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ABSTRACT 

Acoustic emission (AE) d u r i n g i n a r t e n s i t i c t r a n s f o r m a t i o n i n 

nitinol,indium-cadmium, and i n d i u m - t h a l l i u m a l l o y s has been i n ­

v e s t i g a t e d and. the r e s u l t s have been compared w i t h u l t r a s o n i c 

data o f the same a l l o y s . I n indium- t h a l l i u m and indium-cadmium 

a l l o y s , acoustic emission i s generated by a face-centred cubic 

face-centred t e t r a g o n a l phase transition.On c o o l i n g . ' n i t i n o l 

undergoes the d i f f u s i o n l e s s t r a n s i t i o n ( l i k e the i n d i u m - t h a l l i u m 

a l l o y s ) from a body-centred cubic to a monoclinic s t r u c t u r e . 

E l a s t i c behaviour o f T i N i and I n - T l a l l o y s i n the v i c i n i t y o f 

the m a r t e n s i t i c t r a n s f o r m a t i o n i s b r i e f l y discussed i n the l i g h t 

of previous work ( Pace,1970 and Gunton ,1973 ) . 

A q u a l i t a t i v e i n t e r p r e t a t i o n o f acoustic emission from mar-

t e n s i t i c t r a n s f o r m a t i o n s has been o u t l i n e d . 
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CHAPTER 1 

INTRODUCTION 

Phase t r a n s f o r m a t i o n s t h a t occur i n metals and a l l o y s are o f 

great Importance i n s c i e n t i f i c s t u d i e s and i n d u s t r i a l a p p l i c a t i o s . 

N i t i n o l and i n d i u m - t h a l l i u m a l l o y s are known f o r t h e i r marte.nsi-

t i c t r a n s f o r m a t i o n s which are accompanied by a number of mecha­

n i c a l p roperty changes. 

The a l l o y s t h a t undergo m a r t e n s i t i c t r a n s f o r m a t i o n have a 

unique thermomechanical p r o p e r t y known as the shape memory e f f e c t . 

T h is phenomenon has some a p p l i c a t i o n s i n s t o r e d energy devices. 

U l t r a s o n i c and acoustic emission i n v e s t i g a t i o n s of these 

a l l o y s h e l p to understand the mechanism of the m a r t e n s i t i c t r a n s ­

formations. 

Apart from s t u d i e s of m a r t e n s i t i c t r a n s f o r m a t i o n s , acoustic, 

emission techniques have many a p p l i c a t i o n s i n Indus t r y . Sorse' o f 

these a p p l i c a t i o n s can be put under the t i t l e " Non-Destructive 

T e s t i n g of the m a t e r i a l s ".They are : study o f f a t i g u e crack 

growth c h a r a c t e r i s t i c s , under var i o u s l o a d i n g c o n d i t i o n s , de-ter­

m i n a t i o n of crack formation d u r i n g weld cooling,checking the 

f l a w growth during h y d r o s t a t i c proof t e s t of pressure v e s e l s , e t c . . . 

A b r i e f review of the e l a s t i c i t y theory has been given i n 

Chapter 2,The u l t r a s o n i c and acoustic emission techniques have 

been o u t l i n e d i n Chapter 3 and h,In Chapter 5, the r e s u l t s 

and a s h o r t discussion have been presented.The conclusions 

and suggestions f o r f u r t h e r work are given i n Chapter- 6. 



F i n a l l y , i n Appendix I , computer programmes f o r a n a l y s i n g u l t r a ­

sonic, data and the c a l i b r a t i o n of a thermocouple have be.?n given. 

I n Appendix I I , p u b l i c a t i o n s up to date are l i s t e d . 



CHAPTER 2 

ELASTIC PROPERTIES OF ANISOTROPIC SOLIDS 

2.1 D e f i n i t i o n o f s t r e s s and s t r a i n tensors 
A l l s o l i d s are deformed-under the a c t i o n of e x t e r n a l f o r c e s . I f , 

a f t e r remove! of the e x t e r n a l f o r c e s , the s o l i d r e t u r n s to i t s 
o r i g i n a l form, the deformation i s e l a s t i c . The fo r c e per u n i t 
area i s c a l l e d the s t r e s s . The s ix possible independent compo­
nents o f s t r e s s nr. . form a symmetric second rank tensor (cr. . = 
CT.... ) . The f i r s t s u b s c i r p t represents the normal t o the plane on 
which the s t r e s s component acts-arid the second s u b s c r i p t the d i ­
r e c t i o n o f the s t r e s s component. The O". . ( i - j ) represent t e n s i l e 
stresses w h i l e theo". • (i£l) represent shear stresses. 

The s t r a i n tensor i s def i n e d i n terms o f the coordinates o f 
a p o s i t i o n v e c t o r x ( x . ) and x'(x ! ) before and a f t e r deformation 

— l — i 
w i t h displacement u (u..). Let us assume a one dimensional s o l i d 
of l e n g t h x . A f t e r s t r e t c h i n g i t w i l l have a l e n g t h o f x+u , 
then a p o r t i o n of the s o l i d of o r i g i n a l l e n g t h A x w i l l now have 
a lengfc hA x+Au . The s t r a i n e a t a p o i n t i n the s o l i d i s the 

l i m i t i n g value ol'Au/^x , t h a t i s 
-. . A u d u , „ , N e=lim -r-= - r - (2.1) 

Ax->oA x d * 

I n a three dimensional s o l i d the s t r a i n i s a second rank tensor. 
Analagous to the one dimensional case, the v a r i a t i o n o f the d i s ­
placement u. with x. i n vrhe s o l i d may be w r i t t e n as below 

The tensor e _ has two pa r t s ; the f i r s t p a r t i s antisymmetrica! 
and r e l a t e d to body r o t a t i o n s , the second par t represents the change 
i n the l e n g t h and shape of the s o l i d . T h i s l a t t e r p a r t , v/hich i s a 
symmetric tensor, i s denoted by £ . . and expressed by 

£ . .=£( e. .+ o .. ) 
(2.3) 



2.2 Hooke 1s law 
For most s o l i d s i t i s observed t h a t f o r s u f f i c i e n t l y small 

stresses, the amount of s t r a i n i s l i n e a r l y p r o p o r t i o n a l to the 
a p p l i e d s t r e s s . The generalised form of Hooke's law 

v±r c i j k i E k i ( 2 - Z t ) 

r e l a t e s the components of the s t r e s s tensor CT. . to the compo­ll. J 
nents of the symmetrical p a r t of the s t r a i n tensor E ^ . 
Equation (2..L) can be w r i t t e n i n i t s r e c i p r o c a l form 

E i j = ^ i j k l ^ k l ( 2 . 5 ) 

where the S. .. . are the e l a s t i c compliance constants , and the 
C. ... are the e l a s t i c s t i f f n e s s constants. Since they r e l a t e se-
cond rank tensors, the e l a s t i c constants S. ... and C. ., n themselves 

i j k l l j k l 
fonn f o u r t h - r a n k tensors w i t h 81 elements each. Both ry• • and 
£ ^ are symmetrical and as a consequence the e l a s t i c constants 
tensors also must be symmetrical. 

C. .. , = C, , . .= Cn, . . (2 .6 ) l j k l k i x j l k i j * ' 

The r e l a t i o n (2 . 6 ) reduces the number of e l a s t i c constants from 
81 to 36 . The a d d i t i o n a l c o n d i t i o n t h a t tha.ce e x i s t an e l a s t i c 
p o t e n t i a l amounts to having the s t r a i n energy be a f u n c t i o n o f 
s t a t e and independent of j-he path by which the s t a t e i s reached; 
t h i s imposes the symmetry r e l a t i o n (Truell,EIbaum and Chick,1969) 

C , = C ., .. ( 2 . 7 ) 
l k ^ l J i m 

and reduces the number of independent e l a s t i c constants from 36 
to 21 , I n a d d i t i o n , f o r c r y s t a l s or media f o r higher symmetry, 
the necessary independent e l a s t i c constants become fewer i n 
number. 

The C. ., .. can be w r i t t e n i n m a t r i x form ( r e p l a c i n g 11 by 1, 
22by 2, 33 by 3, 23 una 32 by i f , 13 and 31 by 5 and 12 and 21 
by 6 ) . 

The complete set of equations i n v o l v i n g the 21 independent 
e l a s t i c constants p r e v i o u s l y mentioned as f o l l o w ( m a t r i x nota­
t i o n ) : 



CT33 

cr : 

° " l 2 

°12 H 0 1 3 c w °15 C16 £ 1 1 

°12 C 22 C 23 C 25 °26 e 
22 

C 13 C^3 C33 C 3 5 C36 E 
33 

C2/+ C,-, C) 1 kk CW C46 e 
23 

°25 
C 3 5 °« °55 C% 

e 
31 

C 16 °26 C 36 <%6 C% C 6 6 £ 1 2 

(2 .8 ) 

The t r i c l i n i c c r y s t a l system r e q u i r e s a l l 21 e l a s t i c constant 

because there are no f u r t h e r symmetry c o n d i t i o n s t h a t reduce the 

number of constants. The cubic system r e q u i r e s only three indepe 

dent constants ( T r u e l l et al . , 1 9 6 9 ) . 

The general r e l a t i o n between the S. ., n and the C. .. ., i s 

given by 

( 2 . 9 ) 

A C C 
i s the determinant o f the C. . terms and A . . i s the 

3-J A "J-3 
minor o f the element C. 10 
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2.3 Equation of motion and i t s , s o l u t i o n s 

I n a medium of density p and i n the absence o f body f o r c e s , 

the equations o f motion which describe the movement of e l a s t i c 

disturbances are 

using the Hooke's law ( 2 . k ) gives 

c i j k i E k i . r P ^ i (1=1,2,3) ( 2 . i i ) . 

where E . , . i s • — 
k l , j -a x. 

The d e f i n i t i o n o f s t r a i n (2 .3 ) t h i s becomes 

C . M 1 ( u , ..+ un- . .) / 2 = nu. (2 .12) 

Since the C. .. , i s symmetrical w i t h respect t o i j and k l ' t h i s 
1 j K.X 

reduces to 

C. .. . u, = Ou- (2 .13) 
I J K l k , . ] l 'J X 

Plane bulk wave s o l u t i o n s to t h i s equation of can be w r i t t e n as 

u ±= u o i e x p [ i ( w t - k . x ) ] (2."U|.) 

where U q^ rep r e s n t s the maximum amplitude o f the displacement i n 

the d i r e c t i o n . i ; k ( k ^ , k , , s k ^ ) i s the propagation v e c t o r , equal t o 

(w/v)n where v i s the phase v e l o c i t y and n (n^,n 2,n^) i s u n i t 

propagation v e c t o r ; w i s the angular frequency o f the wave. 

, w 2TX 2H , , rv <S= — Jl= TT" S= - y n (2 .15) 

where X i s the wavelength o f the wave. The components n^ o f the 

propagation v e c t o r are the d i r e c t i o n cosines of the d i r e c t i o n o f 

propagation. 



-?-

S u b s t i t u t i o n of the equation (2.1/0 i n t o the equation o f motion 

(2.13) gives 

"Pv2 U o i = °ijkl n : i n l U o k (1=1,2,3) (2.16) 

This may be w r i t t e n i n the form due to C h r i s t o f f e l (1877) as 

( C. • , n . n, - Q V fi .. ) u , =0 
i j k l j 1 r " l k ok 

or 

( L. k - p v 2 6 i k ) U Q K - 0 ( i - 1 , 2 , 3 ) (2.17) 

where 6 ^ 1 i = j 
0 i - / j and 

L., = C. ., , n.. n, • (2.18) l k l j k l o 1 . 

I . . , are the C h r i s t o f f e l c o e f f i c i e n t s . 

Equation (2.17) gives three l i n e a r homogeneous equations i n 

the three unknowns, u ^ u Q 2 and u Q ^ , the components of par­

t i c l e displacement. These secular equations 

( L i r p v 2 ) u Q 1 + L 1 2 u Q 2 • L ] L 3 u 0 , = 0 

L 12 u 01 . + ( L 2 2 ~ P V ^ u 0 2 + L 2 3 U 03 ( 2 " 1 9 > 

L 1 3 U 01 + L 2 3 U 02 + ( L 3 3 " P V ^ U 03 = ° 

can have a n o n - t r i v i a l s o l u t i o n only when the determinant o f 

t h e i r c o e f f i c i e n t s i s zero, t h a t i s when 



L l l - P v ' 

'12 

13 

I. 12 h 3 

L 2 2 - p v - L 2 

'23 

23 = 0 (2.20) 

This i s a cubic equation i n p v 2 . For a given propagation d i r e c t i o n 

the r o o t s of (2.20) y i e l d i n general three possible v e l o c i t i e s 

and hence three e l a s t i c waves may be propagated. The u_,, u_^ 

01' Vc 

and u Q 3 corresponding to a given r o o t are g e n e r a l l y such t h a t the 

wave i s n e i t h e r pure l o n g i t u d i n a l ( u . n .- 0 ) or pure t r a n s ­

verse ( u x n = 0 ) . The d i r e c t i o n o f propagation may be chosen, 

such t h a t one pure l o n g i t u d i n a l and two purs transverse wave 

r e s u l t 



o 

_?."••+ S o l u t i o n of the C h r i s t o f f e l equations f o r a cubic system 

In a medium o f cubic symmetry the C h r i s t o f f e l c o e f f i c i e n t s 

(2.18) are given by the expressions : 

(2.21) 

L l l = 4 C l l + n 2 C / , / - i + n f °/,<+ 

L 2 2 = *4 C l f Z f
+ n 2 C l l + n 3 °M + 

L-.7= n 2 C. . + n? C. . + nf C', ;>3 1 M * 2 3 11 

L 2 3 = "2 n 3 ( C 1 2 + 

L-., = n-. n, ( C, C. ) j>x i ±c: £J.L 

L 12= " l n 2 ( ° 1 2 + 

Cubic symmetry reduces the number o f independent e l a s t i c 

constants fro/a 21 to 3 » namely C... , C,_, C. , , as represented i n 
11 id* '!') 

the m a t r i x 

c l l C 12 C 12 0 0 0 

C 12 C l l C 12 0 0 0 

C 12 C 12 C l l 0 0 0 

0 0 0 CM. 0 0 

0 0 0 0 0 

0 0 0 0 0 c 

(2.22) 

For p.ropogation along the f o u r f o l d symmetry a x i s the C h r i s t o f f e l 

equations reduces to 

( C n - p v c ) u 0 ] 

( C 

= 0 

n (2.23) 



. - l o ­

an d the determinant equation-has r o o t s G-,.. and C, , . 
11 1+4 

p 

For pv"= C^-j , u 0 2 = u Q J = 0 and u
0 ± = 1 • T n i s 'mode has p a r t i c l e 

displacement i n the [lOO^ d i r e c t i o n and i s pure l o n g i t u d i n a l . The. 

mode pv^= i s a shear. 

The r e l a t i o n s h i p s between e l a s t i c constants and v e l o c i t i e s f o r 

the high symmetry d i r e c t i o n s are l i s t e d i n Table 2.1 . 



Table 2.1 

Re l a t i o n s h i p s between u l t r a s o u n d v e l o c i t y and e l a s t i c 

constants f o r d i f f e r e n t propogation d i r e c t i o n i n cubic c r y s t a l s 

Propogation 

d i r e c t i o n 

P o l a r i s a t i o n 

d i r e c t i o n 
R e l a t i o n s h i p s 

[100] [100] p v 2 = C n 

[100] i n (001) plane 

[no] [no] p v 2 = ± ( C l l + C 1 2 + 2 C i , 

[no] [001] PV" = \k 

[no] [110] pv?"= i ( C l l ~ °12 ) 

[111] [111] P A \ c C l l + 2 C 1 2 + i t C / 

[111] i n ( i l l ) plane P v 2 = \ ( ,2' 
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2 . 5 S o l u t i o n of the C h r i s t o f f e l equations f o r an i s o t r o p i c medium 

I n an i s o t r o p i c m a t e r i a l there are only two independent e l a s ­

t i c constants. 

C l l = C 2 2 = C 3 3 

(2 .2 / f ) 
C i 4 4 = C 5 5 = C 6 6 

C 1 2 = c ] . 3 = c 2 3 

CMf = * ( C 1 1 ' C 1 2 } 

w i t h a l l the other constats zero. 

The s o l u t i o n s o f the equation ( 2 . 1 9 ) are the same f o r a l l 

propogation directions.On t a k i n g ii-, =1 s n P-n v = 0 equation ( : 2.19) 

becomes 

( Cu- pv r") u 0 ] =0 

( C 4 i f - p v 2 ) u 0 2 =0 ( 2 . 2 5 ) 

< C / , V P v ^ "03 = ° 

and three s o l u t i o n s are 

P v 2 = C „ , p v 2 = C,,,, , p v<=C, i L i 

V l o n g . = < hl'P^ a n d . V s h e a r = < V P ' 2 ( 2 " 2 6 ) . 

The e l a s t i c p r o p e r t i e s o f i s o t o p i c media are u s u a l l y expressed 

i n terms o f the Lame constants X and | I which are defined by 

C n = X + 2|i 

< V H ( 2 - 2 7 ) 

C 1 2 = X 
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2.6 Young's modulus, volume and l i n e a r c o m p r e s s i b i l i t i e s o f 

cubic c r y s t a l s 'and i s o t r o p i c m a t e r i a l s 

The r e c i p r o c a l o f Young's modulus i n the d i r e c t i o n of the u n i t 

v ector n. i s given by ( Nye, 1957) 

i = S i ; ]-2( S n - S 1 2 - i S 4 1 | ) ( n J n|+n^ n*) (2.28) 

where , „ 

- C 1 2 
Si 5 ~ /• p " ..r W .u • ) „ " " > (2,29) 

^ v u i r u i 2 M "11' ^ 1 2 ' 

The l i n e a r c o m p r e s s i b i l i t y of a cubic c r y s t a l i s j3-~ j + 2 S1 ̂  

and volume c o m p r e s s i b i l i t y i s 3 |3 • The r e c i p r o c a l 01 volume 

c o m p r e s s i b i l i t y i s known as the Bulk modulus. 

The e l a s t i c moduli c h a r a t e r i s t i c s o f an i s o t r o p i c m a t e r i a l are 

r e l a t e d t o the sound wave v e l o c i t i e s (v, ., ,. . and v , ) 
l o n g i t u d i n a l shear 

by the equations 

2 , ^ 2 
K=(3 p v j - l f p v p / 3 

(2.20) 

• Y = p v f ( 3 p v 2 - / t p y 2 ) / ( p v ^ - p v f ) 

tf = *( p - v 2 p v ; ) / ( p v ^ - p v j ) 

where K i s the bulk modulus, jj. i s the shear modulus, Y i s the 

Young's Modulus, 0' i s Poisson's r a t i o and p i s trie d e nsity o f 

the medium. 
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CHAPTER j 

HARTENSITIC TRANSFORMATION AND ACOUSTIC EMISSION 

j . l General c h a r a c t e r i s t i c s of martens!tic t r a n s f o r m a t i o n s 

I t i s a customary p r a c t i c e to group phase t r a n s f o r m a t i o n s i n 

metals and a l l o y s i n t o e i t h e r o f two general c a t e g o r i e s : ( I ) 

n u c l e a t i o n arid growth, or (2) m a r t e n s i t i c transformations.The 

category depends upon the atomic mechanism i n v o l v e d i n the t r a n s ­

formation process.In the f i r s t one, thermal a c t i v a t i o n and d i f ­

f u s i o n play an impo r t a n t r o l e and t r a n s f o r m a t i o n i s based oh 

the atom by atom t r a n s f e r across the i n t e r f a c e ( i . e . c i v i l i a n 

movements).A ma r t e r . c i t i c t r a n s f o r m a t i o n i s a d i f f u s i o n l e s s , 

shear l i k e process c a r r i e d out by cooperative movements o f 

atoms ( i . e . m i l i t a r y movements ) , 

The v/ord rnartensite was o r i g i n a l l y used by m e t a l l u r g i s t s to 

describe the p l a t e - l i k e s t r u c t u r e i n quenched stee.li3.Novj the 

term martensite r e f e r s t o the product o f phass t r a n s i t i o n s ; which 

e x h i b i t c e r t a i n c h a r a c t e r i s t i c s . T h e general f e a t u r e s of martensi-

t i c t r a n s f o r m a t i o n s are : 

(a) The coherent formation o f one phase from anoher of the 

same composition by a diffusiohless,homogeneous l a t t i c e shear ' 

process. 

(b) The process i s athermal, t h a t i s . i t only occurs on cooj.ing 

and not when the temperature i s hel d constant. 

(c) Thermal s t a b i l i s a t i o n can occur i f the temperature i s 

held between H (t n a r t e n s i t e s t a r t temperature) and M„(irisrtensite 

f i n i s h temperature). 

(d) Transformations are r e v e r s i b l e w i t h a temperature h y s t e r e s i s . 

(e) Th^re i s u s u a l l y a d e f i n i t e r e l a t i o n s h i p between planes 

http://stee.li3.Novj
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and d i r e c t i o n s i n the parent and the martensite phases.A t r a n s ­
formation m a t r i x can be w r i t t e n clown to describe the s t r a i n s i n 
a p a r t i c u l a r t r a n s i t i o n . 

( f ) The metallographic observations show twinned lamellae 

being p a r a l l e l to eachother or t i l t i n g o f the surface ;(see 

f i g u r e 3 . 1 ) . 

A l i s t f o r other metals and a l l o y s which undergo a m a r t e n s i t i c 

t r a n s f o r m a t i o n i s given i n Table 3-1 ( Gunton,1973). 
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Table 3.1 

H a r t e n s i t i c t r a n s f o r m a t i o n s occuring i n metals and a l l o y s 

Metals or a l l o y s 

T i 

L i 

Na 

I n - 15 to 31 a t . % T l 

Au--if7.5 at.%Cd 

. Cu-Sn 

T i N i 

Fe-C 

Fe-Ni 

Fe-Ni-C 

Struc.ture chango 

bcc to hep 

bec to hep ( f a u l t e d ) 

bcc to hep ( " ) 

rhombohedral to bet 

fee t o f c t 

bcc to orthorhoi.'ibic 

bcc to orthcrhombic 
bcc to fee ( f a u l t e d ) 

B2 to monoclinic 

fee t o bet 

bcc body-centred cubic 

fee face-centred cubic 

f c t face-centred t e t r a g o n a l 

bet" body-centred t e t r a g o n a l 

hep hexagonal close-packed 

BP. CsCl s t r u c t u r e 
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3.2 M a r t e n s i t i c t r a n s i t i o n I n n i t i n o l 

At elevated temperature the s t r u c t u r e of n i t i n o l i s 32 (CsCl) 

w i t h a l a t t i c e spacing of 3.00 A°.0n c o o l i n g , the m a t e r i a l un­

dergoes a m a r t e n s i t i c t r a n s f o r m a t i o n to two s l i g h t l y d i f f e r e n t 

but d i s t i n c t base-centred monoclinic s t r u c t u r e s ( Pace,1970). 

The t r a n s i t i o n i s accomplished by a simple shear on the (112) 

planes of the parent B2 s t r u c t u r e , i n e i t h e r the ( . i l l ! or the 

I I I I 3 d i r e c t i o n s , thus c r e a t i n g the two martensito.-s.The t r a n s ­

formation takes place over a v/ide temperature range and i s not 

u s u a l l y complete a t room temperature.The t r a n s i t i o n temperature 

i s extremely composition s e n s i t i v e near 50 a t . % K i ( f i g u r e 3*2). 

An extensive i n v e s t i g a t i o n of T i N i around the m a r t e n s i t i c 

t r a n s i t i o n has been, made ( Wang et a l . , 1968).T.he thermal ex­

pansion of T i N i was measured by Pace (1970).The r e s u l t s are 

shown i n f i g u r e 3-5 . 

http://martensito.-s.The
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3 . 3 M a r t e n s i t i c t r a n s i t i o n I n i n d i u m - t h a i l i m a a l l o y s 

I n d i u m - t h a l l i u m a l l o y s i n the composition range 16 t o 31 

a t . % T l undergo a m a r t e n s i t i c phase t r a n s f o r m a t i o n from the fee 

to f c t s t r u t u r e . A t room temperature a l l o y s c o n t a i n i n g l e s s than 

22 a t . % T l are f c t and becomes fee at higher temperatures,while 

those w i t h a higher t h a l l i u m percentage are fee a t room tempera­

t u r e and go through the t r a n s i t i o n below this.On cooling,by 

t a k i n g care, a s i n g l e c r y s t a l o f the high temperature fee phase 

can transform to the banded t w i n phase by passage of a single' 

i n t e r f a c e ( Burkart and Read, 1953 )» 

The phase diagram i s given i n f i g u r e 3 » 3 (a) and the t r a n s i t i o n 

r e g i o n o f the fee to f c t i s shown i n f i g u r e 3*3 (b)„ 

There i s a p l a s t i c deformation ahead of the i n t e r f a c e . T h e tem­

perature must be lowered to provide an a d d i t i o n a l d r i v i n g force 

before the t r a n s f o r m a t i o n can proceed by f u r t h e r growth;The 

boundary l i n e s between the fee and f c t s t r u c t u r e s are not to be 

regarded as e q u i l i b r i u m boundaries; the two phase region represents 

a reetastable e q u i l i b r i u m between two phases of the sample compo­

s i t i o n under c o n d i t i o n s of v a r y i n g temperature and pressure. 

The plane of the i n t e r f a c e , w h i c h i s the h a b i t plane,has been 

shown to be approximately a (110) plane of the cubic phase;anyone 

of the s i x d i f f e r e n t (110) planes could form the i n t e r f a c e , U s u a l l y 

there i s more than one i n t e r f a c e which passes through the m a t e r i a l . 

The presence of twins i n the t e t r a g o n a l phase i s a r e s u l t o f the 

s t r u c t u r a l d i f f e r e n c e s between the two phases.The photographs of 

the twinned t e t r a g o n a l phase taken by Gunton (1973) are shown i n 

f i g u r e 3-4 . T r a n s i t i o n i n terms o f double shear mechanism has 

been analysed by Bowles,Barrett and Guttman ( 1 9 5 0 ) . 
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The observed (110) h a b i t plane was taken as the plane of t h 

f i r s t shear; a second shear v/as taken on another (110) plane 

a t 60° to the f i r s t one. These two shears very n e a r l y produce 

a t e t r a g o n a l s t r u c t u r e . 
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3./ + E l a s t i c behaviour o f n i t i n o l and i n d i u m - t h a l l i u m a l l o y s 

around martens!tic t r a n s f o r m a t i o n 

The m a r t e n s i t i c phase changes i n T i N i and I n - T l a l l o y s are 

preceded by " s o f t e n i n g " o f c e r t a i n e l a s t i c c o e f f i c i e n t s and 

the t r a n s i t i o n s r e s u l t from the development of l a t t i c e i n s t a b i l i t y 

evidenced as a s o f t acoustic mode.As the t r a n s i t i o n temperature 

i s approached the mechanical i n s t a b i l i t y r i s e s , c e r t a i n l a t t i c e 

v i b r a t i o n modes undergo a considerable energy, decrease and as • 

t h e i r frequencies f a l l s the wavelength increases and the i n t e r ­

atomic-, b i n d i n g forces are decreased. Consequently, the v i b r a t i o n 

amplitude and anharraonicity are so l a r g e t h a t the atoms adopt 

new s i t e s ( Pace and Saunders , 1 9 7 2 ) . 

The thermal expansion c o e f f i c i e n t , w h i c h i s r e l a t e d the anhar-

m o n i c i t y o f l a t t i c e v i b r a t i o n s , h a s a peak around the m a r t e n s i t i c 

t r a n s f o r m a t i o n in. T i N i as shown i n f i g u r e 3 . 5 • 

S o f t l a t t i c e v i b r a t i o n s l e a d to a l a r g e increase i n the 

a t t e n u a t i o n of u l t r a s o u n d waves accompanied by a minima i n the 

ult r a s o u n d v e l o c i t y (see f i g u r e s 3.6 and 3 . 7 ) . 

I n i n d i u m - t h a l l i u m a l l o y s , the two shear u l t r a s o n i c waves i n 

the f l l O ] d i r e c t i o n o f a cubic phase slow extreme changes i n 

t h e i r propagation c h a r a c t e r i s t i c s i n p a r t i c u l a r the mode 

p o l a r i s e d along the [ l i o ] d i r e c t i o n . l t has an anomalously l a r g e 

a t t e n u a t i o n while i t s v e l o c i t y decreases and goes near to zero. 

The- r e l a t e d modulus -|-( C-̂ -C-̂  ^ tends to zero as the martensi­

t i c t r a n s i t i o n i s approached as shown- i n f i g u r e s J>.3 and 3-9 

( Gunton 1973, Pace 1970, and Pace and Saunders 1972 ) . 

E l a s t i c constants of i n d i u m - t h a l l i u m a l l o y s are l i s t e d i n 

Table 3 . 2 . 

http://direction.lt
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T able 3.2 

E l a s t i c c o n s t a n t s of indiu m - t h a l l i u m a l l o y s a t 290 K° 

Composition 
( a t . % T l ) 

Density 
(gin. cm"^) 

E l a s t i c c o n s t a n t s 
11 -2 (10 dynes.cm ) 

C l l C12 C13 L33 m4 
r 
00 

0 ( 1 ) 7 c 28 4.535 4.OO6 4.151 4.515 0.651 1.207 

11.5 ( 2 ) 7-79 4.290 3.910 3.930 4.220 0.632 1.050 

15 ( 2 ) 8.05 4.20 3.95 3.93 4.18 0.752 1.08 

25 8.55 4. 046 4.000 0.796 

27 ( 2 ) 8.62 3.94 3.875 " 0.838 

2 8 . 1 3 < 3 ) 8.65 A. 012 3.954 0.837 

30.16 ( 5 ) 8.75 i\ .085 4.009 0.658 

35.15 ( 3 ) 8.98 4.082 3-962 0.877 

9.17 4.085 3.932 0.877 

(1) Chandrasekhar,1961 

(2) Gun ton and Saunders ,1974 

(3) Novotny and Smith, 1965 
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3.5 A c o u s t i c e m i s s i o n s from m a r t e n s ! t i c t r a n s f o r m a t i o n s 

3*1?«1 I n t r o d u c t i o n to a c o u s t i c emission 

A c o u s t i c emission,AE,may be defined as the s t r e s s or p r e s s u r e 

waves generated by the r a p i d r e l e a s e of energy w i t h i n a m a t e r i a l 

during dynamic processes.Gomroon mechanisms for the generation of 

a c o u s t i c emission i n c l u d e p l a s t i c deformation,crack, i n i t i a t i o n , 

crack p r o p a g a t i o n , d i f f u s i o n l e s s t r a n s f o r m a t i o n ( m a r t e n s ! t i c ) e t c . 

A c o u s t i c emission can be so .loud that i t i s a u d i b l e to the ear. 

The e a r l i e s t use of AE a n a l y s i s probably occured i n seismo­

logy . E l a s t i c waves produced by an earthquake were analyzed to cha 

r a c t e r i z e f a u l t movements i n terms of energy r e l e a s e d , l o c a t i o n 

and depth. 

The phrase ' t i n c r y 1 i s a term given to a u d i b l e sounds or 

c l i c k s generated by deformation of t i n ( t w i n n i n g deformation). 

The same s o r t s of c l i c k s were noted during heat treatment of 

s t e e l ( m a r t e n s i t i c t r a n s f o r m a tion ) . 

The a p p l i c a t i o n of AE to problems of i n t e r e s t to r e s e a r c h 

and i n d u s t r y has only juS't begun.The main a p p l i c a t i o n s I n i n d u s ­

t r y as n o n d e s t r u c t i v e t e s t i n g (NDT) of m a t e r i a l s are : mcaoto-

r i n g f o r flav; growth, during h y d r o s t a t i c proof t e s t i n g of 

p r e s s u r e v e s s e l s , d e t e r m i n a t i o n of c r a c k formation during weld 

c o o l i n g and the study of f a t i g u e crack growth c h a r a c t e r i s t i c s 

under v a r i o u s l o a d i n g c o n d i t i o n s . 

The study of a c o u s t i c emission during p l a s t i c deformation has 

been made by v a r i o u s workers (.Fisher and L a l l y 196?, Qutiegan 

and Tatro 1971 ) . L i p t a i et a l . (19£iy) have s t u d i e d a c o u s t i c 

emission during m a r t e n s i t i c formation I n Au-Cd,In-Tl,and Go 



both on h e a t i n g and on cooling.They have a l s o s t u d i e d a Sn-Cd 

a l l o y . T h e " n u c l e a t i o n and growth" tr a n s f o r m a t i o n i n Sn-10 at.% Cd 

did not produce a c o u s t i c emission s i n c e such t r a n s f o r m a t i o n s 

i n v o l v e l o w , d i f f u s i o n controlled, growth r a t e s where there i s a 

s u f f i c i e n t time f o r s t r a i n s to be r e l a x e d by creep.On the other-

h a n d , m a r t e n s i t i c t r a n s f o r m a t i o n i s a d i f f u s i o n l e s s shear t r a n s f o r ­

mation .involving the movement of l a r g e numbers of atoms and 

produces high-amplitude a c o u s t i c e m i s s i o n s . 
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3»5«2 General c h a r a c t e r i s t i c s of a c o u s t i c emission 

Evidence i n d i c a t e s t h a t the a c o u s t i c emission s i g n a l i s a 

very s h o r t p e r i o d t r a n s i e n t -les_sthan a 0.03 sec period.For 

the f i n i t e t h i c k n e s s m a t e r i a l , t h e t o t a l a c o u s t i c emission 

s i g n a l can be a combination of many path r e f l e c t i o n s between 

boundaries of the sample.Emission events i n i t i a l l y having a 

wide frequency range become f i l t e r e d s o t h a t e s s e t i a l l y they 

have a dominant frequency between 100 KHz and 300 KHz (de­

pending on the band-pass f i l t e r used i n the system). 

Dunegan and Green (1972) have l i s t e d a number of f a c t o r s 

t h a t i n f l u e n c e a c o u s t i c emission (Table 3*3). 

I n the m a r t e n s i t i c t r a n s f o r m a t i o n s , t h e i n d i v i d u a l p l a t e s 
-6 -3 

form i n 10 to 10 sec and the t r a n sformation i s known to 

be a u t o c a t a l y t i c i n nature with each p l a t e t r i g g e r i n g the 

n u c l e a t i o n of other p l a t e s i n a d j o i n i n g r e g i o n s . 

A c o u s t i c amission s i g n a l s are u s u a l l y picked, up by a piezo 

• e l e c t r i c transducer.The i n i t i a l voltage output from the t r a n s 

the square root of the energy r e l e a s e d during a given defor­

mation process 

The voltage V of the s i g n a l can be regarded as an exponential 

damped s i n u s o i d a l wave,according to the r e l a t i o n 

counl ed to A n r »*i "1 n [? V I £1 i " r> tn l s r>: 0 

v o =iyfE (3.D 

V=V e - P * cos v/t (3.-?) o 

where j j i s a damping constant and w i s the angular frequency 
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the t r a n s d u c e r m a t e r i a l . 

The number oi" counts,N,measured for a s i n g l e event i s the 

number of times t h a t the s i g n a l exceeds the t h r e s h o l d voltage 

( r e f e r e n c e v o l t a g e ) , V , at which the counter i s s e t . I f T i s 

the time for the s i g n a l to be damped down to V^, then 

V =V' e ~ P T cos wT (3.3) r o 

N-fT= ^ . T ( s e e f i g u r e 3.10) (-3.it) 

for N counts wT=21T N 

W - \ T n ~ ft i f . 

' r ~ v o " cos(2TtN) 

V =V e ~ P ' r o .C5.5) 

,. V 
N = fT= £ ln(y£) (3.6) 

By s u b s t i L u t i n g equation (3.1) i n t o (3.6)., one gets a r e l a t i o n 

between the number of AE s i g n a l s , N , and the energy of a given 

event 

N- ̂  l n ( - % S } _ ( 3 > ? ) 
P " r 

http://-3.it


Table 3.3 

Fac bors that i n f l u e n c e a c o u s t i c emission d e t e c t a b i l i t y 

F a c t o r s r e s u l t i n g i n h i g h e r 
amplitude s i g n a l s 

High s t r e n g t h 

Anisotropy 

Nonhomogenity 

T h i c k s e c t i o n 

Twinning m a t e r i a l s 

Cleavage f r a c t u r e 

Low temperature 

Flawed m a t e r i a l 

Crack propagation 

M a r e t e n s i t i c t r a n s f o r m a t i o n 

Large g r a i n s i z e 

F a c t o r s r e s u l t i n g i n lower 
amplitude s i g n a l s 

Low s t r e n g t h 

I s o t r o p y 

Homogenity 

Thin s e c t i o n 

N o n t wi nni n g m a t e r i a l a 

B h e a r d e f o r m -a t i o n 

High temperature 

Unflawed m a t e r i a l 

P l a s t i c deformation" 

D i f f u s i o n c o n t r o l l e d 

t r a n s f o r m a t i o n 

Small g r a i n s i z e 



13 v=v COS VI t 

\Z7 BOB} 

V I 
Tim 

F i « ' u r e 3.10 An output voltage from an a c o u s t i c 

emission t r a n s d u c e r . 



3.5.3 Free-energy c o n d i t i o n s for m a r t e n s i t i c t r a n s f o r r a a t i o n s 

arid a c o u s t i c amission 

A c o u s t i c emission during m a r t e n s i t i c t r a n s f o r m a t i o n a r i s e s 

from a sudden s h e a r i n g of a volume of a u s t e n i t e (parent phase) 

i n t o m a r t e n s i t e . 

The m a r t e n s i t e r e a c t i o n cannot take p l a c e u n l e s s the o v e r a l l 

free-energy c o n d i t i o n s are favourable: 

A F , < 0 
I n f i g u r e 3.11,the chemical fre e energy (Gibb's f r e e energy) 

v e r s u s temperature i s shown s c h e m a t i c a l l y . A t the temperature, 

T ,A F ( F -F.) i s aero.The t r a n s i t i o n can not s t a r t a t T because o m A • o 
of mechanical e n e r g i e s such as i n t e r - f a c i a l e n e r g y , s t r a i n energy, 

e t c . . Before r e a c t i o n s e t s i n , s u p e r c o o l i n g (T,-M ) i s n e c e s s a r y . 

T h i s corresponds to the d r i v i n g f o r c e of the t r a n s f o r m a t i o n . 

The shear p r o c e s s g i v e s o f f a c o u s t i c emission r e q u i r i n g an 

i r r e v e r s i b l e expenditure of kineac energy.There i s another i r r e ­

v e r s i b l e expenditure of energy r e l a t e d to the momentum-of the 

s h e a r i n g p r o c e s s . T h i s fofm of energy changes i n t o heat a»d i s 

l o s t to the reaction.Becav.se of these i r r e v e r s i b l e energy expen­

d i t u r e s some supe r h e a t i n g must occur before the o v e r a l l f r e e 

energy balance i s favourable for s t a r t i n g the r e v e r s e t r a n s f o r ­

mation. For i n d i u m - t h a l l i u m a l l o y s , A --M i s about 5-10°C,but i t 
s s 5 

i s sometimes as l a r g e as >H00OC for i r o n and n i c k e l based a l l o y s . 

There i s some work done by Zener (19Uy) on the c a l c u l a t i o n of 

o v e r a l l f r e e energy changes of Fe-C a l l o y s during martens.it.tc 

transformation.He has considered the molal energy of a phase 

http://reaction.Becav.se
http://martens.it.tc


i n terms of the chemical p o t e n t i a l s of the components and c a l ­
c u l a t e d M as a f u n c t i o n of carbon c o n c e n t r a t i o n i n Fe. 

s 

To give a t l i e o r i t i c a l q uantative r e s u l t f o r the energy r e l a t e d 

to a c o u s t i c emission, the rr d c r o - s t r u c t u r e of the tr a n s f o r m a t i o n 

has to be s t u d i e d mors c l o s e l y and some s u i t a b l e approximations 

have to be made. 
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CHAPTER k 

EXPERIMENTAL TECHHIQUES 

.̂.1 C r y s t a l growth 

A twinned c r y s t a l of indium-20 at.% t h a l l i u m has been grown 

from the melt u s i n g a h o r i z o n t a l zone method (see f i g u r e k.l). 

The p o i y c r y s t a l l i n e m a t e r i a l s were 99.999 % indium and 99-999 % 
t h a l l i u m s u p p l i e d by Koch-Light L t d . 

The two m a t e r i a l were cleaned i n d i l u t e n i t r i c a c i d and washed 

with d i s t i l l e d water.Thallium gets o x i d i s e d v e r y e a s i l y so a 

s p e c i a l c a r e was taken i n h a n d l i n g of the m a t e r i a l . A pyrex g l a s s 

boat i n which I n - T l a l l o y s were grown had a volume of about L c c . 

I t s pointed ends were s u f f i c i e n t to s t a r t the c r y s t a l growth. 

S i n c e t h a l l i u m does not r e a c t i n water,the approximate amount of 

t h a l l i u m was weighed and etched by d i l u t e n i t r i c a c i d and put 

i n t o a beaker f i l l e d w ith water.The exact amount of indium was 

weighed to an accuracy of •'• 0.1 mg and placed i n t o a c l e a n pyrex 

boat.The r i g h t amount of t h a l l i u m r e q u i r e d to o b t a i n an a l l o y of 

the d e s i r e d composition was weighed and put on top of the indium 

i n the boat.The boat was p l a c e d i n a long pyrex g l a s s tube con-

t a n i n g n i t r o g e n gas.Then, the tube was evacuated and s e a l e d . 

Heat was a p p l i e d with a flame to the o u t s i d e of the tube to melt 

the metals i n the boat.Mixing of the c o n s t i t u e n t s was achieved 

by shaking the i:ube when the contents were i n the l i q u i d s t a t e . 

I n order to o b t a i n p o l y c r y s t a l l i n e samples the tube was l e f t 

to c o o l down to room temperature.The a l l o y was taken out from 

the pyrex boat and c l e a n e d by' usi n g d i l u t e n i t r i c acid,A poly-* 

c r y s t a l of In-h. ,8-5 a.t.% Cd was a l s o prepared i n the same way f o r 

the a c o u s t i c emission experiments. 
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A h o r i z o n t a l furnace was* used to grow a twinned c r y s t a l of 

In-20 a t . % Tl.The m e l t i n g p o i n t of t h i s a l l o y i s about 155 C ° t 

D e t a i l s of the furnace have been given by Gunton (.1973).The 

a l l o y has a twinned f c t s t r u c t u r e a t room temperature.After 

a few p a s s e s , e t c h i n g of the a l l o y i n d i l u t e n i t r i c a c i d r e v e a l e d 

some grains.The number of g r a i n s decreased with each p a s s . F i n a l ­

l y , a f t e r 8 passes, the a l l o y was a twinned c r y s t a l . -

The sample,In-21 a t . % T l , b e i n g used f o r the thei-maT.expaxi.sion 

measurements,had been grown by a modified Bridgman technique 

( Pace,1970). 

The samplss of n i t i n o l a l l o y with a composition c l o s e to 

50 a t . % K'i were k i n d l y s u p p l i e d by Dr. B.F. deSavage (U.S Naval 

Ordnance Laboratory ) f o r the purpose of the e a r l i e r u l t r a s o n i c 

experiments (Pace and S a u n d s r s j l 9 7 0 ) . 

http://thei-maT.expaxi.sion
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4.2 X-ray work 

A boule i s mounted on a P h i l i p s Type Pv( 1031 goniometer by 

g l u i n g with Durafix.Then, the c r y s t a l i s a l i g n e d by Laue back 

r e f l e c t i o n x-ray photograph to have a d e s i r e d c r y s t a l l o g r a p h i c 

a x i s . 

No g r a i n had been seen i n the boule of indium-20 a t . % t h a l ­

lium a f t e r the etching,The x-ray photogrophs a l s o confirmed 

t h a t the boule was a twinned c r y s t a l . 

The x-ray p i c t u r e s of the indium-21 a t . % t h a l l i u m sample 

used i n e a r l i e r works (Pace,3.970) showed a two-fold symmetry 

from one of i t s f l a t f a c e s . 

The x-ray a n a l y s i s of J.n-Tl a l l a y s have been made i n d e t a i l 

by Pace (1970) and Guncon (1973). 



L,. f} Sara pie p r e p a r a t i o n , c u t t i n g and p o l i s h i n g 

A spark machine manifactured by Metal Kesearch L t d . (Type SKD: 

was used to cut and p o l i s h the samples.The c u t t i n g a c t i o n i s 

produced by a r a p i d s e r i e s of spark discharges between the t o o l 

and the work,both of which are immersed i n a p a r a f f i n bath. 

This machine can only 'be used f o r conductors.In order to f a ­

c i l i t a t e the e l e c t r i c a l conduction,a small amount of g r a p h i t e 

powder waf; mixed w i t h the D u r a f i x glue.Because of the high-

m e l t i n g p o i n t of n i t i n o l , c u t t i n g was very slow,A c o n t i n o u s l y 

moving t h i n , t i n coated copper wire was used f o r the c u t t i z i / j of 

the n i t i n o l samples,Iu order to cut the i n d i u m - t h a l l i u m a l l o y s 

a copper p l a t e was employed.By t h i s spark method ,a p a r a l l e l i s m 

can be obtained b e t t e r than JJxlO -^ r a d i a n . 

The faces of the a l l o y s being cut by the spark machine were 

f l a t enough f o r the acoustic emission purposes, but aontotimes 

a d d i t i o n a l p o l i s h i n g was r e q u i r e d . 
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kci\ Transducers and bends 

I f a s t r e s s i s a p p l i e d to a p i e z o e l e c t r i c m a t e r i a l an e l e c t r i c : 

f i e l d i s developed.This e f f e c t i s known as a p i e z o e l e c t i r i c e f f e c t . 

I n the converse p i e z o e l e c t r i c e f f e c t s t r e s s waves can he produced 

from r f e l e c t r i c a l signals.Quartz (SiOp) i s one of the well-known 

p i e z o e l e c t r i c c r y s t a l s . l t has an electro-mechanical coupling 
-12 -1 

c o e f f i c i e n t o f 1.2x10 ' coulomb.newton '".There are many piezo­
e l e c t r i c c r y s t a l s and ceramics .such as Tourmaline,RochelIe3a.lt> 
Ba TiO-j, and PZT ( le a d z i r c o n a t o t i t a n a t e ) . P a r t i c u l a r l y PZT-5 
p i e z o e l e c t r i c ceramics are very common i n ind u s t r y . Q u a r t z and 
PZT can be used up to 573°C and 363°C rospoc t i v e l y . F o r higher 
temperatures a L i t h i u m Niabate transducer can be used (up to 815"'C) , 

For l o n g i t u d i n a l waves X-cut q u a r t z , f o r transverse waves e i t h e r 

Y-cut or AG-cut quartz transducers are g e n e r a l l y used. 

Three sizes of quartz transducers ( 5mm,6m.n and 10mm i n diameter) 

were used f o r the u l t r a s o n i c experiments.They had gold p l a t e d as 

shown i n f i g u r e ^.2 . 

One of the Bunegan Research C o r p a r a t i o n 1 s d i f f e r e n t i a l transducer 

Model D-l^O B , was used d u r i n g the whole acoustic emission expe­

riments,The t y p i c a l frequency response curve i s n e a r l y f l a t bet­

ween 100-500 KHz ( see f i g u r e 4.3 ) , A PZT p i e z o e l e c t i c ceramic, 

was i n the"transducer as a d e t e c t i n g sensor.A d i f f e r e n t i a l i n p u t 

p r e - a m p l i f i e r i s e s s e n t i a l f o r c o r r e c t o p e r a t i o n o f 'this t r a n s ­

ducer. 

http://crystals.lt


f o r bonding a transducer to a sample, various substances can be 

u s e d j G u c h as: one of the epoxy resins,cements ,the Dow Corning-Serie 

-200 s i l i c o n f l u i d s . One of the best bonds, e s p e c i a l l y a t lower 

temperature, was the stopcock grease 'Nonas)1 manufactured by 

{Fisher S c i e n t i f i c Gd. A bond must be t h i n , p a r a l l e l and provide 

a good acoustic c o u p l i n g f o r compressional and shear waves,. 

I n order t o measure u l t r a s o n i c v e l o c i t y and a t t e n u a t i o n o f 

l o n g i t u d i n a l waves i n T i N i , the stopcock grease 'Nonaq' was 

used as a bond. For the shear waves, vari o u s organic m a t e r i a l s , 

such ass. Benzophone(m.pt„i+8°C), Phenyl S a l i c y l a t e (m0pt.M+°C) 

and K a n n i t o l (m»ptoi69°C) were tried.The best r e s u l t s were-

obtained from Mannitol» 

An Edward S i l i c o n e - H i g h vacuum grease has boon found to per-" 

form a good bond f o r the acoustic emission experiments* 
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Figure ^.2 Quartz transducers.The shading represents gold 
p l a t e d areas.The f l a t i n d i c a t e s p a r t i c i l e displacement 
d i r e c t i o n . 
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Figure t\„5 Acoustic emission transducer (Dunegan Hesearc 
Co. ,Model DlkOB ) . 



kj_5 Sample holders 

A sample holder f o r u l t r a s o n i c work i s designed sot-hat an 

e l e c t r i c a l contact can be made w i t h a transducer bonded to a 

sample.The sample holder used i n the u l t r a s o n i c experiments 

c o n s i s t s of a brass p l a t f o r m on which was placed the samples. 

Adjustment of a screw enabled the p l a t f o r m to be r a i s e d t i l l 

c ontact was made between the transducer and a small s p r i n g 

loaded copper plunger.The schematic diagram o f the sample holder 

i s shown i n f i g u r e .'i-J-f. 

Since the acoustic emission transducer c o n s i s t s o f an epoxy 

mounting p a r t , g r e a t care has been taken not to r u i n the transdu­

cer d u r i n g the temperature runs.. A s p e c i a l sample holder was de­

signed to hold the wave guides as shown i n f i g u r e LL, 5.Mainly 

a ctainlc-ss s t e e l rod of diameter o f 12 nun. was used as a wave 

guide ..The transducer was bounded to the one end o f the wave guide 

and the sample to the other end w i t h the same grease.Another 

type o f wave guide was t r i e d to f i n d the best c o n d i t i o n f o r the 

transmission o f the very low l e v e l AE from the specimen to the 

d e t e c t i n g transducer.Two brass cones were soldered to the ends 

of a very t h i c k piono wire (2.5 mm i n diameter) .Better r e s u l t s 

were obtained from the rod shaped wave guide..In order t o pre­

vent o x i d a t i o n o f the sample,at higher temperatures, a s t a i n l e s s -

s t e e l tube i n which the wave guide was placed and evacuated 

(see f i g u r e k.6 ), 
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Figure h.h Sample holder used f o r the u l r a s o n i c 
measurements . 



51 

1<5 CM 
-?rl.3civi «-

A I 

k cm 

Figure i|-.5 The sample holder and the wave guides 
used i n acoustic emission experiments. 
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Figure h.o The system f o r the acoustic emission 
experiments a t higher temperatures.. 
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z i _ ; 6 O i l bath and furnace 

A modified o i l bath manufactured by Grant Instruments L t d . was 

used f o r u l t r a s o n i c measurements above room temperature.A heater 

of maximum power 1.5 K'W was supplied from the mains through a 

variac«A Jumbo-Shandon a d j u s t a b l e contact thermometer was immer­

sed i n the o i l bath to c o n t r o l the temperature.The s t i r r i n g of 

the o i l was needed to o b t a i n a constant temperature (see f i g u r e 

'4.7). 

Because of the noise o f the s t i r , the o i l bath was not used 

f o r acoustic emission experiments. A lean t h a i - w i r e wound furnace 

was used f o r t h i s purpose,as shown i n f i g u r e '|..8. 

The r a t e of h e a t i n g was c o n t r o l l e d by the v a r i a c i n the both 

systems. 
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Figure 4.7 The o i l bath used f o r u l r a s o n i c measurements, 
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Figure if.8 'The v e r t i c a l furnace f o r acoustic emission 
experiments. 



-56-

h*7 Temperature measurements and thgracepuple c a l l b r a t i o n 

Copper-constantan and chromel-.aIu.mel thermocouples w i t h r e f e ­

rence j u n c t i o n s -.in dswars of ice-water mixture were used f o r the 

measurements of temperatures.The j u n c t i o n s were formed by spot 

welding.The voltage between thermocouple leads was measured by 

a d i g i t a l v o l t m e t e r ( B r a d l e y Electronics,Model l?3B).The leads 

of thermocouple.were connected to the X-terminal of a Hewlett 

Packard's X-Y recorder ( Model 7 0 3 5 A ) i n order to rec o r d the 

temperature f o r the acoustic emission experiments. 

The thermocouples were c a l i b r a t e d according to a cubic equatio 

V=aT-Vor,?2+cT+d • ( t f . l ) 

where V i s the thermocouple voltage,! 1 i s the absolute temperature 

and a,b,c,d are constants.The procedure r e q u i r e s the measurements 

of thermocouple voltages corresponding to three c a l i b r a t i o n tempa 

r a t u r e s and the determination of r e s i d u a l v o l t a g e , d , w i t h both 

j u n c t i o n s a t the reference point.The c a l i b r a t i o n temperatures 

A computer programme was w r i t t e n to f i n d the voltages cor­

responding to temperatures between 7 7 ° K and M-73'"K . 

were: 

1) 
2) 
3) 

77.3 
196 

o,« 

( l i q u i d n i t r o g e n ) 
( A dry i c e and acetone mixt 
( ice-water mixture) 
( l i q u i d helium) 

ure) 

http://chromel-.aIu.mel
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A|.»8 U l t r a s o n i c methods 

U l t r a s o n i c waves are produced by means of a short pulse o f 

high frequency o s c i l l a t i o n s a p p l i e d to a p i e z o e l e c t r i c t r a n s ­

ducer bonded to a sample.The sound waves,generated by the t r a n s ­

ducer, propagate back and f o r t h between the p a r a l l e l faces.The 

same transducer can be used as a r e c e i v e r 0 I n t h i s case, by the 

time the f i r s t echo has a r r i v e d back to the transducer the t r a n s ­

m i t t e r has been turned off.The transducer coverts a small ' f r a c t i o n 

of the enrgy of the r e t u r n e d pulse back i n t o e l e c t r i c a l s i g n a l , 

This e l e c t r i c a l s i g n a l i s a m p l i f i e d by a r e c e i v e r and displayed on 

an oscilloscope.The process i s repeated a number of times,The 

v e l o c i t y of sound waves can be found by measuring the time i n ­

t e r v a l between successive echoes,The decay r a t e o f the pulse amp­

l i t u d e i s r e l a t e d t o the a t t e n u a t i o n o f u l t r a s o u n d i n the mate­

rial,When only one transducer i s used as both the t r a n s m i t t e r and 

the r e c e i v e r , the method i s c a l l e d 'Single-ended pulse echo 

method 1.In the 'Double-ended method'.two separate transducers 

are used as t r a n s m i t t e r and receiver.The r e p e t i t i o n r a t e o f the 

r . f . pulses i s about 1 KHz and the d u r a t i o n time i s about I M s e c . 
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k.8.I Pulse echo technique 

A Matec Pulse Generator and A m p l i f i e r , Mo del 6600 v/ith P l u g - i n 

760 having 10-90 MHz frequency range was used to measure the a t t e ­

n u a t i o n of ultrasound.This system c o n s i s t s of the Model 12C1} A 

a t t e n u a t i o n Comparator and Master Synchroniser. The a t t e n u a t i o n 

comparator had a c a l i b r a t e d c h a r t up to U dB/^6*sec.The exponential 

curve was produced by the discharge of u c a p a c i t o r on a variable-

r e s i s t o r . 

The block diagrarh o f the system i s shown i n f i g u r e /.|..9.The 

a t t e n u a t i o n of u l t r a s o u n d was found by a d j u s t i n g the exponential 

decay o f the comparator pulse by a c a l i b r a t e d h e l i n o t t i l l the 

exponential curve f i t s the decay o f the echo p a t t e r n , V e l o c i t y c f 

sound waves i s found from the specimen l e n g t h and the t r a n s i t 

time,the time f o r one complete round t r i p , w h i c h can be obtained by 

using a c a l i b r a t e d delay.The v e l o c i t y measurements made by t h i s 

method have an accuracy of 1%.Using a pulse echo overlap t e c h n i ­

que, which w i l l be discussed i n s e c t i o n '+.6»-2,th'e accuracy o f the 
I. c 

measurements can be 1 w i t h i n 10''-10>'. 

The echoes i n a sample are severely a f f e c t e d by n o n - p a r a l l i s i m 

o f the sample,Another major e f f e c t on the shape of the echoes 

comes from d i f f r a c t i o n losses i n the sample (see f i g u r e i | , l C ) . 
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U r e 4.10Ultrasonic echoes and e x p o n e n t i a l c u r v 
(a) The echoes i n a p a r a l l e l sample 
(b) The echoes i n a n o n - p a r a l l e l sampl 
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^ . 8 . 2 Pulse echo o v e r l a p technique 

On one hand,very a c c u r a t e a b s o l u t e measurements of u l t r a s o u n d 

v e l o c i t y a r e wanted i n order to determine the e l a s t i c p r o p e r t i e s 

of a soIid.On the other hand,one may need to measure the change 

i n the v e l o c i t y as a f u n c t i o n whatever v a r i a b l e s are i n t e r e s t , 

I n the present case,the change i n the v e l o c i t y with temperature 

i s of i n t e r e s t . O n e of the best techniques to measure the v e l o c i t y 

change i s pulse-echo o v e r l a p method.The s e n s i t i v i t y of the system 
i 

i s about 1 w i t h i n 10' 4 ( Papadakis, 1967 and Chung,S* lversmith,a*!d 

Chick, 1 9 6 8 ) , 

P u l s e echo o v e r l a p i s a m o d i f i c a t i o n of t h e pulse echo method. 

Overlapping of tv/o s e l e c t e d echoes i s obtained by t r i g g e r i n g t h e 

d i s p l a y o s c i l l o s c o p e a t a frequency' which i s approximately the 

r e c i p r o c a l of the t r a n s i t time i n the sample.The b r i g h t n e s s of 

the o s c i l l o s c o p e i s reduced so t h a t j u s t two sel.ec t e d echoes-are 

d i s p l a y e d by ^ m o d u l a t i o n of the o s c i l l o s c o p e . C r i t i c a l adjustment-

of the t r i g g e r i n g frequency g i v e s a s e n s i t i v e measurements of the 

t r a n s i t time.The block diagram of the system i s shown i n f i g u r e 

4 .11 . 

The echoes i n f i g u r e 4 . 9 are the r e c t i f i e d form (envelope) 

of the o r i g i n a l r . f . echoes,A r . f . pulse and two overlapped r . f . 

echoes are shown i n f i g u r e ^ .12 . 

http://sel.ec
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j i l l 

,veep time 0 . 5 /*sec : : i 

i 

( b ) sweep t i m e : 0.2 

Figure .12 ( a ) A r f c u l s e 

( b ) Tv:o o v e r l a p p e d r f echoes. 
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•'J . 8 . 3 U n i t s of a t t e n u a t i o n ' 

( i ) The measurement of the output of many c i r c u i t s or a m p l i f i e r s 

i s made by use of a u n i t of power r a t i o known as the d e c i b e l . A 

b e l l i s defined as the logarithm of a power r a t i o , o r 

P 2 
Number of b e l l s - l o g 1 Q - ~ (4.2) 

A u n i t one tenth of b e l l i s c a l l e d one d e c i b e l and a b b r e v i a t e d dB. 

dB= 10 l o g . i n -p^ ( 4 . 3 ) • 
r l 

The gain of an a m p l i f i e r i n d e c i b e l s i s 

P 2 V 2/H 2 

oB ra~in- 10 lo f :" — - • - TO lo" 1 (——J—) • b J°10 P * A "loH^/pT 

= 20 lofi,„-~ "lo Y~ ( 4 . 0 

where and V_, are inp u t and output v o l t a g e . A l i s t of v a r i o u s 

gains and corresponding power and voltag e r a t i o s i s shown i n 

Table.4.1 . 

( i i ) The decrease i n amplitude of s u c c e s s i v e echoes i s a measu­

r e of the u l t r a s o n i c a t t e n u a t i o n with d i s t a n c e or time, 

( T ( x ) = o V a x ( 4 - 5 ) 

whereCT(x) i s the amplitude a t the d i s t a n c e >: .Attenuation may 

be def i n e d by 

1 c r ( X l ) 
CC = inR ( — 7 — ~ ) ( 4 . 6 ) 

, x 2 - x i - • ' - e ^ c r ( x 2 ) ' v 

for two d i f f e r e n t p o i n t s and x 2 where x ] ( x p . I t can be expressed 

i n d e c i b e l s or i n nepers ,as 
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1 cr(>r,) 
Of= ( ^ - ) 20 I o s 1 0 ( ^ r ( x

a
) ) dB/unit l e n g t h ( i f . ? ) 

•2 1 

i c r ( x 1 ) 
Of = (———-) l o g (•ZTTC~T^) n e p e r s / u n i t l e n g t h (if.8 ) 

s i n c e 
log1(.,A- l o g 1 0 e . l o g e A 

l o e 1 0 e = 0J+3->+3 
0 i - 9 ) 

tnen 

Of (dB/unit l e n g t h ) =8.686 Of ( n e p e r s / u n i t l e n g t h ) O i . 1 0 ) 

Another e x p r e s s i o n f o r energy l o s s i s the l o g a r i t h m i c 

decrement 
W 

5 " ^vr- (if , 11) 

where W i s the energy l o s s per c y c l e i n the sample and 15 i s the 

t o t a t ' v l b r a t i o n energy s t o r e d i n the sample per c y c l e 

• 6 = l o g ^ f a - . ) u . i 2 ) 

Here On and 0"n+l are the amplitudes of two c o n s e c u t i v e c y c l e s . 

From equation ( k . 8 ) 

6 (neper s ) = CUnepers/cm) X(cia) (if.1 3 ) 

F i n a l l y one can get the - ' r e l a t i o n s below 
r -t! (X ( d B ^ s e c ) . - 8 . 6 8 x 1 0 " ° v (cm/sec) C0(nepers/cm) C'f.lV) 

a (dB/^.sec)= a ( d B / c r a ) x l O " 6 v (cm/sec) ( i f . 1 5 ) 

( Truell.Elbaur?;,and Chick, 1 9 6 9 ) . 
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Table k.1 

Gains and corresponding power and voltage r a t i o s 

(IB Power r a t i o Voltage r a t i o 
_ ^ V 2 

10 l o & 1 0 p 20 l o g i r , 
1 

0 1 1 

1 1 .259 1 .222 

2 1 .585 1 .259 

5 3 .612 1.770 
"J.0 10 3 .162 

20 1 0 2 10 

30 1 0 5 1 0 1 ' 5 

ho io A |- 10* 

50 1 0 5 i o 2 - 5 

90 1 0 9 10*- 5 

100 i o 1 0 1 0 5 
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4«9 A c o u s t i c emission techniques 

The b a s i c block diagram of an a c o u s t i c emission d e t e c t i n g and 

a n a l y s i n g system i s shown i n f i g u r e 4 . 1 3 » The low l e v e l a c o u s t i c 

emissions r e c e i v e d by a p i e z o e l e c t r i c t r a n s d u c e r are f i r s t l y amp­

l i f i e d and then f i l t e r e d by a band-pass f i l t e r . The data p r o c e s s ­

i n g systems vary from a simple X-Y re c o r d e r to a very complicated" 

computer a n a l y s i s depending on requirements. 

I n the present c a s e , a phantom powered 40 d.B f i x e d gain pre-

a m p l i f i e r was provided to enable the main u n i t to be operated up 

to 10 f e e t , A compact Tek - 1 0 5 a c o u s t i c emission p r o c e s s o r was used 

for the experiments. The a m p l i f i e r gain could be i n c r e a s e d up to 

65dB by a stop of IdB* The maximum t o t a l gain, of the system -vas 

105 dB, but i n the experiments the t o t a l gain was between 85~91dB. 

The frequency range of the band-pass f i l t e r e d used i n the e x p e r i ­

ments was 100-300 KHz. 

The block diagram of the Tek-10'3 a c o u s t i c emission system i s shown 

i n f i g u r e I S . J A . The experimental s e t up (see f i g u r e 4*15) c o n s i s t s 

of a pre-ajnplifier ;Tek-10::> ;an X-Y r e c o r d e r , st storage scope, and 

a d i g i t a l voltmeter f o r the temperature measurements.The furnace 

shown i n f i g u r e 4 . 8 was used to heat the samples which undergo 

m a r t e n s i t i c t r a n s i t i o n . C o o l i n g was performed by s w i t c h i n g o f f the 

power a p p l i e d to the f u r n a c e , A c o u s t i c e m i s s i o n s were recorded as 

a f u n c t i o n o f temperature.The analogue output of the Tek - 1 0 5 was 

connected to the Y . t e r m i n a l of the r e c o r d e r w h i l e the l e a d s of the' 

thermocouple were connected to the X-terminal.The c l o c k f a c i l i t y 

of the Tek - 1 0 5 was used to s e t AE counts to zero a t the end. of 

each second i n order to r e c o r d a c o u s t i c emission rate.A c h a r t 

r e c o r d e r was a l s o used i n the two experiments to r e c o r d the acous­

t i c emission counts a g a i n s t time as the temperature was i n c r e a s e d 

or- decreased,. 
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CHAPTER 5 
EXPERIMENTAL RESULTS AND DISCUSSION 

5.1 U l t r a s o n i c v e l o c i t y and a t t e n u a t i o n i n T i N i 

The u l t r a s o n i c v e l o c i t i e s of 12 MKs l o n g i t u d i n a l waves were 

measured by puls e echo o v e r l a p method i n two d i f f e r e n t T i N i 

samples.One of the samples was a r c - c a s t n i t i n o l , t h e other one 

was hot-wrought n i t i n o l . A t t e n u a t i o n of the 12 MHz l o n g i t u d i n a l 

waves was measured i n the a r c - c a s t sample.Shear wave v e l o c i t y 

was. measured only at room temperature. 

The d e n s i t y of the sample was measured by Archimedes p r i n ­

c i p l e ( 6 .401 grri.cm"^) .The e l a s t i c moduli c h a r a c t e r i s t i c s of the 

samples were c a l c u l a t e d and l i s t e d i n Table- 5 . 1 . 

The f i g u r e s ( 5«l - 5 « 3 ) show, the temperature dependence of the 

v e l o c i t y and a t t e n u a t i o n of l o n g i t u d i n a l waves i n the a r c - c a s t 

n i t i n o l . T h e v e l o c i t y of the l o n g i t u d i n a l waves i n two samples cu 

from the same T i N i bar (hot-wrought) are sh.ov;n i n f i g u r e 5*4 • 

As shown i n f i g u r e 5-4» a s m a l l s h i f t i n the v e l o c i t y minima 

was observed because of the incomplete thermal c y c l i n g effect.-

To ensure ar. i d e n t i c a l thermal h i s t o r y f o r each experiments, 

samples cut from the a r c - c a s t n i t i n o l were cycled, completely 

between 200°C and -196°C.A thermal h y s t e r i s i s e f f e c t was obser­

ved in. the samples as a consequence of the c h a r a c t e r i s t i c of 

m a r t e n s ! t i c t r a n s f o r m a t i o n s . 
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Table 5 .1 

E l a s t i c p r o p e r t i e s of n i t i n o l (the a r c - c a s t sample) a t room 
temperature 

L o n g i t u d i n a l wave v e l o c i t y 
Shear wave v e l o c i t y 

Bulk modulus,K 
Shear modulus, JJ. 
Young's mo dulus,Y 
P o i s s o n 1 s r a t i o , e~ 

The d e n s i t y of the saraple i s 6. If 0 1 Gm.cn""-''. 

5.132 xlO cm/sec 
2.120 x l O 5 " 

13»0&i| xlO,,dynes/cm 
2.877 xlO " ,! ,877 
8 . 0 7 7 xlO 
0.398 

11 

http://Gm.cn%22%22-''
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5-2 Ac o u s t i c emission r e s u l t s on T i N i , I n - C d and Ia-T'l a l l e y s 

Summations of a c o u s t i c emissions and a c o u s t i c emission r a t e 

( c o u n t s / s e c ) were recorded as a f u n c t i o n of temperature,both on 

c o o l i n g and h e a t i n g , i n a TiN.i, In-4.85 a t . % Cd and I n - T l a l l o y s 

(18)20 and 21 at.% T l ) . T h e m a r t e n s i t e s t a r t temperature and the 

a u s t e n i t e s t a r t temperature can be detected by AS^ methods -2° i n 

s i n g l e c r y s t a l s , -5°in p o l y c r y s t a l s . T h e r e s u l t s f or the T i N i 

sample ( a r c - c a s t ) are shown i n f i g u r e s 5-5 and 5-6 .Acoustic 

emission from the In-21 a t . % T l c r y s t a l i s shown i n f i g u r e 5»9* 

T o t a l a c o u s t i c emission i n the same sample was a l s o recorded as 

a f u n c t i o n of time and temperature ( f i g u r e 5*8 and 5.9)#Figure 

5.10 shows a c o u s t i c emission events,, envelops of the emission 

bursts,The r e s u l t s from I n - T l (18 and 20 at.% T l ) and In-h<.&? 

at.% Cd are shown i n f i g u r e s 5.11-5,1'5. " 

To see the e f f e c t of. volume on the AE,tv/o sampler; of d i f f e r e n t 

volumes (Table 5.2) were c u t frosi the same specimen and a c o u s t i c 

emission was recorded i n each of them.The r e s u l t s are shown 

ii> f i g u r e 5.16 . 

The photographs of a c o u s t i c emission s i g n a l s taken from the 

T l K i and the I n - T l (21 a t . % ) sample arc- i n f i g u r e 5.17. 

Ac o u s t i c emission from a p o l y c r y s t a l l i n e sample i s generated i n 

a broader temperature range than that of a s i n g l e c r y s t a l 

sample. 
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Table 5 . 2 

Volumes of the samples used i n a c o u s t i c emission experiments 

-7 

Sample S t a t e Volume (cm 5) 

In-18 a t . % T l Twinned c r y s t a l 0 . 1 ? / + 

I n - 2 0 a t . % T l - I Twinned c r y s t a l O . 5 2 / 4 

I n - 2 0 a t . % T l - I I Twinned c r y s t a l ' 0 . 2 5 8 

I n - 2 0 a t . % T l - I I I P o l y c r y s t a l 0 . 6 2 5 

I n - 2 1 a t . % T l Tv/inned c r y s t a l 0 . 5 8 0 

I n - 4 . 8 5 a t . % Cd P o l y c r y s t a l O 0 J . 7 

T i N i ( 5 0 a t . % Ni) P o i y c r y s t a l 2 . 5 2 1 
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5.3 Comparison of u l t r a s o n i c data w i t h a coustic emission data 

and discussion 

Mar t e n s i t e s t a r t temperature (M ,) found by u l t r a s o n i c and accu. 

t i c emission techniques wore compared i n Table ,5.3. M determined 

by u l t r a s o n i c method i s the a t t e n u a t i o n peak temperature,This 

may not be a c t u a l m a r t e n s i t e s t a r t temperature.Especially i n the 

n i t i n o l , there i s about 20° d i f f e r e n c e between Mc. temperatures 

detected by these two techniques.From the expeimental r e s u l t s , 

one can say t h a t the a t t e n u a t i o n peak u s u a l l y occurs in the middl*-

of the t r a n s f o r m a t i o n r a t h e r than a t the b e g i n i n g . I n p o l y e r y s t a l l : 

sample,because of g r a i n boundaries and i r r e g u l a r i t y of the atomic 

s t r u c t u r e , t h e r e i s a broadening o f temperature i n AE. This i s 

because the i n t e r f a c e of the two phases moves i n i r r e g u l a r 

f ashion as i t i n t e r a c t s w i t h the grain, b o u n d a r i e s . T h i s 5 t h e r e f o r e , 

r e q u i r e s more- energy to t r a v e l and needs supercooling*. 

The u l t r a s o n i c a t t e n u a t i o n peak or the v e l o c i t y minima i s much, 

sharper i n s i n g l e c r y s t a l samples than i n p o l y c r y s t a l s , i s presuia 

ably due t o the broadening of the t r a n s i t i o n temperature. 
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'fABLE 5^3 

M a r t e n s i t e and a u s t i n a t e s t a r t temperatures determined by 
u l t r a s o n i c and acou s t i c emission methods 

Sample M 0 (C°) 

u l t r a s o n i c • AE 

A a (C°) 

u l t r a s o n i c AE 

r e f , f o r 

u l t r a s o n i c 
result?. 

In-18 a t . % T l 107 103^2 105^2 Pace et al-,1972 

In -20 a t . % T l 80-2 o3:;2 

In -21 a t . % T l 58 62-2 65-2- Pace et al-,1972 

In-A.85 a t . % Cd '4-3-"5 50^5 

T i N i 59 83 -5- 71 

! 
9oi"5 This work & 

Pace et al>19?0 



CHAPTER 6 

CONCLUSIONS 

The measured u l t r a s o n i c wave a t t e n u a t i o n and v e l o c i t y showed 

a marked a l t e r a t i o n around the marten s i t i c phase t r a n s i t i o n as 

observed by Pace (1970) and Gunton (1973)« 

Acoustic emission d u r i n g m a r t e n s i t i c . t r a n s i t i o n o f TiNi,T.n-Cd 

and I n - T l a l l o y s has been investigated.Depending on the micre­

s t r u c t u r e of the m a t e r i a l , t h e observed acoustic emission charac­

t e r i s t i c s v a r i e d widely .Acoustic emission from p o l y c r y s t a l s v/ere 

found to be broader than t h a t o f s i n g l e crystals.The e f f e c t of 

the volume o f a sample on AE counts was i n v e s t i g a t e d and found 

t h a t the counts were p r o p o r t i o n a l t o ' t h e volume o f the sample. 

I n the n i t i n o l sample,the observed thermal h i s t o r y was l a r g e r , 

i n order t o get r e p r o d u c i b l e data,the sample was annealed a t 

about 700°C f o r ?J\ hours and f o r each experiment the sample 

was c y c l e d completely between 200°C and -196°C.Thi s thermal 

e f f e c t was small i n the I n - T i alloys.As a c h a r a c t e r i s t i c o f 

m a r t e n s i t i c t r a n s i t i o n s , t h e thermal h y s t e r e s i s e f f e c t was obser­

ved i n a l l samples.The e f f e c t ( A - M „ ) was 2-5°C i n the I n - T l 
s s 

a l l o y s but i n the T i N i , i t was about 12-15°C. 

Ma r t e n s i t e s t a r t temperatures determined by u l t r a s o n i c and 

acoustic emission techniques were close to each o t h e r . E s p e c i a l l y 

i n the i n d i u m - t h a l l i u m a l l o y s , t h e d i f f e r e n c e was l e s s than 5°C* 

I n n i t i n o l . t h e r e was about 20°C d i f f e r e n c e . 

The M and A c temperatures can be determined r a p i d l y by the 

acoustic emission techniques.This method i s more s e n s i t i v e than 

some of the other methods. For instance,the change i n e l e c t r i c a l 
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r e s i s t i v i t y of I n - T l a l l o y s a t the t r a n s i t i o n i s u s u a l l y very 

small ( sometimes too small to ' d e t e c t ) . I n the work done by 

Predel and Sandig (1970),the measuements of the r e s i s t i v i t y 

as a f u n c t i o n o f temperature d i d not show an anomaly.By the 

acoustic emission method,the t r a n s i t i o n temperature i s u s u a l l y 

detected e a s i l y i n I n - T l a l l o y s . 

The d e t e c t i o n and an a l y s i n g of the acoustic emission play 

an im p o r t a n t r o l e i n understanding of the ma r t e n s ! t i c t r a n s f o r ­

m a t i o n s . I t i s p a r t i c u l a r l y u s e f u l i n o b t a i n i n g i n f o r m a t i o n on t h 

k i n e t i c s o f the t r a n s f o r m a t i o n such as : n u c l e a t i o n r a t e s and 

burnt phenomenon.In c o n t r a s t to the other methods ( u l t r a s o n i c , 

d i l a t o m e t r y , e l e c t r i c a l r e s i s t i v i t y ) acoustic emission provides 

an almost p l a t e by p l a t e r e c o r d of the t r a n s i t i o n . 

The study of the t r a n s f o r m a t i o n by u l t r a s o n i c techniques 

s t i l l needs more experiments to be done.The measurement o f the 

frequency dependence o f the a t t e n u a t i o n around the t r a n e f o r r a a t i o 

i s r e q u i r e d i n order to understand the mechanism.Some work i n - ' 

t h i s area has haen done by Gunton (1970) >but sene more e x p e r i ­

ments at. higher frequencies are s t i l l needed. 

I n order to understand the source and the c h a r a c t e r i s t i c s o f 

acoustic emissions,experiments are needed t o analyse the f r e ­

quency spectrum o f the AS. 

To j o i n ' the' u l t r a s o n i c and acoustic emission work some u l t r a ­

sonic measurements are r e q u i r e d a t the frequencies where the 

acoustic emission frequency spectrum has a maxima. 

I n the present v/ork, acoustic emission counts were recorded 

as a f u n c t i o n o f temperature above room temperature,To complete 
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the workjsome experiments need to be c a r r i e d out below room 

temperature.The main d i f f i c u l t y , b e l o w room temperature, i s the 

e x t e r n a l noise o f the c r y s t a l i s a t i o n o f the 1 condensed water i n 

the a i r . I n order to prevent t h i s , t h e whole system should be 

under vacuum. 

The use of a h e a v i l y damped transducer as a d e t e c t i n g sensor 

i n the AE experiments w i l l give some i n t e r e s t i n g r e s u l t s and 

c l e a r a few p o i n t s r e s u l t i n g from the r i n g i n g o f the PZT mate­

r i a l i n the transducer. 
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APPENDIX I 

COMPUTER PROGRAMMES 

The computer programmes which were w r i t t e n i n Fortran-IV are 

f o r the c a l c u l a t i o n o f the e l a s t i c wave propagation c h a r a c t e r i s t i c 

i n cubic c r y s t a l s and f o r the c a l i b r a t i o n o f a thermocouple. 

The n o t a t i o n s used i n the programmes are explained,when they are 

desired,by p u t t i n g some comment cards i n the programmes. 

I n the programmes 1-3,the i n p u t data i s the e l a s t i c moduli and 

density.The programme f o r the thermocouple c a l i b r a t i o n needs c a l i b 

r a t i o n temperatures and corresponding voltages to be put as the 

i n p u t data. 

The f i r s t t h r ee programmes can be adapted f o r t e t r a g o n a l c r y s t a l 

by r e p l a c i n g the C h r i s t o f f e l c o e f f i c i e n t s L. f o r the t e t r a g o n a l 

symmetry i n t o the main programme. 



; • ( i v ) 

l-Progra-.a to c a l c u l a t e eigen values,eigen vectors of C h r i s t o f f e l 
e q u a t i o n s , p a r t i c l e displacement d i r e c t i o n s and energy f l u x d i r e c ­
t i o n s i n c u b i c c r y s t a l s . 

c AP'JP c . r s c i 
PEAL L ( t- ) • 'U l ' ) ,L. 11 i ' 2 2 . L3? , L 12 .1- 22, L31 , HI , ! :2 , K3 . S 1 , S.? r S 3 f D£V( =5] 
FE^L S ^ ( 3 I 
P E R P H U K - T A 

C READ 'LLAST IC GCNSTANTS Ai'f) t » S ITV FC« ALUMJKU* 
'3 RH*D(5» i -•••) C t C l ! i C M i C l 2 

lOt! F 0 9 '•' A T ( F 2. ' . 3 . 2 F 1 - " ' . 3) 
C PRINT CLT lf\PUT DATA 

H R ! T E < 6 , 2 ' - - - ) C t C i l . C ' i 4 , C 1 2 
2 0 U • FH |? M AT ( * [ ) r !vS I T V = ' i F ! -o 3 M H C 11 - . E 1 . ? , 2 X . '* H F .4 = , El o . 3 , 2 X. 4 HC1 2 = , 

1 E K ' . 3 I • 
C THE T A ] S A*'Gl E CP PP.CPAP AT j rw C!«*ECT10N H'*"* A SUP EGA s AY P P \ M THE + Z-AX IS 
C PHI 1S ANGLE IN X-Y PtAi 'E ME AS LP. EC AWAY FRC "• + X AX I S TCWAOflS +Y A V I 3 

. DO 1 I - ] j '\ t f 5 
IMJ 1 =FLCA7( I J - l „ Vi 
ir. P I T E ( 6 »3 •''.. ) P P I 

30 i! FC P"AT ( ' PF } = ' , F 5 . ? ) 
R I T E ( 11' :-''''. ) 

400 FCPVAT ( • A*!GL E V} V2 V3 S I 
1 S 2 S 3 • ) 

D:» 2 J = i , c i 
THETA = FLCAT ( J J - l • 

• 1F( l F E T A . G T . 9 f ! ) GC V' 111 
A = TI- F T A / 7 o 2 *3 £ 
a = P H I / 5 7 . 2 * 5 5 6 • 
* 3*CCGS(A ) I 
r-2 = ( S I M A J ) * ( S I N ( R ) ) 
'<']. = ( S I K ( A ) ) * ( C C S ( P ) ) 

C CA-LCUi.ATE THE CC. V PL\E*TS vF IMF C-PR 13 TOP F EL G E T E P ^ I A T 
I. 1 1 = C , ' 1 * * 2 I * C 1 1 + ( ? • • ? * « ? | * C ' . M ( M ) * C V . 
112 = ( M * * 2 )-J-C4"4+<* 2 * * 2 )*rV; H 3 * * 2 ) vd*, 
I ?2=( W i * * 2 ) *C4 ' 4 + ( M ? * * 2 ) * C < I ' I « ('J 7: * • • ? ) * C 3.1 
L ? 3 = ( N2 ) * ( -."i ) * ( C i 2 + C ' ^ ) 
L31 = ( M ) i ? ( . \ ? ) * ( C 1 2 + C / ' ^ ! 
L I ? = ( \' 1 i * i ) * ( C 12 + f. 0 '* I " 
L ( i ) = L11 
L ( 2 ) - L 1 2 
I. ( '?. ) =-L-2 2 
I. ('«)-• L 3 1 
I. { r~.) - L 2 7? 
L ( i : ) = L 7 3 

C USE i S P EI HP ' . TO CALCULATE EIGENVALUES C-MY 
C- THESE ARE i 1 f- F- 0 0 i AG*.' \U.l Y IN ~ P I G i • < A! 'V 1 X 

CALL F. I Cf-. ( L i A, 3. . ) 
C CALCULATE THF* V C I ** G I T T if S RF ' - .V T F F E I G C f \ V ALL P S 

v i = .3 C T ( ! ( i ) / L ) 

V2=SSR T ( I . ( 3 ) / C ) 
V*3=SOR r { ! . ( ' : ) / n ) 
.>! = ] / v : 
S 2 = l / V 2 
S 3 = 1 / V I 
;••';' I T i: ( ft , ':• *• ) T F L T A. V"; , V ^ , V B f b3 . S 2 . S 3 
F ! 7 P - A T ( i y f F 5 . 2 . ' • f J=f : f- 1 • . 'V ) ) 

2 WK I r.E ( A V"*? ) 
99 P C n v A T ( I X , ) 

http://lFETA.GT.9f


( v ) 

1 C f . M l h U F 
0 P / = I - 1 r 6 i 'i 'j 
PlU = r-LCAf ( l ) - 1 ,<':fc 
VR I T E ( 6 » 'V :- ) !-' h } 

(rUZ FfJPMAT ( »PH I = ' , F 5 0 2 ) 
KP I T E ( 4 , 7 > \ ) 

7V!-M | - : - P V VI" ( i TUFT _A ALPHA! A L P H A 2 
• 1 0 FI TA 2 O C U A3 • ) 

n:"! 55 J = 1 . 5 1 
T K G T W L C A 1 ( J ) - ! . - ' } 

. I F ( T h E T A . HT . 9": ) GO TO 1 1 1 
A-TFT.1 A / * 7 . 2 ^ 5 t 
B = P| J I /57 .2»95fc 
N 3 = ( C C S U ) ) 
M 2 = ( S I N ( A ) ) f ( S I N ( f i » ) 
W1 = ( S I M A ) ) * ( C C S ( U ) ) 

C CALCULATE T F F (",'"! N PC. N EM i r ' F THE CHRISTGFFEl 
i 1 1 = ( ( - - i i * * 2 ) * c i ] + (r- 2 * * 2 » AC- '^ + C ^ . 3 * * 2 j * c * ' » 
1 2 ^ - (is 1 * * 2 ) * C ^ ^ • ('v ?.A * ) * f . 1 1 + ( i . ? * * 2 ) * C A >!) 
1 2 3 = ( N 1 * * 2 ) ! : : ( > ^ + ( K 2 — -2 ) * C ' ' t + U \ 3 * * 2 ) * C i l 
I.. 2 2 - ( N 2 ) * ( 3 ) * ( C 1 2 + C fe ) 
i . ' i l '= { M ) : : : ( !>3 ) * ( C 1 2 +C ) 
I 1 2 = (••; i ) * ( -v 2 ) * ( C i 2 + C 4 ) 
i. ( 1 ) -- L 1 1 

( 2 ) = 1.1 2 
L ( 3 ) = L 2 2 
I. { A ) = I. 31 
I. ( 'S) = L 2 3 
L ( i- ) - L .- : 

C I'SF SSP E I GEM T ' ; 
C THESE fRE ST'-RED 

£ LP I -« 3 DELTA! 

CALCUL'iTF EIGFNVALUES r KEY 
! ! ! « G > : i l LY IN C P ] G 1:*- » t VATPIX 

CALL F. I( .F.- . ' (L, !>, 
P t V { 1 ) * \ 3 * R ( 1 
! ! E V ( 2 ) = \ - ! * « ( • ' « 
!.l E V ( 3 ) = •'• 1 * ( '•' 

*• L PF A } $ THE Af-.GIF. PET^FH.-
ENERGY FLUX VECT..R 
ELLS I?. T F t COf^P:: 

• F L U 1 i = C i ; * ( R ( 
H C « 1 * ! i ( i ) *p ( o 
P + f ' i A - P ' ( 1 )-:•.:<• ( 3 

FLU12-C 1 ? * f ( 1. 
1 + C i 1 * ( M l * ) * * 2 
2 + C A i * f . ( 2 ) * R ( -

FUJ I '> = r i 2 * a ( 3 
1 < C : 2 * 3 ( ? J * P < ? 
2 + C 4 4 * f R ( 1 5 - * 2 

FLU2 i=(:r*(!i( 

j + 0 v : : t ; ( « ) * r ; ( r 

F l . i 2 2 = C 1 ? * R ( 4 
1 +C ]. L =:= ( P ( ' " • ) * * 2 
2 + C 4 ' p * R ( * ] * P ( * 

E L L 2 3 = C .1 2 - : P ( , ;i 
1 + C 1 2 * H ( S ) * K ( v 

iN2*i< ( 2 ) +K ( ) 
•* :\ ( ? / ( 6 ) 
*' •! 2 * (• '' ) + f ! ; P '.' :' ) 

F :L r $ i ? AT rcf\ C ! R , A \ C P R ' " P A f A T I n \> c I R 0 

F.NT " F EwEPGY FLMX VECTORS PGR THREE v r -n t 'S 
>**2 »» i ^ C t H * ( 9 ( 2 ) « : ! l *M 1 -i C '»» * ( R (3 i =•'' * 2 J * M 
*'•!.?+CI ? ;: : : : ; ( 1 )*P. ( 2) : ?N2 
*N"3 + C :2 - -H : ( l ) * R ( 3 ) * ' - i 2 
* R ( 2 ) l + C ^ ^ H ( l. ) (2 ) *N1 
*';2+C^i-'f * ( c - ( I ) * * 2 ) * ' - :2-»r. i -«(!? ( ?. ) * * 2 ) *>*?. 
* r o + C 1.2*r-.- ( 2 ) * R < 3 ) 3 
*R f 3 ) »:«'• I + f ; ( i.) *p ( 3 ) 
*^ 2 •» C ; ' •-' ( 2 I * R ( 3 ) * 2 
'<•'.' '•! * C '• * ( " ( 2 ) * : | : 2 ) * " i -t C i. i * ('< ( 3 I -;i * 2 ) * . * :? 
) * * 2 ) * ! 1. +C A 4 * ( P ( ^ ) * * 2 ) * > . 1 <C A ' i * ( ° ( t ) * * 2 ) 1 
* ' - 2 + C l ? A « U »*P. (3 ) * ' ,2 
*N ? + C i 2 - i r ( 4 » * M ( f c ) * \ ? 
: ' 'P ( 5 ) -r- i +C6 i * p ( 4 } ( 5 ) I 
*N? < C ^ * I S I ) * * 2 ) *'-;2 i C-'i/--* ( K (•'• ) - * 2 ! v ? . 2 
*v i -»C 1 ?*R ( 5 ) * P ( c ) 3 
* " ( h ) -:: '• i + (.' - i * i-. ( : i ) - : :- (':- ) '•• • 
*.N 2 t f. v !? ( ) * i0 { .-; J • • \ 2 



(v i ) 

2 +C'« M * I K ( 4 ) -"i 2 ) *»•; ?. H C h H * ( R I 5 ) * * 2 ) * : ! 3 + C 5.1 * ( ̂  ( -5 ) * * 2 ) * N 2 
I-LU31 -C 11. * ( R ( 7 ) # * 2 ) * • ; ! . •» C 4 4 * ( n ( 6 ) * * 2 ) * ; ! ] i C H 4 * ( * ( <v ) * Z ) *M1 

1 + C 4 ' ( ' ; : -HI) * R ( ft ) * 2 + C 1. ?. I-' ( 7 ) v F f >; ) * f i 2 
2 + C-i/ 4*o ( 7 ) * R ( 9 ) * ^ 3 4 C l ? r t R { 7 ) *R I c ) *N3 

F U 2 2 - C l ? . * M 7 ) * R < 8 ) * ' ' . i +C4 ( 7 ) *» ( H U f ! 1 
l + C L i * ( V<1 t l ! * * 2 ) *M2 + C' .~* <R( 7» t C 4 A * ( K ( . g *M2 
2 + C ' i 4 *R ( a ) * P ( 9 ) • N ' + C J 2*R (8 ) + P ( < ; ) * • ' : ? 

FL U33 =C I 2 * " ( 7 ) *»? ( 3 ) *N a l + C4 4 * R (* 7 ) *R ( 9 ) *>! 1 
U C 1 2 * R ( £ ) * R ( C ) «K2+C*4*K ( B ) * R ( ? ) 
2 * C ^ 4 * ( « ( 7 ) * * 2 ) *!•;?.+ C H 4 * ( ! U M * * 2 ) * . , 3 - » C i l * { R ( S ) * * 2 ) * ' * 3 

SE VI =S0R7( ( ( F L U 1 ) * * 2 ) + ( f FLU 1 2 > - • * ? ) + ( ( F U J I ' 3 ) * * ? ! I 
S F V > = S O R T ( ( I F L U 2 1 ) 4 ( ( F L L 2 2 ) * * 0 ) + < ( F L U ? 3 ) * * 2 ) ) 
SE V3 = SCPT ( ( ( FLU3 I ) * * . ? ) • ( ( FLU32 J * * ? } + ( ( F L U ? ? ) * * 2 1 ) 
! F ( S F . V l . f c Q . : l . " i > GC .5 5 
] F (SEV2 . EC?. " . )Gi' TC 5 5 
I F ( S R V 3 . E 0 . ) . 0 > GC' TC 5 5 

• Fi. V i l = F L l J 1/SL :VJ. 
F L V 1 2 = F L U 1 2 / S F V I 
FLV13 = F L i J 1 3 / S E V l 
FLY21=FLL21 /SEV2 
F L V 2 2 = F L L 2 2 / S F V ? 
FLY23=FLU23 /SFV2 
FL V31 = F1 I J U / S F V ? . . 
FLY32 = FIU?2/SF-V3 
F'. .Y33=FLi iH2/S!rV3 
S A V ( 1 ) = \ i * P L Y 11 + 2 * F L Y 12 + <\' ? * F!. Y 1 3 • 
S A N' ( 2 ) = \" 1 * F L Y 2 1 + v 2 * F L v ?. 2 + N 3 * F L Y 2 3 
S A 1 3 ) ~ K-1 ••• F IV 3 1 H .\' ? * F!. Y 3 2 + M 2 =? F'. Y ? 3 

C DELTA I S THF n E v ! A T I C \ f."P ENERGY P H I * VF.CTCR F s C ' PR::«» AG AT ICN V 
1 1 IF ( OEV ( 1 ) • F.CJ »'<'••"'/''' w JGG TO L- \ 
21 IF { CEV ( l ) . F Q . l .•-.:-' '• )GC T - 5 3. 

PS! ! = A.T/l f ' ( S i ' i T { 1-OEV ( 1 ) * * 2 ) /IM:tf ( 1.) ) 
Ai P H A I = P> 1 1*57 .?SP6 

12 1 F { ":": V ( 2 ) . E C a .1 *•• : ...)G-.- TC - 2 
22 I F ( i ) S V ( 2 ) , E Q * I . 1 * : MGf TC '.-2 

PST2-AT/ i | . . ( S C K T ( l - D E V { 2 ) * * ? ) / n f : V { 2 ) ) 
A1. P H A 2 = P " J 2 * 3 7 . 2 c 5 o 

13 IF(DF;V( 2 ) e f c 0 . ':)G-:- T * •- 3 
2 3 JF ( D F V ( 3 ) . EC. i • '•' s ) CC TC 5 3 

l"J S I 3 = A 7 A '•; (' 5 i.v P T '( 1 - T t V I .3 ) * * 2 ) /FU: V I 3 ) ) 
At. P I - a = P S I 3 * 5 7 , 2 3 5 5 

' 31 IF ( la" ( l ) . G E . l o"-"' )GC T r (-.1 
TR 1=AT AN ( SOR T ( 1 ) •**? ) / 2 A' ' ( 1 ) ) 
PR! 1 A i. = "i" P 1 " 5 7 . 2'"? 5 

3 2 I F f S4M( ? j . G E 0 1 . • )G . : e?_ 
TR2 = AT3^ ( S C ̂  ( i - :'• -' '-'(2 5 •'?.)/ S A v ( 2 ) ) 
n t l T A 2 - T P 2 * 5 7 . 2- 35t-

3 3 I F ( S.V« f i ) 3 GE . 1 a , K . : R " * ?. 
T P 3 = .\ T .11- ( c c v T ( : - •, * 1 { •• ) :; * 2 ) J % t ••• ( •; ) j 
DFL TA3 = T-s 3 * 5 7 . 2 ^ 5 ^ 

22 2 V- R I TP ( . • ?. 3 ) T F 5 T i , AI. '̂ H A i , A L e H A 2 . A i. c h A 3 ,15 P!. -I A 1 , H f L 1 A 2., r>:;- L T t 
5 33 F*:. AT ( I X , F I= : , 2, M l x , •=«?..?) ) 

GO T'i 5 5 
'<1 At F M L = g.:.< ."i 

r.r; i^; 



X'Vii) 

5.1 eLI- l -Ai = >.....'> 
GO TO 12 

4 2 61 P|-A2=S •'.•••) 
CO TD 13 

5 2 A!, p H A 2 - ' ' * ..- : • 
G'.~ T7. - 1 3 

43 ALPH'\ = ... 
G C re il . 

52 Al.PHA3 = - : . i T 
On TO U 

6 3. HELTA.I =•.'..'».! 
G O n i 2 

o? PELT-\:' = •'! .;••;,) 
GO TO 3 3 

63 ttElTA3=.V«3 
GO TO 222 

55 CCM ! l;Ufi 
44 CO'-TMUE 

Gu TO 3 
i l l STf'P 

f : \ 'C 



( v i i i ) 
2-Program to c a l c u l a t e v e l o c i t y and slowness surfaces i n cubic 
c r y s t a l s i n the ( 0 0 1 ) , ( O i l ) , a n d (111) planes. 

C ' ftPP'; C . 5 $ C I 
C CALCULA T £D FFCM C 1 J ANC DENSITY 
C VELOCITY A NO SLOWNESS OF Ml I N THE (f- 'M ) , ( ''1 1 i , ( 111 ) PL AWES 
C IN THE ( v O I PLANE 

REAL PHI , PS I 
P.£AD( "7: 5 1' 3 ) 0 , C I i . C 4 4 t C l 2 

100- FORMAT ( M O . 3 , 3 E K : . ?) 
WPITE ( -i , 2 ) 0 , CI I . 0 4 T C 1 2 

2 " 0 FOSK .M' ( ' PHMSITY--* , F l - - , , 3 / 4 H C 1 i = , " 10 . ? i 2 :< , - sliC A 4 = , P 1 •?. ? ,2X ,4HCI2 = , 
l E i . 0 , 3 ) 

Oif^( I.- '-) / n 
C PHI IS T HC Aiv GL c Ibl THf: (Ov 1 ) PLAN" MEASURED FROM 7 H E + '< AX! S 

7 = C 1 . 1 » 0 4 
P = C 1 1 ~ C 1 2 - 2 * C 4 4 
H = 3 /T 
WP.I TE t , 4 ) 

4f ;0 FORMATCPHT V I V2 V? ' S i " ' 
1S2 E3 ' ) 

00 1 1 - 1 , 3 6 1 , 2 
P H I = 1 - 1 
I F ( P H : = G r . 3 6 " ) GO TO 111 
B = PH I / ' . : ? . 2 9 5 0 
U = (S I N ( cJ:fi- ) ) ' *?. 

V i = SO*. r ( (Dr. ) < ( C 1 1 - T * H « U * C ( 2~H-( i + l ) ) / ( 4*-( 1-M---U» ) ) ) ) 
V2 = SQ15 T ( C44-* f u J 
V 3 * 5 Q S T ( (DE 1 * < C H 4 + T * H » 1 * < ( 2 - H « ( !. + Ul } ' / ( 4 * U - H ^ U ) I > ) > 
S l ' - l / V l 
5 2 = 1 / V 2 
S 3 = l / V 3 
W R ) T f j ( 6 , E / ^ ) PHI , V 1 , V 2 , V 3 , S I , S 2 . S 2 

5-'v F f ) i : lA~ (1 X, F S . 1 ,h ( 3< , S I " . 4 ! ! _ . .. 
] CONTINUE 

C ALPHA I S me ANGLE DEFINING "HE "OL AK I I A T ICN H'F -<JAVES P P H P AG AT 1 !JG 
C WITH Vf L ' J C i m S V3 AND VI 

WRITS (•'••• 222.) 
222 FOPMAT( ' °H. r AL PH.A ' ) 

DO 4 i = 1 , 3 E 1 , 2 
•PHI 
1 F i PH I . G'" • 3-H •) GO TO 1 1 1 
^ = P H ! / ! 5 7 . 29-3c: 
U = ( S I K ( 2 " : P- ) > ; : i ; 2 
t | .PH~ = A7AN ( ( H * 3 i M ( ) * ( 2 - 3 * H ^ y )•) / ( 2-2 ' - * H * U + ( 1 / 2 ) * ( H*--2 ) * ! J ' - ( ? ^ U 

1+4 ) ) ) 
ALFK4 = U PHE" :- 7.2 r:' c'0 
t*P I TE < 6 , . ) p n ] , At. PH A 

7 ( 7 FGJ.MA T(Ay , F6.-1 : , ! F 7 . 2 ) 
4. CENT! r.".;E 

C IM THE CO ! I PLANE 
C PSI IS THF ANGLv -tEASUfUNG F p (! (••111 IN T H E ( " 1 1 ) PLANE 

TS = ( C 3 1-C 1 2-2-= OA- ) / ( C 1 2 + C 4 ) 
- o = r . * ) * ( c i2+C4-'v i 

I T E ( - , 3 3 3 ) 
3 33 F O P ; ' . - T ( ' PSI V E L 1 VEL2 V' :1.3 SI..CI 

1 SL V?: SL.C3 ' ) 
DO 6 J = l , 3 t l , 2 



( i x ) 

PS 1 = J - l 
l F C P S l . G T . 3 f - ) G O TC 1 1 1 
A = r»si / 3 7 . 2 ;•>(. 
T T = (S IM ( A ) --• ) 
T U = ( S I M ? - ; M ' ) 
' V - - C J S ( 2 * A ) 
i w - ( c o s ( A ) "•• ) 
V t L l -5, -OR T ( ( H : ) ( C I 1 - ' P . - ( T S "•T 1 ' M l + 3 ' : - - T w ) - ( • . 5 ) •' ( T S •"• - ? ) '•'{ (TM^( ( ] + 3 * 

1TV I - " - 2 ) 5 / ( +T£- ( 1 + 3 • • T V ) ) ) ) ) ) 
Vfcl 2 - - - S ? f " ( (f.:: ( C ' - ^ + ' R R - - " S ; : - T T 1 I 

• V K L " V : ; . ; ; I P T ( | o;. ' • • ( C - > ^ + * : F : - ( ( - .?<- ) - . - r - - J A T | j _ ( • ( T S * * ? )•-••( (TU"M ( 1 +3 -TV 5 
1 * * ? ) ) / ( ! f * T S - ' ( 1 '• 3 - T V ) ) ) ) ) ) 

S L f" 1 = \ IV r L 1 
SL <"'•?-•]. / V F 1 . 2 
S L r i 3 - 1 / V R : L 3 
WR r rl" ( 6 ) PS! , V = L i , V r L Z » V F I ? , S L f : i , S L G ? , S L 0 3 

•Vr'i FOr-i , \ T ( I X , F t , i , :, i 3 X , : : 1 . <-) ) 
a c.'iNT i.'ji.tt 

W P I T 1 ( 6 , fr. "J- 5 > 
55f- 'FOPX AT ( 1 P S \ \ ' ) 

DO 'J J « ! , 3 M »2 
PS J - J - 1 
I •<• (f-'S i .. f .T . 3 j ) GO T O 11 ) 
A = P S 1 / : • " . ? -ov 
T T = ( S I : - i ( A )•- < ? ) 
T U = ( 3 1 0 ( 2 Y - A I-"'"* 2 ) 
TV = C'.'S< 2*-'k ) 
T.W = ( C .JS ( A ) ' -•' 2 ) 
TX = ( 1 + ? ' ' C G S ( 2 - ) » ' 
B v T " - A T A?i ( - ( ( ' C / ? )~- S 1 ! .? • ' ) ' : T X ) / ( I-T V- T X -t ( T S V * 2 J •• 7 i i ( " X - " 2 ) / ( 

! ! 6 V ; - ( T V : - V ? ) ) ) ! 

Bri . \= '* , ! - T*"- 6 
WF, IT F" ( i: , t : ) N S ! , B E T A 

6 6 6 F-JR-'AT ( 6 X , Fn . 1 , 3 X , F-7 . ? ) 
v CO ft T 1 MUf 

C IM TH7- ( 1 1 1 ) PL .AOF. . 
C P S ! I S T H ' i i ! !Cl.-- !• A S U S I '-'G F F p " ( I I I IN T H 1 : ( 1 1 1 ) v : 

A S = C 1 2 + C > ' + ( . 2 
X = F / A 3 
WR! " • • • ( ' . , 1 ? 3 1 

1 2 3 FOR 1 A T { • P S I V r l V-J2 V F 3 S 1.1 
1 S ! . 2 SL3 •' ) 

no 7 "< = I » 3 f: I t 2 
P S I = K - Y 
! F ( P S ! . G T • 3 6 * ) G O TO 1 1 1 
A = P S ! / :. 7 . 2 i o 
Y = ( 3 i '•! ( 3 "•'••• ) ) - * 2 
Z = S •").'•'. T ( - ' : . •"• Y ) 

V rJ 1 S S '•" T ( ( ;>i ) - '• ( C 1 I - :: 3 ' : ( / 7. I - ( J - ( I . •' /'-' . : ) '• >• •' Y ! ) ) 
Vi-: 2 = SO'-:T ( ( 0: : ) •' ( C •'* + A S -'• ( X / A ) -= [ ( ^ + ( 1 . 7 i . ' ) ^ I - X * ( I V : : ( ? + i I ) / ( / I I ) 

I ) ) 
VL-3 = 5*"J V ( ( CI- I ' - I C ^ + A*'- { v / - ' ) " • ( ( I - ! i . / 3 . " i '• "*! ) - X •-' ( 1 ( 7 - 1 ) ) / ( ' / ) ) ) 

1 ) ) 
SI 1 1 / V ; -1 
S L ? = i / V : : ? 

S L 3 = 1 / V " ' 3 -

W» ! T*2 ( 6 , 2 ' ' / - ) P;'. V f V:'." 1 . VF.2 , V r 3 , : ; ! ! , " i.2 , Si.3 
2 3 - P O P ' > ' . - { I X . F - j , ! , i ( 3 X , : - i . ) 1 
. 7 C C O T I N I ; -

rni: 

http://lFCPSl.GT.3f-


( x ) 
3-Program to c a l c u l a t e S±. from C. , bulk modulus,volume and l i n e a r 
c o m p a e e s i b i l i t i © o , Yo ujag»-e moduluo , and P o i o a o n ' r a t i o . 

C APOP C. ISCi 
C FOR PBSN T E 
C YOUNG'S MODULUS 
C VCHM JS THE VOLUME CCMPR ESS IB I L TY 
C LCCm i s THE L I NT: Art COMPRESSIBILITY 
C BMOO IS THE bULK MOD 01.US 
C PR I S THE PC1SSICN BATIC 
C HOP PttSNTE 

P L AI. I J i -: ! , T E E T A 
E E A L hi,N 2 , K 3 
P E R LCCW 

4 0 0 0 R I; A R ( 5 , 10 0 ) 0 , C 1 1 i C 4 4 , C 1 2 
IOC FCPMA T ( El f . . 3 , 3 E 1 0 . 3 ) 

W P. I T li ( 6 , 2 0 0 ) C , C 1 1 , C 4 4 , C 12 
200 FORMAT ( • FENS ITY=« , FIO . 3 / 4 H C 11= , E1Q . 3 , 2X, 4HC.4 4-* , E 1C . 3 , 2 X , 4HC 12= , 

1E 1 0 . 3 ) 
C PHI IS ANCLE IN X-Y PLANE MEASURED AWAY PRCl" i-X AXIS TOWARDS +Y AX IS 

S U M { { C11. - * 2 ) - ( C 1 2 - 2 ) ) / I ( C I 1 * * 3 1 + 2 . 0 * ( C 1 2 * * 2 ) - 3 . 0 * C l L* ( CI 2 * * 2 ) ) ) 
SI 2 — ! ( C I I * C 1 2 - J C 1 2 * * ? ) ) / ( ( C 1 1 * * 3 ) + 2 . 0 * ( C 1 2 * 3 3 - 3 . 0 * C I. 1 * (0 1 2 * * 2 ) ) I 
S44= 1 . 0 / C 4 4 
VCEH=3. ••)*{ SL1. + 2 . C * S 1 2 ) 
l .CO v = VC-f.'M/ 3 . 0 
H M C D - i . O / V C C . M 
WE I TE ( 6 , 30C) S l l . , S44.SJ.2 

300 E C'R !•'• A T ( 41 i S 1 I = , E 1 2« 3 /4HS44 = , F 1 2 . 3 / 4SI S 1 2= » L-1 2 . 3 ) 
WR I TE ( 6 t 3 ; 4 ) VCTM, HMOD, LC CP 

104 FORMAT ( »VOLURE C PR E SS I '3 I I. I TY- ' , F. I 2 . 3 / 1 ;H; L K K ' D U I U S ^ ,E ! . ? . ; • ; / 
1 • LINEAR CC>'*D R ES S I R IL I r y = • , E 1 2 . 3 ) 

WRITE! t-. , 102 > 
102 FOR f i l l • 10 TEE ( C C D P L A N E 1 ) 

00 1 1 = 1 . LB I ,2 
P H I = 1 - 1 
b = PR 1 /57 . 2 9 5 6 
NJ.= CCS IB I 
N2 = S1N(P-) 
N3=0 
Y = ( S1 L-- ?•*.'•*( S I 1 - S 1 2 - S4 4 / 2 • 0 ) * ( ( M * * ? > * ( N ? ^ * 2 H (:N2 * * 2 ) * ( N 3 * * 2 ) + 

1 ( N 3 * * 2 D * f N I * * 2 J) ) 
YH00i.= 3. , 0 / Y 
PR CO I = ( 1 . 0 / 6 . C I * ( 3 . C-YMCOJ /FMr/j;,) 
WP.I TF ( 6 , 4 0 0 ) P H I , Yf-'UOi ,PRC01. 

A'OO f-CRM AT \ F5 .'"! , 2 E I 2 .4 ) 
1 CONTINUE 

WP I T E ( 6 , 10 3 ) 
IE 3 F G H * A WW THE ( 1.10 J PLANE ' ) 

DO 2 1 = 1 , 1 9 1 , 2 
T H E T A = I - 1 
A=THETA/5 7 . 2 V 5 c -
N l = ( 1 . 0 / S Q * T ( 2 . 0 1 I * S T M ( A ! 
N2 = M 
N3= CCS(A) 
Y=( SI L - 2 . 0 * i S l l - S 1 2 - S ' » 4 / 2 . 0 ) * < ( N l * * 2 ) * ( fc2**2) •» ( N 2 * * 2 I * ( N3—2 J + 

1 ( \ 3 * * 2 1 * ( \ 1 : ; ^ 2 ) > ) 
Y '•' 1. 10 = 1 .0 /Y 
PR). 10---( 1 . 0 / 6 .0 ) * (3 . 0 - Y M t I.O/f!MOO ) 

wR l' ! 'E ( 6 , 5 0 0 ! TRET A, YM 1 I 0 . i - O C 
500 F C P R A T ( F 5 . 0 , 2 F 1 2 . 4 ) 

2 CCNTINUE 
GO TCI . 4000 
STPf> 

- E N D 



( x i ) 

k- Program to c a l i b r a t e a. thermocouple, 

C APPC C . I S C I 
PLAi)C3, 1 0 O 1 T 1 , 1 2 , T 3 

1 0 0 F o P • ' A r t.' i :a . i.) 
PFAO ( '3 , i PL ) VI. , V2 , V3 

10 1 FORMA r ( 5 F 1 0 . (-•) 
WR I T li ( 6 , 1 0 2 > T I. ( l 2 , T 3 

102 FOR MAI ( • Tl =• .1-6. i. / 1 T ? - ' , F6 . 1 / ' T3 = ' , r - 6 . I ) 
WR 1 T P ! 6 , 1 0 3) V ! . , V 7 , V3 

103 FORMAT ( ' VI =« , F 9 . 6 / ' V2 = * , F 9 . 6 / « V 3 = • ,F o . M 
• PEl TA = ( ( U * * 3 ) * ( T ? * * ? ) * M i - < Tl * * 2 ) * T 2 * ( T 3 * * 3 ) + T 1 * ( T 2 * * 3 ) * ( T 3**?.) 
1 - T 1 { T 2 ~-::: 2 ) * { T 3 * * 3 ) - ( T I * 2 1 * ( T 2 * * 3 ) * 1"3- i T l * * 3 ) * T ? * ( T * * * 2 ) - ) 

A = ( V l * ( ( T 2 * * 2 ) * T 3 - T 2 * ( T 3 * * 2 ) ) - V 2 * ( ( T 1 * * ? ) * T 3 ~ T 1 * ( T 3 * * 2 ) ) 
1 H V 3 * ( ( T l * * 2 ) * T 2 - T 1 . * ( T 2 * * 2 ) > ) /DELTA 

I' - - i V 1" : : ' ( T 2 * * 3 ! * T 3 — T 2 * ( T * * 3 ) ) - V 2 * ' ' T 1. * * 3 ) * T 3- 1" ] . * ( T 3 * * 3 ) 1 
1 + V3* ! ( T 1 >!'• * ) * T2 -T1 * ( r?**'•< ! ) ! /DELTA 

C = ( V J. * ( < T 2 * * 3 ) * ( T 3 * * 2 ) - ( T 2 * * 2 ) * ( T 3 * * 3 > ) - v 2 * ( ( T 1 * * 3 ) * ( T ? * * 2 ) — 
1 ( T 1 ; ' * 2 ) ( T 3 * * 3 ) i -r V 3 * ( ( T 1 * * 3 ) * (T 2 * * ?.) - ( ' ' 1 * * 2 3 * l T 2 * * 3 ! ) T A 

WRIT E ( •'• , 3.0 4 ) A , i J . .0. 
104 FORMAT ( 1 A= ' , F3.2 .4 / * b = • , E 1.2.4/«C= « , F ] 2 . 4 ) 
1G '3 F 0 R v < A T ( ' I F M PF P A I UP. F ' , !. b >•. ' V GL T f. GF 1 ) 

HR J IT ( 6 j 10 5) 
DO 1 1 = 1 , 3 5 0 1 , 5 
J = I - 1 
T= FLOAT ! J } / 1.0 . 0 
V = A••• ( T * * 3 ) -I P- ( T * * 2 ) + C*T 
V = V * ( 1 0 * * 3 ) 
T l = T + 7 7 . 0 
T2 = T+ 7 7 . 0 - 2 7 3 . f : 
W P 1 T F ( I -, 1 0 6 ) T ] . , T ? , v 

106 FORMAT { Ui , F El . I , 3X , FH . ! « 3 v » F 10 . 3 ) 
1 GUN I I m i l 

STOP 
i: M P 

i 
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Appendix I I 

P u b l i c a t i o n s 

1- " The E l a s t i c Constants of Arsenic (25 , 5 a t . % ) - - Antimony 

A l l o y S i n gle Crystal- " by Akgoz Y C , I s c i C and Saunders G A 

i n Journal of M a t e r i a l Science ( under p u b l i c a t i o n ) . 
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