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Fatigue crack cjrowth at inte rmediate rate s and R 0 . 1 has been measured

in compact tension specimens of the a l l o y s  Ti-6A1-4V and Ti-6A1-5Zr—O•SMo—0.25S1.

Ciack length was determined from the output of a crack mouth displacement

~~tu .jv and by uti I ng a d.c. t on t t .t 1 •i r j  - t och i ~uo . The I i d e n & -e of crack

ci  ~; - t i e  was •~x ,tn  i n.~~1 ilur i n j  f..u t i ut . by us t n I l  t~~t t  h I t I.. ~tl i~~~ Vt~ meth ods

COD was foun d t o  i •  ri.. ! 0 re i i  i i -  1. 1 - y  C I I  -~ ; i i r o  r.o . u su z  ernent t h an poten t ial

. i rop.  In  I iit i . , t;t  t o  the f i r i i ~ t . i ( r l , ; t r i u 1 t u y e j  T t — 6 A 1—4V , the o.~r

Ti. — t ~~ I — ‘
~~~ r — O . I M.. ~~~ 2 i 7 ; l i  w o l  uk ’; t o tt  i i i  I - t i  t r i i i , .  I or across the crack

t I 1tc ,~ n cj ur t f l - ~ 1 .1 t i - ~~~ i n -  I t h i s  w i ;  - i t  t ! i i  ;t t • ‘ i  to • t  i t  n — C  I c  - t ~ ure” mechanism.

I *w  ~- r t ; k - ;~~~-~ t k  l i t , , ;  Ut ¶ h . ~ l . i t t i ’ r  . t l l
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•. I f~~( t i v .  ,‘.I( • M . u y k i  I r . - I-t - I t ;  1 7 ;  I i  - - w  t h  l i t . ’  i . - i u - i -  I i ’, v ,t r t , t I - I e  amp l i t u d e

1 I i i ; ; 0! T i ~~.-A 1 — 4 V  ctou l I I . -  o x;  l i i i .  I k y r u ~~ . : l c - ’ -o l t . .

I

V
. 1 1

T~ (“~~~

‘I ’ -

_ 

LA
L_

- - — - - —I



-

~~~~~~

p — 1 - -

I WI~~~t1JCTl ON

Fatigue crack closure has been widel y examined since the original

observations of Elber were reported U2). Essentially these observations

were that in some circumstances load transfer occurred across the fracture

faces during part of the fatigue cycle. It was suggested that this was due

to residual plastic deformation left in the wake of the crack . The applied

load range • AP , was t he t  • ‘ f u i i •  cc~!;i; i tie red to be .111 1 n t ; - j u or~, I .ut  ,‘ parameter

with wh ich to ~~ ,,e1ute crack grow th rate and n ’~tie lower , e f fec t i ve  load

range , 
~~cff

’ was u~~ rc  • tj ~ r c 4 r i . i t ’, where

1~ - P (1)
e l f  m..-t.x op

and p 1 ii the loud at  wh ich  the ~~i ,tt ’k i~; ful 1 y c - • - n  .a,1d p s the max imt~~
• op

load in the fatigue • y c l e . I~~u~~ i , i t ~~~ i i ~; l t u a t  u - ~ c~; of  a 1 1 ;ur e  pheno-

menon are very att uauti v e in that they may j i . ’ . tO .ut; .u I I I?  innal means of

improving fatigue recictance of ~.t ,u !:IraI 1 -  ~
‘
~~~. t . . - t ; t R  l y ‘. i i i t - t k i~~ mater ia l

n e i . ’ct  ion .

In order  t o  ; n u T ; t  i f y  r .~;-k 0 1 - .;;?,’ .f!o ti; it is of c urse necessary

to measure P .in i th iF  has ;, . I u o i  0 ,111 i t  t i n ;  vi.’wn on the mer i ts  of
op

several experi~~c’nt .tl n -t h o m . The two r~~~~t w i d e l y u sed have been the DC

( 1- 9)
potential drop cy’;tcm w~ ich relie s upon e l ec t r i c a l  conduc t ion  across

the fracture faces at c1oi~ure , and the detection of specimen cosip i lance

changes~
1 7 ’9 1~~ at closure by monitoring strain or d i .~p i . i c o r r s ’n t  gauge

outputs.

The current work is concerned with a comparison of P.D. and displacement

gaug. observations of fatigue crack closure in Ti-f~Al-4V and Ti—6A1-SZr-

O. cMo -O.7~~~i alloys and with relating crack growth rate , Its/AN, to an

effective load range via equation (1) and a modified Paris-F.rdogan

(12)
relationship

— . . — --.-- -
~~  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~
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A a/tiN A AK . (2)
eff

where hK - fn (It Peff  e f f

EXPER I PIFNTA1~

Compact tension ,.l ecimens of th ickness , R, ?Oi~ n and with other dimensions

in such p port ton as to comp l y w i t h  ! 0 t ’ ;t ’it it ’d (l.~~ igfl were m.tThir ; ed

f ro m  T i - f A l -4 V  and T i - (A l - ’t.Z r-O .’-M ~O . ‘~~ i a l l o y s . ~c t h  a11oys were in  the

as—r e ce ive1i c i i i  i t  I on having t i L E ’ !  V, .i & - In v e n t  I t  na  1 t !~ i’ i n  - o.-chan I cal t r e a t m e n t .

The Ti — ( ~Al — 4V h i d  l’.’.’n r ’ t l l  . inn . . t led  , t ~~i . t t  I n  • i c ?  l . i  .it  S t empt’r at ure

high in the ci + 1~ h - i ’ - i ’  I ii’ Id, • lot  i In i • . i ?  e l  f r  ‘hu- ~; at  700°C and air

cooled. The t’ i t  i ’ . ? it i t;ii,’ wu’  m.uii;l y el t ;~~ ~~~~. I pi  is i ry  ci but c - nta ined

trans III -t . - - i  F i i i  • me ~~et  i i  i ’d  F at the ;r .t in I -i t  - t  ; ,‘•; . The s i a n  linear

tntelcept ~~iin.iry m g i-at n  •;~~~~r’ was  I-pm 4 3pm i n  the ti.in .v,-i-0e direction and

• t
~~m in the longitudina l c i i r e c -t ion .

The Ti- l- c7.r-o.’.M~~o . ”..~:i had ri ce iv~ d a f inal working in the ~ phase

fie ld, hea t t re a ted  ,dc ve the ~ t I ~~~n;2 ’. at  i0’0
0

C, c i  I quenched and aged/st ress

relieved for ?4hrs ..it ~5O°C. The r . ’ -iil line -u t ; i1t (‘ I- opt  pi for 1 grain si ze

wa s O. R~~i~ 0. IRnis ; t h e  cj r i i n ~; i - n t  a ln ed  c ] o n i ( ’c which  ~~~~c f s t e d  a lmost

entirel y of a fine kca’k .’twe tve of Wi tnuns t~i t te n  ~~~.

Mechanical testing was performed on a •.ervo-h ydraulic Inst ron Ilynamic

Testing Instrument which provided the range of loading - r c t l i t  ions necessary

for pre-cracking fross the machined notch and subsequent f a t  i gue crack growth.

It al so enab led discrete load cycles to be carried out at low frequency for

study of crack closure.

The DC potential drop equipient consisted of a s t ab i l i zed  constant

current source of 30A from which the current was passed through the spec imen

at points I and 0 In figure 1 using 4RA brass bolts separated l2iius (0. 3W) 

- - - - - --- ~~~~~~~~~~~~~~~ -- -~~~ - -*---~~~~~
--
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across th. crack plane. The P.D. was moni tored via a voltage suppression

unit and a high gain amplifi er by a strip chart recorder during fatigue and

by an X-YY recorder for sing le low frequency load cycles. A calibration was

~~tained to enable crack leng th to be related to P.O.; this ii shown in

grapM cal form in figure 2 but was repre sented by a best fit polynomial for

crack leng th - -~.p-i ta tions . A detailed des cript i on of the DC potential drop

t r ~~t . n tqu e  h i ’ . li - i - i ;  1 r . .~.oi;t..1 
ein,.wt;,,rv

U4)

A P.~ u i ? ?; i i;; 1 A t  t Ta f t  t yp e Fhl m i n i  .t t ure di sp l ,i omi ’nt t r ansducer

w as r~ n it  ol ac i t  .n ’. the top ‘. ;  i f . t ~~.’ i f  the t.iii’d imen as s)x wn in figure 3.

‘1~..- out put was f o .i to the X -- YY !~~~~- I i t i e r  t o  r-~ ni t  cr the ‘~~~ t 0 t  ~ n compl lance

i i i ,  ,.~ i’ i f  i.. I w i i  .- -p ; . n t y yclo .. . The d i ’ ;  I n t  . - t r ; . - i ; t  c n t u  ;.‘ ou t  1cut per unit

1- - i l  was  ~ . i l t i  i i , - & t  ~- i t h  y . - - .;~ - c t  t o  t r i c k l . n -j t h  . in i is nh ~i; in figure 4.

T~ t s lit .i was f. r i i . -  I by .i I- i- s t I i t • 1 yi n i  a I for c- n; .0 t i t  to t a l purposes.

The iO f t .  t c t f  f .  i : ; ;. ’. i n  load asp l i t  ude at  k 0 .1 c-n crack grow th

rate and cia- k ci ;.y. ’  w i - i .  • xa ’~ i i;”1 in Ti- (.Al—4V . The form c f  the  load

1t.’nplltud. t ) . . a nt;t’’; i s  ~.h wn in f t  ii;re “ . A r a c k  w a s  f i r s t  ~~7 d W f l  w i t h  load

r a t  ;e ( 1) and if !  er t he c ; T  - - w t  h h t ~l bi ’On i -  ii i i ’  hod f t  y a few millimeters

the load ampI it u I.’ w a s  I r - r i  c-i ’d  t o  ( 2 )  . Wh en ~~1iir~ of I?  roW t h at the higher

amplitude had taken p lace  the 1 — i l  r tr ; ;t ’ was reduced to the or iginal value

for a few is~ l1i” .’t i’rs of growth . 7o ?her period of l nc r ,ass ’d  amp litude

cycling (3) was then pi’r formed fol lowed by a return to the original

amplitude (1). In region (2) the maximum load w a s  i n c r e a s e d  by 50.5%

compared with region (1) and in region (3) the max imum load was 83.S~higher

than i n  (1). Crack closure was monitored during the above periods of

crack growth.

~ 

-
~~~~~
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RESULTS and DISCUSSION

Typical data at intermediate growth rates for fatigue of Ti-6A1-SZr-

0.SMo-O.2SSi and Ti-6Al-4V at R 0.1 in air are presented in figures 6 and 7

respective ly. It can be seen that of the two alloys the Ti-6A1-4V showed a

sub stantially hig her rate of crack growth . When the Paris-Erdogan re lation— H
(12)

ship , namel y ,

— I~ (3)

was applie d to the data of figure 1. the ~;lope m was ‘i.6.5 which is significantl y

hig her than t he  v i lu,”; of ~ — 4  t ;i neral l y found for fat i gue crack growth at

t n t er~~ .’ d i. i t e  ~~~~~~~~~~~~~~~ I n  t - i t ?  i a~~ t , the m va lue for  the T1— (~A l— 4V in

figure 7 was c. ~ Rd at iv.’ ly Lii d;e m v - t i  u .‘ t. and -w d; i  I .wth rat es  h ive been

re~~)r t e d  1’i- e v i o u c i y f o r  B ~~~~ t r e a t e d  i t t i t i u m  al loys

- i  is of PD c h i n  ~e V t - i  us  2. ~~~~~ t i c - i  COt) V t - ?  no’; l i d  we re r,.-t cie at inter-

va ls during the t o o t S  t o  • - ~~- ts ine t he  in it .  I n C  of  c r a c k c losu re . ~ch.’tsatIc

resi-~~nces In  the } T o . P t ; ( (’ of t I c  ‘ t i e  ‘i re ~ i c- Wit in  f lc J d l re  $ t o  fac~ litate a

discussion of t he forms of the  cu rves  anti their .tn.l ly’;i’s . The decrease in

slope of the COD curve f rom A to  I) i s  c- ‘r ’ ;  i 1 . - i  e l  t o  . ;ir due to  l b .  i nc rease

in specimen comp l iance on cit ing from a clo’;eci to ~in open crack . Hence over

the linear region AR the crack is full y closed with load bearing contact

across the crack faces and the specimen responds as if no crack was present.

On going froar B to C the crack opens and over the lin ear region CD the crack

is f u l l y open. An experimental difficu l ty In work on closure Is in determining

the point C when the crack is just full y open, extrap olating DC to lower ‘oads

as shown in figure 0 and loca ting the point of departure of the extrapolation

frcs the original curve is one method. The form of the schematic PD response

t in figure 8 shows an appro ximatel y constant value of PD from P to C when the

crack is full y open and when closure occurs the PD falls away over the region

Wi as the area of electr ical contact across the crack faces increases .



V —.—-.———.——~~~~~~~~~~ —-————--—.--- ----—,-‘-—--,—-—.,•--—-—--.—. - ______—---

- 5 —

Determination of point C is assumed to give a measure of the closure load.

Crack clo sure was indicated by both the compli ance method and the PD

during constant load amp li tud, testing of Ti-’6A1-SZr-0.St4o-O.2SSi at R 0.1 as

shown for example in figure 9. The de tection of closu re by the P.D. was

era tic and the first three P.D. traces in figure 9 do not g ive a clear indic—

at ion of the cl osure load , which was reve al ed by the COD t z a c e s  to be a sub-

stanti al fraction of the m.’ixl mum applied load. There w a s a lso a tendency for

the P.D. outpu t to sltcw a higher value of closure 1, -id than t i t i ’  (DD readings

arid this is examplified in figure 10. Figure 10 al’ .-~
) n i t -  t wo  an in te res t ing

ef fect  of a decrease in P.D. at the high l c ’ a , l  end of the cycle . This beha-

viour hi’; been re fe r red  t it pr t ’v ion’ I y w };a ’~~ it w a s  t ’ - i - t .  i .‘d to  I ndi c ite  clos-

ure at peak load 
(18) It w it: n c ?  I c t i l t  ii’ in t hi’ ; i t - t i;? ~ - i  k I h~tt the • f fect

gradually it-v .’ - -;- .‘~t at the h i —  ; ie r K ~~~~ I iii’s ,iti- I w i  ‘: i -l il,I y a: soc I itt ed

wi th sui fa , ,’ p lant  ic ;‘ d d t i ’  s ize .

‘1~ie extent of c l, ’. ; i y e d i i i  intcj ~ - - : . i - t . ’i nt  I c - t i  •c” ; I t t u i . ’  cyc li n j in t h e

Ti—M 1—4V w i t ;  ~— t l 1 .- . sj . t re d  w i t h  t h e  Ti -- ( ~A l -  n:’ i -O .t -M o . ~~~~~ and was only

-3/2
found at the high end of the K range used , -‘ (.~~~ m . (F1cj~~re 11) . In

the example shown in f igure 11 c losure w in  detec ted by the COD gauge only

near the bottom of the load cycle but the Pt) indicated a much higher closure

load , confirming the results from the Ti-~ A l -5 ? ,r-O.t M~c-O .25Si . Closure was

detected by both COD and PD at lower K levels in the Ti— (~A 1-4V if the specimen

was unl oaded

The important feature of crack closure is the tran sfer of load across

the fracture faces at some load above the minim um in the fati gu e cycle.

Th. above re sult s support the view that the COD method is more successful

than the PD method in recording th is event. PD measurement s of closure were

shown to be eratic and this Is probabl y due to variable oxide Insulation on

the fracture surfaces . Similarly, the tendency for closure levels measured

by PD to be hig her than from COD traces probably arises from electrical contact 

- - 
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across the fracture faces without significant load transfer~
9
~~.

Closure loads were obtained from COD traces for the Ti-(iAl-SZr-O.SP4o-

0.25si test at R 0.1 in the manner indicated in fIgure 8. Using these values,

measures of the effective 1~PZ at the crack tip were calculated from equitions

(1) and (2). The crack growth rate data of figure 6 was then replotted in

terms of 1~K ff 
arid is shown in fi c iur e 12. The slope of the curve , r1 in

equation ~
‘ , s ~ ~ arid the ~ i .w r at  i’S a r t ’  vt  ry i m i l ~t to  h’ cl a ’  In  f igure 7

for the Ti (-Al — 4V. It would t i - I - i - an  that the Iii ‘~ . di If .- r i - i t -c t ;  in ~ r vw th  rate

bet w u’ , r; the t w o  a i lt  -;- t, c t ic 1-.’ rat  i t  - - i l l  .‘ c,i u ‘- t ic the t K ~~~ apiir oach

,Th;t I~ ~ y to j r  cv h-us w - - i k on I a i -i.- ii ii nod t it ~tn; is s a  11 oy 
(1 ~ • the

r e l a t ive ly high h - v t - i ’ - t i  1 . 1  t i - - fo r  . 1 - i -  the f n~~~~ t u i t -  t , t t v~~ i n  the
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tered on r i’d;; - ; ng the It ‘ id 1- ’ ’ 1 ow t ice r i  r; ; 5-cIs ii; the cyc le .  This I at ter

behaviour was •‘~~.t ’~ j nrd r, re  c l c - ’ - e l y  t y c - a l ly i n g  uut a variable isp l it ude  test

as desc r ibed in t h e  ext -’erir- .’i- . t~ t l ni’ , ?  ion . On l n c r . - -u ;ng the load v~p u i t u d e ,

w h i l s t  keep ing  R 0.1 , there was an i ’~~:.’dIate increase in g row t h  ra te  as

measured by the  PD w i t h o u t  an observed t r a n s i t i o n  region . (Figures 13 and 14,

point A ) .  On reducing the load amplitude, t h e  growth ra te  showed an immediate

marked decrease. There was however a t ra ns i t  ion region (points B in figii;es

11 and 14) during which the growth rate in i t ia l ly  dece lerated over a small

crack increment to a minimum value and then accelerated until it was out of

the zone of influence of the previous , higher amp litude loading . The

decrease in growth rate and the extent of the 701W of influence of the previous

higher a*~ ilitude loading were greater for the 
larger reduction in load

amplitude . Closure was examined before and after the decreases in load
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amplitude but was not dete~cted by COD. (Figure 15) . The PD ind i cated some

closure immediately af ter  a decrease in load amplitude but this only lar~tcd

for a few cycles. (Figure 15) . Hence the marked decrease in growth rate

obtained on decreasing the load amplitude could not be explained by crack

L i S U ! i ’. This confirms obse rva t ic- i cs  of other wi crki’r ~~ on aluminium alloy 091

and it is l ikely that the r.’dut ed growth ra tes  are assoc ia ted w i th  i i ” - i d u a l

i.’ s iv i’  s t r . ’- sc: -  in the crack t i p  l a s t  i c

(~c *~t I ‘~
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at H 0.1. Thi n w i’; in t - - n t r , t , - t  ~ Ti 4 A l — ’iV ~i ; l ,  ~~~ wi - f a - c - - i l l  amount of

load t r a n s f e r  i’d  only it I i ~h X Ii-v.’ ls.
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loadi ng in Ti --- ( . A l - 4 V  c o u l d  r iot  he exp la ined by t i c -k r l c ’ s ur e

The financial r upport of the United States Air Force Office of Scientific

Research and the provision of general l aboratory f a c i l i t i e s  by Professor R.E.

Smallman are g r a tef u l l y  acknowledged. The author also gneatly appreciates the

help given by Dr. M.D. Halliday in dino ciss ions during this work .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~ -—~ -— ~~~~~~~~~~~~~~~~~~~~~~~ - - - - - -~ _ -- ~~~~~~~~~~~~~~~



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

RE~’E RE N CES 
—

1. W. E lber , Eng . Frac . Mccli., 2 (1970) 37.

2. W. E lber , ASTN STP 3&,, (1971) 230 .

3. T.T. Shih and R.P. Wei , Fng . Frac. M.-ch., 6 ( l ’ 174)  19.

4 ,  C .K . Clarke and G.C. (‘a’ .r:at t , ihid , 9 ( 1977)  ~ 75 .

5. T. ( ’ . Lindlt’y and C.E.  Hi t ic.micb; , Mat . ~~~~i. FwJ ., 14 ( 1 9 1 4 )  ‘ ? 4 1 .

6. P.E. i i v i n - t ,  3.1,. }~- :h irn,, !; c od ( ‘ .3 .  H i - i - v t - i s , Ft . c~~. i - t o  - . ?‘~‘ - b c . ,  7

( 1975) ~~~~

7. C. ~~~~~~~ S. ~~~~~~~~~~~~ .,r f G. i~~~: ; v ; T  c t , -  • l’~~c t . ~~~~ i t ; - ; . ,  . ‘-~ ( 1 c 7 7) 14’ - .

H .  F’ .E. Irvin -i , ,i,1,, F l - i i ’ - c - t c  m t - f  ( ‘. 3 .  i’ i - i’ v . - i ’ ; , I c ? . 3 .  of  1- c cc’ c t . - , i i

( 1’? ~~‘) i c ~’ - ”

9 . V. Ft c l . ’~ it :, ,cnci  i~, ~~~c o . ’ F :;- : . F: -cc . P~. 1:. , Ii (I ’~ 
t )  ( 1

10. V .  i’ c i,:: m:o , - I). i” ‘ , m t .  3 .  of I-’ t~~cC • u t . - , II ( l i ’’ - )  ‘i l L

11 , J . D~ F’ : a ’ I ‘ - c c , }~ . V .  1 c c - i : ;  i t c h  0. t ’u , i f , 11 ( l I  ‘c )  ‘4 ’ c

P.C.  i - c :  i s - c - - f  F . i c  - I - - - i i i ;  • 1 i t ; ’ . . A~ ~~~ . , B~ (I ‘ c 4) 0, 41 .

1 ~~. ,\~ - M , ~~~‘ : 1  F ‘ I ( 1 ’ ’ . ? .

14, M.D. Hal I t c h y ccc l (‘.3. 1’. . i - c  0.  ‘‘ F I c i -  Ii - 1 1.- - i i  cal 1-  -0 i al ?‘~ b c r n l

f ‘r T i k i. - ; ’~~- M. - c ’ - ; ! .  ‘ c t  , ~‘~. - ,i’ ;;: ‘ ‘ ‘ - c , ’ of  i I . ;? I; and ~‘i cp ’

i t;  F r i .  1 : .  , i r , j  I- i t  i j c c i ’ , 1 - -  1 ’ -  j ; l - I c  h : • ’1.

15 . P.F. I rv i n t  ,tnd t. .N. M~~~ t i ! n . - y ,  Mo~~til i~ c I. :- • -  3. ,  11 (1~~77) ~‘- I .

If- . G,R.  ic- -F -i , I A .  (‘c c t li’y i c -f T. W.  c r ,  ~t ! , F r - i .  Fr~~
( . ~ . c h . ,  I] (l9~~~) He ’ .

17 . ~~- D. H a l l i c I - c y  cod ( ‘. 3 .  Ii, , - ’ ,’ i - r - n , m t .  3. c i  F rac t : y r - , l~’ ( 1979 ) R27 .

18. P.E. Irving. 3.1.. P’ ’l’ln’ .,’n and C.J. Beevers , ibid 9 ( 1973)  105.

19. C .R.  (‘hinan i a rc - h R..1 . Mays , I-ng. Fr ac. Mech., 1) ( 1977)  (-~5.

20. S.C. Dic ; r’, C.J. Reever t ;  and F.?. Wa lke r , ibId 11 (1979) 385.

~
i.

-

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

- -
-
~~~ - - 

- - - ——-
~~ 

- - ,
~~ 

--- ‘

-4



~1

F ; ; . i • 1

- 0 0 -  ‘ ‘ - c  - c - :  .‘~ v- i. ‘ ‘ V ‘ - I c -  w c c  ; - r • nr

- - ‘ , I , c c . !  ci’,, • ; - ‘ 2  - ,r; t • - cc- . - cc. I - • - 1 a

I ‘ - t x - n i ’  ; -  c - , I’.



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

I
I surface

7 1

0

L_ _ _ _ _ _

Front face

L - --



fl~~ 

-

I i - c t . -  .

‘ c ~~ t h t 0 1  : c’i , r . ’ .’ ;. ‘ i ~~1 c i -; : c ’ t -  (‘~‘ V )

,. y . . ; c c - - ’. ‘ :,;~~~~. r - c i C - c  ,
~

) f i a r c ¶ ? .o - i cc i ;
• - - 

- , ‘ c - — - I .‘- • - - i  c • t - t  b ç ; c - ‘ ‘. c - I - —‘c - 1 0

• I ;- .T • ‘  I

S.

~

-

~

- -

~  

~ - -~~~~ - -~~~ ~~~~~~~~-- ~~~~~~~~~~~~~~~~ ~- -~~~~~~ -- - - - —- -  T



Fr -‘ - _ _

10

.

.

09 
.•

•
•

•
S •

>
0 

•
••

.
> C T S

08 • • ./ ~. • - : 1 3 / A  0 “- .-

• 0
‘ ~~ : 0

I
• p’ c I c ~ ¶, c ’

••S

07~

0 6  1 A

03 04 05 06 07 08

a l w

I 

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



I- I ,r .-  4

I ; — c -  • . ‘f lS i -  c - ; . ; c -  t .  c..~~ ’ Ii ‘.; ‘,.c - . -c - ’ c t ’ - c :  I -

j ‘ - - ‘ ‘. - i  h : ;  I . - t ! ’  c ’ .c ‘ ‘‘I • ‘ I ’  • ; - ‘ ‘ .c • .



- -

.. 



,r .- 4

( ‘i l i f t  i t ; -  7, c , i v ,  - h h i  •, • :, - ; c ;  ii’ - ‘ ; t ; ’ c t t

; . t  u n l  ~ t c ~~ ‘, r ’ .;15 ( ‘ 7 - i k I ’ c , - t bc i i ! :  (.c ’W )  f -’ r

‘I I - c ‘ • - c .  c : ; - : ,

_ _
_ 



017 ——

z

013

2

‘.-‘

~~

.

- . 
‘

03- . .
. 

I
.

I .  I A - _, - —

070

LL -



I c l i -

s~ ‘ •~~
- , t - - !  • ~ 1 - a m  I t: i I c ~I•’ - f m : , ;  , ‘ cc ur;i’I

1 .1 ‘ I - ‘w ’c h - - a T i  I ~ 
-i S .’ - - • - ;: • - .1 t H ( . 1



_____________ — — “—--—‘-- - _——-‘--- - — ----- ‘ -- - — -,-—---— -- —‘- ‘-— -—,—-~~~~~

‘I

G)

E

4— pool



i -i: i t - c• ~~~~ 
c - c c ’,? “ c I . I t ’ - i  I - I ‘I ; ’  A l ’ ’ ’ ‘ i —‘a , ‘ - I’I - 0 ,

- 
at  ;: n . 1 , 8 U; , I d  c I ty  - i i ? .



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

‘
~~~~~~~~-~~~~~~~~~~~~~~ _:,,: ~~~~~~~~~~~ —_ —— -~,;c

__

Lfl
LI)
(‘1
C

o —

LI)

0
* NJ N S

Lfl 1~~~~~’
I 0

*
0

~5.4, ccl
x 

~~~~~~~ 
0

i Q ~~~~
- 0 0

~
— cr .. j

K
tO

* 
I—

K

K

K

K

K

K

K

x

x

- ~~~~~~~~~~~~~ —__ -~ —-- I

(‘1 ‘4 Lfl

(apAD /ww) NV/ °V ~°i



r~
-w 

~~~

-- - - - -  ----- --

~~~~~~~~~

- - -- - -- - ----

~~~~~~~~~~

--

~~~~~~~~

- - -

~~~~~~~~~

--

~~ 

- _-

~~~~

_‘---

~

_
----

7

i- -c ’ k ; - ; , -  c n- k  c c - - , ’ ? .  l O t  I~~~r ‘ I i  T 1 _ d .t,i -I. -0  4- 0.1,

H;, I d .  t d ’ t V a l l  

- -‘ -~~~~~~



II ~~~~~~

*

> 
a

K 
~~~~ 

N
11 0 tO

- c ~J 4 -
x 4 0

L.
( D ’ ~~ 0

i cj f l
* — 0 —

c~~
)

K 
E
z

*

K

K

0
K

K 

‘4

K

K

K

K

K PD

K

K

K

K

*

— —  _1 — —— —-

PD ‘4

(a pAD fww )  N V / D y  6oi



I-’ ; ,: c -  H

- 1: - f - ’ 0 t 1- -cd ; ‘ - : m l  ;t c) 7 mc ~ i ~~- m I f C c .c : -  - _ t  -.-~

• ‘ : ‘ - ‘ - O - ’’ c - I  Cr ic’ ,-Ioc :ci ,



-- ----‘- — -—-‘- -‘-5—- — --- --- -5— -‘—‘—‘-————.—‘.-.—‘——.-———-.-—----‘---—--—-------— -_ - - - — ----‘--—

IL

£

N
—

- 
o a

- 1 0£
- a ‘50

S. 

~~~

- — 
-- -- — ~~~~~~~~ - -— -- - -



1’ 

5- _ _ __ _ _ _
;-‘- ----— -- - --- -- - -‘- - - ‘ - -—---- — - _ _ _ _ _

I ; ; c c  c -

-
, ‘ i: ; c - - a I I’ ‘ - m - ‘ , • — - c ‘I I i:. ; Ct  a -

;:- ‘w f. i t ,  ‘ . ‘- : c — , A l — ’’ ! - . ‘~~~‘ ..~~c ’ i. ‘ : I c  (DIi ‘ y . t i - c -

i i i’ 
,‘ ( c o ’ - - c ’ icc  ;c . l ;  t y l  - 7  .~ k a : - - - i .  ~ l. i i~~t t I ’ ’

- t - t -  .‘tc ai •‘ t ‘

- - 
- -



-

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

‘ Ti- 6A 1-5Z r-O - 5Mo-O ’25 S1

: C O D -

— I

- 

~Pb~~~
1 - -  . -- ‘ - . - — - .5- ‘ —— 

COD PD _ _ _

—------- - -- -- - - ------ -—- ‘ - - -  —4



I-’ ; c - c r  • i c c

A ~c .cc : ~- I i - - L I  “ c l 1 l - . c ! } - : -  r . d  ,‘‘;

d c c i . ;  I 0; ;; ’ -  1 I? .,- Ti - l A l — :: -. - ,~~~~~ ~~~~~~~~~~~

I i -  F: ic c ? ; -  ~ ‘~~~
- -  

~ 
.,~~~~ - ,  t o ’ i4 Il~ 1.; c? . ’ t  c- in cci -

I l . t : c  f ’ s



~~~ 1 —v - - ‘  - -—___—- — --_ - - -
~~~~ 

—U

Ti-6A 1-5Z r-O’5 Mo-O25 Si

V

’ 1

COD PD 
‘

~~~~~~~

-

COD PD _ _  



_ 
-_ ~~~~~~~~~~~~~~~~~~~~~ ‘ _

} . i , r u  11

A j - d i r  c - f  1, s . i , I - ’c~~ - c c c! l - - -~~h - ’Pi ’  t ! , t C i - : ;  r . - ’ r - f , ~ i Fir i y ~~

t m -  ~, i!~~~~ t 4 i  Ill I I;,’ Ti~~~~1 4V. The cc c t

c t i  i - .ct it] 1 1 t he C l  ‘.g ~; c - i c  ~~~~t ] l i z  4 1 , - c : ,  in I I.-

- A l  — ‘ .‘~~ 
—

~~~~. ‘-M- - — C . . ’ -: 1. U i-  i~F’ -c ;  
~ 

;c ’ ; t  :- ‘t I;

v i  Ic t i ’  ,,f - - . r c -  I - i I t I - c t  t i c ’  (‘(31)

_ _ _ _ _  _ _ _



____ 
- _ _ _- -- - - -_ -

T i-6A ( -4V 
-

COD /

COD _ _ _

F L’  _ _ _  

‘- ~~~~~~~~~~~ - -



F i t c ’  1,

I-i ’ m ¶ i~~~~T ’  • I

~~~~~~~~~~~~~ 
c — ( c . “ —ci ,,’’ ,~c i  t . _ 1 c ’I :s ’ ’’’. cc ,

- ,,
~~ 

, • i ,,- ,. • 
-



___ ----5- - - - ----- 5 - - -5—-- - - - -- --- —-- - -— —-- - —5 -. -”

— -5- - — -  - -~~~~~~~~~~ ~~~~~ — - 
I

CM S
• U’)

(N
CD

K I

0 . tD~~~~
K

U~)

K CD
I z
4’-

K -y- >‘. 
‘ ‘1~ 

—

LI) -~- L~

K
4 . 2

K ~~~~~~~~~~~~~~ 
0 ‘4 <1

- a 0•’
K i— a: 0

-J

K C”)

K

K
(N
.5--

K

K 
-

‘-5-

K

K

K

CD
K -

I-

K

K

K

(N PD ‘4 U’) C)
I I

(api~o/ww ) NV/O V 60i

__  - --- -- -



r 

-—-5 - - — -

f - _ c - t i ’  1 1  -

I , ‘ :-; t I - i ti.’ Ti -- t ~~I 4’,’ - 1-; r i~~ II, ’- in-md

- 1  • . • 1 - l w : ,  i n ? i ; - . x .  ~~~ U’ ’  
- 

I - - - - ; t ’ .’ - - - - i t ;~ 
c o lt ;  A -cr .! I- i~~~~~~ i - i r s  f f s -

c - c t  ;t  - ~~~‘ ‘ - . ‘ t i O - i f  i t ,  ic - t , t k  ; it w I ! .  t c t i -  I c r

• 1;~~c - t r  - - - c I  . c ~’c~ - l  i t c i  I a t ’ - .

F



E T-~ - 

LOAD

I 

: ~~~~~~~~ — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
1~

““
:::
j~ ~~~4 T  

‘: ‘ITTT .:~j~i 
I’;’Tj I

~ 
. E . ~...i , .  ~~.. .. T T . L OAO

0 I
- - I AMPLITUDE

: 
_ _



F’; : ,t I ’  1 $

S i c i : I  ¶~ f t  t ot ,’ 1’  o ‘he i - - t i  .i:~ ; l i t ;

C .  c.  c i -  i c~ 1 • ‘ 1

I
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~~



LbAb 
, j T i - 6A 1 -4V i

AMPLITUDE! ‘ ... ‘ .‘• ‘  -

LOAD
• AMPLITUDE

>-~~~~ 3• B 
-

LOAD
AMPLITUDE 1 . c

PD _ _ _



5—-

F - ; ,c • -

- m.c /cm 1 t ) ? c , - - I ‘ l T i  - -I - .- - I- - ‘ - - - ‘ i r s !  - i t  •

‘ ‘ . c r c ’  u ; - ~- : c c ’ . : . ,  1 :, :  ‘ 1 , - c l  mc’ ; I i ’  - I i - ;  11 )

‘ c l , - ’. , .  ci i - c t  ;I c . - . i ’ . i ’ !  ‘ - I  0 c c - c .  1’ s ’ a

- c l  ¶ ‘ - :  t i , , -  1- - i !  1’ :

- - - 5 - -—  5 --  — - 5—



1-5-’

~ 

- - - -  - — 5-5--— -— - - — - - 5 -  - — — - - - - - - -

~~~~~ 

- — - -i

T i- 6A 1- L .V  
- - • 1

COD pb

COD , PD _ _

—~~.~~~~~-


