i n f m l i ’ . - n ’

men - c - surpr ised 1.0 see amiy dc-p .m - l i nce on B in these ia Hn i :a f e - ,.

A thi rd sm-ri ot, of s an n i l i l es - -na s m n m - - p , m r ed ari d t i _ t i  to h~w

the eft ect of soft l u u n -  thic i nmm -n . s on fn - u c t u c- u m j g t m m m e s S  ~u 1 ‘ n - -U

f5 .5 and B. Si nce the f r , uc t  l int -~~t t l~~v m- n - is m nia j ’ . I - t i ’ n , t L . 1

S t , t m t , the so f t  lay e r I b t l L k n t t - - ,S vam - io s o n ’ P t i m - m u ,  1 . - m i - J I  -

,- i i u  I ’n gt’us l ie t - ’ w . - n  . O f n . i  ‘ u .0 14 in c h 
~~ . I - 5mw end

p l a s t i c  (p1 m m ’ S f  n -m ’t,S t . I - t i t i iJ I m un n of ‘ 0  50 t f  1 , u y em - 
~~ t ‘ -  - m m ’

- L t P - ) .  ~mi ( . 1 h i . m n m) . I - - f l t .- i ( .

in
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half these thicknesses , extends completel y across t i -  n -  l a m e -

The K 1 values are shown as a function of -\ in Fi g. 41. l tm nm -

scatter is large and one possible curve throug h the points is

drawn . The basis for the curve w i l l  be presented be l n um .

The f - u - actures of typica l specim nens in the f 5 series ,.v m

exam nmined under the scanning electron microscope (~- [ M) and m acto-

graphs are shown in Fig. 42. These f rcI ctc n /l raphs show that init c- r-

l ayer parting occurred and (at hi gher m agnification) that i t

occurred on the oxidized interfaces desi gned for it. Occasional

chevron markings on the fractured hard laye t in ;dicate that time

fractures went from right to left (as they did , in fact) in dc . 1t

samntple. The areas photographed are near the star t  of t t ie C n-ac ’

i .e. , within a few hundred microns of the fat i gue c racki - d au - ca .

The fracto g raphs can be u - ead i ly  com m mpared w i th  the n n ic rostn - m n ctum ’e;-

shown in Fi g. 34. Evident ly the large p l a t m - ici rtensi t m  a m .! m e - —

ta m ed austenite of the PS4 necked s u b s t a n t i a l l y  dUn -m i n t i ra c tu n- e .

The iii f fused interface Zo ne Wn iS  es - - n u t ial ly bri t t li’  m n t ’ m n-

s ide of the ox ide  1 irm e am i d ducti in; on t in m . PP-i s ide , Fig .  -I , I . i- .

it behaved as a - . harp l ine in the t n - a - t o re  pncic c ’ S S .

In c r ie r  to corre la l  m. f ractu re I o ut f ii m t e sS (o u- nniom -e u- inc icc - i

the K 1 
obta i ned from m m time mn iax it t numm m load) with th i- nin a in ci nu c t u n - m  1

pan - am n i ters the r e l a t i ons  pos tu la ted  in t~ ; t- Pm- ~.i q m  ha t i m .m o a l ’  i n !  -

iit,t ’nl . These are n -m ’ n .ll SCU~ Sc-d brim-fly belo w - .

Th e- t- m 1u ;m o .~y to h rcm i n a n - , m te f r a i t u m m -  a unit i l i s n i ce iS

BG = [ - : ( 1 - t  )G
~ 

f 31 (4 .3)

w hen 0 A K~ , 
~~ 

- A t m t m ’ ‘ P m ’  Ou t ! (‘ - t n ) l , m vn m’ I ’ t  W O 1 L O  4 n-
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BC-

a mn laterial e las t ic  constant , and where Bf 5 G5 is proport i o n ; .tl tc-

the square of the width of the soft (PS4) layer , i-i . Th is  l a t t e r

proportionality is postulated because necking is expected to pro--

duce severe pla stic strain across each soft layer to a depth ~f

W in each soft l ayer. This distortion is onl y possibl e if t i ne

interfaces part and renniove the hydrostati c t€’ m n si l e stress counpom i-

ent which would otherwise be applied to the soft layers by the

unde form m iable hard layers. buc !t parting has been achieved. Thus.

n

f
5 

BG = CA ~ 
~ CAB (f 5 x~ ( -~.4 )

i= l

where \ = + is the repeat distance and CA is t Im e -m n - p o rt i o n -

ality constant.

Thus ,

K~ = K
~H (~~~~

-
~~~~~~ ) + 0 f~ k

This equat ion is not precisely consist ennt with the 1 i n n - m r

variation of K
1 

with I shown in Fig. 39 but the re q u i n t n i curva

ture of that line is not outside the scatter of t i me - d~ita . I ’ - .

Fig. 43 the - F~ , (1-f ) frommm all t orts were p lot ted v e ’ - - u c  thi n -

combined structura l paranie t t;r f ~. .  There i s  c m l: idera hi m-

scatter but as ind i c .m tm ;d above linear vcim - ’a t ion appe arc mm n . - t  u mi--

reas onable. Thm ’ mu r v e  in Fi g . 41 is draw n Ii’ f i t  the d~ f m  uc i n i- ;

thm ; a bove re la t ions .

Thu s ‘he t n - i n  t u u n ’ toug hn u’ss . flu’ ‘ n -ac t i l t
’ a i -pn- .m ’ ,um -i ma . run e ’

nmnic r u- - l .m - m ; i t i m ’ m i l l - m u ’  f i n  I ’ m -  rm ,m’ ,onm u l t i v em m u - r - i , u t~-d i - v  t i n ,  - - i m n m ; n l m ’

i di - ,tt, - mi  V num- ,1 v ; i n - l n pm)
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3e

4.3.2 Tensile Tests.

Two tensi le test programs were ‘- a n. In thc ’ f i n - c t  progranm i

the heat treatment of the compl ox was varied and tin e strains - .4 - cre

carefull y mneasured so that the yielding and fracture be h avior of

the hard layer could be es timated . In the second pro m~r a n - - f ine

heat treat m ent was f ixed as previously given dnd t im e fracture

stress was measured for several  fu-act~or m s of hard layer . lO i s

latter program ;; w a c lot completed because of funmd i ng 1 m mm i Ia I iu m n

but nevertheless it y ielded some pertinent resu it ~~. -

In the first progra mml tensile tests wer-e conducted on sum - c i -

mens machined fronni annealed complexes which -~•~ere sub c e mi ue nt l y

heat-treated including tr iple tem iipering for two hoot - . at  a tt ,; n i i - t -n--

ature between 6OO~F (315 °C) and 1000CF (537 ° C) .  Bet w m .- c n  t enn mp em - -

I ng the com mnp l exes were cooled to n-OO i1i te nn~,pen - a t u e - t -  wh :i t - ai iowe nl

sonm ne unartensite to form in the PS4 layers. T h i s  nn l an - t en n s i t m - ui;-

then tempe red in the next tem m nperi rig step. The - . pm - mnm o n d i ’ - , I m i ni is

shown in Fi g. 7. Af ter  heat treat ment the Spec~~- e - m S W ’ m e  n I n-O Li !id

snnnooth and for  the hi g her temuperi n-a t emm mper ,m t.u res f t i  en. ‘ m m po I i

in n and near the n-educed -, mm  tiom- - A t  t m ’r electropo l i .~~h :  i n ,  ‘ n m -  m nn m n —

structure of both hard and soft l ayem-s could he h i - i- m m on .- - t n lou;-

parts of t~ie surfa ci ; and what I i -w de l inn ts wee - - o bs en - -~ nt d id  . c mf

correlate with the ul I i m n a t- t u- a c t ore 1 o ca t  i ons .

E le c t r i c  r e s i s t m n c e  str a in gaugi’s n - n -  a t t ,u c me’d d u n  I

to both s idi’’, ‘ji I hut t es t  s i mm- i  m u l i t - ,  and w ( - r t ;  u - c - m i  by .m~ ‘ . m e

*
Ll u ;ctm n jpoi n . h was 250m m Cr1 1 . lCd 0 . 0 .  i~~3n nn 1 ij i d L i a l  u
a c m i i ;  , - O V .
T y pe LA i .3 ?50T - 120 PIIc ’ n. - ’- f ’ e  m n - n -m- ’~i t ~~ . P u”iu~ us , “t i n ,



* **Indicator as the specim nmen was loaded in a testin g machine i~i mI - h

autonnatically recorded cross-head position . Cross-head position:

was used as the strain nneasure nmnent for st ra ins longer than 2 per-

cent where the gauges failed .

Follow i ng fracture tm ie bars wcr-e sect ioned l on i gitud innall y and

— 
nneta ll ographica ll y polished. The fraction hard ldye r was nmi eas u e e - n i

and corrected for the effective interface shift as discussed n n ~t - -

v iously.  Microhardness (KHN) of both hdrd and soft layers were

determined at 500g load. These latter va lues are p lott ed vc’r;u;-

tempering temperature w i th  corresponding va lues  for b-al P -:~a n : ; p i m -s

of M4 and PS4 in Fi g. 44. The Knoop hardness of the bull t~f4

samples is not greatly di f ferent from that of the cor u- €- ;ponding

hard layers. A smooth curve w i th a m i n i nim n unmn at 700 F (31 1 C) and

a nuaxin imuni at 830 KIlN at l050’ F (5€5 C) is du - aun through both t h e s e

sets of po ints .  The P54 lov e rs  ire s l i ght ly harder t b,m m n t i m e - am ; l b .

P54 . This is probably becau se t he y  conta in  sonn ue aged mn n amtm - m i’ , m i n -

d5 mentioned above. This marten is ite  is not ; rn- - en mt in t O m ’  bulk

PS4 a l loy . The horizonal l ine in Fig.  44 ind ica tes  t 1lm ’ d n. n -n.nqe

hardness of the sof t  layers .

Four typical s t r e s s - s t r a i n  curve ’ s  m n - i - p l a t t e d in 1 i q .  4 i -  as

the so l id  l ines. An approx im n i , .nt e a m - . - lys i s of t hese  s t - n-- . -.-st m a i n

c urves was c:or m - ed out l.u i nd ic , m tm ;  y i e l d  in t h j ,  u , m m m  I,iy i’’ - i t ;

t i n  is analy. ; is  the obs erved , m m in in u n nt of hard l ay m- n -  u u s dsc u: - mm ’ml ~u be

ma I as h i  L.a II y s tra i ne il dc n n n - n  i n m m i to i l.s nib 1 i ,fm ed menl o lii ,u’ id I he

*
Type N Baldw in — L m mcm — H ,m mmmi it on - i’a 1 ‘ 1 : - i : ., -t~ 55 -

M(m .]~’1 ITC I e . t r t i m i I m i m i . Cor1.m . C a . n , n m . ‘‘ Sc 

-- -
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soft l ayer was assumed to be ideally plastic at whatever stress

was required to reproduce the “knee ” in the stress-stra in curves

such as those for tempering at 700, 800, and 900 in Fig. 44.

These constant stresses superim posed on the elastic stress i n the

hard l ayer produced the dashed elastic-plastic curves in Fig. 45.

At any stress , deviation toward larger strain corresponds to

plastic strain in the hard layer . The stress for 0.2 percent

strain deviation was measured and the force provided by the soft

layer was substracted . The remain i ng force divide d by the area

of hard layer i s taken to be the yield strength of the hard layer .

A similar analysis at fracture gave the fracture stress.

Al though such analysis produced fairly consistent results in

600, 700 , 800, and 900°F tempered samples , those tempered a t

1000°F indicated very rapid hardening of the soft layer (or else

d ivision of the soft l ayer into a hard and a soft constituent)

and could not be analyzed i n th i s way . Th i s app rox ima te a nal ys i s

should err in the di rection of underest i ma ti ng the s tress i n the

soft layer and hence overestimating the strengths of the hard

layer. Table IV gives the results of this analysis. The hard

l ayer yield strengths and fracture strengths (except for the

1000°F tempered samples which could not be analysed ) show consider-

able scatter but the magnitudes agree satisfactorily wit h the

“rul e of thumb ” that hardness is twice tensile strength and three

times yield strength . The amount of plastic strain in the hard

l ayer is also derived from this simple analysis and it appears to

be sufficient to allo w satisfactory testing .

In the second series of tensile tests the standard tempering
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treatment at 1000°F (540°C) was used followed by subcoo ling and

tempering at 450°F (230°C) as illustrated in Fig. 38. The hard-

ness of l ayers of M4 and PS4 subjected to such treatment was

874 KHN for the M4 and 327 KHN for the PS4. The fracture stress

was measured on tens ile bars like those in Fig. 7 except that

the center ½ inch long part of the reduced section was further

• reduced to 0.1 in (2.5mm). As previously determined very little

• plastic deformation occurs in these samples. The results of the

• tensile tests in this incomplete series are shown in Fig. 46.

The stra i ght line illustrates the law of mixtures applied to the

strength estimated from the hardness values of the individual

layers and the points are not incons i stent w i th th i s li ne up to

about 50% hard l ayer. About this value the observed fracture

strength drops off. This is the behavior which was observed in

t he model system and wh i ch had been predicted as due to ela sti c

crack jumping across the soft l ayers.

4.4 Conclusions.

1. On the basis of the limited data obtained , the tensile strength

of the M4/PS4 complexes appeared to follow the behavior expected ,

i.e., a linear increase in strength with fract ion hard layer U~

to about 50% hard layer with no significant increase in strength

beyond that fraction. This puts the maximum strength at about

275 ksi (1.9 GPa ) which is substantially less than the design

goal for 400 ksi (2.8 GPa).

2. The fracture toughness of the M4/PS4 complexes with constant

modulation repeat distance has been found to vary linearl y w i t h

fraction soft l ayer. This law of m ixtures is hypothesized a~

-- • ••—.—-• —• •- -—-“-•—— •— •••• - • — — - • ---• —.-~~~~••~~•— - ~-- . • — • •••--— -~~~~~-•-- • • —.——-— -.- ••~~•• — - --.•-• - — - ----. ——..-
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due to the comb i ned effect of the increase in the amount of

soft layer and the increase in the width of the soft layer. The

fracture toughness of the 50-50 M4/PS4 complexes is about

60 ksi~
’in (65 MPaw~) which is substantially less than the design

goal of 100 to 1 50 ks i / ~n (110 to 165 r1Pav~).

3. The consis tent and understandable behavior of the complexes which

have sufficiently weakly bonded l ayers is a significant accomplish-

ment of the project. The fact that the complexes do not achieve

the des ig n goals i s a nota ble fa i lure of the projec t. Th is

appears to be due t(. the extreme brittleness of the hard layers

at max imum hardness which forced the use of l ower hardness

levels in the hard l ayer. Had the strength been available in

the hard layers , the fractu re toughness of the comp lex could

have been increased by adjustment of wavelength.
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Catalytic Properties of Surface Sites on Metals
and Metal Oxides and Their Characterization

by X-Ray Photoelectron Spectroscopy

SUMMARY

A. Technical Problem

The long range objective of this research program is to modify the

distribution of oxidation states which are stable at the surface of a metal

oxide catalyst by controlling the dispersion of the catalyst on its inert

support. The catalytic activity and selectivity of the catalyst will then

be correlated against the oxidation state of the surface sites — which wil l

be measured using x-ray photoelectron spectroscopy .

This technique has general applicability to a large number of catalyst

systems. The scope of our research has been expanded to lnc lude the study

of selective hydrocarbon synthesis from CO and 112 over supported bimetallic

cluster catalysts. The synthesis reaction is centra l to production of clean

fuel and substitute petrochemical feedstocks from coal .

B. General Methodology

The catalyt~1c activity and selectivity of many catalysts can be varied

by controllin g the oxidation state of the surface oxide. The develonineri t

of techniques to control and to measure the surface oxidation state (or

states) would make possibl e novel catalysts with enhanced activit y and/or

dual site catalysts with unique selectivity properties .

Three methods of controlling the surface states will be investi gated.

(A) The dispersion of the active catalysts on an inactive support wi l l be

varied in hopes that the stable oxidation state at given ambient cond itions

wi l l  be inf1uenced by the degree of dispersion of the catalysts . (~~
) 

~~~~~~

—-  ~~
••

~~~
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chemical composition of bimetallic cluster catalysts will be systematically

varied and correlated with the corresponding catalytic reactivity and

selectivity for hydrocarbon synthesis. (C) Reactions at electrode surfaces

will be studied in hopes that controlled potentials applied to the electrode

will influence the oxidation state of the surface sites.

The success of these techniques will be determined by measuring the

catalytic activity and selectivity of various reactions on the oxide catalysts

and measurin g the resulting surface oxides formed by x-ray photoelectron

spectroscopy (ESCA). ESCA is a tool uniquely suited to this research since

it can measure the oxidation state and chemical composition of surface species .

C. Technical Results

(1) CO and NO reactions on chromia supported on silica:

The first phase of our study of CO and NO reactions on chromia has been

completed and a paper describing the results was presented at the Sixth

International Congress on Catalysis, London . England , July 12-16 , 1976. A

brief summary of the work is given below.

Infrared spectroscopy has been used to observe the surface species on

a chromia -silica catalyst durina the reduction of nitric oxide by carbon

monoxide. Spectra taken during the reaction (250 - 300°C) show that the

catalyst surface is predominantly covered with chemisorbed nitric oxide

species. Stable carbonates are also observed , but chemisorbed carbon mon-

oxide and nitrous oxide are not observed .

The catalyst activity can be correlated with the concentration of an

active surface species of nitric oxide, probably a dinitrosyl complex , havin g
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an Infra red absorption band at 1735 cm~~. The rate expression of carbon

dioxide formation was found to be:

r
~0 

= K2 ~~ 
log (Is/i) 1735 cm~

Nitric oxide was reduced to nitrous oxide and lesser amounts of N2. The

two parameter reaction model proposed gives a remarkably good fit to both

the rate of reaction as a function of log (Is/I) and selectivity of the

products as a function of

(2) Hydrocarbon synthesis over Bimetallic Clusters

Initial work in this area concered development of techniques for the

use of quadrupole mass spectrometry to follow the CO methanation reaction .

Although care must be taken to insure operation of the mass spectrometer

in a pressure region where the response is linear , the application of this

analytical tool was successful for both steady state and transient operation

of the differential chemical reactor.

Results for Fe-Ru/Si02 catalysts showed clearly that the kinetic behavior

of the mixed metal catalyst was significantly different from that of Ru/Si )2

and Fe/Si02. These data , together with Mössbauer spectroscopic evidence ,

show conclusively that multimeta llic clusters of Fe and Ru are formed on

Si02 and that the selectivity of the catalyst is changed as a result.

The fast response time of the mass spectrometer together with its

capability for repetitive scanning made it possible to study the response

• of the reaction to step changes in CO concentration. In such experiments

over 0.5% Ru/4l 203 a step inpu t of CO into flowing 11 2 caused the ra te to

_ _ _  ~~~~—- • --- - —•
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go through a maximum 6 - 8 times greater than the steady state rate. It is

most likely that this phenomenon is caused by the hiqh H2/CO ratio in the

adsorbed gas l ayer on the catalyst surface although some thermal enhancement

due to the high rate of heat generation when the reaction rate increases

cannot be ruled out .

(3) Characterization of Surfaces by ESCA

Our proposed research encomoasses the continuing development of electron

spectroscopy (ESCA) as a technique to determine surface chemical structure

as it relates to heterogeneous catalytic and electrochemical reaction

mechanisms . We feel very strongly that one of the primary advantages of the

ESCA technique is that useable data can be obtained not only on “clean ”

systems prepared at i0 10 torr but also on “dirty ” systems prepared under

reaction conditions , such as the chromia/s ilica catalyst system . The

possibility of ‘bridging the gap ’ between these two situations is most

exciting to researchers in the catalysis field.

A number of important results have been obtained recently. Studies of

the effects of adsorbed qases on clean metal surfaces have been extended to

Cd and Ag. For the Cd system , the O(ls) bindin g energies for CdO , Cd(OH ) 2 ,

CdCO3, and Cd02 have been characterized and have been used to follow the

decomposition of these species as a function of temperature . CdO and one

additional oxygen state were found on oxygen-exposed Cd films . In the An

system the O(ls) binding energies have been reported for AgO , Aq20, and

Aq2CO3. Contamination of the Ag surface by carbonate was found to he an

important complication in interpretation of oxides prepared in air. No

1

M~*~J1t~~~~~ •~•_ •~ id
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oxide phases were seen on oxygen-exposed Ag films .

Other accomplishments include a theory for predicting Auger energies

using ESCA binding energies , and the discovery that PbO surfaces are

markedly reduced by H2~, Ne
4 and Ar 4 bombardment at 400 eV but not by Xe 4

an d Kr~. The former result is important because it advances the understandi ng

of the role of electron relaxation in determining Auger energies. The latter

result shows that some ion/surface techniques for surface analysis , partic-

ularly ‘ion scatter ing spectrometry , may ann ihilate the chemical character of

surfaces they analyze.

Attention has also been directed toward Pt electrode and supported

chroniia catalyst surfaces. The initial oxidat ion product of potentio stat~c

•.~ ~ ti on i nO.2M HC 1O4 was found to be Pt
2
~ while qalvanostati c oxidation J

i n HC1O4 or H2S04 p ro duce d PtO 2 H2O. ESCA chemical shifts showed the

neta llic and surface nature of Cu and Ag deposited on Pt by underpote ntia l

deposition .

Studies of Cr/Si02 catal ysts as a function of calcination temperature

and heatin g in CO and NO have yielded both chemical and structura l informatio n .

W hi le  Cr 64 predominated ~n freshly prepared catalysts , calcination at 50J °C

converted the chrom i um to Cr3’~. A remarkable redispersion of the chrom ium

was seen in a narrow temperature region around 500°C. This was evidenced

a sharp increase in the Cr(2p312 )/Si(2p) 
intensit y ratios. Reaction o~

the catalyst with CO or NC) at 300°C for three hours produced Cr~ 
~~
. w i t 5  a

oreater degree of reduction on CO.
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(4) Elec trode Reaction Studies

The main objective of this experimental investi gation is to clar ify

the phenomena that occur at or close to the surface of electrodes used in

hydrogen-oxygen fuel cells when dilute solutions of KOH or sulfuric acid

are used as electrolytes. Studies to date have resulted in the followin g

conclus i ons:

1) Steady—s tate meniscus currents vary significant l y with the

concentra tions of either the KOhl or sulfuric acid electrolytes.

2) The temperature at wh ich a cell operates also affects physical

properties of the electrolytes and the intrinsic kinetics of the

electroc hemi cal s teps .

3) A key to interpreting the cathodic behavior may be anal ys is of

surface ox ides.

ESCA studies of the ele-trode surfaces have centered on the cathode.

The oxyQen in the Pt electrode ~as been followed durin q activation , start-

up, and steady-state fuel cell operation by recording the O(ls)/Pt(~if )

FSCA intensity ratios. The large current fluxes noted at start-up have

been found to be associated with h in h oxygen coverage of the electrode

surface .

~) .  Jn pl ications for Further Researc h
r tudj es  on the Cr/Si02 cata lyst syste i’ w i ll continue . Kinetic data

in a wide temperature ranne w i ll be ta~en to determine activat ion enerq i~ ’

rind compare to the model . Jsoto~ie studies will be made usinn IR at

reaction conditions to further r1~fine and identif y the catalyti ca l l y impi~rt~
j r f ~~ç~~ species.

~~~~~~~~~~~~ .—‘#~~—— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - -~~~~
-
~ —rn~~~~~~~ --- - -
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The main objective of the hydrocarbon synthesis over bimetallic clusters

for the next several months will be to obtain kinetic , chemisorptior i , and ,

where appro pr iate , M~issbauer results for the catalysts already prepared .

This work will be guided by preliminary screening of the catalysts to see

which have the highest yields of higher hydrocarbons. Further de~elopment

of methods for insurin g cluster formation and observing promoter effects

will be aided by Mössbauer and ESCA studies. The IR system is now bein g

modified to allow detailed study of the effects of the best catalysts on

reaction intermediates . These results will be used as the basis for attempts

to further control and improve catalyst selectivity and activity . Thus , we

plan to apply the ESCA technique to the characterization of samples more

directly related to the actual environment of the catalyst or the electrode .

This second phase includes the correlation of the steady state surface

behavior as observed by XPS with any catalytic activity. In addition , we

plan to study reactions of unusual importance to fuel cell technolo gy a n i

to fundamental corrosion mechanisms . Emphasis will be placed on systems

which affect the electrode surface, such as oxidation and adsorption procesc~’

so that the chemical structure of products can be determined .

Parallel ing these studies will be further fundamental studies of qa’;/

surface interactions and the interpretatio n of ESCA data , and an atterint t v

correlate the channes in metal core bindin g energies with change in oxi dat~o~i

state for derivatives of certain key meta ls ~.:hich show catal ytic act i vit y .

Included in our studies will be derivatives of rhodium , rhenium , ruthenium ,

and molybdenum , al l  of which find use as important components for ~~~~

~wtero qeneous ca ta l y s ts .
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Additional analyses will he made of Pt cathodes In order to clarif y

how the surface oxides change with time of operation of the cathode , and

with the locat ion of the site on the cathode relative to the meniscus.

Addit ional data need to be obtained to clarify further the complicated

relat ionship between the several factors that control the l evels of

currents generated .

_ _ _ _ _ _ _ _ _ _ _ _  -- - -~~~~--—- — •
~~~~~~~~
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I. Introduction

The catal ytic activity and selectivity of many oxide catalysts can be

varied by controllin g the oxidation state of the surface oxide . The

development of techniques to control and to measure the surface oxidation

state (or states) would make possible novel catal ysts with enhanced activity

and /or dual site catalysts with unique selectivity properties .

Two methods of controlling the surface states will he invest iqated

a) the Dispersion of the active catalysts on an inactive support will be

varie d in hopes that the stable oxidation state or active site at given

ambient conditions will be influenced by the particle size or composition

of the active phase of the catalysts. (b) Reactions at electrode surfaces

will be studied in hopes that controlled potentia ls applied to the electrode

will influence the oxidation state of the surface sites.

The success of these techniques will be determined by measur ing the

catalyt ic activity and selectivity of various reactions on the oxide or

supported metal catalysts and measuring the result ino surface oxide s or

metal phases formed by x-ray photoelectron spectroscopy (XPS or U~~A) and

where app lica b le , Mössbauer spectroscopy.

m e  follow ing report will be divided into three sections:

(II) Catalytic Studies ,

(III) Character ization of Surface States by ESCA , and

(IV) Electrode Reaction Studies.



I I .  Catalytic Studies

R. G. Squ i res
School of Chemical Engineering

W. N. Del gass

Schoo l of Chemical Engineering

A. Objective

The long range objective of this research program has been to modi fy

the distribution of oxidation states which are stable at the surface of

a metal oxide catalyst by controlling the dispersion of the catalyst on its

Inert support. The catalytic activity and selectivity of the catalyst were

then correlated against the oxidation state of the surface sites--which

were measured using x-ray photoelectron spectroscopy .

This technique obviously has general applicability to a large number of

catalyti c systems--an even larger number than might fi rst come to mind since

many “metal ° catalysts are , In their active state, covered by an oxide l ayer

wh ich is the active species.

(1) CO and NO reactions on chromina supported on silica:

The aim of this research was to correl ate measured reaction rates with

the concentra ti on of catalyt ically act i ve surface s pec i es , as measured at

reaction conditions by infrared spectroscopy. The surface species on a

chrom ia silica catalyst has beøn observed during the reduction of nitri c

oxide by carbon monoxide .

(2) Hydrocarbon synthesis over bimetallic metal clusters : In the course

of development of concepts and methodol ogy for characterizin g catalysts and

understanding the chemical origin of catalytic activity , we have expanded the

scope of our research to include investigation of the catalysis by metals.

The new research area is the study of selective hydrocarbon synthes is from

CO and H2 over supported bimetallic cluster catalysts . The cynthec’s r~’ a c t i o r i
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is centra l to production of clean fuel and substitute petro-chemical feed-

stocks from coal . Specific objectives include development of catalysts with

high activity for synthesis of specifi c low molecular wei ght hydrocarbons ,

study of chemisorbed species present on selected bimeta llic cluste r catalyst

surfaces during the synthesis reaction, and l n~,rovement of ESCA as a quantitative

tool for analyzing this new and Important class of catalysts.

B. Background and Technical Need

(1) CO and NO reactions on chromia supported on silica: The active site

for a catalyt ic reaction is a dynami c enti ty infl uenced by temperature , by

the oxidizing and reducing nature of the gaseous atmosphere to which i t  is

ex pose d , by the concentrations of both gas phase and adsorbed species and

numerous other factors . We can conclude then that the “act i ve s ite ” for

catalytic reaction is infl uenced by the conditions at wh i ch reaction occurs-

in deed it mi ght only exist at these conditions. It follows , then , that

characterization of this active site may be most meanin gful if it ‘s done

during chemical reaction .

Of the many spectroscopic techniques used in surface chemistry , infrare d

spectroscopy has proven able to measure the surface concentration of adsorbed

specie at reaction condi tions. The successful application of Infrared snectro-

scopy to i dentify surface species that are catalytically active depends on our

ability fi rst, to be able to “see ’ these species on the surface and second ,

to distinguish these species from the many other surface species that are no~

kinetical ly important.

• Chromia catalysts are of both commercial and academi c Inte rest. Alumina-

supported chromi a is used to polymeri ze olefins~~~. Chromi a also cataly’c’c

the NO CO react ion , of importance In automobil e pol l ut i on contro l , in

whic h it is selective to N2O formation~
’~ . The physical and chemical prnprr-
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ties of chrom1a/alumina~~ and chemisorptlon and catalytic properties,’
~~

have been reviewed. The sensitivi ty of the state of the chromi a catalyst

to ambient conditions has been demonstrated by ESR(5t6) and magnetic sus-

ceptibility studies~
7
~.

The reaction of NO and CO on chromia has been critically reviewed by

Shelef and Kun er~
8
~ and more recently by Shelef~~ . Ihe accepted mechanism

for catalytic reduction of NO over a large number of catalysts is a redox

(oxygen transfer) mechan1sm~
9
~. Studies by Taylor~~

0) first demonstrated

the detrimental effect of excess oxygen on the NO reduction . Subsequent

results by Shelef et ai~
2) Indicate that when oxygen reacts with CO + NO

mix tures, the oxidation of CO predominates . In addition , in situ determina-

tion of the oxidation state of the supported chronn a catalysts showed that

the presence of oxygen causes a more oxidized catalyst surface which Is

inactive for NO reduction by CO.

Nilyama et ai~~
I
~
12) propose a rate expression based on applying the

steady state assumption to the following series of redox steps :

k
NO(9) + red - cat NO(~~~) 

(1)

NO(a ds ) + NO(9) N~O~9~ 
+ oxthcat (2)

k3N2O(g) + red-cat N2(g) + oxd-cat (3)
k

oxd-cat + CO(g) CO2 
+ red-cat (4)

If steady state is assumed , so that 2r
1 

= 2r2 
= 2r3 = r4, the fol l owing

rate expression result s:

2Nk )k2k4PNOPCO
r 

2kl k2pNO + (K 1 + k
2) k4 Pco

where N is total number of sites. If k 1 k2<ck4
2Nk k p

this reduces to r = ~~~ 2 NO
k1 + k2
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They present data at 4000C to snow the excellent fit of this proposed mechanism.

This rate expression can not be correct at lower temperatures, however , since

at steady state r2 r3 and no net formati on of N20 is predicted. The forma-

tion of N20 as an intermediate in the CO + NO reaction over chromi a (and

other catalysts) has been reported by Shelef and ott~.
(13) The appearance

of N20 at low temperatures which then peaks and disappears at higher temperature ,

coupled with the increase of N20/NO ratio with space velocity , led Shelef

and Otto~~
3
~ to suggest that N20 Is a gas phase intermediate . As Snelef

and Kuni er~
8
~ point out, however, N20 formation is not inconsistent wi th the

redox mechanism. Referring back to the sequence of reactions (1-4), reaction

(2) must occur more rapidly than reaction (3).

Shelef and Kummer(8) al so suggest that at l ower temperatures the cata-

~yst Is covered wi th adsorbed NO, to the exclusion of adsorbed oxygen and N20.

At higher temperatures, where the NO adsorption is reduced , adsorption of 02
and/or N20 may De preferred. If this is the case, the Increase and subsequent

decrease of the N20 concentration with increasing temperature may not i nd i cate

a single mechanism over the enti re temperature range (in which N20 is an

Intermediate). The decrease in N20 at hi gher temperatures could be explained

by the onset of new reactions , using up N20. This point is Importan t since

this assumption is one we plan to check in testing our proposed model .

(2) Hydrocarbon Synthesis over bI-me tal llc cl usters

Recent concern over oil supplies has , coupled with the lISP S relativ e

abundance of coal as conmared to oil and natura l gas makes It a~~arent that

research is needed on nrocesses using coal , rathe ’ than petroleum , as a

hydrocarbon ~aw material . If coal is partiall y oxidized and combined w i t h

H2, a “synthesis gas” mixture of CO and H2 n~y be used as ‘eed stock 
for

catalytic orocess~ s leading to a varl~ ty pf processes ranqinn from methane

to hi gh molecular we i gh t hydrocarbon waxes.
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The success of such a process deoerids on the ability of the catalys t

to selectively produce the specifi c desired product. Rutheniu ns relat ively

unique ability to oroduce highe r hydrocarbons makes it a most oromis1n~ 4

candidate for research in this area. The possibilit y of controlli ng and

modi fying the selt~ctiv1ty of mul timetallic cluste
r catalyst of ruthen ium

to the metals wil l also be investigated. Sensiti vi ty to sul fur poison 1n~

is also an Important practical cri teria .

C. Accompl ishments

(‘I ) CO + NO reactions on chromla supported on silica :

Results have been reported~~~at the Sixth International Congress on

Catal ysis , July 1976. Since the results are not yet In print , the Important

resul ts that pertain to this proposal will be summarized in the following section .

(a) Introduction

The kinetics of the reduction of nitric oxide by carbon monoxide and

the simul taneous measurement of the infrared spectra of the adsorbed species

were studied in order to gain better understanding of the selectivity of

chromia towa rd nitrous oxide formation. The info rmation obtained from this

approach was used in proposing a consistent reaction model , ident ifying the

kinetically active surface species , and elucidating the active site character

and poison effects.

(b) Experimental

The Infrared spectra of the adsorbed species and the reaction kinetics

we re simultaneously measured at reaction conditions in a different pl ug

flow recycle reactor in which the reacting gas (SO cc/mm ) was recycled (at

4000 cc/mm ) by a stainless steel bellows pump , assuring differential gradlentless

condition s In the reactor.
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FIgure_ 1. IR spectra taken during the NO/CO reaction over a chrnr”i a-
sili c a catal yst.
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(c ) Resul ts
The experimental results are summarized in Figures 1 , 2, and 3. The

solid lines In Figures 2 and 3 curve s are predicted by our proposed reaction

itodel, which Is discussed in the next section.

Fi gure 1 shows the spectra taken during reaction at 250°C. The fresh

catalyst, calcined at 5000C, shows a high activity and gives rise to two

strong IR bands at 1735 and 1846 cm~ under the reaction conditions. The

activi ty decreased during the course of the experi ments. At the beginning

the deactivation was more rapid , becoming slower after several hours . During

this deacti vation , changes in IR spectra were noted.

A linear correlation between the band intensity of the 1735 cm~ band

and the rate of CO2 formation has been found (see Figure 2). This correlation

holds for a wide range of partial pressures of CO and NO. The 1735 cm~ band

In Figure 1 incl udes a shoul der at 1750 cm~ , which becomes more prominent

as the Intensity of the 1735 cm~ hand decreased. Similarl y and more clearly,

the fresh sample has a shoulder at 1860 cm~ associated wi th the 1846 crn~
band. As the samp le deactivates , the 1846 cm 1 band becomes the shoulder of

the 1860 cm~ band as shown in Fi gure 1.

Integration of the band areas (from absorbance spectra ) of these two

bands, the 1735 crn 1 and 1846 cm~ bands , yields a relatively constan t ratio

of 0.35 - 0.40.

In addition to CO2. the NO/CO reaction produces nitrous oxide ( M 20) and

lesser amounts of nitrogen. In Figure 3 the select iv i ty of nitrous oxide

(defined as r~4 0
/_r

,10) Is plotted versus the partial pressure of nitric oxide
2

at fixed val ues of CO partial pressure and chemisorhed NO concentra tion (log

(Ia/I) ). The selectivi ty of nitrous oxide is dependent on the partial pr”csu ’~

- —-- —--
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of CO as well as NO , and surface concen tration of cherrisorbed nitric oxide

as indicated by the intensity of the band at 1735 cm~ . In aeneral , the sel ect iv it y

decreases as either partial pressure of CO or the surface concentration of

chemi sorbed NO increases. Howeve~- , a hi gher partial pressure of ~ lea d s to a
higher sele ctivit y of nitrous oxide if othe r variables are fixed.

A react ion model which is consistent wi th infra”e d and kine~ic~ analyses

can be represented by the fol low i ng four ste ps:

{*) + NO - NO) (5)

k
- NO} + CO ~~~~~ (* - N) + co 2 (6)

- ~} + ~~ {*) + N2
0 (7)

2(* - N) —4 2{*} + N2 
(8)

where {*) is active site ; {* - NO) and (
~ 

- N) ~re chernisorhed ~IO and

N on the surface , respectively. The concentration of chenisorhed Ne), ~~ FJO ’ ,

the rate deter nininq active cente r, is proportional to the hand intensi ~ \! at

1735 cm*

- NO] C b c  (I s/I) 
(C ) )

where C is the proportional ity constant. Assunino the rate of formation of

- N) in step (6) is equal to the rate of consumption of f* - N u n  ~t~n

(7)  and step (8); i.e.

k2 [* - NO] 
~co = k3 ~N0 

{* - + k4 1~ - ~n
2 ( i n)

where P1 is the part ial pressure of t ue 1 th component ,

the sur face concentrat ion of ~ - N) ca n he ca lcu 1~ ted hy 1qu~ t 1n r fli ):

~

-—*——----—

—-~
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-k 3 ~NO 
+/k~ 

p
~0 + 4k2k4 r* - NO ] P

~0
- N) = ——---—-____ 

___ —---—- ( 1 1 )
)I.

The rate of C02, N120 and N2 formation can be written as:

r
~0 = k2 ~~ 

log (r
~
/ !) ( 12)

rN O  = 

~~~~~~~ 

+ ion ( I / I )  ) (13)

rN 
= 

k3 PuO 
(1 +[~ + 2k~~~c~ ion ~~~~ 

) ( 1 4 )

where (2 ~S the product of k2 and C. From Equation (12) and either

Equation (13) or Equation (14), k2 and k~/k4 can he calculated. Va lues

of k2 and k~/k4 
at 250°C are s hown be low :

k2

1.27 x lO~~ + 3~ 1.91 x lfl~ 7 .o~

Based on these values of k2 and k~/k4, kin~
tic data were sim u la t~~l and

plotted with the observed data as shown in rinur~c 2 and 3. flood r~~ rr

was obta ined.

Other , more compl’- x reaction sequences were conside red wh ich led ~n

rno lols w i t h  add~ ! i oiial par~ r t ’~r~ . ‘~e added cer ’nle~ i ~y d id not ‘~~~p’i

justif ied , bise d on tb~ exc ’llent f i t  o ’ ~i t~ n na~ ar~~t. r r model tn ho

da t a shnwn in Finure~ ‘ and 3.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~~~~~~~~ —~~~~~~~~~~
--•

~~~~
—— - —--- -
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If , as indicated by the infrared evidence , the predominate adsorbed

NO specie is a dinitrosyl complex , then both the JR  and kinetic data can

be explained ‘~f the surface specie represented by (~ }ln equations (5)-(8)

is

(2) Hydrocarbon synthesis over bi-metallic clusters :

Quanti tative analysis of CO methanation mixtures using a quadrupole

mass spectrometer can be achieved by following carefu l calibration procedures

descri bed above. Care must be taken to operate the instrument in a oressure

region where the signal responds linearl y to increases in partial pressure .

With proper calibration , mass spectral analysis can be coupled wi th a di fferential

reactor to measure both steady state and transient reaction rates at low

conversion. The transient response of methanation rate over .5% RU/Al 203
in the Union Carbide gradientless reactor to a step function of CO into a

H2 stre am flowing over the catalyst showed a maximum in the rate , six to

eight times as large as the steady state value, as shown in FIg. 4. The

rate maximum can be explained as an adjustment of the surface concentration

of CO f rom zero to the steady state val ue with the concentration pass lnq

through some optimum value , wi th respect to adsorbed hydrogen , for methanation

activity . The possibility of the maximum in rate being enhanced by thermal

effects is also suggested.

Evidence for the possibility of thermal effects was gi ven in the per-

formance of a glass U-tube reactor filled with the same catal yst and treated

in a similar manner but heated in a tube furnace. Upon Introduction of t~~
step function of CO to the H2 reactant stream , this reactor was unable to

transfer the excessive heat of reaction away from the catalyst fast enough

and the system proceeded to a new steady state at higher temperature and
S
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nearly l0O~ conversion. When care was taken to ni nim ize the heat transf er

problem by replacing the tube furnace with a fbuid ized bed sandbath , steady

state differential kinetic data were easily obtained . The analysis included

quantitative reactior rate measurement of methane and ethane with qualitative

observation of higher hydrocarbon products.

U. Results in the Last Three Months

(1) CO and uo reactions on chronia supported on silica:

in the past three months extensive modifications to the JR reactor sy~tee

were in progress . Modificat ions are being made that will enable us te :

a) pretreat the samples under high vacuum conditions

b) interchange cells so that more efficient use of the apparatus is

possible

c) control the temperature more closely

d) perform isotope experiments in a minimuni volume system .

(2) Hydrocarbon synthesis over bimetallic clusters :

Stea dy state k i ne ti c analys i s of 10 Ru/S i O2, 10’ Ru-l~- Fe/Si02,

3~ Ru-l % Fe/Si02 and 1% Fe/SiO2 w~s done in the Union Carbide gradie ntless

reactor after allowing the transient behavior to dit:’inis h. The l’U Fe ’SiO,.

sample showed no activity for hydrocarbon synthesis. The 10 - Ru/Si02 sher’ - l

Ilethanat ion activity but little activity for synthesis of higher molecu b r

weight hydrocarbons while the bi ti etai l ic samp les showed extensive h i~~Iìe r

hydrocarbon formation. Because the activit y of the b i t’~ ta li ic sailpi es

cannot be explained as the sum of the ic~ i vities r f  the ‘ienoI i et j lli c ca t i

l ysts at the same loadings , intim ate contact of th e tive riet~ls in the

L ILC t d i  1 ic ~i~iples i~ sugqo~ted . Thi s uI (~estiin has been n n f i  i~~-e~ Lw

‘AO S  hduer s~~- • c scopi c s tudi es done on t’ e i I Ie ~~~ t i  p1 Cs. The ~~~~~~ sbaue r

U it  ‘, h i -w  c i i  ni  v ~~ i ~ a new e° s td • nc Lii i . dli i c Fe. in ¶ or~ ~ d 

. - ~~~~~ ‘. -~~~~~---~~~- - ~~~~~~~~~~~~~ -- - — - -~~~~~ - - -~~~~~-~~~~~~~~~~~~~~~~~~ -
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in the presence of Ru and that the oxidation reduction behavior of this new

state can be understood only if intimat e contact between reduced Fe and Ru

is assumed . Dispersions of the supported Ru -Fe catalysts have been found

by both 112 cheniisorption and x-ray diffraction line broadening to be of

the or der lO~ for 1O~ Ru -l% Fe/Sf02 and 30~- for 3 Ru-l~ Fe/Si02.

A new reactor system is now in use to anal yze product distr’ butio ns in

more detail via gas chrorllatoqraphic analysis of the products. Mo le ‘‘actions

of C 1 —C 3 species in the products are shown below for 3~ Ru— l % Fe/5i02 run at

265°C and an He/CO ratio of 3. The total conversion was l~ and the turnover

num ber was c.a. 3 x lO~~ molecules CO reacted per metal surface atoms per

second.

I F ~~~~~~~~~~~~~ 1 
~~~~~~~~~~~~~~~~~~~~~ 

JI ~~~ 
i C2H4 I C 3}4 3 L 3~~

• Mole fractftn [~~~ O~~3 J - ~ --  - 

0.07 0.04 
- - 

OJ 5

These results are of particular interest because they show that nearly 30

of all the CO converted ends up as propylene. Further enhance ment of this

relatively high yield for a higher molecular wei ght olefin as well as ~ont i-

nued development of several leads produced in this work wi l l he the object

of ongoing research in this area .

L ~~~~~~ ~ 
-
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Charac t e r i za t i on  of Surface  States by ESCA

R . A . Wal ton
Depar tment  c f  C h e m i s t r y

N. Win o grad
Depar tment  of Chen -i i8try

I . Objective

Our proposed  r e search  encompasses  the cont inuing develoFr ~ent  of

e lec t ron spec t r o scopy  (ESCA) as a techni q ue to de te rmine  s u r f a c e  c h e m i c a l

s t ruc ture as it r e la tes  to he te rogeneous  cata lyt ic  and elec t roche ni ical  r e a c t i o n

mechan i sms.  \V~ a re  p a r t i c u l a r l y  concerned  with  the behavior  of c lean  nie~~~t

s u r f a c er , p r e p a r e d  under  u l t r a - h i g h vacuum (-~ l O ~~~ t o r r )  c on d i , i e n c , a l t r

exposure  to active gases 
~~~~ 

CO . NO , e tc.  ). The major  purpose  of t h e s e

exper imen t s  will  be to charac te r ize  the oxidation state  of all the sta~ile s~i r f ; i .~ e

spec i es  with  a special  emphasis  on those p o s s e s s i n g  unusua l  o x i d a t i on  s t a t . e .

With a backlog of i n fo rmat ion  of this type we p lan to compare  these  r e d u l t ~ t~~

sa mp les actuall y exposed to r e a c t i o r ~ con d i t io ns , be t hey ca ta ly s t s  or el~~c t r ~~d - s

u sed in  e l ec t rocata ly t i c  p r o c e s se r . We fee l v e ry  s t r o n g l y t ha t  one ef the

p r i m a r y  advan tage s  of the ESCA t e c h n i que is tha t u s eab l e  d a t i  an  b e~
not onl y on ‘‘ c h an ’ s y s t em s  p r ep a r e d  at I 0

_ I  0 
t o r r  b u t  a l so  OT 1 d i r  t v ’ - - ‘I k

‘) i ’ c p a r ( d u n d er  r e a c t i o n  c o n d i t i o ns , such  as  the c h ro mi a/ s i l i c a  c a t d v s t

s y s t em .  The p o s s i b i l i t y  of b r i d g i n g  the  gap ’ b e t w e e n  t h e s e  t’~v ’~~ c i t - i t t  i ons  i - ~
m o s t  CX ( i t i n g  to r e s e a r c h e r s  in  the  ca ta l y s i s  f i e l d . Since  these  coii~~ l . x  ~-u ~ -

f a c e s  m u s t  de t e rmine  the c o u r s e  of m o s t  h e t & r u g e n e o u s  re ;u  t i ( m . l I t .  ah~ H i v

to c h a r a c t e r i z e  t h e se  spe c ie s w i l l  h -~ v a t r e n  ndcn s i - -
~ 

- ,  I t l i  ide  n t i  1v M t

the ac t i ve  mo l ecu l e s  in  many  c a t i t v t i  p r o c e s s e s . In a d d i t i o n , he . f f u u n ’ - .

and r e l i ah i l i ty  of b a t t e ry  power  sy s t em s  and f ue l  c e l l s  dep en d  ~z~’ . ’a~~L v  en

I1 t t & r ials  h a r t .  t . r  I f  t h e  e l ect r o d e s . The y Tl i i I i ’  sI t b i l i t y  of f ~~~e i r t i e T

w i l l  ( - l e I r l y he r e la t e d  t~ t h e  typ es  ~ f t r y  un us u . d  ~~~~ O s  w!n~ h m y  ‘ m t  on

tb  ‘ l u  t r c le s u r f a ce s .

_  
~~~~~~~~~ - - -~~~~~~~~~~~~~ -~~~~~~~~~ -~~~~~~~~ 
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2. B ack ground and Technica l  Need

The proposed p lan of r e s e a r c h  encompasses  the deve lopmen t  of the

ESCA technique to de te rmine  he te rogeneous  ca ta ly t ic  and e l o c t r o ch e ’n i ca l

react ion m e c h a n iim s .  The f i r s t  p hase  of the w o r k  has been conce rne d w i t h

the in te rac t ion  of ciean metal  su r faces  wi th  gases and metals  u s i n g  samp les
-10prepared  under  u l t ra  high vacuum ( - l  0 t o r r )  cond i t ions . ‘I t~e ma jo r  pur  -

pose of these exper iments  has been to c h a r a c t e r i z e  al l  the s tab le  s u r f a ce

sp ecies wi th par t icular  emp hasis  on those p o s s e s si n g  unusua l  o x i d a t t i s t a t e s .

These studies will now be app lied to the c h a r a c t e r i z a t i o n  of samp les ~r o r e

di rect ly  related to the actual e n v i r o n m e n t  of the ca ta lys t  or the e l e ct r o d e .

This second p hase includes the c o r r e l a t i o n  of the s tead y s t a t e  s u r f a ce  h~~ha~ IIIr

as observed by ESCA wi th  any catal y t ic  a c t i v i t y . In add i t ion , we p lan

reac t ions  of unusual impor tance  to fuel  cell t echnology  and to f u n d a m e n t a l

c o r r o s i o n  mechan i sms .  Emp has i s  wi l l  be p laced on s y s t e m s  w h i c h  a f f e c t  th e

elec t ro d e sur f ace , such as oxidation and adso rp t ion  p r o c e s s e s , ~;o ‘h a t  the

chemical  s t ruc tu re  of p roduc t s  can be d e t e r m i n e d .

I-’ara ll e l ing  these  studie s wi l l  be an at tempt to co r r e l a te  the cha r t g ~ s i i i

meta l core binding ene rg ies  wi th  change in oxidat ion state  for d e r i v i t i v t s I f

cer tain key metals which show catalytic ac t iv i ty .  Inc luded in o t i  s t i d i e s  w i l l

be de r iva t ives  of rhodium , rhen iun -t , r u t henium and tr o lybd enun ~, all  of  w h i t .

f ind use  as impor tan t  components  for  c e r t a i n  h e t e r o g en e o u s  c a t i l v s t s . in

th ese in s t a n c e s , these spec ies  will  not  be g e n e r a t e d  in situ hut  r a t h e r w i l l  be

syn thes ized  outs ide of the s p e c t r o m e t e r  and the n s ub i e c t e d  to  E -~ A st ~a h , s .

The objec t  he re  is to genera te  species  of know n s t o i c h iom e t ry  and T i l e cu l ar

s t r u c t u r e  in o rde r  to make a de ta i l ed  cor re l a  t ion of m e t  tl  ct ) r d c  I t m  ,n I m d i  iii

e n e r g i e s  wi th s t r uc t u r e .  This wi l l  be of hel p in our id e n t i  f o at  1 ,  I ll  gee  i’”~

w h i c h  a r e  sub st  qu ~~n t l y g’ n - r a t e d  in  s i t u  d u r i n g  c a t  ~!vs is .

Al l  ESCA tea s ur e T i ’ ~ n t s  w i l l  b made on an  e x i s t i n g  I I t w l e  t — I a c -k a r  d

5 ~~~~ (JA ~)~~~ ( et r o i n e  te  r . Thi s  i n st  r u in en t  U t i l i z e s  m on o c hr  om a t i c  Al K X — r a y

(I}) t a i l~~d f r o m  a q u a r t i . er y ~ tal  d i sp e r s e r  as  we l l  as  a m u l t i — e l e m e n t  l e t ~~ct ~ I ‘ ,

si hi t n e . The , n h ar t t  . d  r e s I l l I t l o and s e n s i t i v i t y  of t b i ~ c o n f i gr t ~~ r I I r t  15
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for intevpretation of complex spectra which have overlapping bands . For

example , the Au 4f
712 peak on this ins tru r r t ent  has a 1 .  W . H. M. of about

0 . 8 eV . Without  the c ry s t a l  disperser , as is the case wi th  all othe r c o m m e r c i a l

ins t ruments , this value r ises  to - — 1 . 2  eV . Since chemical  s h i f t s  on the o r d e r

of 0 .5  eV need to be d i sce rned  on peaks which  a re  o v e r l a p p in g, t he use  of t h e

Hewle t t -Packard  system is absolute ly e s s e n tial to p e r f o rm  th€ se e x p e r i m en t s .

The x -r a y  genera tor  and e l e c t r o n  anal yze r  a r e  isolated f r o m  a samp le

t r ea tmen t  chamber by a hig h vacuum gate valve.  This chamber  is the n pumped

separate ly  with two 30 1/sec noble ion pumps and a 350 1/ sec  t i t a n i u m  su h l in1a ~ I r

pump. The samp le i tself  is p laced on a probe which  can be pushed t h r o u gh  a

set of sliding tef lon  seals into this chamber and into the a n a l y z e r  for  s p e c i a l

analys is .  The samp le chamber is equipped wi th  a c r o s s - p r o b e  for  in s i t u

eva pora t ion , a leak valve for in t roducing needed gases as well  as an a r g o n  ion

gun . The tempera ture  of the samp le can be set f rom - 180 °C to 350
0

C , as

indicated by a p latinum res i s t ance  the rmomete r , by heat ing  a f i l a m e n t  imp l a n t e d

underneath the sample or by passing cooled N 2 gas th roug h the samp le p r o b e

ti p

We have added several  impor t an t  addit ions to this  system to expand

its versa t i l i ty  for  su r face  studies.  F i r s t , a l thoug h the sys te m is e s s e n t i a l l y

compatible for u l t r a  hig h vacuum , the s l iding seal a r r a n g e m e n t  for  the s a T i l i li’

probe is not s a t i s f a c t o r y .  An ex te rna l  chamber was  built  a round the  samp le

inlet with a con t ro l l ed  a tmosp here  of pure  a r g o n . Thi s p rocedure  a l l o w s

d i r e c t  t r a n s f e r of samp les f rom this  ‘d r y nox ’ i n to  the i n st r u m e n t  w i t h o u t

exposure to air  or w a t e r .  To a t ta in  p r e s s u r e s  of 10~~ 
0 

torr , a hake out o v e n

was  built  a round  the i n s t rumen t  and it could be hea t ed  to 1 50°C f o r  r e I l t o v  i~

of r es idua l  v a t e r .  A r e s idua l  gas a n a l y z e r  has been ins ta l l ed  and i s  able t o

m o n i tor  the  r e s i d u a l  gas leve l
2
.

Th r ee type s of samp le t r e a tm e n t s  a re  ava i l ab le  us ing  the above sc ! I e t i t ’ :

( 1 )  ‘Clean ~u r f a c e s  can be ex posed  to low levels  of b ack g r I I z r ) d ga i ~e~

(to  5 x I 0~~ t c r r )  d u r i n g  x - r a y  a n a l y c i s . This  p r o c e d u r e  is  p a r t i  u l a r l y  ~ ct ~”~l

for  o b . c c r v i n t~ th~ j n i ? t . i l s t a g e ~ of su r f a c e  c o v er ag e  

-~~~~ -- -  . ‘ . - -
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(2) Samples can be extensively exposed to hi~~er pressures in the

treatrr~nt chanter (up to atntspheric pressure ) but the ~~s must be rennved

during spectral analysis.

(3) Gross per’turbatipns~ such as electrochemical or catalytic r e t ~~~~~

can be carried out in ~he external dry box sanpie chanter althou~ i tbc ~3P~ Ct1~~

must be recorded in vacuo5

3. Acconplishmants

The major thrust of this research has been to identify the l r ~~~c:ic t 1

of various oxidation states on n~ tal and rr~ tal oxide surfaces . We have

focussed primarily on ESCA and Auger spectroscopy ( AES ) as tools to c ir r~ ’ - ‘ct

this aim. The specific developrrents during the last year an~ now pi~~ !

in greater detail :

(1) X—ray Photoelectron Spectroscopic Studies of PbO Surfaces

Pontarded with He~ , Ne~ , Ar’
~, Xe~ , and Kr~ .

IVbny surface analysis techniques , which involve the ch~u a c t ri z a t L I t

of surfaces and the determination of In—depth concentration l~~ t1h , ro

carried out by cont ining various spectroscopic n~ thods with ~ ai~ 1 n_ t rt .~~ . k : ~~~.

For exairple , Ion ~;cr~ti or in~ spect rometry (ISS ) is a technique based t r I  ~

measurement of the ent ry~’ of prinriry 1ot~ elastically scattered l i ~~~~t:~ a

sur face. Secondary Ion arid Ioni zed neutral mass spectrometric TJ ~~th ~~h;

(SIr’13 and flIM3 ) are based on studying the mass distribution of :;p t t~~tv~

p’ irt . I c ]  CG generated by i r i  rvcr ~,’ ion i : I:~ ‘ r t  . I t  - othc t r 1 :i t

‘~~a—u€ ;tr’uctjve ~~U osL~ such as ESCA :uid Al~~, ion h~~~~u~L- :~ -: 1:; t r ’~

I ~~t ~ ‘j  i n  ren~ ve auter 1 ayer.. for 111— 1k-p t -h  prof’llin~ ‘~r t o  uncov~ - r a I’i~~ -: ;h

surface .

_____ —“ - -~~~~~~ -—-- -—-- -~~~ - — -- —- —-.
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l~bdifIcatIcn of surface composition by the incident ion Is a factor

which must be understood if these techniques are to be of quarit lt itlve u t i l i ty

in characterizing surfaces. For- exariple, in 135 measurements which are mast

surface sensitive (Its sanpling depth is limited to the outenm~st ato~tdc

layer or two),  chemical nDdlficat ion resulting from primary ion—solid

interactions may provide erroneous infor~~ tion r’egariing the initial :au1ace

composition. The study of Ion surface Interactions in b inary tar~~ t~ Is also

of interest in developing relevant theories of the sputterini~ !i ~~~’ n - - fOr

these complex systema .

The surface composition of PoO has been studied with ESCA af’t.~ r

bontardnient with several inert gis ions of t~00 eV. The results sh-j w re ~~~~ Ltr~n

of PbO to metallic l’o with the de~~’ee of darage following the ur~Jer lTe~ > Nr~

Both and Xe+ did not r’educe the oxide . The depth of darn ~~e o u I ’  I from
0 + ° +

“.. 9 A for He to ~ 1 A for Ar borrbardrnent . The results were cnn~ a 1’ , I to a

collisional and a ther’nni irodel of the sputtering process. 6

(2) The Surface Chemistry of the Cd— and Ag—(iQjgen ~ysterru .

The surface chemistry of the Cd— and Ag—o~~~~t i systen~3 1 i ’
~~~~ t~~~ “u

studied by ESCA using both temperature changes and ioii bontardinc:rt techx P~~cc-

as methods of inducing structural changes.7 For the Cd system , the 0 Is

binding er~ rgies for CdO , Cd (OH ) 2, CdCO3, and Cd02 have been cha actei’ i :;e i an I

have been used to follow the decomposition of these species as a f u r i ’ t  ~~)fl of

tenperature . For o~ j gen—exposed evaporated filn~s of Cu , two di st -It ic t oxy r~ rt

phases were noted with one betng spec i t’J cal ly I d I r t  l ied as CdO. }‘or UI ’ it~

sys tem, the 0 Is bind1r~~ energie:; ‘f AI~d , A~~fl, and w ’ r ~ ’ r~-p~~~ ed.

C~ t the o X !( i e S  prep~rOd in air , a sif7d f’lcant c~ut~o R t t I  contami rvuit w:~ T I O t ( ’ I

which el r ’~ Iiicated ‘J ~e tnter’p i ’et : it  t of the 0 is r ;p~ c tra. For o~~’~;et i— q ;ed

_ _ _ _ _ _ _  —
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evaporated Ag fUme, nc oxL ie phases were noted even at high oxygen ex 1xx ;uI~ ’~

althoug~r a broad , strw~to.r c ~ess background , probably corresponding to ab~or~’tJ

oxygen , was observed .

(3) Auger studies of metal surfaces and their inpilcation to elecLreal~
structure elucidation.

A theory has been developed for predicting Auger energies With  the ~~~~~~

of ESCA binding energies which is rigerous within the f’ran~ work of t h e

theory of extra—atomic relaxation developed by Shirley et al. CaL o~ - .

are gIven for the L
3

M231’423 Auger energies of ir e ta i i tc  N I , Cu and ~n. ~
argue that the atoniLstic approach to calculating Auger energies should to  v i ~

for NI as it is for non—transition metals . By including the u~Thc t ~-r ~h ’

second screening orbital on the Auger energy and by t -ik i a~- 
~~ Y 0 L -  u c c a s~

change Li initial state electronic configuration between gas p~~i~ 
‘
~~~ 

- ,

and r-rtallic Ni , agreement with experiment can be nearly as rpc’J as “

Cu and Zn cases . The results strongly suggest that th e first scr ’~o n

orbital is 3d—us admixed while the second screening orbital Is aL~i -  0

I-Is—like .

(Li ) ESCA Studies of Platinum electrode surfaces .

The surface oxides produced from poter ’i t iostatic and gLlvaJ ios~, 0

oxidation of Pt electrodes in h1Cl0~ and }I 2S0,~ are examined using x—r ay

photoelectron spectroscopy.~ The oxide I species produced ~e; ~The ta l  tl~~

o xid~rt tori product by successively ror~ anodic potentiostatic oxi~t ’tl~ t ,  P

0.2 I1Cl0~ Is Ioi i ~u to have a I” oxidation ~ U~ tt  , a bLi~~~~ ~-n ’ -
~~~

characterlctic of t i o l t b & r PtO , Pt (OH ) 2 or PtO -,, and a limit ing thC ’~-:n’ ’:;o 0
’

8 A. GalvirK st~L t Ic  oxidation in HC101~ and 1125014 is found to produce

I t O , iI~~) as an ~~~ ~mItth~ ~~~wt P o x t 1 ~ or a 1 l m t t  ij ’ o’ w~ h o xid~ - layer

~ tb’ c a e ntr ;i 4 Ion 01 t i ’  acid e~ I ’ r r o i y~t ’ . The ic ’ . ‘ 
~~~~) 1i ‘1’
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the acid electrolyte anion in the surface layer is shown to have an effect

on which type of oxide layer Is produced . X—ray decomposition ar id chemical

nodi.fication by Ar~ stripping are shown to produce chemical art ifacts

coaplicating any interpretation of a Pt oxide surface layer .

The underpotentlal deposition ( UPD ) of copper and silver ions on

platinum electrodes has been studied using x—ray photoelectron spectroscopy

(F.~CA). A siguificant chemical shift of the ESCA binding energies cf’ the UPD

copper and silver atome relative to bulk copper and silver metal is obtained.

analogous spectral results are obtained for in situ vapor depositicr i of

copper and silver atomu on clean platinum substrates which reveal the rwctolllc

nature of the UPD species.

( 5)  ESCA Studies of Chromia Catalysts.

ESCA studies on chromiaj silica ( Cab-0—Sil) catalysts have now ‘coca

completed. 9 S~~ported chromium oxide catalysts have a wide variety el

applications including ethylene polymerizatIon~
0 and oxidatior r—~ cd uctJon

reactions between environmentally important; ~ec u l o~ such as CO and

In recent years many efforts have involved the characterizatior~ of i

catalysts in an attempt to sort out the appropriate roaction n ’icu ~~J :o .

Volumetric titratioris to determine the bulk oxidation state of the chr’undum

routinely used in con.j unction with infrared and electron paranngr ~~~~L I

resonance spectroscopy have eluded much information de:dIng wI~ hi the

~ibove questions . However , these techniques have also r evealed tl c a. t h  -

chromi a system is high Ly complex and as a seas i t - ,  many ;u ;t I i ~ aI es ft; ’ce

aris€ r~ corrc er ’T nJ tg the state of the catalyst throu~ iout Its various r’’- t ’ t  1 ~r i

h. tst r i ’ :  . ~~~ i’~ ~ r ‘ -a ‘ vors ~i1 aspect cur turr ’ns the oxi tO ion s tat  e of

cha ’r n I i  whi ch is pr~ :’ ’rit as a result I f  reaction w i t h  CO and P .  in i’ola—

- i a to tt ’ ~ti er t Of ’ the cat ‘i i’j st .. with these I we {~aSI bet h u,~r~1: u’ and

L 
_ _ _  - -
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as a mixture , a wide range of chrom ium oxidation States from II to V hav e

been proposed . As a possible tool to gather additional information con-

cerning this as pec t , we have used XI’S to investiga te the sirface dun incr

various stages and conditions of reaction of the chromia catal yst wit h

carbon monoxide and nitric oxide.

The di scussion of the resul ts  can be div ided conveniently into two

parts: evidence for ( 1) changes in oxidat ion sta te and dispersion which

occur as a result of different ca l cination temperatures and (2) i h-u qes

on the surface of the catalyst after react ion with CO and NO.

An analys is of the crianges wrnch occur in the Cr 2p spectra of the

catalysts as the calc inatio n temperature is varied shows that for the ton-

~a ici nate d samples , the chromium species are predominantly in the Cr(Vl )

oxidation state. When these samples are heated to higher t ei np erO ir ’.

there is a shift of the Cr 2p peaks to l ower energies with the Cr (III)

sta te predominating at temperatures of 500°C arid above. We note t h i t  while

the samples calcinated at hi gh temperature have Cr 2p energies w h i c h  d i f P r

fom the rclated energy of bulk Cr203 by onl y —0.5eV , the noncalcinated

sampl e i s cons i derably di ff erent from Cr0 3. In fact the experi me nt~ l

values correlate quite well with the Cr 2p 312 energ ies of chrornat i’ a? d

dichroma te. This observation tends to support the pro~usod
’ ‘1 ruaste

an d/or  di ch roma te stru c t u re  of c h rom i a on s i l i c a , although unfo r tuna te ly

it is not possible to distinguish between the two by X P S .

In addi tion to the hi ndi ng energy shi ft’~ which est ~hl i sh the pre’ ‘ ce

of Cr(V I) and /or Cr(III ) spr ties , a ve ry dramatic i nC r r a ’~c in fir” in r e r r s j t ,

of t f ;e Cr 2p p ’ ~. ks occurs for the sampl e ca lc i nated at 500°C. Further

chr r ,rr t e r i s t i ct  of t h is  oa r t icu lar  sample include the appea r rn~ of an

a d d i t i on ,-r 1 0 is hr rk at ~30 .7eV (bel ieved to he the res ul’  of cr~ 

~~~~~~~~~~ -— -— — ---~~~ -- - -—~~~ - -- _ —~ —~~~~~ - - -- -
~~ 
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Cr203) and an equally dramatic decrease it ’ the intensi ty of the Si 2p peak.

We found this change to be evident on samp le s containing between 5 and 15%

chromium. Through efforts to reproduce this effect we found that both the

calcina tior i temperature and the procedure we used to prepare the catalyst

were critical. Ap parently this intensity change occurs only over a narrow

tempera ture range of approximately 20°C and by about 550°C this int7nsity

enhancement had largely disappeared . Furthermore , it was found tha t w hen

samples which had been calcinate d at 500°C were reheated in air at a lower

temperature (4 hours at 300°C) this dispers ion change was reversed.

Since peak intensities in XI’S are directly related to surface concen-

tration , the observed Cr 2p intensities can be at least qualitatively re1at~d

to the concentra tion of chromium on the surface. As the larger platelets

of Cr203 form at a pp rox i mately 500°C and grow to cover the surface , we

would expect that the surface concentration of chromium would be greater-

than that of the initially prepared sample . In addition , this chanq e should

be accompanied by a decrease in the relative intensity of the Si 2p peak

since the environmental effect of the silica should be correspondingl y

reduced . This is in fact observed . Furthermore , the formation of a very

hig h surface concentrat ion of Cr203 s houl d rc~ult in the appearan ce of an

associated 0 Is binding energy . This peak should be located at —530.hev

since Allen et a1-~-f1 have established that for Cr203 the binding enerqv

difference ~E(C- 2p312-O is) is 46.3eV. The 0 is peak that we oLr ~er’ve

‘jt 530./tV is clearly t i lls p 1o t ic u l~ir binding eneroy , its i nt en , i tv l I h i v i o r

closel y mirroring that uta erved for the Cr- ?p
3112 

peak ~t 577.1eV. The

dN red ‘F i ri in tens i ty ef both t hr Cr ?p (577. 1eV ) and 0 1 ~ (530.7eV) bi t d i r ;

energi ’s as the ra l c i r t ion t e Ir l er ture is raised allo y ’’ 500°C Ca P  ta  

.
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by a decrease in crystal linit y which results in a l ower surface concentration

of chrom ium.
• Measurements were made of the Cr 2p and 0 is binding energ ies of th e

catal ysts after they had been reacted separately with CO and NO and w ith

1 :1 mixtures of these two gases. The spectra were monitored after reaction

at 300°C for a period of three hours. The experimental conditions under

w hich the binding ene ;-gies were measured (a pressure of — i0 8 torr) do not

of course correspond to the conditions which prevailed during measu rerents

of th~ infrared Spectra of MO and CO adsorbed on silica supported chr onhia~~~
18

Accordingl y, al though we are unable to monitor tire nature of the reve rmibly

absor bed species , this technique is suited to an investigation of the natu re

of the chromi um species which are present.

When catal yst sam p les which ha d been calcinated at 500°C were react ’d

with CO . a shou lde r  appears at ~576 .4eV on the low b indin g ener gy s id e of

the Cr 2p31,2 peak due to Cr(III). By measuring the separation between t I c

relate d Cr 2p peaks of Cr(VI) and Cr (III ) species it is apparent t hat  t i re

average bin ding energy shift per unit change in oxidation number is —Oi~’V .

If this linear relationship persists in going from Cr(I II) to Cr(II ) oxide

then the observed Cr 2p312 energy of 576.4eV is consistent with the v - r e ’ ‘ - i ~~

of Cr (II). Qual i tat ive ly re lat ing the intensi ty of tin s shoulder to the

concentration of Cr (II) present , indicates that whi le  consi derable arr ant

are generated :n samples which had been c a lc i nated  at temperature’ of hOO’ C

and above , ~iimpleo that. were not calcin ated or cal cina t r d at 300°C showed

Ver y li t t le chromium reduction.

Althou g h the low er oxidat ion state is also produced when NO io 1, r ’~~’d

over the catalyst at 300°C, the degree of reductio n is ‘U I -  t less than in tO ”

_ _ _ _ _ _ _  - 
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4. Ac co mplishrnen ts (6/ 30/ 76-9 / 30/ 76 ).

Recent work updates the progress reported in the previous section .

Both x-ray photoelectron spectroscopy (ESCA) and Auger electron s~ a s r -scu Ilv

(AES) have been extensively employed for the quantitative determi nati on I

surface compositions of alloys . In both techniques it was conrirron practi ~~ t i

assume that signal intensity is linearl y proportional to concentrat iur , al though

possible matrix-related deviations from linearity are sometimes included .

Elemental Auger and intensity ratio measurements for Pd and i~q ~.ith v ’ - ~ inq

alloy compositions were studied. PdAg alloy surface compositions calculat ed

from Auger and from core-level spectra l infor ma ti on differ. The Pd Au qer/~ d

intensity ratio was severely affected by the alloy compos ition while the Ag

Auge r/3d intensity ratio was nearly unchanged. We attribute these deviation ;

to the localized nature of the Pd 4d electrons when diluted in Ag compared ti

their relative band—i ike nature in bulk Pd , thus altering the  Auger t rrr o i t i e r

probabilities. We believe comparison of ALS and [SCA intensity measur el el ts

in this manner provides valuable insight into the electronic structure of the~

alloys and exposes the large errors that r a y  result in quantitative surf er

analysis using valence lev e l coupled Au ger transitions.

The underpote nt ial deposition of monolayer quantities of Ag and Cu h,r~ I C ’

studied usin g ESCA and Auger opectro scopy . ESCA che ri cal shifts of -0. 1-- ’

—0.95 eV vs. the hulk metal were observed althou gh no di st’i nct i 11 ? was ru t

l etween the various underpotential states pr’e sro t in the cyclic vo lt~r ’ -rr - :,,~

The shi fts were identical t o  v r ;or devosi ted oube tinol ayer fi lnrs of Ag and

on et in the lu’.’i t iveraqe (o -0 .1) h i n t . A gr iur l shif ’ w r t h  uvr 1’ 
~~

‘

r i  ho I me f r  1 v i  1 ue f u r  t te ~ r I C Y  ulepos It  I I I  f i l i r i ’ , a r t  I ‘Star t ~ 01 t u-. r 1 1

I 
~~

‘ for tb i i  iPrpu b I t ?  f i r  1 d ’pos it  i tilt 1I •d  I ’d t h i  i ~ 1 a l i t 1 Y I W~~~ ,

-

~ 

- •
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only in the evaporated films . Measurement of the Cu and Ag Auger spectra ijvt:

results independent of the surface work function when compared tu  t h e ESCA s;ectrd .

Interpretation of this Auger parameter is , however , at pre oeri t amb iguous.
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Electrode Reaction Studies

Role of Surface Oxides on Cathode Surfaces

L. F. Aibright , School of Chemical Engineering

Sumary of Results

Considerable new Info rmation has been obtained that clari fies and begins

to quanti fy the factors that control the current fluxes in hydrogen-oxygen

fuel cells. Extensive information has been obtained for both the cathode ard ,

to a lesser extent, the anode when both solutions of sulfuric acid an d of

potassium hydroxide were emp loyed as electrolytes . These results can in part

be interpreted by means of the relative amounts of platinum oxides present on

the platinum electrodes used. The conditions required for obtaining maximum

current fluxes vary for the following comparisons:

(a) Cathode versus anode .

(b) Submerged portion of electrode versus portion at or nea r the

tri ple interface (between gas , electro lyte , and electrode).

(c) Different polarizations (defined as potential difference

between electrodes).

E~perime ntal Approach

in the fuel cell being used , flat-plate platinum electrodes (cathode or

anode) are being used (1 ,4,6). These electrodes can be partiall y or completely

inriersed in the electro lyte. By changing the height of the electrode relative

to the electrolyte , the submerged area can be varied; using this technique , any

of the following can be investi gated: rneniscu s current , current in the sub-

merged portion of the electrode , or a combinat ion of the above two . By use of

a shirld posit ioned around an electrode , transfer of reactant (either oxygen

or hydrogen) to the electrode can he made to occur in onl y a one-directional

- -.~~~~~~----- ‘- - ---~~~~~~~ --~~~~~~~~~~~~~~~~~~~~ ••~~- - - - -_  - 
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manner . (Such one-dimensional trans fe r is much easier to model mathematically.)

In the cell used , current densiti es in the portion of the electrode near the

men iscus (close to where there is a triple interface of electrolyte solution ,

reactant gas (oxygen or hydrogen), and platinum electrodes) are much greater

than in the portions of the electrode that are subme rged . A re fe rence electrode

is used so the polarization of the electrode being investigated ce’~ be measured

(and changed if desired by suitable equipment) as the cell is used .

The surfaces of several smal l test cathodes have also been analyzed for

surface oxides using x-ray photoelectron spectroscopy (ESCA or xPS). These

test cathodes have been analyzed after specifi c treatments or use (in the fuel

cell).

The range of operati ng conditions Investigated has been as follows :

Temperatures 15 to 80°C

Electrolytes 0.25 to 2.0 N sulfuri c acid

0.25 to 4.0 N potassium hydroxide

Polarization 0.1 to 0.8 volts

Results

ESCA analysis of test cathodes (that measured 0 Is/Pt 4f peak area ratios)

indicated that the amounts of platinum oxides on the surface chanqed significantly

during the fi rs t several seconds after the start-up of the cel l .  There was a

large decrease In the oxygen-to-platinum ratios during the firs t several

seconds of operation of a cathode In the fuel cell (i.e. several seconds after

the circuit was closed). The cathodes used were firs t activated using boiling

nitri c acid and were then rested (at open circuit) in the potassium hydroxide

solutions used as electrolyte . Table 1 show s the results . After the act ivation

and during the rest periods , substantial amounts of p latinum oxide were on the 

-----~ -- - -  ~~---
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Table 1

Electrode Treatment o ls/Pt 4f Peak f~rea Pa ti o

Heated In HNO3 for 2 hrs. 0.18

2 Heated in HNO for 2 hrs ; 0.16
Soaked In 02-sat . 1 N KOH
for 20 m m .

Heated In HNO for 2 hrs ; 0.074
Soaked In  02-sat. 1 N KOH
for 20 m m ;  Cathode In
fuel cell nzO.5 for 1 sec.

3 Heated in HNO for 2 hrs ; 0.049
Soaked In 02-sat. 1 N KOH
for 20 m m ;  Cathode in
fuel cell n=O .5 for 10 sec.

4 Heated In HNO for 2 hrs ; 0.048
Soaked In 02-sat. 1 N VOH
for 20 m m ;  Cathode in
fuel cell n=O .5 for 3r~ sec.

_ _ _ _ _ _ _ _ _ _  ~~~~
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surface. As cell operation began , this surface oxygen was dep leted to a con-

siderable extent. Duri ng the initial start-ups there were large surges of

current , and the currents then quickly decayed toward a more-or-less steady-

state value during the first several minutes of operation . The ESCA f indings

confi rmed for the fi rst time the di rect rel atI onship between adsorbe d (or

surface ) oxy gen and the larg e curren t fl uxes previousl y noted during start-up —

by Roher et al .(5 ,6) and others (1-4) . Information was obtained over wide

ranges of conditions for the values of these high initial current surges.

During the fi rs t several secon ds of start-up , activation contro l is important .

Then In the time period from about 20 to 120 seconds , diffusion of oxygen

through the electrolyte solution Is controlling (5,6). Although the ESCA

results are prelimi nary, they Indicate conclus i vely that ESCA is a valuable

technique to be used in fuel cell investigati ons.

For so-called steady-state operation (after seven minutes of operation),

the effects of concentration of electrolyte , temperature , and polarization

were all investigated for both the p latinum cathodes and the platinum anode .

After about seven minutes , eddy diffusion currents seem to be important , and

they account for most of oxygen transfe to the cathode and for most of the

hydrogen transfe r to the anode .

Optimum concentrations of electrolyte were found to occur for various

operati ng conditions as shown in Table 2. At low concentrations of electrolyte

as the concentration approached zero, the currents decreased toward zero ; and

as the concentration increased at higher concentrations , the currents also

decreased. At an intermediate concentration , defined here as the optimum

concentration , the current re3ched a maximum. These optimum concentrations

occurred at higher values for the anode as compared to the cathode , a t h i g h er

value s for menlscus region (region near triple interface of electrol yte ,

- — - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ “-~ -- - -
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reacting gas , and electrode ) as compare d to submerged portion of electrode

( region between electrode and electrolyte and relatively far from the

meniscus), at slightly higher values at higher temperatures as co mpared to

lower temperatures, and at slightly higher values at lower polarizations as

compared to higher polarizations. Attempts are now in progress to determine

which factors are responsible for the optimum concentrations and why these

optimum concentrati ons change as operating conditions are varied . Factors

that changed in these investigations included solubility and di ffusivity of

the reactant gases in the electrolyte , viscosity , surface tension , concen-

tration of i ons in the electrolyte , and reaction rate constants .

In a companion investigation (7), similar experimental informati on are

also being determined for an electrolysis cel l (to split water into hydrogen

and oxygen). The results of this investigation are being employed for com-

parative purpose wi th those of the fuel cell. It Is thought that available

results will provide considerable insight into the mechanism of the fuel cell.

- ----- - - - ---- ~~~~
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Recent Results on Electo de ~eact i on Studi es

Additional ESCA results have been obtained on the cathode of the fuel

cell. These resul ts are an extension of those in Table I. The objective of
the additional work was to determine how the ’) ls/Pt4f peak area ratio varied
when the cathode was rested after being used. During a rest period of two

mi nutes , there were no significant change s in the peak area ratio values. Ealier

findings had shown that this ratio was high during cell start-up with a recently

activated platinum cathode . It is recommended that additional data be obtained in

the futur~ especially with lonoer rest periods. The earlier findings had sug-
gested that oxygen adsorbed on the plat i num surface was a reactan t dur i n g cell
start—u p when large current fluxes occur.

Preliminary results have been obtained using phosphoric acid as the electro-

lyte. These results i nd i cate the follow i n g opti mum concen trations at 260 and
60°C temperatures.

TABLE I I I

Cathode Anode

26°C 60°C 26°C 60°C

Submerged <0.5 0 .5-1.0 0.5 0 .5
F~ niscus >4 .5 >4.0 >4 .0 >4.0

Mr. Charles Bi ld has correl ated hi s resul ts , written his thesis , and passed

r~is final master ’s ora l exam inat i on .
Continued work is being planned to extend and develop suitable correlations

and mechanistic models for the low -temperature hydrogen-oxygen fuel cell.

~
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SUMMARY

I
The objecti~..-e of t he r e s e a r c h  pro gram described here is the dev cIwp ’~~nt

o~ a new group of solid state devices wh ich employ the non -l in ea r i n t e r a c t i o n

between surface acoustic waves (SAW) and photo-generat ec charge ca rr i ’-rs to

a c h i e v e  opt i c a l  image sca n n i n g . Many of the f i n d i n g s  of th i s  e f f o rt a r e a l s o

direct l y app l i c a b l e to the class of SAW non-linear devices emp l ; ycd in si g na l

p r o c e s s i n g  a p p l i c a t io n s .

The objec tive of this final report is two—fold. F i r s t l y we w il l  re -sent

a review of the research performed under this contract; secondl y vie w i l l

present a brief su mm~1ry of the performance achievements arc t- -’pe ctat ions ( ‘

the various SAW optica l imaging scheme s proposed thus far.

Three different types of devices have been studied under this contract.

The first results reported emp l oyed a separate media confi guration where a

high—resis t i v i t y  silicon wafer was separated by an airg ap from a l i t h i u r

niobate substrate. The second type of device reported was a m o n o l i t h i c

device in which many of the disadvantages , bo t h mecha n i ca l  and e l e c tr i c a l

(biasing) of the separate media configuration ~icre rcr’rove- d by per k - r rn ~ rro

all operations directl y on a silicon wafer. The necessary p ie z i e I e ~~tr i c

activi ty i s  p r o v i d e d  by a thin rf sputtered iinc oxide layer on t H

silicon . In the course of research on these monolith ic devices a

was developed for ac hievin h a U t rhl - i Js  e nha nc e r - - e r i t  in photor -  d t e r

semi it ivi ty by using a pu lsed h i~~s supp l y. The th i rd 1~ev i c e  t y; r- stud

i s a d e v i c e  ar~u I n  i n  t H -  ~o p d r d  , -r e d a onf i q ura t  On , but w h i r  e H

~,em icondu ct rr continu er . 5 r o l i aC t  d by a pr d i H ii ras- . h~~- t  ic,i l

scann lug has hr en s ’ d ( ’ r t f ’ l i i  no a ll ‘ h r ’ . - dev i ~ o con f i ’~ur - i t i r i s  -
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The expe rir - e n t vi vol v i ng surface acoustic wave optica l image sc ,inninq

have been , in the- :ase of the zinc oxide monolithic device , s u p p le r- t e n ted

by studie s of the zinc oxide structure itself . This approach was followed

for  two reasons. Fi r stly there was unexplained behavior observed in the

course of optical ir ~e scann ing experiments which  cou ld  on ly  be exp l a i r t d

by a bette r understanding of the zinc oxide-S i0 2-si licon sandw ich .  Secondl y

i t  i s  believed that  i n  genera l , mono l ithic con f i gu ra t i ons  for sem icoiduct ,r

i nteractive SAW devices are extreme l y promising. An attractive way to i rnp le-

ment monolithic concepts is by means of zinc oxide films ; theref ore a h-asic

stud y of the zinc oxide silicon confi gu ra t ion i s  i mpor ta nt fo r a w i d e  r j r ~ - i

of SAW iriag iny and s i gna l processing applications.

The f i n a l sec t i on  of t h i s  report  w i l l  g ive  a surnniary of SAW op t i ca l

imag i n g  p e r f o r m a n c e  to da te , and must be interpreted in the 1 i~~ht of th e

fac t that new developments are constantly bein g perfor ired in w hich a p-n

d i o d e  a r r a y or a Scho tt k y d i o d e  a r r a y  is coupled to a li t h i u m  nioba te-

substrate , res u l t i n g  in optica l ima ging performance of greater r i ”o lu t ion

and sensitivity than has heretofore been obtained. There fore it sc-I F-

that the u l ti ” ra te achievement of SAW iraqe scann ing has yet t be rea r ~~~

_  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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I NTRODUCT 1

Surface Acoustic wa-ic (SAW) devices hj-je f r ’ u n i d a wile range of app l i-

cations in communications , radar , countermeasures , and e lectronic warf a re

systems . In numerous Situation s a relativel y si mp le and inexpens k- ’.: ~~~

device can replace bulk y and cost l y electronic s u b s y s t e s ;  in ye: other

ins tances heretofore unachievable pe r fo r-- i~ ce i s  obt ~~i nied , with a corre-

s p o n d i n g  u p g r a d i n g  i n systel - pe’~~or- i c e  speci f ica t i ons . An e p cH a l l i

0ttractive feature of SAW components is t h e i r  ease of fib rication us i n g

conven tional integrated circuit techniques.

More exotic than bandpass and dispersive f i l t e r  app i L~~t i ons , d i e

t he no n l i near  s i gnal processi ng d e v i c e s  res u l t i n g fr or - the nonl i r e - a r  i n t e r -

act ion between surface acoustic waves and charge carriers in a sec i c o n d u c H i

Systew functions such as analog convolution , c o r r e l a t ion  w t 1  - e c r ory , and

‘‘fast ’’ Fouri er transfor i-s are feasible usin g nonlinear SAW de v ic~~s.

The work reported here represents an extension of SAW dev i ce p ’ . r a t i o n

to solid state optica l image scannin g . The i n i t i a l  work reported er -j-l c’.i

a separate m ed i um confi gurat ion consisting of a si l i c o n  wafer rnr oun tia in

cl ose prox i rri t y (< O.Sij) to a piezo ol ect ric substrat e (LiNbO
3
). Our sub ’ e

quent effort has e’rcp ha s i z e d  t he e l i m i n a t io n of th ” so ewhat u n c e r t a i n

a i r qa p by dev e lop ing monolithic structures of p iezoelectric ZnO t los on

o x i d i z ed s i i  i con ~~~~ ers . Dcv i c  deve l u ; r r e n t  ha’ i-e r suppl t’r -n te -d by eon

b a s i c  stud ies i~~~ t H -  e l e ctrical beh~ivi o r and s t a b i l i t y  of t ’~ - .‘ia - SiO. ~~ i

la y e r e d  c r i n f i u t r a t  ion. Addition a l i-., ri- has ul l iwi d the se~~- i c o n d uc r -  I

cori t i nu un r  t o  he r e la  - I  by an a r r ay  c i  pfl d i , ’ d , - - - . 

_. *-, -. -_~
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A. SUMMAI~’ O’. PERFORMANCE CHARACTERISTICS OF
SURFACE ACO US~ WAVE OPT I CAL IMAGE SCANNING DEVICES

1 . Sensitivity

The firs t SAW im aging devices envisio ned were essentially majority

c a r r i e r  i mag in cr devices. Thus i t was envisioned that a device would be

construc ted to employ an acoustoe lectric effect in w h i c h  ser cic or uctor

carriers in teract with a surface acoustic wave. Then when thc ser iconduct or

is i l l uminated , the interaction would be r -s rdified by the photo e n h - ’ r i c e - d

carrie r densi ty and this alteration would be detected along a pr -n ay ic s- n

path — —  thus a line imaqer could result. A major feature of such a sc r lc rc ,-

is the rap id scanning of the image and the lack o1 the need to fabric a t~

a comp lex elec t rode structure. A drawback is that it is i n h e r e n t ly  loss

sens i t i v e  than o t he r sem i cond uc tor i ma c1 ers. The reason for this ld (~ o l

sen s i t i v i ty is because what is de tected is an increase in r r a i o r i t y  carl

density above the eq u i l i b r i u m  (dark) level.

There are two nnreans that can be used to increase the s e n s i t i v i t - , of

SAW ir iaqer s. F i r s t l y one can reduce the signa l outp ut corresp ondin g t o

the charge carrier density in the dark. The second F- ’ . t tO-d i s based l i m it

devising a Fceia r ls for inte g rati rro the photo errerated carriers.

The in tcj ra t ior r ~checmr- is inh erent in co r c -p eting solid state devic es

which are regarded as r’c - re sensitiv e. 1 hi re is an obvious d isa dv an r t~,i r ’ . t i

i n teg ra t ion sc hen re s ; opt i c a l  i r a q in q  dc v i  i ’ , r c r loy inq i nt i ; ra t  ion a r ’

inhere n t l y  ~~~~~

T i ,  ruS t r i - L e e r !  ~~~r Ore ~u r t  a ~ -n m i s t i e-~ r~~ - p t  w I in ~w t e -  ‘,~~d ! 1f l i f l O

has d e i c - i r ’ .tr a !e - l H- h r r i e i u e s  ~or t - t a i n i r m r i  - ho to n  i ri ’ e- -t~r a t  ion and H-nc ,

-~re ’a t I - , , -rc 1 c - r r c , - 1  - CO c c i t i v i t y .  ~H- - - , -  r n - b - .- 1- h r r i qu’ s car ’ , -  d i v i c~ j e t ’ . ,

I. -~~~~~~~~~~~~~~ - - ~~~-~~- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
______



_ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

150

two categories. The first type of exper iment involves using a s e -  iconductor

con tinuum in which the integration occurs in surface states. A more recent

develop ment involves surface acoustic wave devices where the se° icondu etor

con t i n u u m  i s  rep laced by an array of diodes ; the dimensional arrange rent

of the diodes is identica l to those used for silicon videcon arrays.

Experiments emp loy i n g  a sem i cond uc tor co nt i n u u m  i n  a mo n o l i t h i c

zinc oxide on silicon SAW device have been reported in prev ious contract

reports. More recentl y we and other labs have experi m e n ted w it h diode

arrays u s i n g  a separate m e d i u m conf i gurat ion wherein the diode a r r a y - 5

separa ted by an airgap fro rri an adjacent l ithiurr i niobat i- substr ate. These

imag ing schemes that emp i oy  in tegration can achieve photose nsitivities

comparable to those obtained with compet ing solid state imagin g dev ices.

Of cou rse one of the potential advantages of the SAW imager , that 0 t

speed , is sacrificed for increased sens i t i v i t y .

2. Resolution

Thc resolution :ap abi l i t y of --mm r f ace acous tic e-~is e ~ opt i c a l  j r - a r e  scannin g

d ev i c es i s  b a s i c a ll y l ir t ri t ed my the sane constrain ts as app l~ H- a l t e c ’. k’.

solid state line or area imag ing devices. The~ p r i r a r y  l i - i  t in s ‘ actors a re-

d i f f u sion of photogenerated carr i ers , ba ndwidth , and prob le r -s ass oc i - ite d

with the lateral transfer of charge along t h e  surface.

The cri tical par r ’ - e’ter i n fl me r r c i nq diffusion I e .rr q t h is the- arr i

ifeti r c e . Th i s is v a riab l e frorr a b c ’  m i r e -  t i  100 n , i c r. .econds P ,- pe -ne ’inn

upon - a t - - ri al p r e n a r a ’ ion  - e thod , i t  m r c t , n , , the  I iH- ’ i - c  s m be S i O r n i

f i s i n t l y r e d i i s e -g hy tnpi n q w i t h  c i i . At a l i n e t lr ie . at 10 r i c n  ,- , und~

- di f t  u - , 0 u n I i i i  it  i t  r i ,  l i m i t  I in n -
‘ I rod - - h~- o t ~ - r - o r  a ’ 0. 1 ni I I i -

i i’  t r . T (  si r ,- ~ t ’’nt t he  r esolu ’ err p r r - I m ~~, - can I- .- el l e~ i c t e l  t y  reco ur se -

to ~ di - h -  - c -r ay i :u; i riq P e - y -  ~ - ‘~ r’ ‘~ ~~ , . i c e ’ .cr d r t r  C~ 
- - J U l  5 n e p l a c ’  P 

-
~~~~~

---- - - - ~~ - - -~~~~~~~~~~ -“ -
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b an array of p-n or Sc hottk y d iodes .  Here ~ mesa con f i gu ra t i on  r . -d~~ es

the t r ansverse  d i f f u s i o n  ef f e c t , and a r esolution o 80 m ic ron s  i s  eaS i  1~

obtained. It is i mportant to note that  t h i s  is not the l i m i t  however ,

as the l i m i t i n g  resolution in this case is expected to be deter - m ed by

t he d i o d e  p e r i od i c i t~ of 12 m i c ro ns .

The presen t situation is that most existing surface acoustic i-~-m. e

imag ing experiments have the resolution h u n  ted by bandw idth. ~h~ s as

an exa mp le, in the case of the convolver ir - aqc - r , t he p res e nt resolu t ion

l i m i t ~s due to the actual spatial extent of tbt ‘‘ narrow ’ scannin ; p u l s e

For a pulse leng th of 0.1 mm in l i t h i u m  niobate the transducer n~ru st

la unch a pulse of 3 x 10 
8 

seconds; this requires a bandwidth of ,e ti , ut

30 MHz . A bandwidth of this order is Feasible , but an order of itmdi;r l i t udt .

increase would be di f f i c u l t  to achieve.

An addi tiona l factor affecting the resolution becomes i mport ant when

at the same ti n - ic one is att emptinn to optimize the se n s i t i v i t y .  For i a i n r 4

emp loy i n g  ma j o r i t y c a r r i e r  p e r t u r b a t i o n , it vos found that t I m e  s e n o i t  i v i t y

was greater when the se rm ic onductor surface v-a : bias u tow~~rd Inv em s i c r

when b i a s e d  j us t i n  t h e beg i n n i n g  of dep le tion . i t was f j r! I r r ’ r  oh~~~r c

that the resolution suffered when the serciconductor was bia ses int o

i nversion . This reduction in resolution is be l ieved due to  a lateral

oct ion of charge in the in s ~ - rs ion I aye- r . When t he - hi ,tm sens it iv i t s  tn ’Ori e

of opera t ion i s used , whe r ’ . ’ a pu I Si: bias i s used to c r c - n t , - a non— k ~~~l i 1 I br I ur -

situation to ehhance t i re ’  sent. l i v  i t - .- , it is am; r in ioiim rd ‘hat by si t tin ’ the-

constant bias into I n - .w - n- ,i on t h e  greatest s e r m - i t i v i t y  is m h t a i n o r t  r~~Or—

tuna I el y, once aga i nn  we ob t .~ n i,- - a hI corn i nq o the i - I r e  d~~c t I  t I e  I - en a 1

t ~.unr’ fer at charge in ‘ he m yers ion la- I c r .  Thus her ’ .’ St eels t - - Cons i sten t I

be a tra m : - f ’  ‘ ‘ - t - .a’ i-n r , ’sa lut  ion e rr ,  - .ens ’  t k-i t y .



—
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3. Spect ral Response

In the case of the separate medium configuration with the i n - a g ing

produced by photogeneration on a sem i conductor continuu m , the sp e ctral

response of the imaging device is the same as for a lternat ivt - se in ic o nduc tm r

photo detectors emp loy ing silicon . When the sepa rate m ediun n i confi guratio n

involves li thium niobate , one also mus t take into account the spect ral

response of the li t h i u m  niobate. Lithium niobate is es - ent i a ll y transpa rent

from 13; to L,,000A . In the case of the monolithic suitace acoustic e.aye

ima g i n g  devices wi th zinc oxide on si l icon , the spectral characte ri t t cs

have not been m easured . It is expected however that tin ’ .- zinc oxide- i i  1

absorb very li ttle photon radiation in the v i s i b l e  range , On the other

hand i t is likely that the rather large concentration cf defect states

w i l l  abso rb readily in the infra-red .

13. In may ing wi th Diode Arraj~

There are several modes of operation for SAW l agers enn~m 1oy incn S c i i ~~

conduc tor diode arrays. One of the nrost recent modes of operatio n itiv ~~Ivc”-

-

- 

e d f l S  for first charg in r~ the ci m mdi-  -i ’ ray uni fi r - - l y , t’ ’ . n r  i i  l ur m a t  i n :  I t -

diode arra y with a pattern of l i ght such that th n~~~rhm - t o g e n e  r etcu : c a r e  i t i S

dischar ge the diode. A surface acoustic wave interaction line n takes p lace-

t i m  read out the varyin g depict ion depth - correspond ing to tine vary m t

d e g r e es to wh i c h  the d i o d e  ar r ay is c h a r g e d . Thi s -re-thod r es ults in a

sen s i t i ye i rn a m  i n q d e v i c e  beca use we have- 1 l~ e l - - .i ni Sri far i n n  ‘ .-m r at I nq

pho t-wn s in a way analogous to the situation in a videcon devic e .

5. Long Wave l e n g t h  Iutrag i n m - _

T i m , ’ rna l r,r i ty ii m , c m r t -  h,—i -s ‘ n nd- sL’e,n t i r e  i ’ e  ‘ . t  s i  l i ~~~n Ir e - ,  i t  thc

c ’  i rr ~~peo r i - s  ,m i s i i i (~r m fl j r e  - a  r . - e - l l  h -own ~~~~~ n c r  c r e a d i l y  i , m n - t  m l
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b y s tarrdard ttn hn iques . However , ho th for  0ev i s ’ . co nt gurat i’ . n 5  em p lOs

a semiconducto r continuum and also those using an array of Schottky dioces ,

in princip l e , experiment s can be performed using other semiconducto r

nrateria ~s. Of special interest would be sem i conductors havin g energy

gaps narrower than silicon; the res ul t wou lu be infra -red im a g e  sca nners.
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B. RESEARC H PROGRAM

1. Second Harrnuonic Generation for Optical Imag ing~

Rece ntl y repor ted ASW optical i n a g e  d e v i c e s  tra r’ s~ s r r - s p a t i a l v a r i a

tions in li gh t intensity to a corre spondirr q s e t  of anmp l itud ’ . variations

i n time on an electrical si gnal. This is accomplishe d by coup li n g  r i

su r face  waves propaga t i n g  on a p iezoelectric subst rate to an adjacent

sem i conductor medium; the li gh t-perturbed surface charge density is

spa ti a l l y  variant along the path of ASW propagation . Reported de vicc ’-

d iffer in the wave-particle interaction phenomenon emp loyed to ob tain

the image. This report concerns ASW conversion of optica l i rnamr es w i t h

l i - j h t enhancement of second harmonic qeneration as the wave-partic li -

interaction mechan i sm . Similar in con fi guration to the devic e reporte P

by Mol 1 , et al  . , t he d e v i c e d e s c r i b e d  he re e n - p l o y s  t oo  co nt r a m r o r a m ; i t  1 t u g

surface waves to forur the converted i raml e si gnal. One pulse serve’s as

the powe r sou rce for harmonic genera t ion w in i 1 e anot m , - r hi m ite r mow e r pu l~~en

i - - 1 r 3  r ts I rrl m n e I nfor rnu a t ion to t i e  barn - inn I c by loc al decoup Ii n-; ‘ t he se —

conduc t- r—ASW i m ter a ct ion . The s o c - n e! ba r - - or ic ,ind its copropa r,i t m g  f o n d a-

mn renta i source are referred to as readin g si ’1r 11 ,l s; the hi her imam-d e r r ,ntr a -

rup a ga ting si gnal is term ed a di ~.-up l Hg pu lse .

Tee use ml ba r n io nr c m;e rscr a~ ion H r  opt ica l i l n ~ 3 i l i n ’ 4  i c ~~e - s d v i  lab l~

the 130 db dyr ia rnn ic r imr n e associ ates wi tim se’c nnd har t-n or i t . -j ~- nni ; ,e t i i )  - I

in the pr e s i n c - ’  of  ~ sc rii ~~ond uc! m r .2 This ef le ct portends i Idr a h~i r n y m n m i e

- , i - n u l  ~wrp l itu de V e r i a t l i r  for sur ’ a s -  c c r r i , - r  1 , - c - s i t s  v a r i - i t i ’ ’ r r s  i n t n c ’ d u c e ’ mi

a g iven ro nn ie m t  l i l t  i r r t ’ . n n s i t 1- . I n n  a d d i t i o n , un l i H-  a de ’, i , i -  m - dw et i is

b~~- e s l on 1 l i n t  indui t’r t a t t cmu,i t i,,n ii ’ tS ,- f u n d n m- - m o t e l , ‘ii ’ - i ’ iii t i r e  , i,ei~

a r  g~~- r m  en , e - r , .

I h i s  v j -- r ~ 5 r t- ; - m ’ rt e- ’ ! In -  m I - ~ - i F e ’ Plm y - .e c ’~ i e ’ ’ e r . . ~‘.‘I . ;~~~, ~ rH , t m  . -

I h. I97~. )

—~~~~~ __
- ~~~~~ 

~ — - - - ff r..a ~~~~~_ ,  . — - - — - -— — -~~~~~~~~ - —~~



__ —_— ---- - - - - —~~~~ .— ~~~~~~~--~~~~~~~~~~~~~ —- . - --

lS5

Fi g. 1-1 Second harmonic image of two s l i t s .  
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Fi gure 1-1 shows the image of two illuminated stri ps resp e cti ve l y

0.3 m m  and 0.6 mmnu wide separated by 1.0 nnm . The disp lay i s  o b t a i n e d

using the second harmonic output scheme . The dimensions of s t r i p  w i d t h s

and spacing correspond to two , four , and seven wavelengths at the funda-

mental frequency.

The level of illumina tion producing unity si gnal- to-noise ratio in

the second harmonic output is found to be about 6 db below 1 n W/c r- ’ at

6328 A .

2. Convolution In nag i n g  in a ZnO-Si02-Si SAW Device im

A monolithic SAW device consisting of an rf sputtered ZnO film  on a

thermally oxidized silicon substrate has been shown to be useful for

severa l s ignal  process ing and o p t i c a l  image scanning app l i c a t i o n s .

The s t r u c t u r e  cons i s t s  of a thermal l y ox i d i z e d  s i l  iconu w a f e r  onto

w h i c h  a 1 . 2 put layer of oriented , pol ycrys ta l l i n e  ZnO has been deposited

by rf sputtering. The transducers and c o n v o lv e r  ga te e lec t rode ar e

aluminum ; the gate is  made th in  so as to be s e m i - t r a n s p a r e n t .  The

back of the s i l i c o n  wafer  is prov ided w i t h  an oh mnu ic contac t  so t h e  the

dc surface potential of the silicon may be va r i ed  b y b i a s i n g  t h r - gate.

When the device is biased sli ght ly into dep letion , the convolution output ,

detected on the gate electrode at the second harmonic fr cm ~uency rsa~~i un l / e - n . .

I n a d d i t ion , the applied negative bias causes electrons to be inj ern ted

i n to  the ZnO r 3 su lt ing in a shif t in the eff e ctive bias p oi nt.

‘ ( T h i s  work is re p o r t e d  in A ppI l c d  rh ys ics L e t t e r s , V m - l .  2 7 .  p. 179.  l ’4 7 h ,
Proceed i nys of t F e  U 1 t rason Ic s Syn ‘la s I u r n , r’ - 1 1 3 1  , 1 ~7 5; P r , i - ~ i n ’ ; - , o 4 t ine

European ~‘ ic row ave Co nfe rence , p . 2 3 5 ,  M76 . )

_ _ _  ~~~— - -— -- ——- - -— -~~~~~--—~~~~~~~~~~~~~~~~~~~~~~ -~~~—- - -~~~ -- -~~~~ - -  



Image “ca non ing under dc b i a s  cond I t i o r m s  O I be a c h i e v e d  b y L U OV O I L t  co rn .

The con io lv e r  node ~hta inu s r:ben a lonr ~essen t i a l l y C~~.) p u l s e  IS cs yr

a short scanning pu l se. In - ra g i n g  in tb t - dc bias sos ’.- is -, r t o n -eu Ic y

us ing the s t r u c t u r t - w i t h a g a t e  volt - eg o l r m - a t n - r  ( m o r e n r e ’ m l : t t iv ’ .. 4~~~~ r i - S i )

than i s  requ i red fur a :ax i mui r dark out put - Subseq uc-n r t i I 1 ur I nat i o m n cau s e -

the local convolution efficiency to increase- , allo wing the pattern of I g i r t

to be scanned by convolvin g a long and a short pulse . The s e n s i t i v i t y  t o

l i ght is based on a large in jection s i t u a t i o n ; that is , a photon in du~ od

perturbation in the - - na jori t y v a r r i e r  con centration . The result is a very

rap id sc~i ’r - jm ;er oi th l i m o - st -r n , i t i v i  t y .  a d i r  t e r e n t  rock’ a t  (n i)e a! m u h~~s

been deve loped in ,. hi ch greater sensitivit y :~~ ni rt ai ned at t t e -  s a cri t I Ce -

of speed ; here in i n t e g r a t i o n  of photurn s occurs w i t h  a cor res oo nd in m;

enha nc en ent  in s e n s i t i v i t y .

The pulse b i c - .ing schei ie has w o n  foun t t -  c ons i s t  r~~~Iy e ’n t  -a ct-

1 i glit s e n s i t i v i t y .  Time dev i ce  i s  i n i t i a l l y b iased w i t u  a dc v o l t a m t e -  - °

about the san- c va t ue  as indicated above. Subseque ntly, a p u l - ’ .  is super-

posed on the dc voltage so that the b i a s  i s  p e r i o d i c a l  ls- 1mu l sed frr m n ’n t°e

dc bias point toward u cc u - ulation . The counterpro pam;a tin g acou~~1 ic l m m J $ - e - s

ire timed such that the convolu tion occurs at a t i m e  T after t i, -  b ias pulse

hi’, turned off. By adj  ust I nq t h e  value of T , t he l i gh t  to da m i r ,et io c.mni

approach 130 db for an i l l u m i n a t i o n  of 8 lO~~ 
- ~m / C ~~~ of whit e I m n h t

(tungs te n—ha logen l a i c - i m )  - Th is  re-p r esents at t - n - ,t a 30 db i n m j m r m v e  en :t

over the dc bias rn m o m le . I n  add  i t  ion , i t  is  I m ) ,Jn m i  t i m u t  n ¶ F , ~ n i t  a l  dc

b i as  i -
‘ s nai l ’ .- x r o  n e t - re t  i ve  and T i s  nod” q u i t e  l a r m n e  . i l l  ri m ii n e t  j r  , r m t , ’ m  -

- , • I ! )  
- i ,~/ e n ’ i r ~ ’

- - -  - - - - — - - _________
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The sputtered t h i n — f i l m  piezo electric ZnO-t herma li -j grown SiO
2
-Si

s t ruc tu re p r o v i d e s  a c o n v e n i e n t and promising monolithic confi guration

for i nm plementin g SAW i rni aging and si g n a l  proces s i n g  concep t s . Results

p r e v i o u s l y repor ted by our labora tor ies and other laborator ies confir m

the potential. it must be recogum L!ed , hrorie ver , that it is the ele c t r i c a l

— 
proper ties of the ZnO—S iO ,—S i sandw ich itself which n i l l  u l t i m a t e l y

de termine the qua i ity of characteri stics den se’s f rom any SAP d e v i c e

fabricated with the ZnO-Si0
2
-Si sandwich . For this reason urn h iv e  under-

taken a stud y of the electrical properties of the sandwich.

Out preliminary results indic ate:

(I) The standard MOS-C analysis can be read i l y extende d to inc lude  cha rr ie ’

injection and thereb y predict expected device characteristics.

(2) As fabricated ZnO-S102—S i s t r uc tu res contain a relativel y b i n h densit y

of fast surface states at the Si02-Si interface.

(3) It is  hi ghly probab le  that , f o l l o w i n g  in-use f a b r i c a t i o n  procedures ,

the the rma l l y grown SiO., layer  is degraded lead ing to s u b s t r a t e ’ - t ’  — - a te

leakage currents tis’ough the S10 , layer.

13. Growth and Evaluat ion of Zinc Oxide Fi lmn rs

The r f  d iode s p u t t e r i n g  syst ’ .’ nm u-i’.’ have’ as s ei -mbl ,-d consists p n  mn - a n l y

of co m m n ier c i i l  ly  iva i l a bl e  c n s n r p o c n e r n t s .  The’ ne s u l  t inq i i Iri s ar ’ . e s t r ’ . m m - l y

w e l l  — o r  i en ted anti have a r i S  I st lv i t y a f a t  I t ’as t I O~ - 

- 

— cr . lilt’ I n i m i h

I s t i v  i t  y i s ii i  n 1 y - i n , ’ .  t m .  the S p a I I c ry  S t ,ul 1 i t e s 7C , a i m  m u ’ 
- 

Li

wh i ch  a l l o w s  n m - c m  bour i l m r y  s t a t e s  t m  c o i I m e ’n at e 1- r  Ib m ,’ u \y ;en vac u nm o l , - .

in ’ ‘ i n c  i n m t r - n s t  l t i , m l ~ p m - i -n t  i i i  t h i n  ! 1 me ind i v i d u a l  c r v t t , e l I i t t ” .-  W e -

h i v e  fabric ated i nt  ‘ r p ’ ’ I l  t i l  t r i r is d u  n r - . ,- n -  I i l - ~ ‘,ue - In is t i n’ ,,’ intl  have  

—-- -~~-- - -~~~~~~ -- - - - -- - ~~~~~~~~ -— -~~~~~~---- —~~~~---
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found their pe-rfor unm ance to be typ ical of those reported in th t n  l i terature .

Howe ver , by improved transducer des i gn and impedance matching , crc

the presen t e f f i c i e n c y  to be- greatl y enhanced .

5. Optica l image Scanning with a pn Diode Array

Ea rl i e r  devices reported on this contract have int eracted surface

acoustic waves with ~-h cutogenerated carriers in a semiconductor contin uur .

L a t e r , we repo r ted exper iments on a separated mediu m confi gurat io n where

t he s i l i c o n  w a f e r  has an ar ray  of d i f f u s e d  pn j u r m c t i o n s  0 5 cr  i t s  s ur ’~e Lt- -

These d e v i c e s  pos sess the a b i l i t y  to i n t e g r a t e -  ph o t o c a r r ie rs , and thus are -

potent iall y nrore Sens itive than a cont inuur n~ device operated v,- i t h  c cm nn- ,tdnt

b i a s .

lma- ;e scan n ing is achieved using time cm -nv ol ut i on b e - t w e e t  a r e l a t i v e l y

long pu lse and a second short  p u l se ;  in present e~~p n -n i n t S  tl’e 5cr ICC ’

have a mesa I u t ion I in i ted by the mi n ~ U n 5; at i a 1 ext ‘ . n  t of t i re - i n  r ‘ ci

p u l s e .

The d i o d e  array consists of p— type di ffusions on t .’ .5 cerrter s; the-

substra te is 10 mhr - cni sil i con . The diode arr ays were supplied by the-

.~dt .s t ng housc Research Laboratory .

The resolution , although p re s e n t l y  I i m i t e d  by the t ran s e l r n ’ . - n  b i r m d u ~ i d t I ,

cou l-i ~ f t i  -~t e i y reduce to t he orm lm’ r of then dio de d i n ’ . - n - - i o ns . The im rt e -

g r u t ion ~ p hm t ’ m n n - , by t im e - p Iro t (u— di s c liI r g i m n q 1 po d io i t ~ - 5 ach i evab l e

fo r  enhanced ‘.co n s it  iv i ty
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