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approaches have beer. used. The k&y approaches taken are :
(1) Scannin.~ A u.:cr !:lectron Spectro!;cc~ y (~7.!~) of the fractured
surt ace; (2) Au~:cr :;cctrur’ ~!t r!v~~l U t b r .  techniques to eva l uate

:..i st .t t c :  ( 3 )  X— r.ty Residua l ~trcss ~~ J5urer.e:~ts; (4) TEM —

In t e r f a c e  ~h asc  :~~~ i.•~~~~ i~~ica t 1 ’: ; ~~~~ ( 5 )  L 1 t ~ct r on ~~c c har a c t e r iz a tl i  n
of t he inter actS . he i r,ed a~ ; roaches arc ~.c i no used to separ-
ate out the r.anv factors that ma~’ in~~luencc thc interface strengtl

The S1’i..5~ resu lt s have shown that in most cases the fracture
takes place i n  a r e o l o ’. assoc~~atcd  w i t h  the  ~ r cs t~nre of an oxide .
then a .~el ~~vratt’ X e  ; ut  on to  the i~~ er an increase in
t r ar ,~c.e r :;~ St re:. : t ). ha a ~eer. r :‘or ted , but on 1 t he A 20 3 oxide
is p:cscnt. ~~ tnt fr act.~ e surface. The r c l t . t he dcl  iborat c
o x i d e  coa t~~n : en the :) cr 1av:~ ~n ~ncrea~~ir. ; the 1 nd strcn:th
is st~~11 :‘ . ‘. h ’f ~~ne . : .  The ~~~ : e~;u l t : :  :~he~: th at the oxide is

~ — A l ’~~3 a:’~t th at T~ i- , :s . tvs rc’~~ent at  the  i n t t r f a c e .  The
AES r i .  ~u 1 s ~~

- .) :~ed
’ h h~ T~ _5’~ :‘ su 1 t : ;~~~~~:. d ica t e that t h e

b r . t u !  : ace S a c~~a _ t  x di . ~o:. . :~ . ...h.,re he T~ • B , e, A l and
ot h er  e1er~en t s  : err ’ hc : .: I 1.tver ~ r :ct u~ e . Wha t ( :ef i nc s  t h e
displacc:-~e:-.t var ~at : : .  and the 1 ~~~ transverse strength
requires a :reat .~eal - (‘re v~ f~~rt

ComLins ’J AI.~ ..~r.d CTS s ; e ct r .  u c i n q  the  CI.~ spectra both as
a p o i n t  o: ~n t - :~a t  ~on a n !  t o  •~~~~nvc ’ u t e  t h •  ;d:~ spec t ra  has
qiven infernat i~.n out the n a t  :: e ! the  1 ’n d i n  : ~~ ;r ap h it e
s i n g l e  c r y r a s , c :~~es , .r vt~~c cart~~:; a n d  t he  s u r f a c e  c f

a n d  ~~~~~; :ra:hit. e f~~~er s .  Th~~n ~~~ cr r ’ at i o n  :1VC S
pronise ~~.: characte:i;.:, : i : : ~~~: raph:te f~~1cr  s u r f a c e s .

The :e:::d:ai st:e:;sc~. : s ! e nt  i n  the al -‘inn~ were meas ured
for t ~~ f e :  en t r a n :~~. r  so en. :th a I an ara~ ~~. e ccu~. po—Site:; . h d~~r e c t  c ’ :  : . i  :‘. s fcund ~etwoen ‘h e  trar,sver :~
strt n ~th and the re:.~ .~~~~~ ~~ :e:~~ a t s r ! ’.. The avcra :e residua l
stre:;~. hi .  • a~~in.c -’ ~.an o r e at e r  t h an  t h t  yield strenoth.

Several A!.~ s u  ~i.’s were n-ado .n the nature cf oxide fcmn -a—
t Len an..~ hnw the ~nc:’ 

- s;’-:t ter 1 :-‘.o c ~ an in er f a c e  r an  I c.’.d
tc r :sica h:: Cn : ~~~ : : .~~cn. ’~. ‘ : e f . :  ~ n t  i a .  :;; u t t ( r i n :  r’~ w e ak l y
t , c’.de.~ • -~~~~.-  

~- r ~~’; t c ~ r -  d: fferent der th r’ref~~les. 
$

~ctua I •liffc :.’n ’ ~~ t: . : ro fil es frrn’ a ~~p : :  :ated surface are
noted ~ ‘r - x i d s ’S ccn ’~a~~ninc caticr ,s of different valence .
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Abstract

One of the problems limiting the application of the aluminum!

graphite composites to structural applications is the poor

transverse properties . This research program has as a primary

purpose the understanding of the contributing factors that govern

the transverse strerieth and methods to improve it.

In order to develop a better understandino of the character

of the aluminum /graphite interface , a series of experimental

approaches have been used. The key approaches taken are :

1) Scanning Auger Electron Spectroscopy (SAM ) of the fractured

surface ; (2) ,‘u~ cr ~:pectrur deconvolution techniques to evaluate

bonding state: 3 x-ray Residual Stress Measurements; (4) ThM —

Interface Fhasc I.~cntifi cati on: and (5) Electronic characteriza-

tion of the interface . The cr’.Lincd arprcachcs are being used

to separate nut the r~~n factors that r~ay influence the inter-

face strcncth .

The SA.M results have shown tha t in most cases the fracture

takes place in a region associated with the presence of an oxide .

When a deliberate Oxide i S  put onto the fiber an increase in

transverse strenoth had been reported. but only the A1 203 oxide

is present on the fracture surface . The role the deliberate

oxide coating on the f i b e r plays in increasinc’ the bond strcncth

is still not defined. The TEll results show that the oxide is

è~-Al 2o3 and that TiB2 
is always present at the interface. The

AES results combined with the TEll results indicate that the

‘1
• —



1
interface is a complex diffusion zone where the Ti , B, 0, A].

and other elements form the multilayer structure . What defines

the displacement varia tion and the resulting transverse strength

requires a grea t deal more effort.

Ca~tbined AES and CL5 spectra using the CLS spectra both

as a point of information and to deconvolute the AES spectra

has given in~orriation about the nature of the bonding in graph-

ite single crystals , carbides , pyrolytic carbon and the surface

of high and mediun modulus crap hite fLiers. This information

gives promise for characterizinq incomir .o graphite fiber surfaces.

The residua l stresses present in the aluminum were measured

for two different transverse strcr,ath al..irinur/oraphite compo-

sites. ~o direct correlation ~s fo und between the transverse

strength and the residua l stress jattern . The average residua l

stress in the alur-inum was oreater than the yield str~ noth.

Several AES studies were made rn the nature o~ ~e forma-

tion and how the inert ion sputterin: of an interface can lead

to misleading conclusions. Preferential sputter ine of weakly

bonded elen-ents was noted to lead to differe nt depth profiles.

Actua l different depth profiles frem a seqreqated surface are

noted for oxides containir.e cations of different valance .



Introduction

One of the problems limiting the application of the aluminum!

graphite composites to structural applications is the poor trans-

verse properties. Development programs of these materials are

in need of a basic understandin g of the mechanism (s) by which

the transverse properties end up lower than that defined by the

rule of mixtures. This research procram has as a primary pur-

pose the understandino of the contributinc factors that govern

the transverse stren~:th and methods to improve it.
Ex p e r i r e n t a~ ~~oa.-h

In or~~cr to~~!cve1cp a better understanc~ing of the character

of the aluminum , qraphite interface , a series of experimental

approaches hav been initiated . The key approaches taken are:

1) Scannir .o ~uoer Electron Spectroscopy (~ A~ ) of the fractured

surface; (2) Au~ e’r ~;‘ec .un deconvolution technicues to evaluate

bond i n-~ state: (3) X-ray Residua l Stress Measurements; (4) TEll —

I n t e r f a c e  Phase I d e n t i f i c a t i o n : and ( 5 )  E l e c t r o n i c  charac te r iza -

tion of the  i n t e r fa c e .  The combined  açproaches  arc be ing  used

to se:’arate out the man~’ factors that ray influence the interface

stren~ th. In addition several other studies related to evaluatinc

the SA.’~ results were performed . These results will be discussed

separa tely and the detailed information in many cases is given

in the appendices which are preprin ts of papers.

The materials investigated in these studies include the

following fibers:

T50 - Union Carbide (P1~N), Hiah Modulus 393C~Pa , 3000 or 6000
filaments/tow

T300 - Union Carbide (Rayon). Modulus 23OGPa, 1000 or 6000
filaments/tow

‘1 -1-



—2—

RM3000 - Hercul es ( PAN ), Modulu’3 366 CPa, 3000 filaments/tow

VSB-32 , VSB- 32-T , VSB- 32-0 - Union Carbide (Pitch), 379 CPa
3l 3—l3F

Celion 6000 - Celanese (PAN ), 241 CPa Modulus , 6000 f i laments!
tow

VSO-054 - Union Carbide (Pitch) , 500 CPa rodalus , 2000 filaments!
tow

The fibers are infiltrat ed with the 201 or 6061 aluminum

a l loys .  The m a t e r i a l s  investicated have a range of mechanical

properties depend inc on the methods of preparation and thermal

trea tments. These will he discussed for each measurement

described . In a d d i t i o n  to the  f i b e r s , s t u d i e s  have been made

on small natural sir .cle crystals of graphite obtained from

marble. These crystals vere examined in the ~~~ to get the

characteristic AFS spectrum . In addition they were used for

aluminum/graphite interface studies in the TP~ and electronic

interface studies.

The combined experimental efforts are being used in an

at tempt to separa te  nut  the  many factors that ray i n f l u e n c e  the

i n t e r f a c e  s t r e not h .  Since there  seemed to be a s trong indica-

tion that hav~ nc an oxide at the interface impro~’ed the str en g th ,

the thermodynamic properties of the oxide and carbide formers

were looked i n t o  and are shown in F i cu r e  1. This type of plot

assists  in d e f i n i n g  what oxides could be u s e f u l  on the f i b e r .

I d e a l l y ,  the composite t ransverse  properties should obey the

rule-of mixtures provided that there is good adhesion be tween
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f i b e r  and m a t r i x .  The adheren t  oxide coating seems to inhibit

A14C3 format ion  and thus  p reven t s  undue f i b e r  degradat ion  (hence

enhancing the longi tudinal properties of the composite) and

induces some lo n d i ng  between f i b e r  and m a t r i x  which man i fe s t s

i tself  in an increase in t r ansverse  s t r eng th  of the composite.

The anticipa ted chemical nature of the bond , F i g u r e  1, is never

tr u l y  r e a l i z e d  since  atoms from the Al alloy melt act to reduce

the o r i g i n a l o x i d e  coa t ing  and fo rm an aluminum oxide layer. To

date the supe rio r  o r qan o ne ta ll ic  oxide coa tir .c f r o m  a t ransverse

s t r e n g t h  p o i n t  of v~ cw is Si0 2 ,  w i t h  Til)
2 and Zr 02 falling short

of expectations (see tat le).

(Data from .c’rospace Corporation )

Organorctall~ c cx~ Je Co~iti n~ Transverse Strength of
on V~ P- 12~~~i~~er Cor’eosite Plate

Si0 2 5 ksi

TiC~2 
4 ksi

2r02 2 ksi

Scann inj,Au~ er icros~~ j~;

To establ ish the nature of the in t e r f a c e , Scann ing  Auger

Microscopy (~~~~) ~s performed on the aluminum/graphite samples

f r a c t u r e d  in s i t u  in the io lO torr vacuum . Details of the

approach arc c’~ ven in  Appendix  B where f r a c t u r e s  of composite

surfaces are shown . F ibe r s  tha t  were organometal lic  coated wi th

Sb 2 result in a composite that has increased transverse strength

I but no Si02 is found at the interface. ~That is seen is the A1203
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and the displaced Ti and B as you inert ion sputter back to the

m a t r i x , Figure 2. This can be explained by the thermodynamic

data of Figure 1 where it is easily seen that the reaction

4 A 1 ( L ) + 3 S i O , • 2Al
2O3

+35i where the N goes into solution in the

alur i num a l l o y .  Why the use of the initial coating of Si02

seems to lead t o  the increased transverse strcnoth is not yet

known . The ~~~ studios have continued to demonstrate the signi-

ficance of an oxide layer along the fibe r~ matrix interface .

~~!r~~ i’
ect ‘ r t -~~nvo iut i o n  TeL-hn i~~ues

U s i n g  sp v c tr ~:r- decc’nvolut ion c o mp u t e r  p roor ar ’.s ob tained

or i g i n a l l y  f r o m  t he  ~ar.d~ a and C’ak F~~d~:e I.a~ oratories , an e f f o r t

is i n  p rn :r e s s  t o  see i~~ an y  s~ e c i f i c  in fermat ~on can be

o b t a in e d  f r o m  the  ;k: ~~~ :‘ ~; : e ct r a  s~~e c i f ~~c c t h e  n a t u r e  of the

i n t e r f a c e  t e n d ~~n : .  To accc’m .pli~~h this , you start with the Auaer

spectra . The matr ix eff ect on the ~u :er peaks associated with

the electron “sca~ in :  !ror the n c ’ii d ~s obtained ty reasurinc ;

the enercy loss s;ectra ass c:ate~ wi th the prima ry electron beam

of the same cner~ y as the ;~uccr elcctr cns . This matrix effect

as well as the instrume ntal effects can then be deconvoluted

from the #\u:er sional. Inteqrat~ cn of the peaks represents the

true Auger electrnn density spectra from the element in question .

A series o’ standards for carbon , carbides , oxides , etc. are now

bcirci s t u d ied  to oct a basis for interpreting the interface data.

Subtle differences have been noted in the carbide peak behavior

bet ween high modulus fibers that do and do not form strong bonds.

‘U
_ _ _ _ _ _ _ _ _ _  -- ~~~~~~ ~~, ,_______ ~~~~~~~~~ ,,
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This is discussed further in Appendix C.

X-Ra y R e s i d ua l Stress 9easurements

Another  p o t e n t i a l  source of a change in the transverse

s t r e n g t h  of the c o m p o s i te  would be the  ~ resence of d i f f e r e n t

r e s i d u a l  s t r e s s  ; . t t t e r r . s .  The r e~’ :dua l s t r e s s e s  a r i s e  due to

the l ar ~~e~ d i f f e : ’ t nce  in  t h e r m a l e x p a n s i o n  between the o r i e n t e d

fibers and the alumr nu m matr :x. To measure the residua l

s t resses  a j o i nt  e f f o r t  was p e r f c r m c d  with I r o f .  J . B .  Cohen of

N o r t h w e s t e r n  us: n :  h :  s dove Lii ~ ,l a: r o a c he s  to m e a s u r e

r es idua l st r er c e c  . The : ~~~ I t r are d. scr i ~~d in d e t a i l  in

A p p e n d i x  P .  Very l i t t l e  d:fferenoe was f o u n d  the  r e s i d u a l

s t r e s s  a~~tern the a L i~ : n u m  f o r  two c& m; e si t e s  where  t h e r e

was a f a c t o r  of t w ~ d :~~ f ( ’ r s : ; ce i n  t~~ar . s v i rse  n t r e n q t h .  These

i n i t i a l  r e s u l t s  : n d ic at e  t h a t r e si d u a l s t r ( sses may  not p l ay a

si g n i f i c a n t  r ” l e  ~n t he  tzansve: so ~ t r e n : t h .  F u r t h e r  m ea su r e -

ment s a r c  r . l a n n t  Cr .  a:; x — r a y  d i  f r a c t  oret or be: :, : m odif~ cd here

at  the UnIv er Sity of Texas.

TEN — In ‘‘r f ace ~‘h i  :;e I de r . t  : f : cat ~nn

In order to cot a d i r e c t  mea~~urr f t he  c - r v s t a l  s t r u c t u r e

of the i n t e r f a o , ’  L iver s , t h e  cor~~ s it e s  ~crc t h i n n e d  by e t c h i n g

away the alumir .ur’ such tha t the interface layer was p a r t i a l l y

loosened from , the fiber. The d e t ai l e d  r e s u l t s  a r e  p resen ted  in

Appendix  F.  For a sample of a S 1 r . ( ; l C  craphite fiber/aluminum,

the diffraction p attern indexes as~~ —Al 2O3. ~N’ studies confirm
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the presence of the ~tl ucunum oxide . In other samples from the

r egu la r  composites where the oxide was not found the Ti-B recion

was found to be rude up of Ti[ 2 .  The TiB 2 
was found  in all cases

where the Ti pr cess was used . The TE.M reasur :”~ nt s ‘irve the

di rect cv ~~d e n ’ e for the 1 r . t e r~ ace cryst all c cra; hy and  t h e  r e s u l t s

are  be ~:; ova I ca t  od r 1 at  i ye t ~ the  t ranuver se f r a c t u r e  b e h a v i o r .

E1ectron~ c Cha r actor ~at r r .  o:’ t h e  ( r / A l  I n t e r f a c e

The o b j e c t i v e  o~ t his ~~ roach was to see if the interface

could ~ c h a r  act  r i red ;‘ a c h a nc e  :n e l e c ts  i ca l  bchav~ or such

tha t t h e  i n t e r f a c e  i s  r.c~ h s t r ~~ ’r t ’d .  The a r -p r e a c h  t a ken  ~s to

measu:  o t h .~ I--v charac’ or ::t ics  of the  ci: : n ~~: t - r ;  u s i r . ’ :  a geo-

m e t r y  sI. -..n i :  F : c :r o  ~ . An : :.t orest i: ;  res u lt has teen obtained.

The resis tance c the m a t e r i a l  r oes-s den tist- as you lengthen

the c on du ct  in: it h . This can o r . l v  Li cxpla:nal le in t e r m s  of

the 1 rt o r ~ ace cha r ic ’ ‘ - r .  To pu :  sc’’ t h i s  i r .  m o r e  dept h  a s y s te m

capab e o~ stc~~~’:r. the d i f f e r en t  ~att d —V cur ve ~s b e r m  bu~~it

and theory  n w  ava:lat :~ :n t h e  ~cs-~~c~ ncIic t r l i t e r a t u r e  w i l l  be

used t o  evalua te hr :r,te:’fa,—e oLiracti:

AE:’ Tcc-hn r ou c  i’ s ’ I i t  ~~~t r : d :0:

In order to a p p l y  c c r b i n t H  AF~ and inert ion sputtering in

a quantitit:vc manner ‘ o evaluate the interface , several aspects

of general sputtrr :r.o behavior were in v e s t ic at ed .  The first was

related to qet tin -: a standard thickness oxide layer. Appen d i x  1.

describes the  ALi depth profil e associated with a Ti—~to alloy
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and relates the profile to the clectrochemical effects associated

w i t h  the ox i de format io n .  The t i tan i um was i : rv e s t io a t e d  to get

a known th :ckness of oxide to assist in dt~termini nc sputterinc

rates a t  the intertace .

A second set of e x p e r r m e n t s  W e r e  ;. erformt- d to e v a l u a t e  the

po SSil: I :ty of ; :~~Lirent :a! s;’utt~~: :n~r in a thin rnterface

~:iv i n ;  d : s t  ‘ -‘r’ t - i t  t h i r .  l ay e r  t h i ck n e s s  d e t t - r m :r . a t i o n s .  The

study ~occr.eJ on he st -on at ~on to or t i n  t-oundaries i r .  low

alloy steels w her e  e I t S  e r . t s  1 :ke Sn and hr were seor coated to

the  in t er ~~acc . The r i - s d  t s  a r e  i t ;  o rt o d  in  A p ; ’e n d i x  I . They

show that althoc :h • a : ;  i n e r t  h i  ; r o f  I c  shows a much t h i c k e r

lay er t h a n  t h e  - n i t  t h . : ‘a :  n tr’c: ’. : t r .  , ho ac tu a  I t h i c k n e s s e s

are  mc~st l i ke v t h t s i s t - . The  d~~~ f . z . ’ : ’ . L o -  r oes-:; to be an a r t i -

f a c t  o~ ~~~~~~~~ s ; ’ : t te :  ::;:. Th:s em ; has::, :; the fact that even in

t h :n  lay. : i n e rt  : ‘n a; u t  o r  i n :  n t  f c ’ r - e n t  : a I seutteri no car ; la~.

a major r o l e  :f the 1 ‘oil  ~ :‘Hrr.: for each  element is si g n i f i -

c a n t l y d i f f  i - r e n t

A t h i r d  s t u d y  di no ~o~~r . t  I with Vin ’;ery cf ~‘~I T  was aime d

at eva 1 ci no he a; c • t o r  r o f :  I er; of xi - d c-x : des . The pur —

pose was t i  m e a s u r e  h”  e L i ” .’n t a l  ; : o f : i i -  for oxides l:ke t~~~ O

containin : r o n s  1:k~- C~~~
2 and  Sc ’’ to  e va l u a t e  t h e  s ( - :r e c a tj cn

to the surface . An e x a m p l e  ‘f the i n er t  i r ’r  s p u t t e r  p r o f i l e  is

‘2give n in Fioure 4 showinc the Ca to be much n-ore locairred

at the s u r f a c e . The i i ~~~~ i s less locali7rd at the surface

where the score r a t i o n  takes place . The charee difference can

- ‘U
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be used to explain this deeper profile since charge neutrality

must be m a i n t a i n e d . In  order to ensure that the profile was

not an artifact due to p r e f e r e n t i a l  s p u t t e r i ng , as discussed pre-

v i o u s l y ,  a homogeneous sample was f r a c t u r e d  and no change in

chemistry was observed dur :nc sputterrnq .

Conc 1 us : ens

Althou:h none of the research described is complete , we

have made ;‘rc’:ress ir ; evaluat in ; the graphite matrix interface

in the fol lowin: ways.

1. The cence t of the oxide a t  the rn~ erface :‘layi n ; a r ole  in

the t r a r . s v t r s i -  s t r o m  :t h ha s  Leon  r e e n fo r o e d  and e x t e n d e d .

2 .  C hem i c a l t e : t : r . :  r n ~~n r r - a t : i n  about t he  bonding  in the in ter -

face by care ful a na l ys i s  of the t~ES and CLS spectra has

been ot t a i no

3. The r e s r d u a l  stress in the alur-rr .ur-- has been measured and

no c or r e l at : o n  w r t h  t ra : ;sver se  s t r c r . : t h  was f o u n d .

4.  In terface phases of o x id e s  and T:I 2 were i d e n t i f i e d  us ing

TtM.

5. An electr :cal means of ; rcTh:n.: the interface character was

in v e st r  ra t ed .

6. E x per i m e n t s  r e l a t i nr :  quantitative aspects of sputter pro-

filirt o were repor ted .

0,1
— — — — — — - ---
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APPENDIX A

ALJGER ELECTRON SPE CTROSC OPY DEPTH PROF I LE

OF THIN OXIDE ON A Ti-Mo ALLOY”

Danie l  Laser -

Department of (‘hes-: stry
T e l — A v i v  U n i v e r s i ty
Ram-a t Avi v , Israel

(Visiting ~cient :st at the University of Texas)
and

H a r r i s  L. ~t ar c u s
Depa r t m e n t of ~‘t ch an ica  1 Fno m r o c r l n g /
Mater:~~ls science and Eng i neering

U n iv e r s :t y  of Texas a t  A u s t i n
Aust in , Te xas 7 8 7 12

(Acce p ted fo r rub lica t ion’. r n  the Jo~ rn a l  of the F .lectro-
~ h c m ic a l  ~

‘oc :oty.)

R e c e n t l y  we ir.vestic :atcd ~~~ the  growth  and properties of

t h i n  ox ide  f i l m s  w h i c h  were crown on a t :taniur electrode . It

is the a im of this coru—urication to describe some properties of

an anodic oxide which were grown on a Ti -Mo a l l o y .

To f o rm  a c o n t r o l l e d  oxide  t h i c k n e s s  on a bare  subs t ra te

for  use as an i o n  s p u t t e r i n g  sta n d a r d  sample , the  p r e v i o u s l y

described meth od was employed which consists of polishing the

electrode s u r f a c e  ( 3~ d iamond  dus t  embedded in  a polishing cloth)

whi l e  h o l d i n g  i t  at a cathodic bias ( - 0 . 9 5 V  vs.  SCE ) and then

app ly ing  to it  a p o s i t i v e  l i n e a r  po ten t i a l  scan.

The alloy studied was the ~-III , a Ti based metastable ~

alloy (Ti - 11.5 P~o 
- 4 . 5  Sn — 6 Zr) the stress—corrosion behavior

13
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A2

of which was studied by Hickman et a1 t23 and which was used as

received without any heat treatment.

The current/potential curve during the anodic potential

scan of the alloy electrode in slightly acidic solution is shown

in Fig. 1, where it is compared to the voltamn’.ogram -of pure Ti

and pure Mo under the sane conditions. As in the case of pure

Ti the v o l t a mr -o ;r a m  is d i s t i n g u i s h e d  by an extended po ten t i a l

i n t e r v a l  (72V) in which the anodic current which is attributed

to oxide formation remains constant. such a mode of oxide

growth results ‘.n the formation of a homogeneous film the thick-

ness of which varies linearly with the applied potential at full

current efficiency .U] However , the “dissolution peak” which

is observed a t  pure  Ti ( —0.6%V) is mis sina. This is in

agreement wi th the findings of Tomashov et al t 3 )  who f i n d  a

suppression in the d i s s o l u t i o n  rate of Ti at the prepassive

state when alloyed with Mo in  the F phase and will be discussed

later . L i t t l e  is  nown about the c omp o s i ti o n  of anodic  oxides

of a l l o y e d  T i .  R e c e n t l y  L o l e olo :  et a l~~~ assume d tha t the

anodic oxide  of a T i - N i  a l l o y  c o n s i s t s  m a i n l y  of Ti0 2 w i t h  Ni

doping a t  the  m e t a l/ o x i de  i n t e r f a c e .

We adopt a similar picture wi th regard to the  d i s t r i b u t i o n

of Mo w i t h i n  the o x i d e  of the ~- I I I  and in  order to probe it

the oxides  were subjected to Auger  E l ec t ron  Spectroscopy (AES)

depth profiling inunediately after their formation with the use

of a P111 Model 590A Scanning Auger system equipped with sput-

tering , multiplexing and in situ fracturing facilities. The

14
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difficulties in quantitative AES application to very thin

(<100A) Ti02 films and to Mo oxides have been described before
(5 .6) However our air’ was to locate the Mo distribution within

the oxide . The appearance of the Mo major peaks (186 ,221 ev in

the ‘ mode) in the absence of the 27ev peak which is char-

acteristic of m e t a l l i c  Ti , prove s the existence of Mo within

the oxide if the escape depth of the 27 and 221 (l86)ev Auger

electrons are a s s um e d  to be equal. The escape depth of the

Mo peaks should  even be less than  the Ti 27ev peaks. - The depth

profile of the oxide is shown in Fig. 2. The outer layer of

the oxide (oxide , s o l u t r . n  interface ) consists exclusively of

Ti02 and the Mo concentrat~ c n increases toward the metal oxide

interface. The increase in the carbon c o n c e n t r a t i o n  in t h i s

region is att r ’ .t~~teJ to the ;ol:shinu procedure prior to film

formation (polishing with diamon d dust). It should be noted

that a sirilar a;jarent distribution of Mo can result if: (a)

there is a p r e f er e n i a l  sp ut te rin: of Ti over Mo 171 which leads

to the s u r f a c e  a c c u m u l a t i o n  of Mo d u r i n c ;  the s p u t t e r i n g , or

(b) Mo is gradually reduced by the ion bean; or continuously

changes i t s  o x i d a t i o n  s t a t e  w h i l e  p e n e t r a t i n g  the f i l m  in such

a way that its Auger ~eak shape is changed and enhanced even

wi thou t any i nc rease  in i t s  c o n c e n t r a t i o n . Poss ib i l i ty  ( a )

should also be ranifested after the film is completely sputtered

through; however the Mo signal then reaches a steady state.

Also the Auger peak of Mo oxide grown at 1 V did not change

during the sputtering which eliminates the second possibility.

1 15
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We believe the chemical state of Mo w i t h i n  the oxide to be

tha t of flo~~ which because of its size , does not fit the Ti02
phase and thus exhibits in it a much slower mobility than the

Ti ion. It probably doe s not reach the so lu t ion/oxide  inter-

face except in the very early stages of film growth.

The absence of the Ti dissolution peaks (Fig. 1) may be

relevant to the superior behavior of this alloy in corrosive

media t2 1 when the bare substrate mi ght be exposed to solution.

Two explanations , which are supported by the AES findings , can

be provided to t h i s  observat ion . F i r s t l y ,  in the AES or pure

Mo or of its oxide , the 221ev peaks i~ smaller than in the 186ev

peak but the 221ev Auger i eak of Mo in the alloy is bigger than

dN . -the 186ev one (in the ~ mode). This reflects some specific

interaction between Ti and Mo in the alloyed state which may

possibly stabili ze the Ti aton’. in the solid compared to its

state in ’.  pure  Ti. ~econd1y , at -O%V while polishing , Ti dis-

solves in to so1ution t 1
~~, b ut this electrode potential is too

negative for the Mr dissolution 181 and it seems therefore fea-

sible that the substrate surface prior to film formation is

enriched with Mo which provides a barrier for the Ti dissolu-

tion . Indeed , the concentration of Mo which if found by AES

after the oxide is removed by sputtering and which may be

representative of its cuantity at the surface prior to anodiza-

tion , is much higher than its concentration at the surface

hich was obtained by the in situ fracturing of the alloy (Fig.4).

16
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Appendix H

Analytic Method,; ~o’- Stud y i n q  the Fit-cr.M ,atrjx Interface

H .  L .  Ma reus and Dui .“ F i f le 1 10

Mate~ i a l  ~. ~ .~~:. ce 1 ~~
‘ .-t~ :

Dep ar ‘ n t  o: ‘‘~- - n . ~n x c a  I r.~~~:’. • i r
The U~~i ’:~. s. !’. 0: :~~x o; ~~

• 
~~~~~~~~~~~~~~~~~

A u stir ., ‘j’ e X~~ S Th712

In  o rder  o us. ~ ‘‘ ~ ~u. he r ~~~h~i:.  i c a l  ~-h av c r  of metal

r’.at r ix— :r -t. e c-o~~ .~s~ u - n , • 
~~~, : ~- .~~-ss~~r hat the fibe r—

matrix in ~-~ f a-  ~ ~~~~~ I c h . t :  c~~ - r : : i -  ~ . T h i s  is  of particular

ir :portanc~’ ~~‘: t:.r ~~‘.
. .~~n ’5 * •  1 ’ai~~:, ; r~~ ~h~ ’ (c -- ;’ r si tt ” . The

interf~i~- . r r - ~ !H- ;r~~; ~. 1 ! . ’  c’~m . - ’~~ t .~ i S  snn~~r schematically

1  th e ~~~ ~~~ 11 1 f lQ

inter face c r - u i  m y . ~ r . .u :,~1 r ” n i  i a y :s ~~ni the case

where impur • . ~‘s : v. a ~~~~~ ~or r u l  , ‘ al-c ut 0. r, micrometers

i n  the  c-a of -i ’ :;~~ ’k cj i : ‘•~~~ i ;c! ion ;‘Cne . The information

tha t an ~~~~~~~~~~ : — 
~1 I i ’

~ie • -
~ 

- . a:r . .ilout the interface

includ”s * 
~~~.‘ c-h er -- :~ ry  ic r ’- s s  t h ’ i nter ~ ac~e ,~ he n -tt ure of

the c h ’- — ;  - i i  l - ~~n U r r  : a n l  ~~~ ‘ ‘~ - ‘-ce n fracture streno~ h ,

the  h~~ - n’:” : y  of ~;e :n!or face , and ¶h m - s i d - .ial stress

pattern . :‘~ -s a1-i - r~ ; r a! e f Cr mra~-ur i no ri s~ dua l stress

accurately are no’ r~~a
r.i y  a v a i l U  ~r and  ~~;11 not  be described

here.) In a H ;t ~ -n i , th ” influen ’- of pr - -c.’ss var~ ab1es and

suh~ eouent  the rma l and m~- c L a n i .-a1  t r e a t m e n t s  on the interface

propertie s ~~n u 1~~ b” de sired .

The most si~ nific ar .t ~roblcm associated with characterizing
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the interface is directin g the mea suring probe to the

interface . Thi s will be discussed in some detail in a later

section of the paper. I n  this paper we will describe some

of the r’ore ~-;uccessful techn :~ ues L l l ‘hat have been used

to make Sc m *- r - e a su r e m t ’- r , t s  c o n cer n i r . - ; the nature of the

interface . The tools to e discu’~sed are ~;cat:n1ng ,-lcctron

microscopy (SI M , ~“ u q ’ ’  r e l  ~ c r on  ~;pt’ ~ -t  r o s c o r v  (AP ~’ ) , in ert

ion sputt~~: i n ;  (I :~~) , :o’ -n :.d,rr’.’ :~~~-:; mass ~-l’ectroscC.’py (~~IM! )

and ion mi c-reorob ,- mass analys;s (IM-’-tA). Other techniques

that are t-v o l ’.- :nr , ~~~~~~~ a:; :;e~ nn ;r.c; r ~nsm’is.cion electron

mic rosco~o in -I :ts a:;s c: i t ~~’~ i sr r ’c - t r c s c o p ; c  ~robes as w e l l

as la t tis e i r - a o r r . : i n  he t r a n : ;m ; - : s i r m  e l e c t r o n  microscope ,

may y e n - .- vei l :—lay - t  i t  u n -c ’ r - ~ le  .~~ uni r ,v.-~- l i n i c r  the n a t u r e

of t b t ’  i n t ~ - : .i’ce . Form . nu an - va i I  r .terprc’tat i ons  or

deseript ~~‘.
‘ .- :‘-.~ - . : s ’ 1 s  w h i c h  I - i  :ne t~ ; -  cohes ive  s t r e n c t h  of the

intcrfare ~- i 1 l  h e  di ;~~.:lt I “cause of th 1ar~ c cherrical

and str t-ss ;rad :~- n!s ~n the vic~ tv of the interface .

The ~~ -M h-i s sec- n ex!P ’Slvp u~~- ~n rom;’osite studies

already and w i l l  di :.cussed onl y I n - i c -  lv here. Fig. 2

shows a ~-~~~M r’rcre ::’~-tF h of a f r a c t u r e d  a lu r . in u r ’- o r a ph i t e

Compos it e .  ,\ ma y- n- ;~ ‘- ;n t ~ f :ntex-est i~~ t i ~ - . a pp a r e n t  f r a c t u r e

in the v i c i n i t y  of t h e  r r a ; ’ l - i ! e - a un i n i u r - -  ma trix interface .

This exposure  of the interface helps alleviate the problem

of gett ir : tc the interfac e . Coupled w i t h  the SEM in many

systems is an energy dispersive x-ray spectrometer. This

techn ique , which i s  very  v aluab l e  in b u l k  ana lyses , has on ly

23
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limited value in studying interface chemistry since the

chemica l analy sis is for depths into the samples of 0.5 to

1.0 micrometer s, which i s  most cases is  much g rea te r  than

the interface thickness .

The approach t h a t  has shown t he  most promise  i n

in v e s t i g a ! t n i  ‘h e  i n t e r f a c e  is M~ in the scannina mode.

The deta il3 o! ~~~~~ can  h~ - obtained in or e  of t he  m an y  review

articles 11— 5) . The electron -am . of a ITTM is  used as t he

probing h~~~t m ~ to excite t he  Auger  e l e c t r o n s .  The electron

beam di ameter c- :rren !ly i ” i n q  effectively used for detailed

AES s u rt a c e  ch ~- :- ’ica 1 an. Uvsis ~s about 0.2 to 0.5 micrometers.

The Auger e l e c tr o n s  havi the characterir;t~ c of originating

in the f~ rst O . ’ t~~- .‘.O nin eme ters , dererdiriq on their energy.

This cl-i-i z a c t e n - i :  c .r I (%.,-~
, dc ’ta i I c- I cher-. 1 ca l ana l ys ~ on a

local basis to be m-ad~’ °f a surfice . The other point of

interest is the fact th-i the lr . c a i  chemi cal environment can

lead to ch.an ;os in t h e  “IT ~ c - i k  s h a pe s .  T h i s  i s  p a r t i c u l a r l y

true of the M S  peak of Carbon , where distinctive carbide

peaks can be easily s”par -atrl f r ~- m  t h e  or a p h i te peaks 16]

as well as from . each othe r .  S i m i l a r  i c - h a v i o r  is shown for

many m et a l s  i n  the  o x i d e  v s .  m etal state . An example of this

i s  shown i n  F I g .  1 for the higher ener~y Auger peaks of

a l um i n u m . The d i f f~ renccs between the metal and the oxide

are ii~usediately appa rer.t. Much of the change in the AF.S

spectra of the metal  comes about from p lasmo n energy losses.

This is shown more clearly in Fig. 4 for the energy loss

t ’  

_ _  

_ _ _ _ _ _  

_ _ _
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spectra of ene’rqy analyzed back scattered primary electrons

of simil ar energy interacting with the clean aluminum metal

surface. ~n Fig . 4(a) the characteristic loss spectrum of

Al metal display: ; the peaks associated with plasmon losses ,

which represent t ’lectro r .s that have qiven up discrete quanta

of energy be~ore leavin d the solid. Fig. 4 (l) shows the

characterist :c 1:ss :u c-ctrum of alum inum oxidi - , wh :ch exhibits

no p1 a:;r-~-’n loss.’:; -cnrt:se the e I ect rons lea~’ in~; the surface

do not un derqo a si - rn: ficant amount of discrete energy losses.

A c~~rip l.mt-n ta rv r - et hod to M-,:; is the I IS. Inert ions

in the 500 t , -
~ 5000 c-I. otrori volt range bombard the surface

and rt-riovt’ In- c u r t  .‘iu ’ ayi r by lay ’r as A i 1  of these layers

is siru1taneou:~l v :-er: - rr - -.~- i . In term s of the interface this

allows the ch c-r ’- c al ~~ i O i  :le :Lrouqh th e  i n t e r f a c e  to I c

dcterr i r:.- I . i- nen I: a c t  ;: o~(~urn. in the vicinity of the

interface the ehen ii -:~~f ic,; t h r n u r r h  ‘he fractured interface

can 1-c nI t a in’- I l~~th ~nto h. r- -itr ix ph a s e  ar:1 into t he

grap h ite fil ’ - r s . ,\n cx ar -ple of this type of result for the

a lu m i y : c— — :~~.iH: :  -• 0 m -;- ’o: i ’e ‘~put ti-re I I ac’: into the m atrix

is s Io ~.r  i f l  I i ; .  5. Th;~ r -ro f j l e - nh~ wc tha t the fracture was

predom i n an tly ~~:-. hc’ ex :!e phase between the m atrix and fibe r

and that the titani um arl h~’-mon wett ir .-i acients usci in the

process were between the oxide and the matrix. These results

will be discussed in mere detail in the ~.mateau paper in these

proceedirr~ s. O~~e of the significant problems associated with

inert ion sputterinr~ of fractured graphite-metal matrix

25
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composites is shadow :ng effects . Fig . 6 shows a SEM n-icrograph

of a fracture surface of an aluminum-graphite composite and a

two-dimensional A 11 mapping of the argon Auger peak for the

same area . The dark regions where no argon is found can be

explained by the ot ;truc t ion of the line of flight of the

argon ions by t l i t ’  ro.:ah surface not a ’~low~~r.u the arion ion

bear to reach 1. -s-c at ts of the s u r fa c e . Th i s  prob lem is

even more s ev er e  f o r  l o r . u i t u c i : n a l  f r a c t u r e s  where  t h e  s u r f a c e

is e x t re m e l y  r o u g h .  A second type of p r o b l e m .  is t h a t

shadowina could also le .,d t o  r e d ep o s i ti o n  of elements into

other areas , lead ;nq t o  artifacts in . the orcfili ng analysis.

For this ~- .- t s n , e x t r ~~--e car . ’  m u s t  be taken ~n obtaining and

eva 1 ua n. ; 1. j s dat a

If the ;r i ~~I : i t e - o - e d  m . a t r~~x cnm~~’site does not fracture

in the  v: c ;n ity of ‘h .  i n t e r f a c e , o t h - r  methods must be

used t - :  g.-t at the interface . fln” method is to sputter

through a me ~i I  locr .’i; 1~~c cross-sect :un tI-in-ouch a fiber to get

the interfac e . I! tI’ic ;s lone then the relat ive hear diameter

of the ;r -d-ir ,~ ie . m arci the f i b .  r d i . -t r e ter s  n a y  a major role.

In the case of the MM,\ the ~- p;--rnpr:atc l-rot iri ’~ beam diameter

is the d~ amote r of the focused spu tt e r ing inn hear. This

d iame te r  is nor’~ a l ly  ‘rn-eater than two microns. In the case

of M’S the inctdent electron 1-ear di am eter is the appropriate

diam eter . This is usually ~rc’ater than 0.4 microns. Fig. 7

shows a significant problem. with this approach. If the

.0 26 
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appropriate beam. is directed radially with the fiber, the

geometry of F’ig . 7 occurs. As soon as the outer edge of the

beam contacts the interface , the quan tity measured is a

combination of both matrix and fiber. A geometric evaluation

of the relative volume of the interface sputtered in the

t o t a l  vo lum e , shown by the dotted rectangle in Fi: . 7, is

given by

i n t e r  f ace  ‘.‘rlumo

~ sputtJ-red ~

2 ’- a. , ., + 2
w~

1. --

~ ~Ti~ii - cos -~) +

Tables I and I nhc~ . h~ w l.c t h he pr :-.I-inq Ici m size (2R sin • )

and the i r . t er : ac e  ~a - ;er  t h i c~~r es s,  ~~, f o r  a f ib e r  r ad ius

of three m:crons , influ en ce V 1.. They show that a small beam

or lar~ c interfac e ~~S re u:rcd to cot  me aning ful data. In

addition , if the interface has more than one layer , as was

shown in the s -puttenmn. c pr’m ::ies of F~g. 5 and schematically

in Fi g. 1 , sputter :n.C threu :h the plane of polish would

completely mask it since it would 1—c qoinq through all the

layers simultaneous ly, unles s they were very thick . A

proper analysis of the relatr .’e vol~~ e would he a layer-by-

layer cherica l analysis where more detail would be observable

in the probing data , but the general conclusion expressed

here would not be chanced . To accurately determine the

27
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interface thickness u~;inq sputtering experiments requires

es t ab l i sh ing  s tan d a r d s  for determining the  s p u t t e r  r a t e .

Accurate methods for making standards representative of

inhomogeneous m aterial have not yet been developed .

Harrigan P1 has recently reported the results of profiles

of the i n t e r f a c e  ~i s in g  IM MA. The averaging process generally

reduced the sharpness of t h e  ~nterface lut did provide some

elemental information ab ut the :nterfacv . In order to use

I MMA to determ~ nc an oxid e, oxvqen-18 can be used as the

sputtering ion . flxycjcn ions are  r equ i r ed  to ass is t  in

mak i ng the IMM~’~ p rofile s somewhat quantitative .

In conclu sion , the following obs’erv at ions can be made

about p rob in g  the qripI:i tc’—retal m atrix interface. If it

fractur es in the V 1 C i f l 1 t~~ of  the interface , then selective

point A l:~ analys is comb i n c - i  wi th ~nert ion sputt (-rlng allows

the interface to he chemi cally analy~ e’I . If not , then

sputtering through the fibe r r u st  he ~nnv with either I MMA

or M’S. In all cases the experim enter must be alert to

artifacts created by the measuring technique.
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T?~BLE I

3 urn fiber radius
17 run interface thickness

Ream Width 20 
V~

2 ~im 38.6° .09
0.8 ~m 1 5 . 00  .36
0 . 4  ~im 7 .5°  .69

TABLE I I

2 :~n beam
3 ~.m fiber radius

VR

1.7 .01
17.0 .09
51.0 .23
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/ INTERFACE
/ LMERS

F U E R S  )

MA TR IX

Fig. 1

Schematic of craphit e fibers separated
from matrix b y mult:ple interface layers
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-
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Fig. 3

Auger ~1ectron spect-ra of alum inum showing peak shape change
going from oxide to metal
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(a) (1)

_____ —

I

12~~ 1~ 0O l2~5 1400

ELE CTRON F.N FR GY (eV )

Fig. 4

Characteristic ~-—flcr -~v loss spectra for 1400 eV
primary e loc t r -ns en (al aluminum metal and
(b) alum inum ox ;:be
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Appendix C

AUGI:R i— !: c~ ‘. ‘. -:.c ’i:o:~ t:~~~ cI iAnA cT I :RI:T1c LOSf~ SPLCTROSCOPIC
hi  LU i TO STCDY C;J~Wo:~ i~

; I~ } ’11 c-Us PL~ D ~ ; ~~~~~

Duane Finello and ILL. ~arcus
~•/~

•
~ ~~~~~ 

*

The ~ n \*(~ i t y 0 Texas
Austin , Texul; 78712

hi t  i-

A lum -i num ~ h i  ¶ e com~ - - ~ i t e s b -~t .e ii mi ted tran rvt r so

strenyth . This is relat ed to the natu re of the ~~ nd in— ;

betwetn he ~~ at -h i e , the in t er ~~t v t-  layer , and the alutiinur~

alloys. .~~~ ‘ atte :~ t to ; - n t a n d  t h i s  b~ h t v i er, a detailed

inve~.t i ; ~it i on 1:to the t :~d’.:-~ t~ t a t ’ - ~~ of  various ferns of

carb- ’n s-ar n.id~-

Use of dec :~.-olut - ~ - tcc~~n~ ~~~~~~~ 
! I —

~~~~~~ to learn rei e

— abo u t the ~~—r.di:. c’r~ ot~~1~. c~ c a t b - n  ~r, various Uondir,r:

states h i t ;  b - n  •i t -n :  t - - d  ~~~~~~~~~~~~~~~~~~~ i c - c ’ t ron  ctresc

r~~_ 1 
~(A ’ t ~~~. ‘- u a - c o i s iC I - -~~~ s - ~ r -5 .c — .- ~~~

- ’ (C .h) also b,.r.

been • Ii ed to fa c  i t  i ~ ‘ a It t ye ~~~~ I v~;i s-hi ch ~ $

riin~~r-a~ ly dco -t r-: - - t lye t i  t he  m i t  ma  1 ~ ut fac-c .

7 .
‘ - ,

Natur~ 1 ora~ hitc sin :le ery~:taIc ftc— ma rl-Ic , oraphite

fiber --i t e r~ -t 1 , and I-yr c’Iy t lm carb on were of spectrc ’scop ic

puri ty . Grai~~~~e sinole cry~;ta1 ba~ a 1 p l ane s u r f a c e s  were

freshly ;’:-:a :e:~ I-; peelir ; -i directly before loading into a

Physic - -’ 1 T l e c t r er m i c s  ~r~ ol (.90 s cann ing  Auger  microprobe

_
_ _  

38
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charriber w i t h  no ~nterr-cdi~t te cleaning st ep .  Graphite fibers

~~~re of t I m e  Un i o n  C a r b i d e  Thornel  300 rayon and V~ I~-32 p i t ch

precursor ty 1’t - s .  The PVA siZ~~n’7 w.-i t; burned off them by a 300°C

heat trea t~~-nt in ~~~~~~~~ The pvmoiy tic carbon speCime n was

a low porco-~ ty rod wh i c h  was fracturcd in situ to expose a

fracture nerface ~or .tnal vnm s .

RCt ;ul s .~~d :‘ ~~~~~~~~~~~~~~~ -

R e s u l t s  of the dvccnvuIut~ cum of’ the flT~~ spectra arc pre-

sent ed (~;e. - f i ~t .  1 and  2 )  f o r  a py~~c I y t i c  c a rb on  f r a c t u r e  sur-

face and f o r  a f r - m - h l y  o, ’~~ -d Lo-:t ] j lane s u rf ac e  of a g ra p h i t e

s ing le c ry t ; t a l  . h~~t a l l  of the ~- e a L e  d 5t u c - t ’ m r c ~ de r ived  for

the  der.~.~~t y  of r-t .’t i - : ; o~ carb~ n mn t h e  !c-: -- of s ir i u l e  cr yt -ta~

g r a p h i t e  ~-c’ . reid ’- e n ’- :  -y  w i t h  t Lose I t a m e d  for yyrolvt ic

graphite . Tb;.’ ca - t~nc-r-: mes for the pyto -lyt ic graphite c’ime

Vi 6)
close to t hose calc u lit ’ h -er ’’t :ca v .

There c a r i - - n i ’  i c - i ’ - - t  d i  f f  t r ee  I . e t ’.~. -~ - :m time t- x e crm :en—

tal denci ty .f 5t-~it e~; fe’- the pyr c ly t ic or e — h i t e  and  the l’ -i r a l

plant - c f  Ice c;ra~ I;; n in - I c -  cm r - t ~ 1 . T bm c r i s  even n n r e  d i f —

fcrence ~ Icen the ~- m ml on prcsv:;t as a ca r b id c , a di  : f e rcnce

easil y ~e’-n ~n the raw ~~~ data. Th.o;c- characteristic

fingc r ;’rmntn of the c a r l c n  ~-eak can be used in ~ntcr pr ctmn q

the a1u~~i c: — ” ; r i : - h ~~t c -  ir.teface data , but addit ional cffoi t

is r e q u i re d  to dctcniinc their electronic origin .

The results in both cases arc cor-p~ icated by many-body

eff ec ts ’7’ ar~ -smn; frcn t he- pre:a - ;mc c of the K-shell vacancy

3c~
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created in the Auger process. in addition , some electron

beam disruption of the initial surface ntructure ’8~ is

unavoidab le since any local Ah~
’ technique striving for fine

spatial resolut ion gen erall y It -qu ires use of a micron-diameter

i n c i d en t  bean of  t-  !ect r uns  of • i i — ~’r ec i a l ’i e  current density.

It is noteworthy t h at  t) .e e x t r em e  case , t he  end r e s u l t  of

the elect :o :c b - - t m  da~ -~o:t’ i m ;  t o  r e n de r  .i l  1 carb - ‘n surfaces

indi~~t in ~~u~ shab ~~
- v i a  fl.~~, whether oric :i nally - -ra t -h i to sin-

gle c r y s t a l ,  ~ ra~ -h i t e  f m b e r , em y r o l yt i c  or a ~~h i te .  Experi—

menta l  care rust I e ta i~t-n to I : :  m r c i ~~e t Imi s c f f c - e t

An al t ernct ~~’.’e wa ;’ to obta in in f t~~atmon c-oncernin~ sur-

face str uctu re :~~; to u t i l i m e  c b c a r a c t e r ; s t ; c  loss s p e c t r o—

CCI I in t1 . t i - - .: cl nodc - This structure—

scnsiti.e te~~b . - ~.o is c r n n . m d . - : -. b  I v m d c  d— -l : - atc by virturc

of the fact t b - i t i t  r e - m u ;  r e s  c - : .  I y a r-n.--il I fract m e n  of the

clcct r - n  b e a m  r u m s .  nt den s i t ’.- tn-i v C i t c  me rc-c’uired ~ it h AE S.

The CL~ proces:- does rot generate cere holes; rather , it is

i n t en ded to r r c - l”  ener- :y los s r ;a m m m r -  the  i n c i d e n t  elec-

trons e x per i e ”  u t - o n  i n t e r a c t i o n  w;th the rj-cem ren surface .

CLS r e s ul t s  S u - ’ ’( m -.t t h a t  m a ) o r  ; f f c r c : - c t - s  i n  phonor. cxc~~ta-

tion t3
~ t c n dcnec-s r-~~m :.t be t.w t- en  a ha l-al ;-L-.nc surface of a

graphite s i r . cf l e nrystaI and the surfac of a low-modulus

graphite f i be r of ciz~cumf crentia1 basal I-arc orientation .

The CLS results can be interpreted i n  t e rm s  of phonon excita-

F tion phenomena . This interp retation is currently being

40
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evaluated. As part of this evaluation , a variety of incident

electron boar’- voltzt ;es will be used in the CLF studies to see

what effect it w ill have on the relative amount of phonon

e x c i t a t i o n  c a u m ; t - d .  Based on theme r e s u l t s , g r ap h i t e  f i be r s

hav in g differ ent sur~ ace basal p l a n e  or;~~ntations and different

degr ees  o~ g : . q ’h i t  m~~a t i c n  should  b e  d ;stm n qu ifh ~ b 1 c -  v~~i CLS.

Cone lu s

1. Density of states of carl-on cl-ta ~t ce d  u s i n c i  d e c o n v olu t i o n

techni~~ucs ::bc- ’~. d; :-t net d~ fft- r onc -z for ~-y rclytic graphite ,

sinc-le c r v : t i l  i t :  • t j  I . ;  t t - a nd  (‘IrLl ( 1 e6.

2. CI~ result also •- h — ~: sm mm; cant di f f e r  i - r c ~- s betwecn

fibers and sm:~ :1c- c :y:;tals :n t zmcr ; c-f stzuc ture in the

spec t rum ,itt mm b ut ~b- ’.e t o  ~-L~ - m r- n i n t o :  actions.

?~ckr -~~1i - :

Thi s r~ searcb . was su; m i t  t -~~ 
;‘ ? .~ of f icc c — f  ~ava1

Research under C : - ract ~ 000l4— 78—C—C ~~~4 at the Univers ty

of Texas at A ust ir.
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Fi g 1. 1 ~: m i -r i: - .-m ta llv derived t r i n m i t i o n  density function
repre r .t-:.t ir.— . . .~ :~~- :~~~~~

- I -nd cL -nm . m y of mti t c s  for ~yro1ytic
graphit e ~.i th l o m m i  . :.~~: cjy a t  2 8 5  t V .

260. CC 270. CO 280. 00 290. CC 300. 00
EV

Fig 2. E’:~ enin~-ri~ :i l  l y d’--r -ived transition density function
represent ~~ 2~ n~’e L a n d  d e n n i  t I” of States for s~ nc:1e crystal
graphite (0001) planes with Fermi cncrqy at 285 cV.
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Appendix D

N RE C’,1 ~ t ~ : - EASU h~ Eb~TS ~~ Al ‘~1INUl ~— C1-U\P1I l  TE

COMPOSITES ~~ I ~.G X—RA Y DIFERACT1 o:; TECIiN I QUF ~~
’,

Sw-Den Tsai , Dccpak ~:ahul i~~ar and ILL. Marcus
Depar t m t  of ~n -charm iou l d . c : i mt - e r i n c/

Mater i a 1 m m  ~c 1 once ~cd mm :;m .~- - : m n q
Unive rsity ef Texts i :‘~u~~t m n  -

Austin , Texas 7C7~~
and

I sm-a ii C. ~~~~
- an i:.d 3. 1- . Cc ben

Depa: t:--~-mt ~
- 

~~
‘

-~~ 
• em ~~t mm .~-ei • - n e t -  t n a  1 mm :- .t i - r i mc

North’..-~- : tt-: rm n m ’ .- e: s~~ty
Evan stc-n , I l l  m r L -~ s

.

Metal ~~~t t  mm x Cc m -  : m m t s - r -  (~t~~’s) h av e  q~-n4- r a t t- - i c o n s i d e r —

able i :.ter (-l-t mm th e m a t e r  ;a  is fie ld, t - c aust- of their 1—otcn—

t i a l  •-i ; - m - 2 : c - - m t m ~~r~ m ~ :m d’.v:am-~ c ~- t r u c t m ; : ( - s .  ,‘~ ~~ C w i t h  i ts

excelL-rt ~- -i - b . m n m c t l  a:; well as I -liv: m m ca l r : ‘-stmrs carries a

distin ct advant i :c over oth~- r ci-r- :--co - .t ’ - r - y m - t e m --- r - , : a r t i cu i a r l y

at h i m ~h m 1 ::~~t .m ~- m . 7.t the s~ nc tmm ~ ~~~~ C m~ -: t m .  ~ir —

actcri ze I by he -t er’-~n-ne1 t.y, ani sot rci y and interfaces which

affect t l ; -~ mm~ - ~ r r c r t r i m ;  consiucraLly . Interfaces have been

kno~rn to m r .fI-uer ,:c’ th r ’ 1- re m- e r -tics of I~~ Cs sme n i fican ’ ]y and

their -1-ort tm rr has b r-en discussed (xtcn sm .~r1y~~~~. However ,

the i: terface cb-r-r -~ r~ ry and its exact role in alteration of

vario us pro; ‘-r ’ ic r :s not ~---ell-known yet. One of the important

thing s n e r ac~ : for better unch- rstandiri : of the interface is its

Stress state . ~Lemn~il and mechanical treatmc’nts involved in

the fabrication c—i cr— z-os ite ma terials , give rise to triaxial
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residual stressem- t2
~~. Speculations are that these stresses ,

originating from the differing therma l coefficients of the

reinforcement and the ru~trix , play an important part in the

transverse r-r o ;—c rt ie s of the ~~Cs.

A simple calculat ion using a planar mode1 13
~ shows tha t

stresses well al-eve t h e  yield strere-:th of alur’inum exist at

the intc:-fa--~ of the alu: mnu- — eu tr :x— ;raphit e fib-e r composite

system. This occur :; b~ -c i u:;e the ~r .tphitc fibers arc intro-

duced into mol tt -m aluminu m— and durinc the sub-sequent cooling ,

alurmnum contracts :-- a:ch mere than the (;ral—h i te in the fiber

direction. ;~1astic f i w is t - x ; t - ct e d  to occur because of the

high va l ue:; of tht- r - : - tily it . bum ~-d stresses in that direction .

Assumir~ flO d m 1 .  telin ; , a :mtres: ; cridm ent is expected in the

Al ma trix , w i t h  a b - .~vt -yic1d tensile stress at the interface.

A schcr~~tic c-f the cx; ccted stress (~1n tr ilcr t io n in the long itu-

dinal direc-tien is -;:ven in !‘~ g. 1. The dotted line reprcsct-.ts

avcra- -e value c-f stress ~n th e a~ ur- ;nmmm - m atrix. All of the

matrix is expected to be in. a state of tensile stress minimi zed

at a point be t ween fib er s.

While th ere is a significant difference in therma l expan-

sion coefficients of Al and graphit e in the longitudina l direc-

tion , this c;xffcrencc is neq1ic~ hlc in the transverse direction

due to the anisotmopy of graphite fiber. Therefore , the re sid-

ual stresses in the transverse direction are mechanical in ori-

gin due to the deveiopr-’-r .t of the lonaitud ina l stress and are

not expected to be as high as those in the long itudina l direction .
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Cryogenic m’ -~ l in — ~ induces additional plastic flow in the

matrix es tab lmrlm::m I ; a new elastic condition at the cryogenic

temperatur e . 1!~-i tin ~i the composite back to room temperature

will then rel ieve much of the residua l stresses.

For expcr m m v m t a l  verificatio n of the above mentioned

obs erv 1ttmm-ms , :~~ s m d m r a l  str e ss meimmuz e: . nts are essential.

This t; or - d:sc-ammm m , - s a ~-t hod of rcsi d tt -~ l str ess measurements

— for composmte sys t-m.s and ;-rcsent :; several results. The data

obtained is them in t e r ;-rmt ~-d with reference to the models

described earlier and re lit i .~ to the finite interface between

the al mm m u m  m i t :  m x a n d  ; r a ~~h : t t  f i b e~- .

i~~i ~~ 7-. - : • •

The rem ; i d n . m  I m t  r m m - : -  m~-a: ;urcmerm tn - were m ade  on three di!—

ferent tr1:-.!;’.- t-r SC s t - r n - ; t  al -sm - .n;u-- —c; ra ;-I-.itc cc-n ;-osi te systems .

The ncr-~ n il ;- re; cm m e -s ar m I the ! ml t m  and matrix components of

the ry. t~~~ . :- ar’ mm mvc n in ml ic 1. The mea sur cm ’-mmts were also

made on s e— ;- i t - : .  m - ; e r c h t - d  t o  liau md 
~2 

tc- m~ era turcs and t hen

tested at r em- tcr- : .-rat

The X - r a y  d if f rac t :cm tcchn :p~e was used for the stress

The m-eusurc— -nts were made on a computer con-

trolled Picker ; -w -ic- r di ffrac tcm et cr usin’: parafocuss~ ricr geo-

metry. This pa rticular techn i que involved use of the sin 2~

method describ ed elsewhere~
41 . Six y angle tilts taken in

equa l increments ~ere empl oyed. The surface components of the

stress were obtained by a computer for a least square straight
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line fit to th t- lattic e str arn as a function of sin 2~~. (Peak

positions were determined with an 11 point iurabo lic fit.)

~~~ly those data with a correlation fac-ter of 0.95 and above

wer t -  con:; id ’- :~~ d su f: mc m - r m t lv ac c u r a t  i - . In order to counteract

gr a i ~ ~~~~ ~ ~ c t  :‘ osc i 1 la ens of ‘ dc -j r - mm were  - & -r- ~~loyed -

A cml , m l X - : c : ; - ~ : :  ce c -f 0 . 1 5  cm’2 a: m t  was t m . ; l oyed ;  90 p e r ce nt

of t h e  i n t -  m s : t ’ - c . m m ~~- f : m ,t d - :- t h of 5.4 x ~~~~ cm .  Due to

the r e l a t i v t - i v  l a m  ~~~
- di- .’ : - ;  : t  Lean , t Ime st  r i - m s r e a s m ~r u m -ent

obtained was a vc :m - aver a c -  over the matri> : similar to one

lv t h e  c l m  ft .. J I mm ’- in Nc. 1. For such a volur— e

avcx tee , t h  perot m a t  m - ’ — n  d~ t h  of > :—r. ~~-s i-teem’ cs an i r-po r t an t

- t .-r.~~~~~i:;cm i t  m s t he st r ess  ~m time vie m r. ity of the inter-

face t b .tt is t-’f in~ en -:; t h - m e , i t is ab solut ely essential to

cxp~’:.- the mm t ’-rf ace c -f t~~~ ’ -  : ; - e c l n. - ; : t o  t h e  I—ma’ s. In  other

words , t hi - - t r i t  :. d c;  t - 1 d b e  such t hat the I— rays

aye: •~~ ‘;~~~- m y . . - :  t h e  : t - ; ; : ~~ n ~hm c h irmclm. ic:; inter face.

Mechanical e ;shmn was r em ~~~~~~ S i n c e it could  ~m tr c—

duco res ~cl- sal :-f m t - m m - o r . . Py c 1c c - tm ‘‘m ii sli m n - , cnc- uc:h n : r  f act -

coul d b e  r u  — - ‘ - .‘- l s-c-- as to  cx;  e m- c  t he  interf ace area , and to oct

r id of the  :- :rf~icm l iver t h a t  m ay have been s t r e s s ed  l-y mechani-

cal w m-~ . m n . - : .  For (I 3437  and (~ 3394 the s am p l e  surfacc s were

poli s-Lt-d j~m s ~ • - n n u - - ;h to e;.:;’- em - t -  port m u m ’s of in t e r f a c e s .  W i t h

G 3~ 75 only li-: ht electrolyt ic pe I m s h i r .r~ was done. Thi s  resulted

in a t h i n  s- -m r face layer of aluminu m - abov e the fibers having thick-

ness- greater than th’- p ’ n ct  : - t t m c n  dr ;th of the X — r a y s  used . Thus

du rin c~ volume averag i: - ; only the alum inum m atrix containing no
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f i b t-r s  ~:ou1d he L - vt -r -d and not the i n t e r f a c i a l  a r e a .  ~peci—

umens used were pL~tes with a thickness of  approximately 0.4 cm ,

and 1.9 to 2.~ c ’n ~- .-id th and lene t lm . Residual stress measure-

ments  w e r e  r - acle m r .  1 ot Ii the I i  m m - - i  tudinal a:md transverse direc—

t ion as r m .  c a t  -d 1: :  F i  q tim - 2

PI~ CU~’51

The x t - ~ . m d u . t i  : - t : . - m - : r m t - . i m ; . : -d ‘.- i t l :  t h e  4 0  diff: - act~ cn

peak of a I tm: - mre ~::- am e l i s t  I mm al - Ic . The t a b l e  a l s o  i i  st s

the c o r m t - l - t t i t -cm ~ ,c - t L  . s for the i - as t— m ~ :-mtr.-s straicht imne

f i t  f o r  t I m e  l a m t  ice St  a m  mm S
.’:- s i m m

It r a y  I .- u- I t h~i t  t h e  I c  :mo~ t u d i r~r I I cr stress values

for C 3437 a : m c I  - -~ 
m 3~~. a r e  : -b ~~. -  t o  Ia- v:cld str (-n. -;th of

the 20 1 a 2 m ; m m u m  a r -: c i t  m m : - :  t h.m t t he IL mm m i t  m m d i n a  1 mm . ’. (-r —

fac i a 1 st : - s s m mm u - .- t -r m h i  c r t ha m - . 1; mm. ave: m t  ‘.- a l uc wh ich  was

pr emmi ct .-;: t hi s i m m  I i  m t  m c  i l a m a r  m c c i - 1  . This ~ Iro seem :— to

supp er h-~ ; :-‘
-- mm ’ - n -m - I art c f 1’

However , in t hi - t r .i:. ::v - ms -c d m • -
. cm- . , ~; i cs-m m f icant m t  c sses

are no t .- mm: t h e C 3- 37 am.I C 13L .~ r-; ecmmc: -m :: . In the  a b memo- c

~of a s -m mm i f m ean t :1 f . - : . - : - . rc ’ mrm hr mm 1 cc of  f m m .  nt m c - f  cx p a :m  —

sion of t Ime rat six f i t er mm t Im - it cI: rect ic mm , one ex ;-ccf m- the

t he rma l s t r es se s -  t- - b~c m- - : c-h l c - ~.a r  t ham t hnm -e in the b r . -:

dircct~~-:; . The yi cld i :m of the alummrimmm ; i-d iLly cmive s rise

to the  01 ser :o-~! lam -mr r~ s i d m a l  s t r e s s- c s - .

For t h ~ c. 1675 cc- - — p o m - i t e , w h i c h  was c l c c tr c ;  ru shed only

slightly with ai r- c-st no i n t e r f a c i a l  reg ion  cxpo :o-d , very  low
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str us :m ,-s ~..-rc c-l ~.ervem1 . This was It . c - ~t amme the X— rays did not

in c l u de  a ;  m m  ecm~m L1t ’ amm momt mm of the int ..- m f a c i a l  r u e  m c c i  be l ow

the s u r f a c e  lay i- : of alu r --mnur ; , armd h -:mcu no mn terfacial stress

Contr i~~ at ~c—:m ~~~t 5  r

An inte:..-: -f mm ;- : ob - i - i  v a t  m u : :  was , t h a t  w b m i i -  the tran:mvc-rmm .-

fractu: u :m t mt - : . : I - cm - tI. 0 m m  :;ito-:; ‘. .crm. d (Tal le 1), the

rcc~’rLI. d m. -~~m Lm.tl :.tr -s:.’- m ; -.- , t r  ;~~d cmlv - c I m - ; h t  I .  T h m s  i n d i cat e d

that the r ..c;md~.al ::t: ’ - m.:- . - S  r - a y :;rt. It - .~~~ t c t  iL j transverse

stren- :t.hm to amY a ;; ..-ciab Ic e > :t c n t .

The r-~ - I u l  Lbe: m c- : m l - . mm F i a .  1 dmd s-a- - f mc - :- :,m dcr a fmni tc

thickm. ’ -s:; mnt .- : a-o - . .t has tt - t-n oI:~ :v.- - .b tha t an oxm cc- ,

ca: I l dc- , cm m mi m:m’ dm - I’ - m mm mm: m ua I ‘ m e  mm -mt a t  the f i b e r

mat rm x m:m t C: ac.- -.m 1~l— 
- :  ~m ; I;: t s- .- m .~~~~: . :  ms -ic e the ml :;m-atch

- m i t  -
- - t  1 - -~ 

• -  f mc: .me s of t I .  - cc ::~~~::m~i .’- an- :~ t Li

a 1 ur-i mo :m ma mx m m - I - m i . -  : t h a n  tha t cc the f m l  - m an  cI t l ;c -  a I um-, m —

num i n  the IC- mm m:t :m~i : m t  dmr.-c t m~~ mm , ml:.- c’ma:tu~b m : .. ’.l :

E t r e m m s ” r .  a t  t li. m m m t  ~
- :  f a c es  c m : ,  I • -  i - m o  . c b e  Ico~t-: t hai:

wh emi •-tm a 1u m m - mm - cm a; ~ - • •ic’.- c x i  :f S - I t  m s  t l i t -  n t e r —

f a c  m a  I eLi-mm m : ~-h m oh s me ~- ;  :- : I - I c  : a ; am t i Cu Ia m mis—

rvitcl; in tl~ - :  : ii c - c c f f  . - - m e n t  mm .

W hen the C -4 37 c - m ; - n m - m t  ~-- .-me c m m c r c - L c d  in  l i c n a i c i  nitro-

gen and am :: - - 
~~ • - at : -

~ •-m - -: at - mm r , a; ox ; a ely 30% reduc-

tion in remm idu a l st .-::s was- ol - i- :  .-. - d . T h i s  is less-  of a reduc-

tion t i - a n  mm ; c a lc -mIat . -d from tI- .- diff . rcnce~ mm - . coefficient c-f

therma l .-:- .;  a n s m ~ mm . A - - I - b i t  ic- n ,il w.-z~: har Ienmncm at the interf~ cr

occurr m n- ; durir .; cc-olin- ; r-av r-x ; lain this difference .
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— Addit 1 c - n .~i I : emmea : cli is h.-i !iS; c - o n d u - t e d  to s tudy  the

residual m m t : t  mm ; ~: ft-ct~ in Al—gr aphit e a-r;d other rietal r~itrix

COmpO s i te s .  lii ~I: -r enerey X— rays will b~ used to increase

the pt-: .- t .i t  mt- mm 1 : tI. wm t h a mt-mmpt-c tiv t - rise in averu~;ed ‘.‘ol—

ur- e. in t e r f a c e  c b m t -r - m : m t r y  and i t s  m t  l u t -mic e on t r a n s v e r s e  p r o —

i - e r  t i ’s  i s u n i ~ - m : : .v. - : . t  ~g . t t 1 t - m m .

cc: c: - : - 
-

1 . X — r a y  d m f : : a m - 1 :-. m s an e l f  i - c t  vi’ c t - .I am t-  for r - .t su r e—

ment of r -sm d ual ~- t  : ( - m ; r -. cs  mm r .- t al  m i t  m i x  c.. . m ; - o s m t t -

sys te m -ms .

2. I~~m - c 1 c m m m  - : 1 m m - i l m e:.:clual stl -(- sm ;( -m, were c - I  served in A l —

- c~ 
--

~ 
mm m t  -mm .

3. 7 r a - : :  : -~. t m -  5.~ m i-s  m : :.a 1 - - m~ :m :; we : r - I m i  - m v .  d mm s-ri to of

the 1 1 m m  t .-J m m  :-m .it c-I; m m  t 1 ’ - t L i - i  m i l  i x ;  .in:- ~c mm coe f f mc m eri t

in t l m - i t din -c t m m .

4. No la m ;.- Im f t - - m i ’: - • - m m ;  t Ime mc: - :~luaI ts - . - s - m -s - for tm ~:- d m 1 —

fere mm t x - t  m : m e s-~ m :t I. ~ — r.aph m m y:- t mm -. ~ a s mm-ca s m . m e d

5. Qm; - : . c l m  mm. - : a c- ; - m - m • -  ;mm 1 iL ; . .1 ~ ar,d a m a - m t - a i m  n~ i t at

r ooi~i .- m - ; . - :  ta m ’ - :t l.m: --J t Ime m ; t i i  m r - e m :  Icy a;: : oxmma t e ly  3O~

- ‘ -
~~

Thm s r . - m - . - a m a ’ l ;  w.is mu -c-n .cc re - I 1-v tIe C f f i c e  -f I a v a l  Research ,

Contr act 1~ 0002 :-7~~~c-OO~
L; - i t  the t’n ive r r -mty of T-x a s and Con-

tract 1 (‘O014—7’ -C- C:~~~C- at I~r : t l - ; - o - m - t c r n  P n i v e r m m t y .  The work

done ir .  t ?a-’ ~
- - : .  m—T• -r X—ra y r m f f r a c t i r n  F a c m I ~~ty of Northwestern

Universi ty ’s Itat e r ials rmm eareh C’-nter was supported in part I~y

Ni.F (Grant ~o. ntr 76-80847).
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Table 1

i~~~~~~sion
cocf 1 mem ent

io6 
~~~ 

io
_ 6 

/ °c

?~~~

m:. C~~3~~4) GO —0 .1— — 0.4 (axial direction )
to al-out :00°C

_25 (transverse
direction )

:~~x AI — .O1) I 1O ..~ 23.22 
- 

--—-- -—--—

. - ‘

mm . :3 3 ’ )  35 — —0.23 (axial dircctic mn)

‘ m ’ r ’  ~.— 2 i ~ b f l .2 23.22

r — _______________________________

j’J~i1 •-z - : C ~€ T h ) 34 — —0. 23 (axial direction )

- ~ . ‘ _ T ~~~~- ’ ) 
~fl 7 3  ~~ J
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Table 2

Mate r  i a - i  Transvt’r :.. ‘ I. -:m ?m ~ t ii— Dirt-ct ion 1)11 1 ra c t Itin Rt- i~1m1mm .mb Stat i~.t Ical (-rr u Ia - ti — n
St ren~m th dit m . :l c’f ~I t ~.i ’.u~~t~-- Pe~sk S t r t - : . m .  E r r o r  C o c u i i c i i - m m t

HPa St r t - ny t  h i - mm MPa MPa
I~i.’ ’. 1dm. ,, 1

1~ t r -

C 1437 10 1120 1. 420 199.~ 8 3.87 0.9640

T 420 166.28 • 3.61 0.9658

c 33~4 20 763 L 420 228.38 • 1.46 0.9945

C 3675 75 259 1. 420 
• 

40.71 0.86 0.9507
( Aw .. ’. f t ’— t im. -

t-rap h;:. - . i b u ~~i -  T 420 33 .26  0 .79  0.9768
ntc l m : m i - ;  1 i ~~~ - )

C 34V 10 1120 1. 420 1/d4.fl • 2.55 0.9856
I cooled (bt-~ cri-
to 1k. quench) T 420 120.20 • 2 . 2 5  0.9924
N .  t er ;-
and r:c .m-
gurrd ~m r~ - - m’m t . — ; -  r at --

1-. — Lon~i itm.. ’in.i 1 d imi- ~ t Pm

1—  Tr4n ,cv .’r s.-
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ANO~IALOUS SPUTTERINC EFFECTS iN T I E  AE S GRAIN I300NDARY

A ALYS1~ OF TF .?-IPI-IR I - : : :DRI TT LED LOW ALLOY STEELS

Michael F c h m - e r l i n ; ,  I )uane  F i ne l l o  and

~ .L. ?‘a rcus
The University of Texas at Austin

ME IN S E

Introduction A u s t i n , Texas 78712

The mcchani:;:-m of tcrpcr cmbritt lcrer.t in alloy steels

involves the seani -cra t s - c — mm of a l l o y i n g  e l c m : e m m t  s to  g r a i n

boun d a r i es .  D i f ! u m ; m o ; m  of  t h i s . . -  e l e r e n t t m  occurs  over long

periods of t. m m..- in tI mt- - : f - r i t t l m n m  r a n o c  ( — 3 5 0  — 52 5 °C)  or

may be a c c e l c r . m t -d to occur w~ t h i n  200 hours by cooling in

‘steps ” tb -mro u ;h thm s ram ;-;i- . The cribritt ling process consists

of an inc :ea- s i -  i n  t he  ductile—to—brittl e transition te~ p cr atu re

and car; Ic reve:- m m ~-d h-: anneal ir-- : for mf-~vera1  m inutes at tempera-

tures al cvt ’ 60 0 ° C .  ( 1. )  The m ;e— ;rcgation c1 elertents such as Ni ,

Sn , 1h , I , . ttI t Im.. r :-- i ’ t a - I b o i d :  to p m~~c-r .tUSt (-r.itc gia in hcm:rab.’t—

r i cm .  was  con f i : : -
~~

- -- !  u; m m; - : ~\:- m ; . 
( 2 . 3) In ci - t ion s pu t t e r ~ nu ( u s i m m ’ l

I n c i d e m t i o :ms  of !rc ’mm 0 •~ t c  S key cnemo y) i n  conjur .ction with

surfac e ar1-ily :.; s I.-: Au mer clcc t r c’ m’m - c m~~-c’ct rcm;cc-ry a-I lows depth

- - (2,4)prof iles e~ c~~r m ” m ’ t a l  ccmcer.t r i t  i c - m m  to 1 . -  t aken.  These

prof ii mm - i m c ;  • ‘-  t I: m m’or.t em -tm r i t t . l m  n o ~ 1 icy i nq elements are

conc- (-s-itm ,1 - .-d ~n t h m r .  ia’.-c’ rm ; (— .5 to 1 r,r:) at the boundaries ,

but t h a t  ~ m se -; r.-:a tm o :-. a; ; -a rs in a so .c-~-hat thicker layer
C-, 4)(1—3 nn). ”’ ror- hl .- ,’ .m larati -m r fc r th i s difference are

I — actua l d i f ~~r r e n c e  i n  d e p t h :  ? - difference in s p u t t e r i n g

rates rcrulti :-m -; in selective sputterinc . Since artifacts due

to preferential sputtcri mm cr are oftr’n encountered when depth

prof flcr- are r.mmt d , i t  Is necessary to checIm the profi]c’s ag a in s t

a ttan~ ard reparation.
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Exj~ -rirment al Proc. -~~ re

Step-ceolcd i-~ itt1e all.. --2- s of a ui—Cr—Sn steel

(3 .5 wt%Ni , 1.7% Cr , .3% C, .06% Sn) were fractured in a

scannin g Au ;er microscope (PHI SAM 590 system .) at a vacuum of

1 . 3  x io
_ 8 

la - . To reduce th e l i k e l i h o o d  of shadowing  d u r i n g

sp u t te r in L ;  of the rou-;h sum face , t w ~ ion .. J u rmm. a-im ed f ro r  oppo-

s it e  di r i - L - m L : ; m ;  w ‘ m ; t -~~ - .;t a - M I  -> : mr - .:ttely SOOx r-aoni fication

grains ~-.‘m-~’ :;i- l c ’ct t- I f or a :a~~v s 1S  c - m m  a bas is  of f ace t  o r i e n t a t i o n .

A facet s u i t  aL-it ’ ~cr the .tn.t I -~-sis Im id to serve as a broad taruct

for e lec t s - - :  m . a -r .d  I c - m m  I t-an:; , , m ;  w e l l .  The ci;.in.ber was b a ck f i . l lc d

with argon to 4 x la . The elect r u n  .-am: p o s i tm o n  was fixed

for the di:: a t  m - m m  of each m m ;  ~:t t e r m -: ; r ç f i l e  to r-mmi intain the spa—

t ia l  m ’esalu ’. io m m I .~ 1 -.~
- 5000 mc-’ .~~~~ -ut tot m n ;  mo-is pcrforrrcd w i t h

both ion - ; :m ; :; at 4 ~a-V and • A ’ cm ’ ion  c u r r e n t .

T he f r a c t m ; : t -  m m  cr’.m .- -. was tI:emm m- -avcd f rc- n in f r o n t  of the

Aug er a- n.i 1’- - m o a- - : ;  i t c m ; cmi ber a m f i I amm-r-m t - The f i i  ar’.ent

was rcs~~:-t 1V (-:~~ I:’ ted in em dt -r to d.. ; . O s - :  t a m ;uan~~m t y  of Ni so

as to ci - .; m -.,..- Ja- c - - ; , c . . - : , t . : a t  m e n  cI •:.~ct~ ~ m . t i c  . . f  t he  a~~—

fr a ct u r e ~I r : ; .’-ico , a m .  ‘ ‘vmml .-m m ct - -.! hy the ui— Fe ~ cc-ik  h e i g h t  ra t  ~o.

The .s;-ec:r. -mm was rci omm ; t s-c: ~‘ .1 and a new sp-~:t - :~ profile was taken

at the sane 10 1  nf as  on t h e  on u ;  mm - i ] 
; r c  f s- I - . Th i s  was repeated

for di f f .  . - : - ,t  de; cm - i t  inn tines-.

The convezs -m-~r fror s:- m :tt cr ti re to d~~ - t h  of r -,a ter ial

removed i s  l i - e d  on ::; ut t r r a t e s  of Ta205 with the same experi-

mental pazan ’-t err . for the s p ut t e r  g u n s .  The actual depths can

be different , as this work shows .
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An exponential fit was used for obtaining a layer thickness

from the sput tc-rimu; data consistent with Ta205 sputter rates. A

true ex ponen tia l decay woul d occur only  i f the ra te of Ni  con-

centration chance wi-re directl y propor t iona l to the amoun t of

Ni on the surface in the form of a p~trti a1 monolayer.

Resu lts and - mm ~-~’-cssm - mm

The p r o f  . . - m ;  - i t a - : . m . c d  sIn -.-.- ed rou~~h ] y an exponen t i a l  decay

in the  co :mc..-:: t  r a t i o - ri of  N i  and  Sn whi  oh in p l i e s  t h a t  s p u t t e rs -n o

removes ea ch  c - o m m s t m t m m ’ - : ; t  a t  a r a t e  w h i c h  is a p p r o x i m a t e l y  pro—

portic na -l to t h ~- c u a nt  : ty pre :- -m t at the s u r fa c e  at any given

t ime. From -. t h t  s e r ’ i I e : a r m t I . : - m c  p l o t  of t he  e l e m e n t a l  cor.cen-

tra t ions of ~m a r - I  ~ i -. v :  s i m s - ;  d~ m t  Ii mm ; u t t e r e d  (F i g .  1) i t  appears

tha t Yn is  rt-: -~~~.
• t - &I  v • .~ m- ; U t  t - m :m : i t t  a di !  t m  emi t way t ham’. N i  -

One r- - i ’1- def ~ : ’ -  a t :m- e cc: :st .o- :t as t h e  sputtering t i r e  r e q u i r e d

for t h -  m. -. : s - ! a c i ’  m - i t m m ;  of t h e  .‘a - : r ~ - - m a t e d  c l e r ; t - m m t  to reach

I/c of t I . ’ d m  cr’’r -
~- ~- t w.-em r;~’ c ;  m n a l  su r f a c e  con..-e nt r a t  i on

and t hi’ bmi i :  - - - mm - . -m-  : • m -n ‘.—Im ~ h am. s-m ;m -t-d t o  be the  s teady

ita t e  s u r fa c e  ; .t r a ~~ 1 - -m u l t i n a t t - l y  a ch ieved  d u r i n g  s p u t t e r i n g .

For N m , can ~~ s - i - ’ - ;  ( p : - ; .  1)  o I- -c a ;- ;  r o x i m a - t e l y  twi ce tha t of

Sn. All sputt cr ;nu was cent .uc- d u n t i l  the  bu lk  con cen t ra t i cmi s

~~re seen.

For the series of Ni de;~~s- it ion experiments the sputter

profile data had -pzc’xir’atel y the san-c time constant as the

segregated Ni profile. The conclusion from these experimentr

that Ni is less readily sputtered than Sn depends on the as sum T p-

tion tha t the coverage by deposition of Ni is a replica of the
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ori gina l segregate d i s t r i b u t i o n  on the fracture surface . Repli-

cation wa-s atter - ;-t.-d by u s i n g  Ni deposition to restore the Ni—Fe

peak height ratio to its origina l value .

The rust li~m e ly  mor phology for Ni deposition on a facet of

the g r a i n  would b- ’ a p a r t ia l  m o n o lay er  since the Ni-Fe siqnal

ra t io was found to he apj :-o~:imat (-ly a- linear function of deposi-

t i o n  t ire ~~-r t he  mm - i l l  c ’m:itititle: ; of NI th-p osit ed . This  would

not be t rm m o for  r ; mm ~ i 1a’.- .-~ ~ - ! is] .tmm -l ;rc ’m- ~t h. The (tot t h a t  I~c - t h

the st a r t  m m m c  conct-i .trat inn :; and  t h e  a p p a ren t  d e p t h  p r o f i l e s  are

the sane irpl ies t h - t t the Ni seqrt-c.tt :c’n r i - s u i t s  in a p p r o x i ma t e l y

the sa-r- c rur ;-hoic m m . I f  t h e  c o v e m . t — ; c  i s  kept  to less t h a n  a

monolayer, the f s - n m  t e  es-ca - : .’ dept h of ‘ch e  Au - : er  e l ec t rons  or the

~ ickscatt or s - n i  a- c” or wc -c ’~d not i n~ luemmet - t he  spm~t t o n s-c r e s u l t s .

V an i e n ; :  n m d t - I  h r . ’- I - ;  ;- r - - ’-r ~~ m ed t o .‘~:: l a i n  t h e  a p p a r e n t

l o n c j — r ar . c t -  m-. e c r t -  m~; m - mm Of N i  s - n  c c - m  : a :  i s - n m ; tn ot Imci - sec:reqat iri g

(4 t~ ( 
~

)
clc’r-t - rm ts ~n low al l y s - m t . -  1m m . ‘ ‘ ‘ l’rcc s-: itate- - ~ f Ni—rich

region s at carbi dc—fcr r it ’-’ I -n:r ~d~i i s-er. or other l oca t i ons  w o u l d

explain the depth of ~:s- 1-mi t th i:m account a -y ; e ar s  to be incons is -

t en t  w i t h  t I e  :.-- - -mmt d;i; l m - a - t  m o n  c-f t h e  r a t e  of s p u t t e ri n c

f o l low irmm : do; o.c l t  s - c - n .  The i a n ~m e atom -- :- arc rore weakly bc-min d

to the rat rmx of s - - c a l l e r  Fr at m -nm. - than are the N i  atoms , w h i c h

are cxtr c ;— -ly close :n sir’- a-nd structure to the Fe atoms. The

fact that ~r (again s i r - i l . m r  to Fe and Ni) has been r e p or t e d

posm ;ib ly  to have a ~Ionger ” r.cq rr-’a tion range~
6
~ may also be an

a r t i f act Jm.:c to stron ;cr tm - -riding a-nd correr.pondinq lower sput-

ter ing ra t e . Spccir.’ns quenched during ~arious stages of cri~—ri t-

t iemen t show N i concentrations reachiru—m a maximum away from the

frac ture surface , which is not the case after complete embritt lemcnt.~
6)

- 

- -



attc t wam made to duplicate these incomplete

er~brittiemcnt profiles in this study .

The pres-ent research indicates that the morphology of tIme

Ni  se gr e c at c - d  to c r a m  b o un d a r s - e s  in the  low alloy steel exists

over a th ic . : m m -ss o~ a ; - ;  rcc~m :- -t~~t-ly a- :;on cla -y& -r s- n dc-;--t }m at the

su r f a c - . Th e N:  - - m a - t i - - m m  ~ s - r~~t s - c s -  i r s - d i c m . t t - a ; - t r t i a l  m - O: iO —

layer q r a -  s-n t.~umm~Iarv m-:-r ; hc i o i v ;  the  exact  r -m- rr holocmy could 1 c

invest i~;a ted further by st u - i ys -n -i ‘last s-c r (-fll’ction intensi—

t i cs .  in - :  h a -p s  N s -  is  s t r - : .  m l y  I - n n d . - - .I to t h e  cmrai n and is

t h e r e f o r e  n t - l . - its - v. -i y h f f m c u l t  to r t -m - c- -.se wm ’I; inert i cn  sput—

terinV . The r em - ult i: - ; sIm ;. -: : - ; - u t t ’ - m  rate of t he  sp er e( : a t e~:

Ni provide;; . i m m  cx;- I a r a -  t m om; f L :  t he  m ; t - ( -  - I y d -c; c r concentra-

tion -m m n i c I m -  ::t arm - I - 1 - ;r e ’-  of Ni r-~~ m :  e m-l i s- c - mm ; urcem. tt-d ~v

ments  imn - c- ’. \ - i n - ;  ;dd- s - m m con~~unct s- c- mm w: t I. 1 f  f or  low allc - y st. i-is.

Work is :n ;~
- I c - m m ;  und . m - t iht n i- - i t  I; do ; o r - i t s - o n  m m .  vacunc .  of

both Ni . l f l; :  m m ;  p a-: t s - a i  :—o mn - ilye rs n~~tm a previously s;

cr i t -n i t t l c d  s tee l  - m ra - s - m m .  TI~i t -  m;; u t t i - r  ;-rc -fi I .- of t h e m  l a y e r s

w i l l  be a f u r t h e r  check  on t h e  pr e~~ent res -ul ts.
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Appendix  F

T}!F I~~”~~~
.
~ C~~~~~~U C”’ i 1  I N  cr~AP!!l I F/

AI.U -l I NUP Cc - :-~: - 

~s-
. 
I ~;::

Swe— flen Ts-a- i ~-t: cha - m 1 fs-c~-.:- .; .’ 1 i m m - ;  and
H . L .  ~- .m r c u m ;  —

; cal mm mm. e m  m ;. -

1-later ia -i: : ~
‘c.t- m -o ‘ -  . t s - -~ m. m

‘1 l i t -  m - . - m - — - . - :-. - 1 m m
Au s t i n , ~>: ;~~7i~

m t  n d u c t  i - mm

The cm a;  I; i f I . - :  i i s -  f or c &  - a 2 mci t m i x  cz m- ; osi t o5

are of 9mm- a t intt - r. - m ~t I ~-~- a- -us. - of t h e i r  ? : s - c ? .  s - t s - -ncth and the

potcn ts - a h  f :  Ia- : m - - s - — m ; c a - I e  ; - : - . d u c i m - e  m m .  7 - l m ; n i m . u n  a -f l :  ym a;-; c-ar

p r o m - s - s - s - n m  as- ; r- . i t n s - x  ca- ti. -: m a - i s - :  for -mr a; h:t. - r c i m m f c  m c i - id n-et a - I .

11cm- - v i . - r  , . I ;’ m & - t - t - .s - : ‘ mm : . ~i t s - mm - : I a- :t - : m s-na; I.: t e f s - I i s -  s-s

needed to m~ t ,~
- t I e ~~~ t - . I m t  I • -t ;~ he f i l m - :  a - m . d  a

s~a t r :x .  :~n- r i n s - t a - : c -, a - - I .mm.s -— :.:e- f m : s- ca t m e n  of t h s - s  cc- mm —

p o s i te  l a m ;  I • ‘-mm -~‘-m • ’- ]. i - - . 1 y a - ;  lyim . ; a s--hi c s - c a l  -:a; i’m d -pcr - s - t ed

Ti/Is- layer (Tm d- CVd coat mm ; : t c -  t I -  s u r f a c e  of t h e  n r a ;  h : tc

f i ber f L - il -~ - - i I v t m  ~~.-d mcm er :- m m , s- :; t n— m i t e s -

The resuI a - m t  Ts- ’ cc- at s - n m  t :-:h’.I tr a suffic iently ~i c i~ contact

anc lc so as to ;‘rn-.- :id c - ma ; -md as -m d cs--c ;~~ e t -  s - m ; f m  it r at ic -r.. Even

as this ii pml ci c ’-t - i  1 m r-if: It x at s-on t -~ hmmc I om m y 1 -c-cam--c cs -m e ma t u re

the tran s--v.-: se stren - ;th of graphi te - a - lmm r - in;mm - (-om - ;-or --s-te rer-ained

poor s-n contrast t o  the h :i -i; streng’- h in l ong m tudi mma l direction.

A recent stud y tf l  i n di c at e d  th at the iritcrf -lrs-al properties

shoul-1 be closely related to the tras-;sv rse behavior. This

i n t e r f a c e  could  be the  r e ac t i o n  zon e between aluinir.urm and fiber
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or t h e  r e a c t s - c --n zone between c o a t in - ;  and e it h e r the fiber or-

~~~~ t r i x .

Some v a r i a t i o n : ;  i n  t h e  treatrt-nt of graphite fiber have
t - ) )been deve lo ;  ~mmq, such as  the m odific aticr i of Ti/B CVD or

use of a er~- ’ - l a m s -  ~ m -- ~ ‘-1 coat s- n - ; i rc-ces - s or s-er to the  s t a n d a r d

Ti/B C~ m c :c . - s s  t )  m m  r c - ’.e the tr amms - ’. s.-’- sc strenc;th. But the

~~ r.ic ummdi.- m s - ta - m. mm ; : . t I  m m t  t he cry stal st: u c t - . : r & -  of t h e s - n t c r —

face ; h a - s - . - : -  is :,t s - l i  lacks- :;

The a i r  c -~ t h e  ; m . - m ; t - n t  work was to ot t a s-n crystal lcnraphic

in forr;at mm m m  .s - I - s - m t t Imi.- m mm t e : f a - c . -  r i - a c t  ~~-n m o n e  threuch

electron i . : i  :act’ n ms - s - i n n T Ilt . Thu ce:re:.;-’~-nids - n q s - mmt -rface

cher .istmy on m m m- e .c ; . - - - m c i - m m r -  wa r ;  a l so  s t u d i e d  l y  usinq a Scanning

Auger l - t:e:m -m - - ;- ;  e ( . s - ’ - t ) .  Various c c -m- - ; - c - m ; ; t c  r a t t - r i a l s  w i t h  d i f -

f e r e n t  t r a n .  s- c  st : c - m m - - t  hs  w - rc i - mm - : l o ye I s-n c-: dt- r to c o r r e l a t e

the st s-met crc of :mmt ’ - r fa - - m- lu -i s o ms- :  th nechammi ca l ; repents-es.

Titani um-- d m 1  or : d.’ (Tm is - ,) i a - m m  fe-a -nd s - m m the interface layer

near to the cmr amh:te fite r for m’~~ory rater s-al processed by the

standard s- /I; C’.’:- . A l u m - i n s - m m —  ox :d ’ ’  — Al 2O3~ phase was also

ot)ser v- -i s- n nor; mm— a t or  ia 1 s- rt ;m~I .-d here

Exper im-’ -m ; t a - i

The gra;h it r ’ ’.~1 :cinur ’- composite materials exanined in this

study ar e  l i s t e d  in  Tab le  1 a l o n g  with the processinc method ,

t ransverse stres --mcm th ar id the interface phases ob served in TE1-1.

Except f u ~m G1842 which is the plate c o n s ol id at e d  frommi T133 s-ire ,

the other raterialr- are  al l p recursor  w i r e s .  B a s i c a l l y ,  two
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fiber ty;- .-s w er e  involved here’, each repri-sentir’; currently

ava i labl e t-emmv mm e r cm a - 1 fe-rn-s. The Celion (-000 is low modulus

type’ I I  I AN i t  w i t h  I. .- m; r a p l ;  s - t i -  ba :;,~ 1 !- i a n e  p a r a l l e l  to

the f i  t t - :- s- s - ::f.n - e . The V~~b — 3 2  .cuI 1~~t 3 0 0 0  a re  h s -  -h modulus-

p s - t c h  to : .- ~ m I ’ - m  -~ .tl: I - - a l  ; l.im.e ; e r : e - m - h c s - m l a r  t o  the  m s - m m —

face . 7 — I l  i t t - m r  have  c m :  c s - m l a r  cm c - sm . s - - i-c t m s - - s - S .

To ra imi- t la - f m l . - r — : - at : I X  s - s - t i - : face ;ic~c’t ’s - ss - t-Iv to ot serva—

t ion , a sel - c t i v -  m - t c l - .;::- : m -~~- t h m m d  wa r ; u s - mt-id . The ruiterials were

m ; m - ~ i l  1 . - s - n .  v a r  :OU:; ct eh.imm t s, c - ; nce::t rated IIC 1 solu-

t i on , }~C 1 s o l u t  s - c s - i  d i  I ;:t.-i l v  (I 7O~ voium --e ;-er .m- -nt mm - ct h a n o i  or

iN xe~: mci s - m t  s - c ’ s - .  T I e  - - i c r ; w t - m e  t h e r m  I s - e r  o u i : I ; ly  r :nst-d w:th

a cc’t c - m m t - , m- .- l;a mm: I or :; 2 t : a- m.c :n s - a -  2 -
~~ 

c2 c-a- s - i - i d  s - n  t h e  re t  ha- is-c I

Thu s , tb. sacs- i. - s - I . - : :: we :e f :~ o c - -f tb i- a -Ium -~ nun nat rix rate—

rial a-m ;~ I o n ly  s c — n - i ’ m m m t . - r f a - c e  ; - x cc -m ; s - n  t h e  :-m e i n h t  crIme-c-id cd the

fit-cr ms - m m ace m.- .-r” 2 ‘-f t . ~e -a - r chm m . m around he fi l or surface

r c v e a l t - - :.an- .- r. .. s - nt - m f a m - .- m mccc: : t-bmn i — mm : -u - mb for elect s-c-mm

tran s r m s - s m i . -n s - mm t I . -  m a - c r - I - s re:a:eid s-n !~Cl ~o i u t s - c - s -  d s - l u t~~ I by

meth an o l or in - - - - m ,~ i -n t  r a t e d  F C I  solution . Some thin interface

laye r :: a - 1m ;r~ we: f o u n t s - n  the sar;-’ie ctcl.o— ! t-y ~~C!t

Doth the Cc-m-- -.- m s s - t e  w;rc a -ms - id p l a t e  were fractured in situ

in the t A” us-s-Icr 10 10 Torr vacu a-mm’ s - m m  o rder  to urm a- r - - ’ l - i c m u c’u r - - l y

analyze ‘he r .at .-rial s - n  t h e  f r a c t u r e d  i n te r f a c e  reg ion between

f ibe r a - m m . 2  m a t r i x .  In  ad d it i o n , sor e of the ion etched sari-pies

were exarimm~~I to s - i d e n t i f y  the ch’--c-ic al species present. An

electron bear s~-ot size of appr oxmr -itcly lu or less was used
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to g ive j e - !  s p at i a l  r e s o l u t i o n  and hic’h signal to noise ratio.

The SMI instrumen t a p pl i e d  in these st u d i es -  was the Phys ica l

E l e c t r o ns-c s  m--~ idc ’ l 590 sys tem.

R e s u l t: ;  an d  ~‘i: s - s i - : :

The most oft i-n c-I :.crved ; has-c was a Ti B 2 tm. - > :ac ;on ai  s t r u c —

t ure ~.- I ;  I Oh  wa-s  f -s - ;n~1 s - m m a - il s-ms-a t i ~~: s- a i s  mm t s - - t  s- I . . me . T h i s  t y~ e

of i n t e r  f ac  s - a l  l a - ’,- t ’r ~.. i : ;  f o u n d  t-X t i-nidi::~; from the su r f a c e  of the

fibers. Several la r o-m ;-s - t ’c-es were a-b -ut the s-i s-me of fiber

radius and c-a -mood a i o :~~: t h ( -  mi Le-cs of the fibe r circurference .

Some t y p i c a l  . -1 -~~~t c c - m m  ;t :  ! f : a c t  i o n  patt i- : ms - s of T 1 h
2 p r epa red  in

tlC l p i t s - :  ret ha m s - cl for v.i m ic-u:; c’ - n-i —~- s - ; s - t i- r a - t e r i a ] s  a r e  shown in

Fig. 1. The ol m - . - r v a - t  m s - m m  of t I..- m id -o t. t y s-at ure of the rings in

the di  !r a - c t  m m —;: ; at t i - n m ;  of Ti l4~’~ indica ted tha t the  c r a m  si:c

of TiB2 s-n tht - T 114A c - - n - s - c ’s - s - t o was lar- :er than the grain size of

Ti I~ i:. tImi- ot Is- .—: cs-’ mm- : - - s- tcs c us-I s - i - i d  I;’’: . Th s- s g r a i n  si mc d: I —
fercnce w a s  cc ’m :ss-stently obsem.-c- id in m a n y  fib ers and also in

sample s ~reI is - e d I-v sore other s-elective ctchants , l i k e  con—

c e n t r a t . - i d  lid or N~idI. One ~~ r .s-c di ffe :i-n - c i-ct :-ecrm TII4A and

the r e s t  of t h e  c o r p cs : t e  m - a t c : s - a l s  i s  that the Celion 6000

f ibe r ~n T 114 has the cir- a ; - h i t c ta - sa l plane pa ral lel to the fiber

surface but  the oth er corposites have the ritch type fiber with

basal plane ;c- r~ er.dicuIar to the surface . This difference of

crystallographic orient ation in the substrate ray offer a pre—

ferential rm rc wt h for Ts-B2 reaction product. The grain size

effec t ray play  a rol e i n  the transverse properties of the corr -o-

si tes.
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A close investigation into the morphology of the TiB2

layer in electron ricrogra;-hm; for various composites showed

some stri a -t t- -I characteristic :; (see Fi g. 2) of thi s interface

layer in ps - t c h fs - t c - r  r e s - : i f c - : c c i d  m a t e r i a l s .  Th i s  s i t u a t i o n  is

possibly c or r c l a ~ .-id ~~- -  t he  o r i c n t a t  m o m s -  of L a - s - a l  ;- l ane  r:c .nt ioncd

above . Tb.’ ~
-
~~~~:- ; .  m m  - - : s -  1 - t w e. - : :  - m t  oh ~a ms - id n c - n  —; tch f ibe r compo-

sit e s  C . m : .  to r u e : ;  s - m m -;  . 2 a - m s - id F m — : .  3 , w h e r e  the TiI~2 ps -ma -se

wit h s t r  s - a t . - d  c: - I - a t on f~ -: V~~1’— 32 , Ii ~-t 3 0 O0 p m  tch type compo —

si tes ( F i ; .  2)  and w ith ou t for C el s - c n ~-000 Pid~ II type corpo—

sites ( F s - -~ . 3 )  a r c -  pm cs - c-s -t ed. I!cre the diffraction pattern of

Fig .  2 (c , d)  i s  shown i n  I’:-: . (b) ahd tha t of Fig. 3 is shown

in F i o .  1 Cc)

A n o t h e r  s - s - - ; s - s - f s - c a : -.t m e m - u l t  i r s -  t h i s  work was the observation

of an a l u m ’ s - s - s - m n -  o x i d e  ;A 1 - 0
3 1 ~- I aa ~~e a - I s - n - a -  the f s - t c r / r s - a t r i x  in te r -

face . The o n ;  s- n of h. o x m t -  ha m - r o t  1 en clearly e s - t a - I-is - shed ,

but i t  s - s  :- t  : m ~~cl~ - hc- s - ’ - a ct  m e n  s - c - i d - a -ct  c-f oxygen c o n t a i n e d

in f i le r : ;  s - c -  : : - : ~i te ,I to t t s - -  : r , t ( - r f a c c  d u r s - n ;  the alurinum ’-—

i n f i l t r a ’s - :c-n pm n .-Sss -m’ ; st.- ; . Tic- e xa c t  r o l e  of t h i s  ox ide

layer is s-nt ks-s-c-wn at ;-re: - .- m s -t , 1 - - m t the recent 5kM studies

in d i c a t e  tha t i t  seen-s t - ’  ;rc- - s-- m -tc m atr ix adhesion to the

graphite a - n - !  c s - m b !. I c  f a v r m . i t I t ’  f o r  a l e t t e r  t r a n s v e r s e  s t r eng th

in grap h :t o a l t m m ’ i n u r  c c - n - p c s m t c s .  The present  ca re fu l  TF.’I examina-

t ion of these o x s - - e  l a yer : ;  on the f i b e r surfaces indicated that

the A l 203 pha m.- ha s  r e l a t i v e l y  l a rger  q r a i n  s ize  on the average

than t h a t  of T s - f l2 .  The e lec t ron  d i f f r a c t i o n  p a t t e r n s  of 1~l 2O3
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(Fig. 4) were observed only in T114A , G3842 , T1O5A com posites.

In TIOSA composites , a mix ture of A1203 and TiB2 was also foun d

(see Fig. 4 Cd) . The relatively continuous nature

of the T1F~2 portion of di~ fraction ring im p l ied it has a smaller

grain size than that of l\1203 in this r’ixture . The coexistence

of A1203 a-n d TiP
2 

w a m ;  a- iso - s- !er ;t  fled in ~u a - c r  e lectron spcctro—

scopy wh : c 1  w ill t o -!s - s - :c~s - s - : - .-~! l a t e r .  (Fic; . ’ - :s -~~~~~; tI’s’ n m o ~- I L - l c ’ y ‘s-f F i c . 4 ( b )  . )

It is a l s o  i n t e r e s ts - n :  to  p o i n t  Out t h a t  t i t a n i um  ca rb ide ,

TiC was ob s e rv e d  s -n (~3~ 4? . tmm - d T 1OSA c or co ss-t e s .  In both mate—

r i als , the r s - na - s - of ds - ffra c t s- cs - pattern are continuous , however

the diffr a ct mcr ~ r s - m s - ; i s -  1-rc.tdes- -d to s~- extent in T1OSA com-

posite. T h i s  is ti - Is - c - vt -c : to I - c due to the  e f f e c t  o f very f ine a

grain s i m s - c .  T Im i- d i f f : ~ t c t m ~~n ; a t t i - r m m  a-m.d m s - i c r - ; r a ;h  can be seen

in F i g .  6 .

The i n t e r f a c e  react s-c- ;; mo- r i- in  the cors-posites studied in

TE1~i was also jmm- .c’nt I m a-ted I y ~~~ tc  h e l p  s - d e n s - t i  fy  the c h c m - i s t r y .

l n t c r e s t i s - s -- - : r e s u l t s  were f r ,;s-d in the fracturcd sarples. The

fracture pa th s  were tb -mns - mm~h t h e  ox :de layer or close to either

the f i b e r  side or r - a t r s - x  s ide  of t h e  interf aces . The Auger

spectru m ver su s -  the depth fro m-. f r a c t u r e  sur face  was obtained

using the i n e r t  a r m o r .  ion  r - p - a - t t e r i n o  e x p e r i m e n t .  U sing
(5 1

sensitivity factors estimation of the concentrat ion rat io Df

titanitun to boron , Ti/fl at the selected points after sputtering

were consistently about 0.51-0.57 in the plate G3636 made from

T1O5A and in the plate G3842 made from T133 (see Fig. 7 and 8).

This ratio confirmed that the TiB2 phase was presen t in the
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interface layer.  The spectrum in F i g .  7 shows this  ra tio along

with the presence of a l u m i n u m  oxide , discussed previously in the

TDt diffraction p-ttterns . However , the Auger elec tron spectrum ,

Fig . 9, taken from T114A precursor wire gave the relatively low

Ti/fl ratio of a - p - p r c > : in - a t e l y  0.2 0.28. (The standard TiB 2 SAM

spectra s-s shown s - n  F i q u r c  10. ) Assuming titanium boride is

stoichiormetric T i P 2 ,  this ratio may inclu de boron in other

borides with t h e  elements p re s e n t  or p o s s i b l y  in a complex

(TiAl)fl2 typ e boride . Further studies- are being conducted in

the T!~1 am - - ! c-AM to c 1 ar ~~fy  and extend the results reported in

this ;)apt~r.

Conc 1 us i ens

R e s u l t s  of t h i s  work can be sumu’s-arized as follows:

1. Tin 2 phase is ;t’nerally present for the aluminum/graphite

composi tes - ;--rccs-ccsc-d b y standard Ts--fl CVD t e c h n o l o g y .

2. Larger Ti~~2 phase c-rain size was observed in Colion 6000

fiber with the graphit e basa l plane perpendicular to the

fiber surface. This could relate to higher transverse

stren- -t h in T114A composites.

3. A12O3~ phase was found in some composites and is relatively

larger in grain size than the TiB2 phase .

4. The m i x ture of A1 203y and TiB2 was observed in some areas

of interface for the T1OSA composite .

5. ?.ES iden ti f ied the ex istence of Tifl 2 with the stoichiometric

atomic concentration ratio , for many interface areas in most

composites studied .
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6. ~A smaller T i/B ratio from AES appeared in the interface

reaction layer for TI14A composite wire.
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Tab le 1

Composite 5Transverse Phase(s) Observed
M a t e r i a l s  Processing Technique Strength  In T~~1

(Pa

T11 4A Celion 6000, C—lOO!1(s)(~,)/606l(Ti+B) 76 TiE2, A1203y

C3842 VSB—32 , C-lOS— 12 ,(~)/6061(Tf+8) 31 TIE2, A1203y(.ade I r .’= TICTi) 3)

T1OSA VS~ -32 , (S1C 14+Ec l 3
)~~g. (c)/6061(Ti48) 10 TIE2, A1203y(plate:G3636) 

TiC

T1093 VSE-32, (CH 3SIcI +CH~~fc1 3 i480 (5)1 not TiE22 available
6061 (TI-eR)

1*1 p i t cm- ~I ei 3000 ( s ) ,  /6061(Ti-eR) 14—80 TiE26061 depends ~~
consolidation

process

Transversc S t r eng th  wa s t es ted  in p l a t e  form s by Aerosp ace Corp oration .

I
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‘a ) U )

Cc)

Fig. 1 The electron d i f f r a c t i o n  patterns for TiE2 in

I (a) TIO5A , (h )  c - 1~~42 , (c)  T 114 etched by Nd and

Methanol.
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Cc ) Cd )

Fm q . 2 The electron rs-lcre (;raphs showina the crenulat.cd TiB2
layers ii- . various pitch fiber type composs-tes
(a, T109D etched by n d ,  (b) T1O5A , (c) and Cd)
G3842 etched by ~:ci and r ethano l.
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Fic . 3 The electron rmi cro graph s of larqer cra m size Tin
2pha se in T114A (a) sample etched by KOlI , (h) sar~-pie etched by HCI at higher magnification .
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