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A B S T R A C T 

A n i n v e s t i g a t i o n was c a r r i e d out on a 

"MULTIPHASE" type a l l o y , d e s i g n a t e d P R 0 T A S U L 1 0 ; this 

c o n t a i n s 3 5 w t % C o - 3 5 w t % N i - 2 0 w t % C r - 10wt%Mo, and 

small Ti a d d i t i o n s . Two levels of Ti were studied, i.e«yrt%, 

0 . 1 5 and 0 . 7 4 5 . T h i s type of alloys w h e n solution t r e a t e d 

c o n s i s t of a m e t a s t a b l e fee solid s o l u t i o n . High strength 

c a n be p r o d u c e d b y d e f o r m a t i o n . 

S t u d i e s w e r e m a d e b y m e a n s of X - r a y s and 

t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y on the w o r k - s t r e n g t h e n i n g 

due to d e f o r m a t i o n at room a n d sub-zero t e m p e r a t u r e s , 

o b s e r v i n g the t r a n s f o r m a t i o n s (fee -» hep and twinning) 

t a k i n g place d u r i n g these d e f o r m a t i o n s and on f u r t h e r 

a n n e a l i n g b e t w e e n 425°C and 650°C. The p r e c i p i t a t i o n a n d 

r e c r y s t a l l i z a t i o n p r o c e s s e s t a k i n g place between 700°C and 

850°C were also a n a l y s e d . 

A n e x t e n s i v e study w a s p e r f o r m e d on the 

m e c h a n i c a l p r o p e r t i e s from room temperature to -196°C, 

u s i n g tensile t e s t i n g a n d impact t e s t i n g , for m a t e r i a l s in 

the s o l u t i o n t r e a t e d c o n d i t i o n and p r e v i o u s l y deformed 45% 

b y r o l l i n g at room t e m p e r a t u r e . The strength at e l e v a t e d 

t e m p e r a t u r e s w a s s t u d i e d u s i n g c o m p r e s s i o n testing for 

m a t e r i a l s in the s o l u t i o n t r e a t e d , solution treated a n d 

a g e d (600°C/5 h r s ) , 45% d e f o r m e d and 45% deformed and aged 

(600°C/5 h r s ) , c o n d i t i o n s . The r e l a t i o n s h i p of m e c h a n i c a l 

p r o p e r t i e s to the m i c r o s t r u c t u r e w a s also a n a l y s e d . 



The a l l o y in the solution treated c o n d i t i o n 

has a m e t a s t a b l e fee s t r u c t u r e . D e f o r m a t i o n causes p r o f u s e 

d e f o r m a t i o n t w i n n i n g a n d some e m a r t e n s i t e f o r m a t i o n , 

w h i c h i n c r e a s e s in a m o u n t w i t h d e c r e a s i n g t e m p e r a t u r e . 

Both are r e s p o n s i b l e f o r the s t r e n g t h e n i n g effects 

o b s e r v e d . F u r t h e r s t r e n g t h e n i n g is o b t a i n e d by ageing the 

m a t e r i a l in the range of t e m p e r a t u r e 474°C-650°C. This w a s 

a t t r i b u t e d to e f o r m a t i o n and to d i f f u s i o n of m o l y b d e n u m 

a t o m s t o w a r d s s t a c k i n g f a u l t s and £ p l a t e l e t s . 

D y n a m i c s t r a i n a g e i n g effects occur w i t h i n 

the t e m p e r a t u r e range 360°C-700°C and are a t t r i b u t e d to 

the i n t e r a c t i o n of solute a t o m s , m a i n l y molybdenum a t o m s , 

w i t h d i s l o c a t i o n s . The s t r o n g e s t D . S . A . effect was 

o b s e r v e d at 550°C. 

T e n s i l e t e s t i n g from room temperature to 

-196°C s h o w e d h i g h d u c t i l i t y v a l u e s , which indicated 

s i m i l a r i t i e s w i t h the TRIP s t e e l s . The modes of f r a c t u r e 

were a n a l y s e d by s c a n n i n g e l e c t r o n m i c r o s c o p y . Ductile 

failure w a s o b s e r v e d from room temperature to -111°C an d 

i n t e r g r a n u l a r s e p a r a t i o n at -196°C. 



CHAPTER I 

I N T R O D U C T I O N 

M U L T I P H A S E a l l o y s form a f a m i l y of cobalt-

n i c k e l base a l l o y s w h i c h c o n t a i n 20pct O r , and lOpct M o . 

The c o b a l t - n i c k e l p r o p o r t i o n s v a r y from 60Co:10Ni to 

3 0 C o : 4 0 N i . T h e s e a l l o y s p o s s e s s a v e r y u s e f u l c o m b i n a t i o n 

of p r o p e r t i e s n a m e l y , h i g h s t r e n g t h , d u c t i l i t y , and 

e x c e l l e n t c o r r o s i o n r e s i s t a n c e . 

The a l l o y u n d e r c o n s i d e r a t i o n (PROTASUL 10)* 

b e l o n g s to the f a m i l y of the M U L T I P H A S E a l l o y s . It is a 

w r o u g h t a l l o y w h i c h h a s d e v e l o p e d from MP35N** alloy 

b y a d d i n g d i f f e r e n t Ti c o n t e n t s (0.15-0.745) to enhance 

f o r g e a b i l i t y . T h e s e a l l o y s are u s e d f o r h i p joints 

e n d o p r o s t h e s e s . T h e r e f o r e the r e q u i r e m e n t s of p r o p e r t i e s 

f o r its s e l e c t i o n is r a t h e r d e m a n d i n g . The m a t e r i a l m u s t 

have h i g h s t r e n g t h , good d u c t i l i t y , h i g h fatigue s t r e n g t h , 

since the i m p l a n t is s u b j e c t e d to a series of f l u c t u a t i n g 

s t r e s s e s , good w e a r r e s i s t a n c e and from the point of v i e w 

of i n e r t n e s s the i d e a l i m p l a n t should be capable of 

d i s s o l u t i o n o n l y in the p a s s i v e m o d e w h e n immersed in b o d y 

f l u i d s . It s h o u l d be c o m p a t i b l e with o t h e r alloys w i t h o u t 

p r o v o k i n g g a l v a n i c c o r r o s i o n and s h o u l d be resistant to 

* R e g i s t e r e d t r a d e m a r k of S u l z e r B r o t h e r s Ltd, S w i t z e r l a n d 

** T r a d e m a r k of S t a n d a r d P r e s s e d Steel C o m p a n y , U S A 



m i c r o m e c h a n i c a l c o r r o s i o n . 

I t s use h a s also been e x t e n d e d to the 

a e r o s p a c e i n d u s t r i e s , f o r h i g h strength fastening e l e m e n t s , 

a n d to the m a r i n e i n d u s t r y f o r v a l v e s , shafts and o t h e r 

h i g h l y loaded p a r t s w h e r e long lasting corrosion 

r e s i s t a n c e to salt w a t e r is a k e y r e q u i r e m e n t . 

U n l i k e m o s t c o b a l t base a l l o y s which are 

h a r d e n e d b y p r e c i p i t a t i o n of intermetallic compounds 

o r stable c a r b i d e s , the M U L T I P H A S E alloys derive t h e i r 

s t r e n g t h m a i n l y from m e c h a n i c a l d e f o r m a t i o n which i n d u c e s 

p h a s e t r a n s f o r m a t i o n in the m a t e r i a l . 

In the s o l u t i o n t r e a t e d condition these alloys 

are s i n g l e - p h a s e d and p o s s e s s a face c e n t r e d cubic 

structure w h i c h is stable above ^ 480°C-980°C depending on 

the a l l o y c o m p o s i t i o n . B e l o w 'v* 270°C-740°C the hep is the 

stable s t r u c t u r e . H o w e v e r the h i g h temperature fee structure 

p e r s i s t s on c o o l i n g to room t e m p e r a t u r e and below b e c a u s e 

t r a n s f o r m a t i o n is s l u g g i s h . In the case of M P 3 5 N the fee 

structure is stable above 650°C an d the hep structure i s 

stable b e l o w 425°C. 

T r a n s f o r m a t i o n is i n d u c e d by d e f o r m a t i o n , the 

a m o u n t of the t r a n s f o r m e d p r o d u c t b e i n g a function of the 

t e m p e r a t u r e and a m o u n t of d e f o r m a t i o n . 

I n the p a s t , the h i g h strength of the w o r k e d 

m a t e r i a l h a s b e e n e n t i r e l y a t t r i b u t e d to the strain i n d u c e d 

hep p h a s e . A m o r e r e c e n t s t u d y a t t r i b u t e s the strength 

o n l y to d e f o r m a t i o n t w i n n i n g . 



T h e s e c o n t r o v e r s i e s existent in the literature 

h a v e led the p r e s e n t r e s e a r c h in a direction to try to 

t h r o w some light o n t h i s m a t t e r . A l s o detailed studies 

. on the m e c h a n i c a l p r o p e r t i e s at low and.at high 

t e m p e r a t u r e s h a d n o t b e e n r e p o r t e d p r i o r to the p r e s e n t 

w o r k . T h e r e f o r e , it w a s t h o u g h t that w o u l d be i n t e r e s t i n g 

to c o v e r the w h o l e range of t e m p e r a t u r e s from sub-zero 

t e m p e r a t u r e s , i . e . , -196°C, to e l e v a t e d t e m p e r a t u r e s , 

i . e . , 950°C. S p e c i a l r e f e r e n c e to the temperature 

t r a n s f o r m a t i o n r a n g e s o f the fee h e p was given, t r y i n g 

to o b t a i n a r e l a t i o n s h i p b e t w e e n m e c h a n i c a l p r o p e r t i e s , 

phase t r a n s f o r m a t i o n s o c c u r r i n g and m i c r o s t r u c t u r e . 

In o r d e r to f u l f i l this programme of w o r k , 

p l a s t i c d e f o r m a t i o n at room and sub-zero t e m p e r a t u r e s 

(from ^ 2% to ^ 80%) w a s c a r r i e d out to study the 

t r a n s f o r m a t i o n s that o c c u r , in p a r t i c u l a r the f o r m a t i o n 

of e phase a n d / o r t w i n s . The a n n e a l i n g c h a r a c t e r i s t i c s of 

such p l a s t i c a l l y d e f o r m e d m a t e r i a l a n d of the u n d e f o r m e d 

s o l u t i o n t r e a t e d m a t e r i a l were also s t u d i e d . R e c o v e r y , 

p r e c i p i t a t i o n a n d r e c r y s t a l l i z a t l o n were analysed f o r 

the h i g h e r t e m p e r a t u r e t r e a t m e n t s . 

X - r a y a n a l y s i s , o p t i c a l and electron 

m i c r o s c o p y t e c h n i q u e s w e r e u s e d to t r y to follow the 

c h a n g e s o c c u r r i n g d u r i n g the v a r i o u s t r e a t m e n t s . 



C H A P T E R II 

L I T E R A T U R E S U R V E Y 

In o r d e r to u n d e r s t a n d the t r a n s f o r m a t i o n s 

u n d e r g o n e during d e f o r m a t i o n and on a n n e a l i n g , in the 

p a r t i c u l a r c o b a l t - b a s e d a l l o y c o n s i d e r e d in the p r e s e n t 

s t u d y , a g e n e r a l b a c k g r o u n d is g i v e n on c o b a l t , its 

c r y s t a l structure a n d a l l o t r o p i c t r a n s f o r m a t i o n and the 

role of a l l o y i n g a d d i t i o n s . 

The p h a s e d i a g r a m s that relate to the a l l o y 

s t u d i e d , b i n a r i e s , t e r n a r i e s and q u a t e r n a r y are v e r y 

b r i e f l y r e v i e w e d . 

The w o r k done on M U L T I P H A S E a l l o y s , with 

p a r t i c u l a r a t t e n t i o n to M P 3 5 N s t r e n g t h e n i n g m e c h a n i s m s and 

m e c h a n i c a l p r o p e r t i e s is also s u m m a r i s e d . F i n a l l y , the 

basic t h e o r y of d y n a m i c s t r a i n a g e i n g and general f r a c t u r e 

p r o c e s s e s is b r i e f l y s u m m a r i s e d . 

II.1 The a l l o t r o p i c t r a n s f o r m a t i o n in cobalt 

P u r e c o b a l t u n d e r g o e s an allotropic transforma-

t i o n u p o n h e a t i n g , from h e x a g o n a l c l o s e d p a c k e d (e) to 

face c e n t r e d c u b i c (a) (*)• The e p h a s e is stable at 

t e m p e r a t u r e s b e l o w 417°C and the a form is stable at h i g h e r 

t e m p e r a t u r e s up to the m e l t i n g p o i n t . The lattice 

o 

p a r a m e t e r s (A) f o r b o t h a l l o t r o p e s are given below: 



£ a 
c o b a l t (h.c.p.) cobalt (f.c.c.) 

a c c/a a 

2 . 5 0 7 1 4 . 0 6 8 6 1.6228 3.5441 

The eta t r a n s f o r m a t i o n is sluggish; the 

f u n d a m e n t a l r e a s o n is to be f o u n d in the v e r y low free 

e n e r g y c h a n g e a s s o c i a t e d w i t h the t r a n s f o r m a t i o n . M u c h of 

the h i g h t e m p e r a t u r e p h a s e (d) is r e t a i n e d on cooling 

t h r o u g h the t r a n s f o r m a t i o n t e m p e r a t u r e . H o w e v e r , the 

r e t a i n e d a m a y be t r a n s f o r m e d at room temperature b y 

p l a s t i c d e f o r m a t i o n ( 2 ) ( 3 ) ( 4 ). 

The a * e t r a n s f o r m a t i o n is m a r t e n s i t i c , a n d 

is c h a r a c t e r i s e d b y the f o l l o w i n g f e a t u r e s : 

1 . T h e t r a n s f o r m a t i o n is e s s e n t i a l l y athermal 

in n a t u r e . 

2 . I n a t h e r m a l cycle of cooling and r e -

h e a t i n g , the t r a n s f o r m a t i o n is f o u n d to be reversible w i t h , 

h o w e v e r , h y s t e r e s i s b e i n g o b s e r v e d in the t r a n s f o r m a t i o n 

t e m p e r a t u r e s . The t e m p e r a t u r e s at w h i c h the 

t r a n s f o r m a t i o n b e g i n s o n h e a t i n g (430°C) or cooling 

(390°C) are i n d e p e n d e n t of the .heating r a t e s . 

3 . The a m o u n t of the h e p e cobalt w h i c h forms 

from the a c o b a l t is i n d e p e n d e n t Of g r a i n size of the 

s t a r t i n g m a t e r i a l . 

4 . The t r a n s f o r m a t i o n o c c u r s b y shear with 

surface t i l t s b e i n g c o m m o n l y o b s e r v e d . The crystallo-

graphic r e l a t i o n s h i p b e t w e e n fee and h e p phases are 

{lll} a //{0001} e : <110> a // <1120> 
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I I . 2 The e f f e c t of a l l o y i n g elements on the 

a l l o t r o p i c t r a n s f o r m a t i o n of cobalt 

B i n a r y s y s t e m s 

The t e m p e r a t u r e at w h i c h the t r a n s f o r m a t i o n 

from h e p to the fee o c c u r s is i n f l u e n c e d by alloying 

e l e m e n t s . T h e r e f o r e , a l l o y i n g e l e m e n t s can be c l a s s i f i e d 

into two c a t e g o r i e s ( 5 ): i) s s t a b i l i s e r s , ii) a 

s t a b i l i s e r s . 

G i a m e i et al ( s ) p r o p o s e d two types of 

e q u i l i b r i u m d i a g r a m s f o r the e f f e c t of alloying a d d i t i o n s 

to c o b a l t ( F i g . I I . 1 ) . The f u l l lines represent e q u i l i b r i u m 

p h a s e b o u n d a r i e s a n d the d a s h e d lines represent 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 t e m p e r a t u r e s . The m o d e of allotropic 

t r a n s f o r m a t i o n c h a r a c t e r i z e d b y the M s and A s t e m p e r a t u r e 

lines is a s h e a r type d i f f u s i o n l e s s m a r t e n s i t i c r e a c t i o n . 

In F i g . I I . 1 . a (type 1 ) , the t r a n s f o r m a t i o n w i l l p r o b a b l y 

o c c u r b y a n u c l e a t i o n and g r o w t h m e c h a n i s m , whereas in 

(type 2 ) , the r e a c t i o n t e m p e r a t u r e s are so low at h i g h e r 

solute c o n c e n t r a t i o n s that the o n l y m o d e of t r a n s f o r m a t i o n 

o b s e r v e d is the m a r t e n s i t i c m o d e . 

If the- t r a n s f o r m a t i o n temperature is r a i s e d , 

the fee phase f i e l d is s a i d to be c o n s t r i c t e d , while 

d e p r e s s i o n of the t r a n s f o r m a t i o n leads to an e n l a r g e d 

a - f i e l d . 

F i g . II.2 s u m m a r i z e s the change in t r a n s f o r m a -

t i o n t e m p e r a t u r e p r o d u c e d b y 1 atomic p e r cent of s o l u t e 



m e t a l , in t e r m s of the a t o m i c n u m b e r of the solute ( 6 ). 

F i g . II.3 ( i ) ( 7 ) summarizes the types of 

c o b a l t - r i c h e q u i l i b r i u m diagram p r o d u c e d by the s o l u t i o n 

of v a r i o u s s o l u t e s . In c l a s s I , the t r a n s f o r m a t i o n 

t e m p e r a t u r e s are l o w e r e d . T h e s e are d i v i d e d into class I . A , 

w h e n t h e r e is a c o m p l e t e l y "open" a f i e l d where c o n t i n u o u s 

solid s o l u t i o n b e t w e e n the terminal elements e x i s t s , and 

class I . B , w h e r e there is a n "expanded" but "limited" 

a f i e l d , if c o n t i n u o u s s o l i d solution formation is 

p r e v e n t e d b y one or m o r e i n t e r m e d i a t e p h a s e s . 

The a l l o y i n g a d d i t i o n s w h i c h tend to stabilise 

the a p h a s e are i r o n , n i c k e l , c a r b o n , m a n g a n e s e , e t c . 

W h i l e c h r o m i u m , m o l y b d e n u m , t u n g s t e n , e t c . tend to 

stabilise the e p h a s e . 

F i g . I I . l . c , i s a schematic r e p r e s e n t a t i o n of 

the type of p h a s e diagram e x p e c t e d f o r cobalt alloyed 

w i t h the r e f r a c t o r y m e t a l s . D e p e n d i n g on the p a r t i c u l a r 

c o b a l t - r e f r a c t o r y m e t a l s y s t e m , the M s temperature m a y 

fall to b e l o w room t e m p e r a t u r e with i n c r e a s i n g solute 

c o n c e n t r a t i o n . In a l l o y s w h e r e the M s lies below room 

t e m p e r a t u r e , the fee a p h a s e m a y o c c u r at room 

t e m p e r a t u r e as a m e t a s t a b l e phase due to suppression of 

the p e r i c t e c t o i d r e a c t i o n b y rapid c o o l i n g . In such 

a l l o y s d e f o r m a t i o n of t h i s m e t a s t a b l e fee a phase m a y 

result in the t r a n s f o r m a t i o n to the hep £ p h a s e . 

It can be s e e n in F i g . II.4 ( 7 ) that 

the a d d i t i o n of m o l y b d e n u m causes the temperature of the 

m a r t e n s i t i c fed—t-hep t r a n s f o r m a t i o n to f a l l and that o f 



10 

Type I 

Co %- X a Xe 

ATOMIC % X 

Tp X* Xe I 
960 38 41 CoCr 
870 14 16 Co.Mo 
950 12 14 CojW 

1000 3 4 CoiTo 

F i g . I I . 1 . a - T y p e 1 
C o n s t r i c t e d cC f i e l d 

F i g . II.l.c Schematic equilibrium 
d i a g r a m s for cobalt a l l o y e d with 
the r e f r a c t o r y m e t a l s . S o l i d 
lines are equilibrium b o u n d a r i e s ; 
d o t t e d lines represent 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 t e m p e r a t u r e s 

Type II 

a 

Co %-

Ni or Fe 

ATOMIC % X 

F i g . I l . l . b - Type 2 
E n l a r g e d X f i e l d 

F i g . I l . l . d - S c h e m a t i c 
e q u i l i b r i u m diagrams f o r cobalt-
base alloys c o n t a i n i n g nickel o r 
i r o n . Solid lines are equilibrium 
b o u n d a r i e s ; dotted lines represen-
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 
t e m p e r a t u r e s . 

F i g . II.1 - E f f e c t s of a l l o y i n g a d d i t i o n s on the cobalt 
a l l o y p h a s e diagrams ( 5 ) 
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F i g . II.2 - C h a n g e in the t r a n s f o r m a t i o n t e m p e r a t u r e of 
c o b a l t b y 1 a t o m i c p e r cent of alloying a d d i t i o n , in 
t e r m s of the a t o m i c n u m b e r s of the elements ( 6 ) 

Li Be I 1 0 I 
1 

B I C 
• 1 

N 0 

Na Mg i 
i 

Al • Si 
O P S 

K Ca Sc Ti • V 
O Cf 

o 
Mn B 

Fe 
n 

Co Ni 
B 

Cu • Zn • Ga Ge 
O 

As 
O Se 

Rb Sr V Zr • Nb • Mo 
o 

Tc Ru • Rh 
0 * 

Pd 
n 

Ag Cd In Sn • Sb 
O Te 

Cs Ba Ce .HI 1 Ta i W 
O J O 

Re • Of • Ir 
Cf 

PI 
Cf 

Au Hg TI Pb Bi Po 

la 2a 3a 4a 5a | 6a 7a 8, 8j 83 lb 2b 3b 4b 5b 6b 

• CLASS I A. OPEN a - F I E L D 

• CLASS I B , EXPANDED a - F t ELD 

• CLASS 11 A, CLOSED a - F I E L D 

O CLASS I I B , CONTRACTED a - F I E L D 

Cf TRANSITION TEMPERATURE RAISED. BUT CONTINUOUS a SOLID SOLUTION. 

F i g . II.3 - A t e n t a t i v e c l a s s i f i c a t i o n of c o b a l t 
b i n a r y s y s t e m s (6) 
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10 20 60 Wt %Mo 

Fig.n.4. Cobalt rich section Co-Mo 

binary diagram (10) 

showing the martens i t ic— 

and equilibrium modes 

of transformation of hep/ 

fee cobalt. 

0 10 20 30 40 50% 
ATOMIC PERCENT MOLYBDENUM 

Co $ lp 2,0 25 30 35 40 45 50 55 Wt % Cr 

1600 

1400 

Fig.n.5. Cobalt rich section Co-Cr 

binary diagram (8),(10) 

showing the equilibrium 

mode of transformation 

and that the martensitic 

fcc/hcp is always above 

room temperature for less 

than 4 0 % Cr. 

0 10 20 30 40 50 

ATOMIC PERCENT CHROMIUM 
60% 

50 Wt % Ni 

Fig.n.6. Co.Ni Binary System 

10 20 30 40 5 0 % 
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the r e v e r s e t r a n s f o r m a t i o n to r i s e . I n a l l o y s c o n t a i n i n g 

m o r e t h a n 1 2 a t % M o the t e m p e r a t u r e o f the m a r t e n s i t i c 

fee -*hcp t r a n s f o r m a t i o n f a l l s to b e l o w room t e m p e r a t u r e 

w h i c h c a n c a u s e t h e f e e p h a s e to o c c u r a s a m e t a s t a b l e 

p h a s e at r o o m t e m p e r a t u r e . I n t h i s s y s t e m it a p p e a r s t h a t 

t h e e q u i l i b r i u m c o n s t i t u t i o n is r e p r e s e n t e d b y a + C o 3 M o ^ S 

F i g . I I . 5 s h o w s the C o - C r p h a s e d i a g r a m . 

T h i s p r o v i d e s a n 'example o f a s y s t e m w h e r e the m a r t e n s i t i c 

f e e to h e p t e m p e r a t u r e l i e s a b o v e room t e m p e r a t u r e e v e n for 

h i g h a l l o y a d d i t i o n s (up to 4 0 % w t C r ) . A p p a r e n t l y the 

a l l o t r o p i c t r a n s f o r m a t i o n p r o c e e d s s u f f i c i e n t l y r a p i d l y 

in the a l l o y s c o n t a i n i n g m o r e t h a n 1 5 w t % C r so that t h e 

r e a c t i o n g o e s to c o m p l e t i o n b e f o r e t h e M s t e m p e r a t u r e is 

r e a c h e d ( 9 ). T h i s c a n be s e e n b y l o o k i n g at the T T T c u r v e 

f o r t h e C o - C r (7 ) ( F i g . V,.12.a). 

T h e C o - N f s y s t e m is s h o w n in F i g . I I . 6 . 

N i c k e l f o r m s a s e r i e s o f s o l i d s o l u t i o n s w i t h fee c o b a l t . 

T h e e a n d a t w o - p h a s e r e g i o n is s h o w n in this f i g u r e , 

a l t h o u g h i t s w i d t h i s i n d i s p u t e . 

I I . 3 T h e t e r n a r y s y s t e m s 

T h e C o - N i - C r s y s t e m 

T h e i s o t h e r m a l s e c t i o n at 1200°C of t h i s 

s y s t e m i s s h o w n i n F i g . I I . 7 ( u ) (
i 2

) . A t t h i s 

t e m p e r a t u r e t h e r e is a v e r y e x t e n s i v e f a c e - c e n t r e d c u b i c 

( a ) s o l i d s o l u t i o n r e p r e s e n t i n g s o l u t i o n of c h r o m i u m 

in the c o b a l t - n i c k e l a l l o y s . The bcc s o l i d s o l u t i o n of 



1.4 

c o b a l t a n d n i c k e l i n c h r o m i u m ( 3 ) is less e x t e n s i v e . T h e 

c o b a l t - c h r o m i u m a - p h a s e d i s s o l v e s a p p r e c i a b l e q u a n t i t i e s 

of n i c k e l and a s m a l l t h r e e - p h a s e triangle exists as 

s h o w n . 

The C o - N i - M o system 

T h i s s y s t e m as i n v e s t i g a t e d b y Beck (12) 

( F i g . II.8) at 1200°C is shown in F i g . I I . 8 . A t this 

t e m p e r a t u r e the f a c e - c e n t r e d cubic t e r n a r y solid s o l u t i o n 

i s e x t e n s i v e ; it m a y e n t e r into e q u i l i b r i u m e i t h e r w i t h 

M o N i c o n t a i n i n g a r e l a t i v e l y small amount of cobalt ( <5 ) 

o r w i t h M O g C O y c o n t a i n i n g m o r e t h a n 20% n i c k e l ( ̂  ) . The 

fed s o l i d s o l u t i o n b a s e d on the c o b a l t - n i c k e l a phase ex-

t e n d s to 36% m o l y b d e n u m o n the n i c k e l - m o l y b d e n u m side a n d 

to 22.5% on the c o b a l t - m o l y b d e n u m side of the d i a g r a m . 

The c o r n e r of the t h r e e - p h a s e f i e l d o n the a b o u n d a r y is 

p l a c e d at 10% c o b a l t , 3 5 % m o l y b d e n u m , 55% n i c k e l . 

The C o - C r - M o system ( F i g . II.9) 

F i g . I I . 9 is an i s o t h e r m a l section at 1200°C 

of the C o - C r - M o (12) (13 ). The Cr-Mo (T- phase extends 

a p p r o x i m a t e l y h a l f - w a y a c r o s s the i s o t h e r m a l section in a 

f i e l d r o u g h l y p a r a l l e l to the c h r o m i u m - m o l y b d e n u m side of 

the d i a g r a m . It w i l l be r e c a l l e d that the Co-Mo system 

c o n t a i n s a a p h a s e stable b e t w e e n 1620°C and 1250°C, w h i l e 

there is a s i m i l a r p h a s e stable from 1470°C to room 

t e m p e r a t u r e in the C o - C r s y s t e m . A t e r n a r y p h a s e , 

d e s i g n a t e d R , is o b s e r v e d b e t w e e n the ends of the o and 
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y p h a s e s . A t 1300°C the s o l i d solution b e t w e e n the two 

a p h a s e s a r i s e s . 

The N i - C r - M o system ( F i g . 11.10) 

F i g . 1 1 . 1 0 shows the i s o t h e r m a l section at 

1200°C as d e t e r m i n e d b y B e c k (l1* ) . A b o u t t h r e e - q u a r t e r s of 

the area of the diagram is c o v e r e d b y solid solutions o f 

the a phase in the- n i c k e l c o r n e r and b y the two-phase 

a n d t h r e e - p h a s e f i e l d s in w h i c h a coexists with e, a , p, 

and<$ p h a s e s , a , e a n d a c o e x i s t in a three-phase f i e l d 

w h o s e b o u n d a r i e s are as f o l l o w s : a c o r n e r 4 3 % C r , 5 3 . 5 % N i 

a n d 3.5 M o ; a c o r n e r 4 9 % C r , 28% Ni and 23% M o , and £ 

c o r n e r 6 0 % C r , 2 9 . 5 % Ni a n d 1 0 . 5 % Mo (wt%). The or phase 

f i e l d is a p p r o x i m a t e l y p a r a l l e l to the c h r o m i u m - m o l y b d e n u m 

side of the d i a g r a m , c o m p r i s i n g a range of about 23 to 

45% C r . A s m o l y b d e n u m r e p l a c e chromium in the a s t r u c t u r e , 

the lattice p a r a m e t e r e x p a n d s . 

I I . 4 The Q u a t e r n a r y system (Co-Cr-Ni-Mo) 

T h i s system h a s b e e n i n v e s t i g a t e d by B e c k et 

a l A t c o n s t a n t t e m p e r a t u r e a q u a t e r n a r y phase 

diagram is r e p r e s e n t e d b y a t e t r a h e d r o n , each corner 

p o i n t of w h i c h c o r r e s p o n d s to 100% of one c o m p o n e n t , the 

f o u r f a c e s of the t e t r a h e d r o n , t h e n , are i s o t h e r m a l sections 

of the f o u r t e r n a r y s y s t e m s and the six edges are 

i s o t h e r m a l b i n a r y s y s t e m s . F i g . 11.12 is a tentative 

c o n s t r u c t i o n of part of the q u a t e r n a r y Co-Ni-Cr-Mo s y s t e m , 

at 1200°C ( is). 



16 

In the q u a t e r n a r y C o - N i - C r - M o at 1200°C, 

s e c t i o n s of c o n s t a n t m o l y b d e n u m c o n t e n t are t r i a n g u l a r 

s e c t i o n s t h r o u g h the t e t r a h e d r o n p a r a l l e l to the C r - N i - C o 

f a c e . A s the a m o u n t of m o l y b d e n u m i n c r e a s e s , the size o f 

the e q u i l a t e r a l t r i a n g l e b e c o m e s s m a l l e r . F i g . 11.11 shows 

an i s o t h e r m a l d i a g r a m at 1200°C in w h i c h the a phase 

b o u n d a r y f o r the 5% M o s e c t i o n t h r o u g h the Co-Ni-Cr-Mo 

system is plotted.' 

To i d e n t i f y the p h a s e s w h i c h coexist w i t h the 

a l p h a p h a s e in the" q u a t e r n a r y system ( m ) some general 

s t a t e m e n t s can be m a d e f r o m o b s e r v a t i o n s of the C r - C o - M o 

a n d C r - N i - M o t e r n a r y s y s t e m s at 1200°C (Figs. II.9 and 

1 1 . 1 0 ) . In the C o - C r r i c h r e g i o n of the diagram, the Mo 

c o n t e n t of cc p h a s e c o e x i s t i n g w i t h o phase ranges from 

0 to a p p r o x i m a t e l y 1 2 . 5 % M o . The M o c o n t e n t c o e x i s t i n g 

w i t h R p h a s e r a n g e s from 12.5 to - 1 6 % M o . A b o v e 16% M o , 

the y p h a s e c o e x i s t s w i t h a . On the c h r o m i u m - n i c k e l side 

of the d i a g r a m , the a p h a s e c o e x i s t s w i t h £ from 0 to 

5% M o , a n d w i t h the t e r n a r y o p h a s e b e t w e e n 5 and 1 9 % . 

The t e r n a r y P p h a s e c o e x i s t s w i t h a on the chromium-

n i c k e l side b e t w e e n 19 a n d 3 3 % M o . The <5 and q u a t e r n a r y 

a p h a s e s c o e x i s t o v e r v e r y limited c o m p o s i t i o n a l r a n g e s , 

above 33% M o . A s the c o b a l t content i n c r e a s e s , the 

s o l u b i l i t y of m o l y b d e n u m in the a p h a s e decreases from 

36% in the n i c k e l - m o l y b d e n u m b i n a r y system at 1200°C to 

22.5% Mo in the c o b a l t - m o l y b d e n u m s y s t e m . Both the <$ a n d 

y p h a s e s , w h i c h c o e x i s t w i t h a in the Co-Ni-Mo system 
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WEIGHT % NICKEL 

F i q X 7 . Isothermal section at I200°C of the cobalt-chromium-nickel ternary 

phase diagram (after Rideout, Manly, Kamen, Lementand Beck. 12). 

40 60 80 
WEIGHT % COBALT 

Fig.H. 8. Isothermal section at 1200° C of the cobait-nickel-molybdenum system 

(after Das, Rideout, and Beck.II). 
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WEIGHT % MOLYBDENUM 

Fig.n. 9. Co-Cr-Mo ternary diagram at 
2200°F(I200°C) 

Fiq.E.10. N i -Cr -Mo ternary diagram at 
~~ 2200°F (I200°C) 

Ternary Section 
at 5 7o Mo 

60 40 20 

WEIGHT % COBALT 

F i g . H E Co-Cr -N i ternary diagram .at 
I200°C 

Fig.E.12. Tentative construction of the quaternary 
~~ phase diagram Ni-Co-Cr-Mo at 

I200°C 
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at 1200°C (F i g . I I . 8 ) are v e r y h a r d , although their p r e s e n c e 

in a a l l o y s does n o t a p p e a r to have n e a r l y so drastic an 

e f f e c t on t o u g h n e s s as t h a t o f the s i g m a p h a s e . The 

o c c u r r e n c e of the b r i t t l e i n t e r - m e t a l l i c , a phase in a l l o y 

s y s t e m s i n v o l v i n g the t r a n s i t i o n e l e m e n t s is i n t e r e s t i n g . 

T h e p r e s e n c e of a , e v e n i n s m a l l a m o u n t s , in h i g h 

t e m p e r a t u r e a l l o y s is u n d e s i r a b l e b e c a u s e of the b r i t t l e n e s s 

w h i c h it i m p a r t s . The c o m p o s i t i o n r a n g e s over which s i g m a 

( a ) e x i s t s a r e , t h e r e f o r e , i m p o r t a n t . In the Cr-Ni-Mo 

t e r n a r y system at 1200°C, the a p h a s e coexists w i t h a in 

a l l o y s c o n t a i n i n g from 3 . 5 to 19% M o . H o w e v e r , solid 

s o l u t i o n s of the c o b a l t - c h r o m i u m a p h a s e penetrate deep into 

the 1200°C i s o t h e r m a l s e c t i o n of the Co-Cr-Mo t e r n a r y 

s y s t e m , in this system o c o e x i s t s w i t h a below 13% M o . 

The o v e r a l l e f f e c t of m o l y b d e n u m additions to 

the C r - C o - N i t e r n a r y s y s t e m , is to decrease the extent o f 

fee ( a ) s o l i d s o l u t i o n , e . g . in the 10% Mo s e c t i o n , 

a p h a s e c o e x i s t s w i t h the a s o l i d s o l u t i o n at both chromium-

c o b a l t a n d c h r o m i u m - n i c k e l e x t r e m e s of the a - p h a s e 

b o u n d a r y . The a p h a s e also c o e x i s t s w i t h £ and ? in a 

t h r e e - p h a s e f i e l d n e a r the c h r o m i u m - n i c k e l side of the 

d i a g r a m . 

II.5 M U L T I P H A S E a l l o y s - M e c h a n i c a l p r o p e r t i e s 

and s t r e n g t h e n i n g m e c h a n i s m s 

II.5.1 G e n e r a l C h a r a c t e r i s t i c s 

The s t r e n g t h e n i n g m e c h a n i s m s in the M U L T I P H A S E 
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a l l o y s have b e e n s t u d i e d b y a n u m b e r of workers (i*-i9 ) . 

F o r e x a m p l e , G r a h a m a n d Y o u n g b l o o d (is ) s t u d i e d the e f f e c t 

of s w a g i n g to a b o u t 20 p e t at t e m p e r a t u r e s where the h e p 

phase is t h e r m a l l y stable ( e . g . from 400°C to 900°C 

dep e n d i n g on c o m p o s i t i o n ) . T h e y o b s e r v e d an increase in 

the y i e l d s t r e n g t h b y m o r e t h a n a f a c t o r of t w o , c o m p a r e d 

to that of s p e c i m e n s s w a g e d w h e r e the fee polymorph is the 

o n l y stable p h a s e . The i n c r e a s e in strength is c a u s e d b y 

d e f o r m a t i o n of the a l l o y s a n d not a p r e c i p i t a t i o n 

p h e n o m e n o n , b e c a u s e the y i e l d strength of the solution t r e a t e d 

s p e c i m e n s w h i c h w e r e n o t s w a g e d did not i n c r e a s e . 

S u m m a r i s i n g , M U L T I P H A S E alloys consist of a 

single phase w i t h a fee s t r u c t u r e . W o r k i n g at room 

t e m p e r a t u r e b y s w a g i n g , d r a w i n g , rolling o r other cold 

f o r m i n g t e c h n i q u e s i n c r e a s e s the y i e l d strength to a b o u t 

three- to f i v e - f o l d c o m p a r e d with the f u l l y annealed 

c o n d i t i o n , w h i l e m a i n t a i n i n g a good d u c t i l i t y . There is a 

s i g n i f i c a n t c h a n g e in the m i c r o s t r u c t u r e that a c c o m p a n i e s 

the p r o n o u n c e d i n c r e a s e in y i e l d s t r e n g t h , which has b e e n 

a s s o c i a t e d w i t h the f o r m a t i o n of h e p p l a t e l e t s in the fee 

grains ( 1 ^ 1 7 ^ 8 ) or t w i n n i n g (20 ). It h a s also b e e n 

o b s e r v e d that the i n c r e a s e in y i e l d strength depends u p o n 

c o m p o s i t i o n . A s shown in F i g . 11.13 as the nickel c o n t e n t 

i n c r e a s e s the y i e l d s t r e n g t h d e c r e a s e s , f o r M U L T I P H A S E 

a l l o y s , f o r the same a m o u n t of d e f o r m a t i o n . 
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% REDUCTION BY SWAGING AT 2t°C 

FIG.IT.13 Effect of cold work on yield strength and amount of 

hep phase formed in various MULTIPHASE alloys (16)(18). 
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II.5.2 S t r e n g t h e n i n g M e c h a n i s m s 

I I . 5 . 2 . a D e f o r m a t i o n - i n d u c e d S t r e n g t h e n i n g 

S e v e r a l a u t h o r s ( 16-19) have related the 

d e f o r m a t i o n i n d u c e d s t r e n g t h e n i n g of M U L T I P H A S E alloys to 

the f o r m a t i o n o f fine p h e p p l a t e l e t s in the fee g r a i n s , 

w h i c h d e p e n d s o n the r e l a t i v e s t a b i l i t y of the a and e 

p h a s e s at room t e m p e r a t u r e . A l t h o u g h the e phase is stable 

up to 425°C in M P 3 5 N , u n d e r e q u i l i b r i u m conditions ( F i g . 

V . l ) , a i r c o o l i n g from the a n n e a l i n g temperature m a k e s it 

p o s s i b l e to o b t a i n an e s s e n t i a l l y fee m e t a s t a b l e s t r u c t u r e 

at room t e m p e r a t u r e . The r o o m temperature s t a c k i n g - f a u l t 

2 

e n e r g y , y , is r a t h e r l o w (25 mJ/m ), and the M s 

t e m p e r a t u r e f o r the m a r t e n s i t i c - t y p e ot->-£ t r a n s f o r m a t i o n 

is s o m e w h a t b e l o w room t e m p e r a t u r e . The martensitic 

t r a n s f o r m a t i o n from the m e t a s t a b l e fee structure to the 

stable hep s t r u c t u r e c a n be a c h i e v e d b y m e c h a n i c a l 

d e f o r m a t i o n at room t e m p e r a t u r e . The extent of the a ->• e 

t r a n s f o r m a t i o n i n c r e a s e s w i t h the a m o u n t of cold work a n d 

depends on the o r i g i n a l g r a i n s i z e . 

The a e t r a n s f o r m a t i o n o c c u r s on the c l o s e -

p a c k e d {111} p l a n e s of the fee structure and results i n the 

f o r m a t i o n of t h i n hep p l a t e l e t s w h i c h are coherent w i t h 

the m a t r i x ( 1 6 ) . The c o h e r e n c y strains promote the f o r m a t i o n , 

in each g r a i n , of n e t w o r k s o f £ p l a t e l e t s on i n t e r s e c t i n g 

sets of { i l l } p l a n e s . The p r e s e n c e of these networks leads 

to an i n c r e a s e in the m a t e r i a l ' s s t r e n g t h , since the 

m o b i l i t y of i m p e r f e c t i o n s in the fee m a t r i x is c o n s i d e r a b l y 

d e c r e a s e d . 
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The 0 . 2 % o f f s e t y i e l d strength is given b y the 

r e l a t i o n o = a + k d " 1 ^ (i) 
y o y 

w h e r e n=2 or 3 , a n d d is the e p l a t e l e t i n t e r s p a c i n g 

w h i c h d e c r e a s e s as the a m o u n t of c o l d w o r k i n c r e a s e s . 

T h i s r e l a t i o n s h i p is s i m i l a r to the H a l l -

P e t c h type; it h a s b e e n c o n c l u d e d (i6) that the e p l a t e l e t 

i n t e r s p a c i n g , d , is the p a r a m e t e r that controls the 

d e f o r m a t i o n - i n d u c e d s t r e n g t h e n i n g of M P 3 5 N (35Co-35Ni-

2 0 C r - 1 0 M o ) . H o w e v e r , V i a t o u r et al ( 21) have shown that 

the p h a s e t r a n s f o r m a t i o n does not b e g i n u n t i l a c e r t a i n 

d e f o r m a t i o n n e a r to 18% h a s b e e n e x c e e d e d . A b o v e t h i s , the 

amount of p h a s e t r a n s f o r m e d rises l i n e a r l y (10% increase 

in plastic d e f o r m a t i o n l e a d s to a 5% volume increase of the 

h e p p h a s e ) .These a u t h o r s m a d e an a t t e m p t to investigate the 

m e c h a n i s m r e s p o n s i b l e f o r the a l l o y h a r d e n i n g b y m e a n s of 

m i c r o p l a s t i c i t y a n d d e n s i t y m e a s u r e m e n t s . They found the 

m i c r o p l a s t i c i t y c u r v e s s h o w three distinct zones: 

(i) The first is l i n e a r and is c h a r a c t e r i z e d b y q = E . e , 

H o o k e ' s L a w ( cr = s t r e s s , £ = strain); (ii) In the s e c o n d , 

m i c r o s t r a i n s start to o c c u r w h e n the stress exceeds a 

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

a c c o r d i n g to a law of the a - E . e type; this zone 

c o r r e s p o n d s to the d i s p l a c e m e n t of existing dislocations; 

(iii) The t h i r d is c h a r a c t e r i z e d b y a parabolic increase 

of the m i c r o s t r a i n s ; it e x t e n d s b e y o n d a certain s t r e s s 

a n d it c o r r e s p o n d s to the coming into p l a y of the 

d i s l o c a t i o n s o u r c e s . 
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T h e y f o u n d a r e l a t i o n s h i p of the same type as 

the P e t c h l a w , e x c e p t f o r the e x p o n e n t . 

The r e a s o n i n g c o n s i d e r s the operation of 

d i s l o c a t i o n s o u r c e s l o c a t e d at a g r a i n b o u n d a r y , and it is 

s u p p o s e d that the first of them b e c o m e s active at s t r e s s 

a c o r r e s p o n d i n g to a s h e a r stress m a d e up of the 

f o l l o w i n g c o m p o n e n t s : ( i ) T h e stress r e q u i r e d to move the 

g e n e r a t e d d i s l o c a t i o n s . £ i i ) The stress which b a l a n c e s the 

opposing, s h e a r s t r e s s to the d i s l o c a t i o n s already g e n e r a t e d , 

and to the g r a i n b o u n d a r y towards w h i c h the g e n e r a t e d 

d i s l o c a t i o n is m o v i n g . 

In a d d i t i o n , to c a l c u l a t e the m i c r o p l a s t i c 

d e f o r m a t i o n , u s e is m a d e of the equation: e = /£bLu 
P 

b = B u r g e r s ' v e c t o r ; L = length of free dislocations p e r 

u n i t v o l u m e w h i c h c o n t r i b u t e to the strain; u = m e a n 

distance c r o s s e d b y e a c h ^dislocation. 

A l l t h i s e v e n t u a l l y leads to a r e l a t i o n s h i p 

b e t w e e n the m i c r o s t r a i n and the a p p l i e d stress a of the 

form: 

C D E p = 

K g = a c o n s t a n t w h i c h d e p e n d s on the m a t e r i a l and on the 

law a c c o r d i n g to w h i c h the length of active source increases 

w i t h i n c r e a s i n g a p p l i e d s t r e s s . 

If ^ d e s i g n a t e s the 0.2%-offset y i e l d 

s t r e n g t h , s u b s t i t u t i o n in equation (1) gives: 

(2) 0 Q = a + ( 2 ^ 0 0 2 ) 4 / 9 d - l / 3 

K 3 
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The c o m p a r i s o n of this t h e o r e t i c a l e x p r e s s i o n 

w i t h the e x p e r i m e n t a l r e s u l t s showed slight d i f f e r e n c e s . 

T h e r e f o r e , since the t h e o r e t i c a l m o d e l was b a s e d on a 

d e f o r m a t i o n m e c h a n i s m in w h i c h the distance between hep 

p l a t e l e t s is the o n l y p a r a m e t e r i n v o l v e d , it is likely that 

o t h e r m e c h a n i s m s c o n t r i b u t e to the m a t e r i a l ' s plastic 

d e f o r m a t i o n . 

I I . 5 . 2 . b A g e i n g - i n d u c e d S t r e n g t h e n i n g 

The s t r u c t u r a l c h a n g e s o b s e r v e d on h o l d i n g 

the M P 3 5 N a l l o y in the a f i e l d (425°C - 650°C) h a v e 

b e e n a t t r i b u t e d ( A 6 ) to s e g r e g a t i o n of solute atoms on 

p r e f e r r e d s i t e s . D e p e n d i n g o n the time the c o l d - w o r k e d 

m a t e r i a l is h e l d in this temperature• r a n g e , the f o l l o w i n g 

r e a c t i o n s have b e e n r e p o r t e d to take place at the interfaces 

b e t w e e n the a m a t r i x a n d the d e f o r m a t i o n - i n d u c e d £ 

lamellae: i) s e g r e g a t i o n of M o atoms; ii) formation of an 

fee c o m p o u n d ( a = 3 . 5 4 ^ ) , p o s s i b l y a m e t a s t a b l e allotrope of 

C o ^ M o ; iii) f o r m a t i o n of the Co^Mo e q u i l i b r i u m c o m p o u n d 

(ordered h e x a g o n a l D 0 i g > a = 5 . 1 3 A , c = 4.12A) 

L o c a l i s a t i o n o f the s e g r e g a t e d Mo a t o m s , at 

the i n t e r f a c e s b e t w e e n a m a t r i x and the p r i m a r y e p l a t e l e t s 

r e t a r d s the i n t e r v e n t i o n of the d i s l o c a t i o n sources; this 

a c c o u n t s f o r the i m p r o v e d s t r e n g t h . The decrease in the 

lattice p a r a m e t e r of the a m a t r i x during ageing agrees w i t h 

this m e c h a n i s m , since the atomic d i a m e t e r of Mo is distinctly-

g r e a t e r t h a n that of c o b a l t , n i c k e l a n d chromium; 
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the d e c r e a s e d p a r a m e t e r also i n d i c a t e s that it is the M o 

a t o m s that d i f f u s e t o w a r d s the e p l a t e l e t s (19). 

I I . 5 . 3 S t r u c t u r a l v a r i a b l e s a s s o c i a t e d w i t h the 

f o r m a t i o n o f h e p p l a t e l e t s in MULTIPHASE alloys 

Some o f the s t r u c t u r a l v a r i a b l e s which have 

been, a s s o c i a t e d ( i 0 ) w i t h the w o r k s t r e n g t h e n i n g ' a n d the 

s t r e s s - i n d u c e d f o r m a t i o n of the hep p l a t e l e t s in 

M U L T I P H A S E a l l o y s are: 

a) c / a ratio of the h e p p h a s e , 

b) m e c h a n i c a l t w i n n i n g of the hep p l a t e l e t s , 

c)' m e c h a n i c a l t w i n n i n g of the fee phase 

I I . 5 . 3 . a c / a ratio of the hep p h a s e 

The c / a r a t i o of 1.67 m e a s u r e d (is) f o r the 

h e p phase in c o l d w o r k e d 5 0 C o : 2 0 N i (20Crl0Mo) alloy is 

s i g n i f i c a n t l y g r e a t e r t h a n the i d e a l ratio 1.633 f o r the 

c l o s e - p a c k e d s p h e r e s . The h i g h c / a ratio c o u l d account for 

the t h i n n e s s of the h e p p l a t e l e t s a n d the h i g h y i e l d 

strength of M U L T I P H A S E a l l o y s . C a l c u l a t i o n s b a s e d on X - r a y 

data i n d i c a t e that the i n t e r a t o m i c s p a c i n g a on the close-

p a c k e d {0001 } h e p p l a n e is the same as that on the {111} 

p l a n e of the p a r e n t fee p h a s e . T h e r e f o r e , the h i g h c/a 

ratio is the r e s u l t of an e x p a n s i o n in the c axis or the 

[0001] h e p d i r e c t i o n . A s a result of this e x p a n s i o n , the 

fee p h a s e b e t w e e n the f i r s t set of p a r a l l e l hep p l a t e l e t s 

f o r m e d w o u l d be in c o m p r e s s i o n . The t h i c k e r a p l a t e l e t 
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b e c o m e s , the g r e a t e r is the c o m p r e s s i v e s t r e s s . The 

m a g n i t u d e of the c o m p r e s s i v e stress o n the fee phase due 

to the h i g h c / a ratio o f two p a r a l l e l hep platelets c a n 

be e s t i m a t e d from the e q u a t i o n : 

a c E L(c/a) a c t u a l - (c/a) ideal] t 

[(c/a) i d e a l ] S 

E = Y o u n g ' s m o d u l u s , 2 3 3 . 2 x 1 0 3 M N / m 2 f o r M U L T I P H A S E 
a l l o y s 

t = the t h i c k n e s s of the h e p p l a t e l e t s 

S = the average p l a t e l e t spacing 

T h i s c o m p r e s s i v e stress w o u l d tend to i n h i b i t 

the f o r m a t i o n o f a d d i t i o n a l hep p l a t e l e t s on {111} fee 

p l a n e s p a r a l l e l to the i n i t i a l p l a t e l e t s . H o w e v e r , it w o u l d 

p r o m o t e the f o r m a t i o n of h e p p l a t e l e t s on an i n t e r s e c t i n g 

set o f {111} fee p l a n e s on w h i c h it h a s a h i g h shear 

c o m p o n e n t . B e c a u s e of the c l o s e l y - s p a c e d , intersecting 

n e t w o r k of h e p p l a t e l e t s d e v e l o p e d in this m a n n e r w i t h i n 

e a c h g r a i n , the m o v e m e n t of d i s l o c a t i o n s o v e r large 

d i s t a n c e s w o u l d b e c o m e e x t r e m e l y d i f f i c u l t . It appears that 

the i n i t i a l a n d m a j o r m o d e o f d e f o r m a t i o n involves the 

f o r m a t i o n of the h e p p l a t e l e t s . A f t e r severe d e f o r m a t i o n , 

the b u i l d - u p of h i g h i n t e r n a l s t r e s s e s , locked in b y the 

p l a t e l e t n e t w o r k , s h o u l d m a k e f u r t h e r f o r m a t i o n of 

a d d i t i o n a l h e p p h a s e e x t r e m e l y d i f f i c u l t . A d d i t i o n a l 

p l a s t i c strain c o u l d o c c u r b y t w i n n i n g a n d o r d i n a r y s l i p , 

w h i c h do not i n c r e a s e the amount of h e p p h a s e . 
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I I . 5 . 3 . b M e c h a n i c a l t w i n n i n g in h e p platelets 

A c o m p r e s s i v e stress p e r p e n d i c u l a r to the 

{0001} p l a n e s of a hep p l a t e l e t v/ould f a v o u r the f o r m a t i o n 

of m e c h a n i c a l (10l2) t w i n s . I n cold w o r k e d M U L T I P H A S E 

a l l o y s , t h o s e m e c h a n i c a l t w i n s could p r e v e n t an i n c r e a s e 

in the t h i c k n e s s of an e x i s t i n g hep p l a t e l e t by a s t r e s s -

i n d u c e d t r a n s f o r m a t i o n . T h i s t r a n s f o r m a t i o n in pure c o b a l t 

a n d c o b a l t - r i c h a l l o y s o c c u r s by the passage of p a r t i a l 

d i s l o c a t i o n s on the {111} p l a n e s of the parent fee t h a t 

are p a r a l l e l to the {0001} p l a n e of the existing hep 

p l a t e l e t . T h i s p a r a l l e l a l i g n m e n t ( {0001} hep// {111} f e e ) is 

a n e c e s s a r y r e q u i r e m e n t f o r the e a s y m o v e m e n t of these 

p a r t i a l d i s l o c a t i o n s . A (1012) m e c h a n i c a l twin w o u l d be 

a b a r r i e r to the p a s s a g e of the d i s l o c a t i o n s because the 

{0001} p l a n e of the t w i n is. almost p e r p e n d i c u l a r to t h e 

{111} fee h a b i t p l a n e . 

I I . 5 . 3 . c " M e c h a n i c a l t w i n n i n g in fee phase 

T h e s e m e c h a n i c a l twins are easily d i s t i n g u i s h -

e d from a n n e a l i n g t w i n s w h i c h are m u c h w i d e r than the a r e a 

of a g r a i n s e l e c t e d f o r e l e c t r o n d i f f r a c t i o n . Graham a n d 

Y o u n g b l o o d (ia) r e p o r t e d evidence- of t h e i r e x i s t e n c e . 

R e m y a n d P i n e a u (22) studied the i n f l u e n c e 

of the SFE on p l a s t i c d e f o r m a t i o n m o d e s in b i n a r y 

C o - 3 3 / 3 5 N i , t e r n a r y C o - ( 3 0 / 3 5 / 4 0 / 4 5 ) N i - 1 4 C r and q u a t e r n a r y 

C o - ( 2 0 / 3 0 ) N i - 1 4 C r - 5 M o . T h e y found a relationship 

b e t w e e n SFE v a l u e s a n d the p r e v a i l i n g m o d e of d e f o r m a t i o n 
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( s l i p , t w i n n i n g a n d / o r 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 ) . 

This is d i s c u s s e d in C h a p t e r V in r e l a t i o n to the r e s u l t s 

o f the p r e s e n t w o r k . 

M e a s u r e m e n t s of the s t a c k i n g fault e n e r g y 

v a l u e s in the C o - N i - C r system have b e e n made b y several 

w o r k e r s (23) ( in ) (25) (26); this is shown in F i g . 1 1 . 1 4 . 

The t r a n s f o r m a t i o n - i n d u c e d product has also 

b e e n s t u d i e d (22) in r e l a t i o n to n i c k e l c o n t e n t , 

t e m p e r a t u r e and a m o u n t o f d e f o r m a t i o n . I n the q u a t e r n a r y 

a l l o y C o - N i - 1 5 C r - 5 M o t w i n s a n d hep p l a t e l e t s , c o - e x i s t e d 

in some t e m p e r a t u r e r a n g e b e l o w M d such that the domains 

of t w i n n i n g and h e p m a r t e n s i t e o v e r l a p p e d . 

I I . 5 . 4 M e c h a n i s m o f hep n u c l e a t i o n 

A n u c l e a t i o n m e c h a n i s m f o r the t r a n s f o r m a t i o n 

in C o - N i a l l o y h a s b e e n p r o p o s e d ( s s ) . C o l d - w o r k enhances 

the n u c l e a t i o n p r o c e s s o f the phase b y introducing 

glissile a/2 <110> d i s l o c a t i o n s w h i c h m a y dissociate into 

a/6 <211> p a r t i a l d i s l o c a t i o n s w h i c h b o u n d a stacking 

f a u l t , as s u g g e s t e d b y C o h e n and W e e r t m a n (2^ ). The m o t i o n 

o f the p r i m a r y p a r t i a l d i s l o c a t i o n distorts the close-

p a c k e d p l a n e . The s t r a i n at the d i s l o c a t i o n core and the 

change in lattice p a r a m e t e r h e l p to n u c l e a t e a second 

p a r t i a l d i s l o c a t i o n two c l o s e - p a c k e d p l a n e s a w a y . This 

c r e a t e s two a d d i t i o n a l p l a n e s of p r o d u c t phase that w i l l 

g r o w since the s t a c k i n g fault energy j_s negative during 

the p h a s e c h a n g e , 
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• K o w i e (2 3) 
® K o s t e r (2 4) 
o D r a p i e r (2 5) 
* R e m y (2 6) 

Cr 

F i g . 1 1 . 1 4 - S t a c k i n g fault e n e r g y in the C o - N i - C r 
system ( m J / m 2 ) 
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II.5.5 M e c h a n i c a l p r o p e r t i e s of M P 3 5 N and P r o t a s u l - 1 0 

The m e c h a n i c a l p r o p e r t i e s of the q u a t e r n a r y 

3 5 C o - 3 5 N i - 2 0 C r - 1 0 M o a l l o y (MP35N) and Protasul-10 (the 

same c o m p o s i t i o n but w i t h a p p r o x i m a t e l y 1% Ti added) have 

b e e n i n v e s t i g a t e d b y s e v e r a l authors ( i g - 1 9 ) and ( 2 7 - k o ) . 

Figs* 1 1 . 1 5 a n d 11.16 show the strength a n d 

d u c t i l i t y for the c o l d - d r a w n M P 3 5 N as a function of the 

p e r c e n t a g e of r e d u c t i o n and the effect of ageing 

r e s p e c t i v e l y . 

F i g s . 1 1 . 1 7 a n d 11.18 compare M P 3 5 N and 

M P 1 5 9 ( a n o t h e r M U L T I P H A S E alloy: 3 6 C o - 2 5 N i - 1 9 C r - 9 F e - 7 M o - 3 T i ) 

w i t h some c o m m e r c i a l a l l o y s to show the comparison in 

p r o p e r t i e s . 

M P 3 5 N can be s t r e n g t h e n e d to above 1,793 M N / m 2 

( 0) t e n s i l e s t r e n g t h w i t h g o o d d u c t i l i t y , by c o m b i n i n g a 

phase t r a n s f o r m a t i o n t h a t is i n d u c e d b y cold w o r k a n d an 

a g e i n g r e a c t i o n . A l t h o u g h the low temperature d e f o r m a t i o n 

h a s not b e e n e x t e n s i v e l y s t u d i e d , M o n t a n a h a s r e p o r t e d ( 4 0 ) 

the m e c h a n i c a l p r o p e r t i e s of M P 3 5 N cold worked 49% and 

a g e d . These r e s u l t s are g i v e n in F i g s . I I . 1 9 and 1 1 . 2 0 . In 

these f i g u r e s can be o b s e r v e d the r e l a t i v e l y high d u c t i l i t y 

and n o t c h t o u g h n e s s at sub-zero t e m p e r a t u r e s . S i m i l a r 

results have b e e n f o u n d in a s t u d y of the deformation 

c h a r a c t e r i s t i c s of m e t a s t a b l e 3 - p h a s e in a Ti-15wt%Mo ( 4 4 ) 

a l l o y , in w h i c h e n h a n c e d d u c t i l i t y and strengthening at 

low t e m p e r a t u r e s were a t t r i b u t e d to twin f o r m a t i o n . 
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II.6 T h e o r e t i c a l b a c k g r o u n d to m e c h a n i c a l t e s t i n g 

I I . 6 . 1 . a S t r a i n A g e i n g 

W h e n solute atoms are s u f f i c i e n t l y m o b i l e 

to be able to diffuse to d i s l o c a t i o n s , they can slow d o w n 

the f r e e l y m o v i n g d i s l o c a t i o n s b y f o r m i n g an 'atmosphere 1 

a r o u n d t h e m . A n i n c r e a s e in y i e l d s t r e s s o c c u r s , on a g e i n g 

o r during s t r a i n i n g , b e i n g c l a s s i f i e d as 1 static strain 

a g e i n g 1 and 'dynamic s t r a i n a g e i n g 1 r e s p e c t i v e l y . 

N u m e r o u s d e t a i l e d studies of strain ageing 

c a u s e d b y i n t e r s t i t i a l a n d s u b s t i t u t i o n a l atoms have b e e n 

c o n d u c t e d in d i f f e r e n t m a t e r i a l s h a v i n g different c r y s t a l 

s t r u c t u r e s . The e f f e c t s of s u b s t i t u t i o n a l solutes were 

f u l l y r e v i e w e d b y B r i n d l e y and W o r t h i n g t o n («+s) and 

i n t e r s t i t i a l atom e f f e c t s w e r e r e v i e w e d b y Baird («*6 ) . In 

b o t h cases the g e n e r a l c h a r a c t e r i s t i c s are: a) increase in 

y i e l d s t r e s s , b) rise in the d u c t i l e / b r i t t l e fracture 

t e m p e r a t u r e , c)' h i g h w o r k h a r d e n i n g r a t e , d) serrated f l o w 

(The P o r t e v i n le C h a t e l i e r e f f e c t ) , e) p l a t e a u x o r p e a k s in 

the t e m p e r a t u r e d e p e n d e n c e of f l o w or p r o o f stress c u r v e , 

f) v e r y low (or n e g a t i v e ) s t r a i n - r a t e s e n s i t i v i t y , g) v e r y 

low r e l a x a t i o n s t r e s s e s , h) v e r y low creep rate. Most of 

these e f f e c t s can be e x p l a i n e d as a r i s i n g from the 

s e g r e g a t i o n of solute a t o m s to d i s l o c a t i o n s , p r o d u c i n g 

p i n n i n g of the d i s l o c a t i o n s ( f 6 ) . 

Some of t h e s e effects are s u m m a r i z e d in F i g . 

11.21 (^s), w h e r e a c o n s t a n t t e m p e r a t u r e is e m p l o y e d . 



No y i e l d po i.nl; io observed on re-load i.ng after roc; Ling the 

male rial under r; I re on for short t Lmcn , ( Fig.II,21.b) ; over-

straining removes the yield effec Is. However, when the test 

is stopped for longer times, the yield point returns on 

restarting the test (static strain-ageing), and the yield 

discontinuity is purely transient (Fig. II.21.c). 

If precipitation or recovery occur during this 

period, then the level of the stress/strain curve will be 

raised (Fig. II.21.d) or lowered (Fig. II.21.e) 

respectively. If the test is performed at temperatures where 

solute diffusion can occur, the interaction of solute atoms 

with moving dislocations will produce repeated fluctuations 

in stress, and a serrated flow on the stress-strain curve 

will appear (Fig. IT.21.f). This is termed dynamic strain 

ageing (DSA). 

II.6.1.b Characteristics of dvnamic strain agoing (DSA) 
— _ O I^J O : . : . . 

Dynamic strain-ageing effects occurring during 

the test can increase the tensile properties, fatigue 

strength and creep strength at moderately high tempera-

tures ( H ) . As has been mentioned above, DSA is character-

ized by the appearance of serrations in the stress/strain 

curve. It has been proposed that the onset of serrations 

coincides with the point at which effectively all mobile 

dislocations become locked by strain ageing at stages during 

the test, so that the stress increases until deformation 

is nucleated locally, with a sudden drop in stress when 

dislocation multiplication occurs. The fresh dislocations 
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STRAIN -

FigureU.21 Schematic diagrams of; (a) init ia l yield point, 

(b) Over straining, (c) strain ageing, 

(d) strain-age hardening, (e) Recovery, 

(f) Serrated flow. 

STRAIN RATE 8-3 x lO"^" 1 



are then p i n n e d b y d i f f u s i o n of solute atoms and the p r o c e s s 

is r e p e a t e d . A t h i g h t e m p e r a t u r e s the atmospheres become 

s u f f i c i e n t l y m o b i l e to m o v e w i t h dislocations so that 

r e p o r t e d C 1* 5)- Type A s e r r a t i o n s rise above the general 

l e v e l of the s t r e s s / s t r a i n curve and are periodic in n a t u r e . 

Type B s e r r a t i o n s , o s c i l l a t e about the general level of the 

s t r e s s / s t r a i n c u r v e a n d o c c u r in rapid s u c c e s s i o n . Type C 

s e r r a t i o n s f a l l b e l o w the g e n e r a l level of the s t r e s s / s t r a i n 

ciirve. A l l these d i f f e r e n t serrations appear in the a l l o y s 

s t u d i e d in the p r e s e n t w o r k f o r c e r t a i n temperatures a n d 

c e r t a i n a l l o y c o n d i t i o n s . F i g . 11.22 (^5 ) shows 

s c h e m a t i c a l l y the d i f f e r e n t t y p e s of serrations; the 

m e c h a n i s m s b y w h i c h t h e y arise w i t h different test 

c o n d i t i o n s are dealt w i t h in the D i s c u s s i o n C h a p t e r . 

T h e r e f o r e , o n l y a v e r y b r i e f s u m m a r y of the theoretical 

b a s i s b e h i n d these e f f e c t s is g i v e n h e r e . 

The s o l u t e . a t m o s p h e r e s exert m a x i m u m drag on 

the d i s l o c a t i o n s w h e n t h e y m o v e at some critical s p e e d , 

v j , g i v e n b y (is) v c = 

h 

D = d i f f u s i o n c o e f f i c i e n t of the solute 

h = e f f e c t i v e r a d i u s of the solute a t m o s p h e r e . 

A c r i t i c a l s t r a i n rate e x i s t s , given b y 

t h e y are n e v e r f u l l y l o c k e d 

T h r e e d i f f e r e n t types of serrations have b e e n 

p = m o b i l e d i s l o c a t i o n d e n s i t y 



If the m o v i n g d i s l o c a t i o n density is 

c o n s i d e r e d to be s t r a i n dependent then a m o d i f i e d e q u a t i o n 

is g i v e n as: ec"= K . V ^ 

w h e r e , K , 3 and m are c o n s t a n t s given b y the v a r i a t i o n o f 

v a c a n c y c o n c e n t r a t i o n w i t h strain C y = B . e m 

a n d the v a r i a t i o n of d i s l o c a t i o n d e n s i t y w i t h strain 

3 
P = N e 

A s i n d i c a t e d above D S A e f f e c t s can arise from 

the p r e s e n c e of i n t e r s t i t i a l o r s u b s t i t u t i o n a l a t o m s . T h e 

m a i n d i f f e r e n c e is the h i g h d i f f u s i o n coefficients and 

h i g h i n t e r a c t i o n e n e r g i e s w i t h d i s l o c a t i o n s , p r e s e n t e d b y 

i n t e r s t i t i a l s o l u t e s c o m p a r e d w i t h s u b s t i t u t i o n a l s o l u t e s . 

T h u s , i n t e r s t i t i a l atoms p r o d u c e m a r k e d strain-ageing 

e f f e c t s in s h o r t e r times a n d at c o m p a r a t i v e l y lower 

t e m p e r a t u r e s . 

D y n a m i c s t r a i n - a g e i n g due to interstitial 

atoms c a n o c c u r at a r o u n d room t e m p e r a t u r e in slow t e n s i l e 

d e f o r m a t i o n (^e) at v e r y h i g h i n t e r s t i t i a l solute l e v e l s . 

H o w e v e r , at v e r y h i g h ' s t r a i n rates such as obtained in 

i m p a c t d e f o r m a t i o n , the e f f e c t s a p p e a r at 400-670°C. 

C a r b o n a n d n i t r o g e n are t h e m a i n i n t e r s t i t i a l elements f o r 

D S A . 

In s u b s t i t u t i o n a l a l l o y s , it. is f o u n d that 

a c e r t a i n strain is r e q u i r e d f o r the o n s e t of serrations 

and this d e p e n d s on the c o m p o s i t i o n and the grain s i z e . The 

h i g h e r the solute c o n t e n t the smaller the minimum strain 

to the o n s e t of s e r r a t i o n s . T h i s m i n i m u m strain i n c r e a s e s 
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w i t h i n c r e a s i n g g r a i n s i z e . A t high t e m p e r a t u r e s the 

s e r r a t i o n s d i s a p p e a r . The d i s l o c a t i o n atmospheres are 

s u f f i c i e n t l y m o b i l e to e x e r t little drag on the d i s l o c a t i o n s 

at the v e l o c i t y i n v o l v e d . 

I I . 6 . 2 T h e r m a l l y A c t i v a t e d D e f o r m a t i o n -

A c t i v a t i o n P a r a m e t e r s 

P l a s t i c d e f o r m a t i o n m a y be thermally a s s i s t e d 

d e p e n d i n g on t i m e , t e m p e r a t u r e and s t r a i n r a t e . The 

d e t e r m i n a t i o n of the p o s s i b l e rate c o n t r o l l i n g m e c h a n i s m s 

i n v o l v e d h a s b e e n e x t e n s i v e l y r e v i e w e d b y E v a n s and 

R a w l i n g s ( ^ 7 ) . The m o s t r e l e v a n t p o i n t s w i l l be b r i e f l y 

o u t l i n e d b e l o w . 

I I . 6 . 2 . a F o r c e on a d i s l o c a t i o n a n d thermal a c t i v a t i o n 

The m a x i m u m f o r c e r e q u i r e d to move a 

d i s l o c a t i o n t h r o u g h a slip p l a n e c o r r e s p o n d s to the sum of 

l o n g - r a n g e f o r c e s (Fu) due to o b s t a c l e s like d i s l o c a t i o n s 

o n p a r a l l e l slip p l a n e s o r s e c o n d phase p a r t i c l e s , p l u s 

s h o r t - r a n g e f o r c e s (F*), w h i c h act o v e r a f e w atomic 

d i s t a n c e s o n l y , e . g . m o t i o n of jogs on a screw d i s l o c a t i o n 

o r o v e r c o m i n g i n t e r s t i t i a l a t o m s . M o r e energy is g e n e r a l l y 

r e q u i r e d to o v e r c o m e a long range obstacle than a short 

range o n e . 

The a p p l i e d stress at 0°K is given by 

T = Fu + F* 

p.b 
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A t a n y t e m p e r a t u r e above 0°K atomic thermal 

f l u c t u a t i o n s can a s s i s t the a p p l i e d stress in o v e r c o m i n g 

o b s t a c l e s and at s u f f i c i e n t l y h i g h t e m p e r a t u r e s all short-

range o b s t a c l e s c a n be o v e r c o m e b y t h e r m a l f l u c t u a t i o n s , 

a n d the a p p l i e d s t r e s s e q u a l s the stress to overcome long 

r a n g e o b s t a c l e s , t u . B e c a u s e of this temperature 

d e p e n d e n c e x* is c a l l e d (^7) the t h e r m a l stress and T u 

is t e r m e d the a t h e r m a l s t r e s s . 

On t h i s b a s i s the a c t i v a t i o n p a r a m e t e r s are 

c a l c u l a t e d («*7). The m o s t i m p o r t a n t of these p a r a m e t e r s 

are a c t i v a t i o n v o l u m e ( V * ) , a c t i v a t i o n area (A*) and 

a c t i v a t i o n e n t h a l p y ( AH) a n d the t o t a l a c t i v a t i o n e n t h a l p y , 

A H 0 . D e p e n d i n g on the v a l u e of these p a r a m e t e r s it is 

p o s s i b l e to i d e n t i f y the rate c o n t r o l l i n g deformation 

m e c h a n i s m s . 

I I . 6 . 2 . b E x p e r i m e n t a l t e c h n i q u e s of determination of 

the a c t i v a t i o n p a r a m e t e r s 

E v a n s a n d R a w l i n g s ( «*7) c o n v e r t e d their 

a c t i v a t e d p a r a m e t e r s e q u a t i o n s so that they c o n t a i n e d o n l y 

e x p e r i m e n t a l l y m e a s u r a b l e q u a n t i t i e s , i . e . , t e m p e r a t u r e , 

strain rate and t e n s i l e s t r e s s . 

T h u s , a c t i v a t i o n v o l u m e and activation 

e n t h a l p y can be d e t e r m i n e d from differential c r e e p , 

d i f f e r e n t i a l c o n s t a n t s t r a i n rate tests and from stress 

r e l a x a t i o n e x p e r i m e n t s . These are shown s c h e m a t i c a l l y in 

F i g . 1 1 . 2 3 . 
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c . D e t e r m i n a t i o n of the a t h e r m a l a n d 
t h e r m a l c o m p o n e n t s of s t r e s s b y the 
e x t r a p o l a t i o n p r o c e d u r e 

F i g . 1 1 . 2 3 - D e t e r m i n a t i o n of a c t i v a t i o n parameters(47) 
from: 
a) c h a n g e of s t r a i n rate 
b) c r e e p t e s t 
c) stress r e l a x a t i o n test 
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H o w e v e r , some r e q u i r e m e n t s have to be m e t 

f o r the v a l i d i t y of the e x p e r i m e n t a l l y determined 

p a r a m e t e r s , i . e . , i n a c o n s t a n t strain rate test, the 

e q u a t i o n s are o n l y v a l i d if the a p p l i e d stress is a 

u n i q u e f u n c t i o n of t e m p e r a t u r e and strain r a t e . 

The v a l u e s f o r the t h e r m a l and athermal 

c o m p o n e n t s of s t r e s s c a n b e e v a l u a t e d from the stress 

r e l a x a t i o n t e s t s ( F i g . I I . 2 3 . c ) . H o w e v e r , r e l a x a t i o n c a n 

n e v e r be c o m p l e t e i n a f i n i t e t i m e , s o , over the long 

r e l a x a t i o n p e r i o d r e q u i r e d , e i t h e r r e c o v e r y or 

d i s l o c a t i o n p i n n i n g is l i k e l y to o c c u r p r o v i d i n g e r r o n e o u s 

v a l u e s of the a t h e r m a l s t r e s s . On the o t h e r h a n d , the 

t h e r m a l s t r e s s e s c a n o n l y be d e t e r m i n e d u n a m b i g u o u s l y if 

the m o b i l e d i s l o c a t i o n d e n s i t y is s t r e s s i n d e p e n d e n t . 

The a c t i v a t i o n -parameters are only s i g n i f i c a n t 

if one type of o b s t a c l e s c o n t r o l s the deformation r a t e . 

I n g e n e r a l there a r e s e v e r a l types of obstacles in 

e x i s t e n c e in a l a t t i c e a n d these m a y o r m a y not c o n t r i b u t e 

to the s t r e s s . I f A H 0 i s f o u n d to be s t r e s s - d e p e n d e n t , 

p o s i t i v e i d e n t i f i c a t i o n o f the r a t e - c o n t r o l l i n g o b s t a c l e s 

i s n o t p o s s i b l e . 

The v a r i a t i o n of the t h e r m a l stress w i t h s t r a i n 

a n d the p o s s i b l e v a r i a t i o n s of a c t i v a t i o n volume and 

e n t h a l p y , is i m p o r t a n t b e c a u s e it i n d i c a t e s w h e t h e r the 

t h e r m a l m e c h a n i s m d e p e n d s in a n y w a y u p o n the d i s l o c a t i o n 

d e n s i t y , p o i n t d e f e c t d e n s i t y , e t c . , o r w h e t h e r the 

m e c h a n i s m itself c h a n g e s w i t h s t r a i n . 
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M o s t w o r k e r s have a s s u m e d that the mobile 

d i s l o c a t i o n d e n s i t y is s t r e s s i n d e p e n d e n t a n d that the 

s t r e s s is a u n i q u e f u n c t i o n of s t r a i n - r a t e and 

t e m p e r a t u r e . H o w e v e r , E v a n s and Rawlings- ( I 7 ) have 

c o n d u c t e d c a r e f u l e x p e r i m e n t s to v e r i f y the v a r i o u s p a r t s 

of the t h e o r y t h e y p r o p o s e d and t h e y f o u n d close 

a g r e e m e n t b e t w e e n b o t h . 

II.6.3 F r a c t u r e M e c h a n i s m s 

The m a c r o s c o p i c and m i c r o s c o p i c features o f 

the f r a c t u r e s u r f a c e s give an insight into the d u c t i l i t y 

of a m a t e r i a l a n d the m e c h a n i s m s o p e r a t i n g during f r a c t u r e . 

T h i s subject h a s b e e n w i d e l y s t u d i e d a n d r e v i e w e d b y m a n y 

a u t h o r s ( 4 8 ) - ( 5 1 ) « T h e r e f o r e o n l y a b r i e f summary of the 

t y p e s of f r a c t u r e is g i v e n h e r e . The type of fracture 

r e l a t e s to its m e c h a n i c s , t h a t i s , h o w the loads are a p p l i e d 

to the s t r u c t u r e a n d h o w t h e y are r e d i s t r i b u t e d during 

the f r a c t u r i n g p r o c e s s . The k i n d s of f r a c t u r e are: 

d u c t i l e , b r i t t l e , c r e e p , f a t i g u e and a d i a b a t i c s h e a r . 

D u c t i l e f r a c t u r e m e a n s the fracture p r o c e e d s 

s l o w l y as the e x t e r n a l l o a d s supply e n e r g y to extend the 

c r a c k . T h i s p r o c e s s i n v o l v e s c o n s i d e r a b l e plastic flow of 

the m a t e r i a l a d j a c e n t to the c r a c k . 

B r i t t l e f r a c t u r e m e a n s the crack spreads 

r a p i d l y and there is l i t t l e plastic d e f o r m a t i o n during 

crack p r o p a g a t i o n . In c r e e p fracture the crack is 

p r o d u c e d b y a p p l y i n g the loads for a v e r y long time a n d 
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in fatigue f r a c t u r e it is f o r m e d b y the repeated 

f l u c t u a t i o n s of the l o a d . A d i a b a t i c shear fracture is 

p r o d u c e d b y v e r y r a p i d l o a d i n g such that the heat g e n e r a t e d 

b y p l a s t i c s t r a i n i n g h a s no time to f l o w - t h r o u g h o u t the 

c r y s t a l . 

In a d u c t i l e m a t e r i a l b y altering the 

t e m p e r a t u r e , s t a t e of s t r e s s e s o r rate of l o a d i n g , a 

b r i t t l e k i n d of f r a c t u r e m a y be i n d u c e d . 

In b c c m a t e r i a l s there is a strong 

t e m p e r a t u r e d e p e n d e n c e of the m o d e s of f r a c t u r e . This is 

n o t so in fee m a t e r i a l s w h i c h f r a c t u r e m a i n l y in a 

ductile m o d e . H o w e v e r , p h a s e t r a n s f o r m a t i o n s can n o t a b l y 

influence the f r a c t u r e m o d e . V e r y h i g h e l o n g a t i o n v a l u e s 

a n d h i g h s t r e n g t h m a y a c c o m p a n y phase t r a n s f o r m a t i o n s during 

p l a s t i c s t r a i n i n g , and t h i s 'has b e e n s t u d i e d e x t e n s i v e l y 

in TRIP steels (53) - ( 5 5 ) . S u p p r e s s i o n of necking and 

s u p p r e s s i o n of the i n i t i a t i o n and p r o p a g a t i o n of m i c r o -

cracks b y r e l a x a t i o n of s t r e s s c o n c e n t r a t i o n s due to the 

f o r m a t i o n of the s t r a i n - i n d u c e d m a r t e n s i t e s are 

c h a r a c t e r i s t i c of this e f f e c t . Fatigue crack p r o p a g a t i o n 

h a s also b e e n s t u d i e d in a u s t e n i t i c stainless steel (57 ), 

a n d crack growth rate w a s f o u n d to be r e l a t i v e l y low w h e n 

m a r t e n s i t e w a s p r o d u c e d at the crack t i p . 

M a x w e l l ( 5f ) i n a f r a c t o g r a p h i c a n a l y s i s in 

TRIP steels f o u n d that f a i l u r e w a s s t r o n g l y dependent on 

the p r e s e n c e of b o t h s t r a i n - i n d u c e d and s t r e s s - a s s i s t e d 

m a r t e n s i t e , a n d s u g g e s t e d that the m e c h a n i s m s of failure 
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w e r e : a) c l e a v a g e a c r o s s the s t r e s s - a s s i s t e d m a r t e n s i t e 

p l a t e s , and b) d e c o h e s i o n at the i n t e r f a c e s between 

a u s t e n i t e and s t r a i n - i n d u c e d m a r t e n s i t e w i t h subsequent 

v o i d f o r m a t i o n . M o n t e i r o and F o n s e c a ( 5 8-) observed ductile 

f a i l u r e in 310 type a l l o y and an i n t e r g r a n u l a r mode of 

f r a c t u r e r e l a t e d to i n c l u s i o n s at the grain b o u n d a r i e s . 

H o w e v e r , in type 302 a l l o y , three d i f f e r e n t types of 

f r a c t u r e were o b s e r v e d , at n e c k i n g f o r each t e m p e r a t u r e . 

A t 77°K fra c t u r e t o o k p l a c e in a ductile m a n n e r with the 

m a r t e n s i t e h e l p i n g in the n u c l e a t i o h and p r o p a g a t i o n of 

c r a c k s . A t 193°K a n d a b o v e , s t r a i n - i n d u c e d m a r t e n s i t e 

r e l a t e s to an e f f e c t i v e b l o c k i n g of n e c k i n g and the f r a c t u r e 

surface appears b r i t t l e . A t h i g h e r t e m p e r a t u r e s 273 a n d 

298°K, the f r a c t u r e s u r f a c e showed c l e a v a g e f a c e t s . In 

spite of the a p p a r e n t l y b r i t t l e f r a c t u r e , the u n i f o r m 

e l o n g a t i o n w a s h i g h , w h i c h i n d i c a t e s the large effect of 

the p h a s e t r a n s f o r m a t i o n on the d u c t i l i t y of this m a t e r i a l . 
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C H A P T E R III 

E X P E R I M E N T A L P R O C E D U R E 

1 1 1 . 1 A l l o y P r e p a r a t i o n 

T a b l e I I I . l l i s t s the a l l o y s c o m p o s i t i o n s . 

These alloys were p r o v i d e d b y SULZER BROTHERS L T D . , 

W i n t e r t h u r , S w i t z e r l a n d , in the form of 2 5.4 m m d i a m e t e r 

b a r s , one m e t r e l o n g . The c h e m i c a l a n a l y s e s given in 

Table III.l were p r o v i d e d b y S U L Z E R . The m a i n difference 

in c o m p o s i t i o n b e t w e e n the two a l l o y s w a s in the t i t a n i u m 

c o n t e n t . S u l z e r o b t a i n e d the a l l o y s as w r o u g h t m a t e r i a l 

from the L a t r o b e S t e e l C o m p a n y ( U . S . A . ) , then s u b j e c t e d 

them to a s p e c i a l f o r g i n g p r o c e s s ; such bars are f i n a l l y 

p r o c e s s e d b y S u l z e r into an implant m a t e r i a l known u n d e r 

the name P R 0 T A S U L - 1 0 ( r e g i s t e r e d t r a d e m a r k of the S u l z e r -

t r e a t e d a n d f i n i s h - m a c h i n e d M P 3 5 N m a t e r i a l ) . Since a b o u t 

1 9 7 5 , S u l z e r h a s b e e n u s i n g o n l y the a l l o y w i t h 0.7% T i , 

b e c a u s e the m a t e r i a l c a n be c o n s e q u e n t l y p r o c e s s e d m u c h 

b e t t e r w i t h o u t the risk of c r a c k s ( 1 1 3 ) . 

111.2 S p e c i m e n P r e p a r a t i o n 

The m a t e r i a l w a s r e c e i v e d in the recrystallized-

a n n e a l e d (1050+10°C) c o n d i t i o n ; this is a totally austenitic 

structure w i t h low h a r d n e s s . The a s - r e c e i v e d bars were cut 

in small p i e c e s of about 7 cm l e n g t h , a n d each piece w a s 

h o t - r o l l e d at 1100°C, w i t h a reduction of 2 mm in each 

p a s s , to a f i n a l t h i c k n e s s of 5 m m . A f t e r this h o t - r o l l i n g , 



TABLE III.l 

ALLOYS COMPOSITIONS 

wt. % C Si Mn Cr Ni Mo W Ti Co 

Alloy B 0.026 0.066 0.036 20.0 35.68 10.0 0.1 0.15 Bal. 

Alloy A 0.01 0.05 0.024 20.5 35.5 9.5 0.09 0.745 Bal. 
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cthe long s t r i p s were c u t to about 5 cm long and 1.5 cm 

w i d e . E a c h small p i e c e w a s g r o u n d to remove the oxide 

layer and surface i r r e g u l a r i t i e s and to m a k e it flat a n d 

of u n i f o r m t h i c k n e s s 3 m m ) . 

T h e s e s p e c i m e n s were h o m o g e n i z e d at 1100°C 

f o r one h o u r in a f u r n a c e w i t h an a r g o n a t m o s p h e r e , a n d 

w a t e r q u e n c h e d . A c r o s s s e c t i o n of a specimen heat t r e a t e d 

in t h i s w a y w a s e x a m i n e d to observe the thickness of the 

oxide l a y e r , a n d m i c r o h a r d n e s s tests were also c a r r i e d o u t . 

It w a s f o u n d that the o x i d e layer w a s v e r y s m a l l , e a s i l y 

r e m o v e d by simple g r i n d i n g in s i l i c o n carbide w a t e r p r o o f 

g r i n d i n g p a p e r . It w a s d e c i d e d t h e r e f o r e that there w a s 

no n e c e s s i t y to seal t h e s e s p e c i m e n s in evacuated s i l i c a 

c a p s u l e s f o r h e a t t r e a t m e n t a n n e a l i n g at 1100°C (Vz hr) . 

A f t e r homogeni.zation, these strips of an 

i n i t i a l 3 m m t h i c k n e s s w e r e r o l l e d at room t e m p e r a t u r e , 

w i t h i n t e r s t a g e a n n e a l i n g , f o r 30 m i n at llOO^C in an 

a r g o n a t m o s p h e r e , to o b t a i n samples to be s u b s e q u e n t l y 

given v a r i o u s degrees of d e f o r m a t i o n (0 to 8 7 % ) , r o l l i n g 

at room t e m p e r a t u r e a n d at sub-zero t e m p e r a t u r e s , a n d to 

finish w i t h a s t a n d a r d t h i c k n e s s of 0.5 m m s t r i p . This 

time all the s a m p l e s w e r e s e a l e d in s i l i c a tubes. 

The s a m p l e s w e r e f i n a l l y r o l l e d at d i f f e r e n t 

t e m p e r a t u r e s : 20°C, -70°C, -196°C, w i t h reductions of 5%, 

1 0 % , 2 0 % j 3 0 % , 4 0 % , 50%, 6 5 % , 80% and 8 7 % , r e s p e c t i v e l y , 

to give strips 0.5 mm t h i c k . Sub-zero t e m p e r a t u r e s w e r e 

a c h i e v e d u s i n g d i f f e r e n t m i x t u r e s of acetone or m e t h a n o l 
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and liquid n i t r o g e n . The r e d u c t i o n s d u r i n g each r o l l i n g 

p a s s were quite small ( e . g . 0.070 mm each pass) in o r d e r 

to m i n i m i z e the increase in t e m p e r a t u r e . In the i n t e r v a l 

b e t w e e n p a s s e s , s p e c i m e n s were k e p t in the l i q u i d 

m e d i u m w h i c h w a s h e l d at the r e q u i r e d t e m p e r a t u r e . 

H a r d n e s s m e a s u r e m e n t s , o p t i c a l m i c r o s c o p y , 

X - r a y a n a l y s i s and e l e c t r o n m i c r o s c o p y were carried out on 

a sample of e a c h strip o f e a c h d i f f e r e n t pet of d e f o r m a t i o n 

of each alloy. Since the c o m p o s i t i o n s of b o t h alloys w e r e 

c l o s e l y s i m i l a r , e x c e p t f o r Ti c o n t e n t , it w a s d e c i d e d 

to p e r f o r m f u r t h e r h e a t t r e a t m e n t s and s t r u c t u r a l s t u d i e s 

o n o n l y one of them; a l l o y A w a s s e l e c t e d . H o w e v e r , f o r 

m e c h a n i c a l p r o p e r t i e s t e s t s s p e c i m e n s from b o t h a l l o y s 

were p r e p a r e d a n d t e s t e d to o b s e r v e . t h e effect of Ti o n 

the m e c h a n i c a l p r o p e r t i e s . 

R e v e r s i o n t r e a t m e n t s of the d e f o r m e d a l l o y 

(using times b e t w e e n 2 m i n a n d 30 m i n ) were carried out 

in a salt b a t h at t e m p e r a t u r e s b e t w e e n 464°C and 700°C. 

These t e m p e r a t u r e s were c h o s e n to take account of the 

fact that the t r a n s f o r m a t i o n t e m p e r a t u r e (fee ^ hep) f o r 

M P 3 5 N lies in the range 425°C to 650°C. 

The salt b a t h u s e d was a m i x t u r e of sodium 

n i t r a t e (NaNpg) and p o t a s s i u m n i t r a t e ( K N O 3 ) . One s p e c i m e n 

f o r each pet of d e f o r m a t i o n at room temperature and one 

specimen of 50% d e f o r m e d at -70°C were t a k e n . The w h o l e 

b a t c h of d e f o r m e d samples w a s i n t r o d u c e d t o g e t h e r into 

the salt b a t h f o r each t i m e - t e m p e r a t u r e t r e a t m e n t , in 
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o r d e r to k e e p the same c o n d i t i o n s f o r all the s p e c i m e n s . 

A f t e r the t r e a t m e n t s , the s p e c i m e n s were quenched in w a t e r 

as r a p i d l y as p o s s i b l e . For t r e a t m e n t s of 2 m i n u t e s , 

s p e c i m e n s r o l l e d at -196°C (liquid nitro-gen temp.) 65% and 

80% were also i n c l u d e d in the b a t c h . 

H a r d n e s s m e a s u r e m e n t s , X - r a y analysis and 

o p t i c a l m i c r o s c o p y e x a m i n a t i o n w e r e c a r r i e d out on e a c h of 

these s a m p l e s . 

. A f t e r r o l l i n g , the s t r i p s were cut into s m a l l 

samples. (5 m m x 10 m m x 0.5 m m ) , u s i n g a Macrotome 2 

p r e c i s i o n c u t t i n g m a c h i n e . E a c h r e q u i r e d sample was 

surface g r o u n d on w a t e r - c o o l e d e m e r y w h e e l s down to 600 

grade p a p e r . 

F u r t h e r h e a t t r e a t m e n t s of duration from 5 hrs 

to 100 h r s were c a r r i e d out on s a m p l e s from each d e g r e e of 

d e f o r m a t i o n f o r s p e c i m e n s p r e v i o u s l y rolled at room 

t e m p e r a t u r e a n d at -196°C. The s p e c i m e n s were w r a p p e d in 

m o l y b d e n u m f o i l and s e a l e d in a r g o n f i l l e d silica c a p s u l e s . 

The m o l y b d e n u m f o i l w a s u s e d for p r e v e n t i n g specimens from 

s t i c k i n g t o g e t h e r . A f t e r h e a t t r e a t m e n t s the c a p s u l e s 

were b r o k e n u n d e r w a t e r to ensure a r a p i d quench. 

O p t i c a l and e l e c t r o n m i c r o s c o p y , X - r a y 

d i f f r a c t i o n a n a l y s i s and h a r d n e s s m e a s u r e m e n t s were u s e d 

to s t u d y each of these s a m p l e s . 

I I I . 3 H a r d n e s s M e a s u r e m e n t s 

The s p e c i m e n s were g r o u n d to remove the thin 



oxide layer f o r m e d on q u e n c h i n g , on a w a t e r cooled r o t a r y 

grinding w h e e l , u s i n g w a t e r p r o o f s i l i c o n carbide p a p e r 

600 g r a d e . 

H a r d n e s s m e a s u r e m e n t s were made on each 

d e f o r m e d s a m p l e , u s i n g a V i c k e r s 1 testing machine w i t h a 

20 K g l o a d . F o r each s p e c i m e n , the m e a n value of 10 

r e a d i n g s w a s t a k e n . The s t a n d a r d d e v i a t i o n was a s s e s s e d 

u s i n g the r e l a t i o n s h i p : 

4n / n - 1 D = s t a n d a r d deviation 
d = d e v i a t i o n from m e a n v a l u e 
n = n u m b e r of m e a s u r e m e n t s • 

The s t a n d a r d deviations c a l c u l a t e d from t h e 

r e s u l t s o b t a i n e d were of the o r d e r of +1 to +3 u n i t s . 

I I I . 4 M e t a l l o g r a p h y ' 

S a m p l e s f r o m each d i f f e r e n t deformation w e r e 

e x a m i n e d b y o p t i c a l m i c r o s c o p y . The f i n a l p o l i s h i n g w a s 

done on h o r i z o n t a l w h e e l s w i t h "selvyt cloth" i m p r e g n a t e d 

w i t h 3 and 1 p d i a m o n d p a s t e . The s p e c i m e n s were v e r y 

difficult i n d e e d , to a t t a c k . Several solutions were t r i e d , 

c h e m i c a l l y and e l e c t r o l y t i c a l l y . F i n a l l y one solution was 

f o u n d w h i c h gave good r e s u l t s for r e v e a l i n g the g e n e r a l 

s t r u c t u r e . This w a s [ H C 1 ( 8 m l ) , H N 0 g ( 0 . 5 m l ) , glycerin 

(2 m l ) , cupric c h l o r i d e (50-150 mg)] c h e m i c a l e t c h i n g 

s o l u t i o n 2/£ m i n u t e s . 

P h o t o - m i o r o g r a p h y was c a r r i e d out for the 

m o s t relevant m i c r o s t r u c t u r e s . 
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III.5 X - r a y A n a l y s i s 

X - r a y a n a l y s i s was c a r r i e d out for each 

sample from each d i f f e r e n t deformation from each a g e i n g 

t e m p e r a t u r e . 

The i n s t r u m e n t u s e d was a P h i l l i p s p w 1050/25 

d i f f r a c t o m e t e r w i t h a m o n o c h r o m a t o r attached in order 

to select the w a v e l e n g t h diffracted from the sample rather 

than the p r i m a r y b e a m , to improve resolution and to 

eliminate u n w a n t e d x-rays from the tube t a r g e t . The o u t p u t 

goes to a f a s t - a c t i n g automatic r e c o r d e r . The paper chart 

on the r e c o r d e r m o v e s at a constant speed so that the 

distances a l o n g the length of the chart are p r o p o r t i o n a l 

to 2 0 . 

The "d" values are determined from each 

reflection b y m e a s u r i n g the Bragg angle 9 and using the 

B r a g g Law: X = 2d s i n © ( 6 3 ) 

C o p p e r a n d c o b a l t r a d i a t i o n were used; the v a l u e s of 

\ n v = 1 . 5 4 2 , a n d X Co = K a = 1 . 7 9 0 2 1 , K a = 1.78092 

K a = 1 . 7 9 2 7 8 . A n anode v o l t a g e of 40 K V and a current 
2 

of 35 m A were u s e d for all the a n a l y s e s . The relative 

intensities were e s t i m a t e d b y chart i n s p e c t i o n . The "d" 

v a l u e s for the fee m a t r i x were c a l c u l a t e d by: 

a . X 
d = = • 2 s i n 0 



C o b a l t r a d i a t i o n was u s e d to compare w i t h 

p r e v i o u s a n a l y s i s done u s i n g c o p p e r r a d i a t i o n . P r e c i s e 

lattice p a r a m e t e r m e a s u r e m e n t s ( 3 ) were calculated f o r 

each c o n d i t i o n , b y c o m p u t i n g "a" f o r each peak on the 

p a t t e r n and p l o t t i n g a g a i n s t /cos 2Q + c o s 2 Q ] ; a 

straight line r e s u l t s a n d a 0 , the true lattice p a r a m e t e r 

v a l u e is f o u n d b y e x t r a p o l a t i n g the line to zero v a l u e s . 

This e x p r e s s i o n h o l d s quite a c c u r a t e l y down to v e r y l o w 

v a l u e s of 0 . 

III.6 T r a n s m i s s i o n E l e c t r o n M i c r o s c o p y 

S a m p l e s of ^ 0.5 mm t h i c k were thinned to 

0.2 m m b y g r i n d i n g o n w a t e r - c o o l e d e m e r y wheels down to 

800 grade p a p e r . 3 m m d i a m e t e r discs- were prepared b y 

spark cutting, from the thirjned m a t e r i a l . E l e c t r o p o l i s h i n g 

w a s c a r r i e d out b y a two stage t e c h n i q u e . The first 

p o l i s h i n g stage w a s m a d e u s i n g a v e r t i c a l jet of about 

1.2 m m d i a m e t e r . The e l e c t r o l y t e w a s supplied t h r o u g h a 

v e r t i c a l inlet tube b y g r a v i t y feed from a r e s e r v o i r . The 

e l e c t r o l y t e w a s r e c i r c u l a t e d b y the use of a m i n i p u m p . 

The e l e c t r o l y t e u s e d in the first stage w a s 

1 H C I 4 + 10 acetic a c i d , m a i n t a i n e d at about 15°C; the 

a p p l i e d p o t e n t i a l w a s 80 v o l t s and the current w a s 

c o n t r o l l e d at 20 m A . The p o l i s h i n g rate was c a l c u l a t e d to 

be about 2 0 u m / m i n . . The p r o f i l e w a s m a d e on both s i d e s 

of the s p e c i m e n to h a v e a t h i c k n e s s in the centre of the 

disc of a p p r o x i m a t e l y 10 ym. The s e c o n d stage of the 
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e l e c t r o p o l i s h i n g w a s m a d e b y h o l d i n g the disc with a p a i r 

of t w e e z e r s in a b e a k e r c o n t a i n i n g the electrolyte (with a 

stainless s t e e l strip s e r v i n g as the c a t h o d e ) . The s e c o n d 

stage e l e c t r o l y t e was 80 m l m e t h a n o l , 20 m l c o n c e n t r a t e d 

(64) 

H 2 S 0 4 and 5 m l of 85% H 3 P O 4 , m a i n t a i n e d at about 10°C; the 

a p p l i e d p o t e n t i a l was 4 + 1 volts a n d the current w a s k e p t 

at 0.08 A . A light w a s h e l d b e h i n d the b e a k e r . E l e c t r o -

p o l i s h i n g in t h e s e c o n d i t i o n s was c a r r i e d out until the 

m o m e n t of p e r f o r a t i o n , s i g n a l l e d b y a flash of l i g h t . A t 

this p o i n t , the p o l i s h i n g c u r r e n t w a s i n t e r r u p t e d and the 

sample w a s r e m o v e d , t h r o r o u g h l y r i n s e d and d r i e d . 

S u b s e q u e n t l y , f o i l s w e r e p r e p a r e d u s i n g a Struers a u t o m a t i c 

a p p a r a t u s . A t h i n f o i l i s p r o d u c e d b y e l e c t r o l y t i c a l 

r e m o v a l of m e t a l from b o t h s i d e s . W h e n a hole is p r o d u c e d , 

it is d e t e c t e d b y a p h o t o c e l l and the p r o c e s s is interrupted 

a n d at the same time an "alarm" is a c t i v a t e d . The s p e c i m e n 

w a s t h e n r e m o v e d v e r y q u i c k l y and i m m e d i a t e l y immersed in 

a c l e a n s o l u t i o n of e t h a n o l . The f o i l s were passed through 

three sets of c l e a n e t h a n o l to ensure absolute removal of 

the e l e c t r o l y t e , b e f o r e b e i n g a l l o w e d to d r y . The 

e l e c t r o l y t e u s e d w a s 1 part of p e r c h l o r i c acid + 10 p a r t s 

of acetic a c i d at room t e m p e r a t u r e . 

The f o i l s w e r e e x a m i n e d u s i n g a Philips 

E M 3 0 1 , 1 0 0 K V t r a n s m i s s i o n e l e c t r o n m i c r o s c o p e . 

In o r d e r to i d e n t i f y some of the p a r t i c l e s 

p r e s e n t in some foils an e x t r a c t i o n r e p l i c a technique was 

a p p l i e d a n d the r e p l i c a s were e x a m i n e d in the P h i l i p s T E M . 
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III.7 M e c h a n i c a l P r o p e r t i e s 

I I I . 7 . a T e n s i l e t e s t i n g 

I n i t i a l l y s m a l l flat tensile specimens w e r e 

m a d e of the d i m e n s i o n s s h o w n in F i g . I I I . l . a . These 

s p e c i m e n s a f t e r s t a m p i n g w e r e a n n e a l e d for 30 m i n at 1100°C 

in an a r g o n a t m o s p h e r e , and w a t e r q u e n c h e d . The edges of 

the s p e c i m e n s were g r o u n d to a v o i d c r a c k i n i t i a t i o n sites 

a n d the s u r f a c e s a l o n g the g a u g e l e n g t h were e l e c t r o -

p o l i s h e d to o b t a i n a g o o d surface f i n i s h . 

T e n s i l e t e s t s o n these specimens were 

u n s a t i s f a c t o r y , g i v i n g c o n s i d e r a b l e s c a t t e r in the tensile 

p r o p e r t i e s . A f t e r t e s t i n g up to f r a c t u r e , the 'grip' 

p o r t i o n s of the s p e c i m e n s w e r e v e r y d e f o r m e d and the h o l e s 

e l o n g a t e d , t h e r e f o r e , these s p e c i m e n s were d i s c a r d e d f o r 

t e n s i l e t e s t . H o w e v e r , t h e y w e r e u s e d to give r e l a t i v e l y 

small p e r c e n t a g e s of d e f o r m a t i o n (2%, 5%, 1 0 % , 1 7 % , 2 0 % , 

25% and 30%) at room t e m p e r a t u r e a n d -196°C to compare 

w i t h the s a m p l e s r o l l e d a p p r o x i m a t e l y the same a m o u n t s , by 

t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y . A 3 mm disc was cut in 

the spark m a c h i n e from the centre of the gauge length 

a n d e x a m i n e d b y t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y and 

o p t i c a l m i c r o s c o p y to see the a p p e a r a n c e of the slip lines 

on the s u r f a c e . 

R o u n d t e n s i l e s p e c i m e n s B r i t i s h Standards 

N o . 1 2 , d i m e n s i o n s g i v e n in F i g . Ill.l.b were made and 

t e s t e d . To p r e p a r e these s p e c i m e n s the o r i g i n a l bars were 

h o t r o l l e d at 1100°C to a f i n a l t h i c k n e s s of 1 cm a n d then 



h o m o g e n i z e d f o r 30 m i n to 1100°C in an argon a t m o s p h e r e . 

The s p e c i m e n s were m a c h i n e d so that the gauge length w a s 

p a r a l l e l to the r o l l i n g d i r e c t i o n . These specimens w h e n 

t e s t e d at low t e m p e r a t u r e s p r o v e d to be too strong f o r the 

s t a i n l e s s s t e e l g r i p s a v a i l a b l e a n d the grips c r a c k e d 

b e f o r e the s p e c i m e n f r a c t u r e d . 

A c c o r d i n g l y a t h i r d choice of specimens w a s 

s e l e c t e d , the B r i t i s h S t a n d a r d s N o . 11 double h e a d e d 

r o u n d tensile s p e c i m e n s , d i m e n s i o n s shown in F i g . I I I . I . e . 

T h e s e s p e c i m e n s w e r e m a c h i n e d from the same b a r s as the 

p r e v i o u s o n e s . Since t h e s e s p e c i m e n s p r o v e d to be 

s a t i s f a c t o r y , in o r d e r to compare d e f o r m e d and u n d e f o r m e d 

m a t e r i a l , o t h e r set of specimens were p r e p a r e d . The h o t 

r o l l e d p l u s a n n e a l e d at 1100°C ba r s w e r e cold rolled 45%; 

0.2 m m w a s t a k e n o f f in e a c h r o l l i n g p a s s . Care was t a k e n 

that the t e m p e r a t u r e d i d n o t *i!ise above room t e m p e r a t u r e . 

T h i s w a s done b y i m m e r s i n g the s p e c i m e n s in cold w a t e r . 

I n this c a s e , as i n the p r e v i o u s o n e s , the specimens 

w e r e m a c h i n e d so that the gauge length was p a r a l l e l to the 

r o l l i n g d i r e c t i o n . I m p a c t test s p e c i m e n s and c o m p r e s s i o n 

s p e c i m e n w e r e also p r e p a r e d from these b a r s so that the 

l a r g e r d i m e n s i o n w a s p a r a l l e l to the r o l l i n g d i r e c t i o n . 

B o t h m a t e r i a l s d e f o r m e d 4 5 % and u n d e f o r m e d 

s o l u t i o n t r e a t e d f r o m both' alloys A a n d B were' t e s t e d at 

v a r i o u s t e m p e r a t u r e s from room t e m p e r a t u r e to -196°C 

(i.e. , 20°C, 2°C, -12°C, -35°C, -50°C, -70°C, -80°C, 

-105°C, -111°C, -196°C)• A sample from the received m a t e r i a l 
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w a s also t e s t e d at these t e m p e r a t u r e s . M o s t of the t e s t s 

were d u p l i c a t e d for c h e c k i n g , and good agreements were 

o b t a i n e d m o s t of the t i m e s . 

The f r a c t u r e surfaces of both alloys from 

each test t e m p e r a t u r e were e x a m i n e d u n d e r a C a m b r i d g e 

s c a n n i n g e l e c t r o n m i c r o s c o p e . In o r d e r to determine the 

c o m p o s i t i o n of c e r t a i n p a r t i c l e s a n d f e a t u r e s o b s e r v e d 

in the f r a c t u r e d s a m p l e s , the J e o l 35 scanning e l e c t r o n 

m i c r o s c o p e w a s u s e d , w h i c h b y m e a n s of a w a v e l e n g t h 

dispersive X - r a y s p e c t r o m e t e r p e r m i t s m i c r o - a r e a X - r a y 

a n a l y s i s . This p r o v i d e s o n l y q u a l i t a t i v e information of . 

the c h e m i c a l e l e m e n t s p r e s e n t but not q u a n t i t a t i v e . 

D i f f e r e n t d e g r e e s of d e f o r m a t i o n were also p e r f o r m e d in 

the s p e c i m e n s (from 10% to 50%) at room temperature a n d 

from 10% to 30% at -196°C. D i s c s were p r e p a r e d from the 

c e n t r e s of the gauge length cut at 4 5° to the tensile 

a x i s , in a s l i t t i n g w h e e l m a c h i n e ; these discs were g r o u n d 

to about 300 ym t h i c k n e s s . 3 mm d i a m e t e r discs were cut 

from t h e m , to p r e p a r e s p e c i m e n s to be e x a m i n e d b y 

t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y . This aimed to study 

d e f o r m a t i o n p r o c e s s e s in the plane of m a x i m u m shear s t r e s s . 

A l s o it was i n t e n d e d to compare the e f f e c t s of these 

d e f o r m a t i o n s w i t h th° s e r e s u l t i n g from r o l l i n g to the 

same p e r c e n t a g e d e f o r m a t i o n s . 

A l l the s p e c i m e n s were t e s t e d in an Instron 

m a c h i n e , at a c r o s s - h e a d speed of 0.05 c m / m i n , i.e., an 

i n i t i a l strain rate i = 4.34 x 1 0 ~ 3 sec , where strain 

o 
r a t e , e = c r o s s h e a d s p e e d / g a u g e l e n g t h . F o r the specimens 



t e s t e d at low t e m p e r a t u r e s the whole j i g w a s immersed i n 

a flask f i l l e d w i t h d i f f e r e n t m i x t u r e s depending on the 

r e q u i r e d t e m p e r a t u r e , i . e . f o r t e m p e r a t u r e s down to -20°C 

a "cardice" m i x t u r e w a s u s e d (CO2) and for t e m p e r a t u r e s 

down to -120°C, m i x t u r e s of liquid n i t r o g e n and acetone 

and liquid n i t r o g e n and m e t h a n o l w e r e u s e d . 

True s t r e s s - true strain c u r v e s were p l o t t e d 

from the l o a d - e l o n g a t i o n c h a r t s . A c o m p u t e r program w a s 

w r i t t e n (Appendix IV) to c a l c u l a t e these v a l u e s d i r e c t l y 

from the l o a d - e l o n g a t i o n g r a p h s . The p r o g r a m m a k e s 

c o r r e c t i o n s f o r the e l a s t i c c o n t r i b u t i o n of the m a c h i n e 

a n d c a l c u l a t e s the v a l u e s of true stress a n d true s t r a i n , 

e l o n g a t i o n and r e d u c t i o n of a r e a , as follows: 

^ = X ( S + 1 ) ' e t r u e " L n t e + 1 ) 

L = L o a d 

A 0 = i n i t i a l a r e a of the s p e c i m e n 

e — c o n v e n t i o n a l linear s t r a i n o r e n g i n e e r i n g 
s t r a i n 

d x XS 
e '= 

CS x Lo 

d = distance from the chart 

XS = c r o s s - h e a d s p e e d 

CS = c h a r t s p e e d 

Lo = i n i t i a l gauge length 

The true s t r e s s and true s t r a i n at f r a c t u r e 

L f L n A ^ o r D o 
are c a l c u l a t e d from & - ; e = — = tLL,xl 

f f A f A f D f 



w h e r e Lf = load at fracture 

Do = i n i t i a l d i a m e t e r 

Df = f i n a l d i a m e t e r - d i a m e t e r of the neck 
a f t e r f r a c t u r e 

q =s r e d u c t i o n o f area = 
v A f 

Ao 

A f = a r e a a f t e r f r a c t u r e 

these v a l u e s of q were c h e c k e d with the relationship of 

- = L n—-
f l - q 

1 
true strain at f r a c t u r e , i . e . , = Ln and were 

in good a g r e e m e n t . 

E l o n g a t i o n v a l u e s were c a l c u l a t e d by lf - lo 

lo 

lf = f i n a l gauge l e n g t h , and these v a l u e s were checked 

w i t h the v a l u e s o b t a i n e d from the load-elongation c h a r t s , 

g i v i n g also g o o d a g r e e m e n t . 

I I I . 7 . b I m p a c t T e s t i n g 

I m p a c t t e s t i n g u s i n g n o t c h e d specimens 

d e s c r i b e d in F i g . I I I . 2 , w a s c a r r i e d out on both a l l o y s , 

h o m o g e n i z e d a n d 45% p r e v i o u s l y d e f o r m e d . The tests were 

m a d e at d i f f e r e n t t e m p e r a t u r e s ranging from room 

t e m p e r a t u r e to -196°C. A H o u n s f i e l d balance impact m a c h i n e 

w a s u s e d . The s p e c i m e n s w e r e i m m e r s e d in different m i x t u r e s 

f o r about 15 m i n or u n t i l the desired temperature was 

r e a c h e d and t h e n they w e r e i m m e d i a t e l y p l a c e d in the m a c h i n e 

a n d the test w a s p e r f o r m e d . 

The f r a c t u r e surfaces of several specimens 

t e s t e d at d i f f e r e n t t e m p e r a t u r e s were e x a m i n e d in a 



C a m b r i d g e s c a n n i n g e l e c t r o n m i c r o s c o p e . 

III.7.C C o m p r e s s i o n T e s t i n g 

C o m p r e s s i o n specimens of dimension 2.5 x 

2.5 x 6 mm w e r e p r e p a r e d from the h o m o g e n i z e d bar a n d f r o m 

the 45% cold w o r k m a t e r i a l ; for b o t h a l l o y s the s p e c i m e n s 

were p r e p a r e d so that the longer d i m e n s i o n (6 mm) w a s in 

the rolling d i r e c t i o n . One set of s p e c i m e n s from each o f 

the c o n d i t i o n s for b o t h a l l o y s was chosen to be aged at 

600°C for 5 h r s . T h e s e s p e c i m e n s were sealed in e v a c u a t e d 

s i l i c a c a p s u l e s c o n t a i n i n g a t h i r d of an atmosphere of 

a r g o n and w a t e r q u e n c h e d a f t e r the t r e a t m e n t . The 

s p e c i m e n s were t e s t e d in the range from room t e m p e r a t u r e 

to 800°C, at i n t e r v a l s of 50°C from 350°C to 700°C. 

E a c h s p e c i m e n w a s g r o u n d at b o t h ends u s i n g an " a d a p t e d 

g r i n d i n g jig" to assure flat opposite p a r a l l e l s i t e s , 

before the t e s t . 

T e s t P r o c e d u r e 

T h i s test w a s p e r f o r m e d f o l l o w i n g the same 

p r o c e d u r e of p r e v i o u s w o r k s f 0 0 ) . The compression 

specimens were t e s t e d in a 5 T o n I n s t r o n U n i v e r s a l t e s t i n g 

m a c h i n e f i t t e d w i t h a special rig and furnace a t t a c h m e n t 

on the u n d e r s i d e of the c r o s s h e a d . The specimens were 

p o s i t i o n e d b e t w e e n the m a i n a l u m i n a rams of the m a c h i n e 

s e p a r a t e d from them b y h o t p r e s s e d silicon nitride 

spacing b l o c k s . T h e y were left in the furnace for 20 m i n 
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to o b t a i n a stable t e m p e r a t u r e . The temperature was 

m e a s u r e d u s i n g a t h e r m o c o u p l e a t t a c h e d to one of the 

a l u m i n a rams w i t h the tip at the same level as the 

s p e c i m e n . F o r tests above 550°C a c o n t i n u o u s slow stream 

of h i g h p u r i t y argon w a s p a s s e d through the specimen 

c h a m b e r . 

Once the s p e c i m e n reached the required 

t e m p e r a t u r e , the c r o s s h e a d w a s started at a speed of 

5 x 10-3 c m / m i n , ( I approx. 1.4 x 1 0 ~ 4 sec ""1) . A f u l l 

scale d e f l e c t i o n of 100 K g w a s u s e d and the test trace w a s 

k e p t on the c h a r t , b y u s i n g the s t e p p e d zero suppression' 

f a c i l i t y of the m a c h i n e (in 100 K g s t e p s ) . 

In the p o s t - y i e l d region the c r o s s - h e a d a n d 

chart speeds were s i m u l t a n e o u s l y i n c r e a s e d by a factor of 

1 0 . A f t e r about 6 cm in t h e ' c h a r t , b o t h c r o s s - h e a d and 

chart speeds were r e t u r n e d to the o r i g i n a l s e t t i n g s , 

(to determine the s t r a i n rate dependence o f the flow s t r e s s ) . 

The chart w a s left to r u n f o r 2 cm a n d s t r e s s r e l a x a t i o n 

tests were c a r r i e d out b y stqpping the c r o s s - h e a d for a 

p e r i o d of 10 m i n , at the e n d of w h i c h the initial s t r a i n 

rate was a g a i n a p p l i e d a n d the entire c y c l e was p e r f o r m e d 

once m o r e . See F i g s . IV. 63 to IV.66 f o r a diagrammatic 

r e p r e s e n t a t i o n of the t e s t . 

I n c l u d i n g the h e a t i n g up p e r i o d the entire 

test took about an h o u r for each s a m p l e . A t least 2 

specimens were tested at m o s t of the t e m p e r a t u r e s for each 

a l l o y , for each c o n d i t i o n . 
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X i i . 7 . d G r a i n Size M e a s u r e m e n t s 

G r a i n size m e a s u r e m e n t s were done by m e a n s of 

a f u l l y a u t o m a t e d d e v i c e , B a u s c h & Lomb Omnicon 3 0 0 0 , 

w h i c h c o n s i s t s of a m i c r o s c o p e and a T V video scan, 

c o n t r o l l e d b y a m i n i c o m p u t e r N o v a / 4 c . Software determines 

feature b o u n d a r i e s , a r e a s a n d p e r i m e t e r s , m a k e s an 

s t a t i s t i c a l c a l c u l a t i o n a n d gives the s t a n d a r d d e v i a t i o n 

v a l u e s f o r g r a i n size a r e a . 

E r r o r s c a n a r i s e in m a c h i n e c o u n t i n g , e . g . -

the m a c h i n e c o u l d take t w i n b o u n d a r i e s as grain b o u n d a r i e s , 

a n d / o r c o u l d f a i l to c o u n t some grain b o u n d a r i e s 

i n t e r s e c t i o n s from a r e a s of low c o n t r a s t . In order to 

a v o i d these e r r o r s d r a w i n g s of the m i c r o g r a p h s were m a d e 

on t r a c i n g p a p e r , t a k i n g o n l y the g r a i n b o u n d a r i e s features; 

to a c c o u n t for the t h i c k n e s s of lines d r a w n , the area was 

c a l c u l a t e d as A = A m + Pm x gbt 

gbt = g r a i n b o u n d a r y t h i c k n e s s 

A m = a r e a of grain 

Pm = p e r i m e t e r of grain 

The m e t h o d u s e d gives the p e r c e n t a g e of e r r o r , 

a c c o r d i n g to the n u m b e r of grains i n t e r c e p t e d , ana to the 

total n u m b e r of g r a i n s in the whole f i e l d o b s e r v e d . 
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C H A P T E R IV 

"EXPERIMENTAL R E S U L T S 

I V . 1 . D e f o r m a t i o n 

I V . l . a S t r u c t u r a l F e a t u r e s 

The s p e c i m e n s w e r e deformed b y r o l l i n g , 

g i v i n g d i f f e r e n t a m o u n t s of d e f o r m a t i o n , from 2% to 8 7 % , 

at room t e m p e r a t u r e a n d sub-zero t e m p e r a t u r e s (-70°C & 

-196°C). F i g s . IV.1 to IV.4 show o p t i c a l m i c r o g r a p h s f o r 

d i f f e r e n t d e f o r m a t i o n s at -196°C. F i g s . IV.3 & IV.4 are 

m i c r o g r a p h s of s p e c i m e n s v e r y h e a v i l y d e f o r m e d (50% & 

80% at -196°C and room t e m p e r a t u r e , respectively). 

S p e c i m e n s r o l l e d to the same amount of d e f o r m a t i o n , b u t at 

d i f f e r e n t t e m p e r a t u r e s , (-70°C, -196°C) showed v e r y 

s i m i l a r s t r u c t u r e s . F i g . I V . 1 shows the a n n e a l e d m a t e r i a l 

1 h r at 1050°Cjthe s t r u c t u r e contains a large n u m b e r o f 

a n n e a l i n g t w i n s . Slip lines appear inside the g r a i n s with 

small a m o u n t s of d e f o r m a t i o n (Fig. I V . 2 , 10% d e f o r m a t i o n 

at -196°C). A s the a m o u n t of d e f o r m a t i o n 

i n c r e a s e s , the grains b e c o m e elongated in the rolling 

d i r e c t i o n , and v a r i o u s f e a t u r e s are o b s e r v e d inside the 

g r a i n s , i . e . , slip l i n e s , v e r y fine striations and 

d e f o r m a t i o n t w i n s . F i g s . I V . 2 . to I V . 4 , show these f e a t u r e s 

quite c l e a r l y . A t v e r y h i g h d e f o r m a t i o n s (80%, 87%) the 

structure b e c o m e s e x t r e m e l y complex (Fig. I V . 4 . ) . 
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I V . l . b H a r d n e s s 

T a b l e IV.1 g i v e s the h a r d n e s s v a l u e s , 

c o r r e s p o n d i n g to the d i f f e r e n t rolling s c h e d u l e s . T h e s e 

v a l u e s have b e e n p l o t t e d in F i g . I V . 5 . It is o b s e r v e d 

that the h a r d n e s s i n c r e a s e s as the amount of d e f o r m a t i o n 

i n c r e a s e s . The v a l u e s f o r r o l l i n g at room temperature 

and at -70°C are v e r y s i m i l a r ; while r o l l i n g at -196°C 

g i v e s h i g h e r v a l u e s . A l l o y B (0.75 Ti) shows s l i g h t l y 

h i g h e r v a l u e s than A l l o y A (0.15 T i ) . 

I V . l . c X - r a y A n a l y s i s . D e f o r m e d S a m p l e s 

X - r a y a n a l y s i s w e r e p e r f o r m e d on the samples deformed 

at -196°C and room t e m p e r a t u r e , looking f o r the f o r m a t i o n 

of h e p e - p h a s e and p o s s i b l e c h a n g e s in lattice p a r a m e t e r 

w i t h d e f o r m a t i o n . 

In the d e f o r m e d samples no n e w peaks were 

o b s e r v e d in e i t h e r a l l o y f o r a n y of the d e f o r m a t i o n 

t e m p e r a t u r e s . There w a s h o w e v e r a large b r o a d e n i n g of the 

p e a k s w i t h d e f o r m a t i o n , due to strain e f f e c t s . Shift of 

peak p o s i t i o n s were also o b s e r v e d , with d e f o r m a t i o n . A l l 

p e a k s s h i f t e d towards s m a l l e r angles w i t h respect to the 

o n l y a n n e a l e d ( u n d e f o r m e d ) m a t e r i a l ; ( F i g . I V . 6 ) . In the 

a n n e a l e d m a t e r i a l peak d o u b l e t s were o b s e r v e d but n o t in 

the d e f o r m e d sarples. The p e a k p o s i t i o n s (200) and (311) 

p r e s e n t e d the m o s t m a r k e d b r o a d e n i n g . 

In the v e r y h e a v i l y deformed m a t e r i a l , (65% 

& 80% at -(196°C) the p o s i t i o n (200) d i s a p p e a r s c o m p l e t e l y . 
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X - r a y r e s u l t s w e r e r e p e a t e d u s i n g cobalt 

r a d i a t i o n since this h a s b e e n reported to give b e t t e r 

r e s u l t s in d e t e c t i n g the h e p p h a s e . H o w e v e r no difference 

w a s f o u n d either in r e l a t i v e peak p o s i t i o n s or in d e t e c t i o n 

of a n y n e w p e a k s . 

Table IV.2 shows a summary of these r e s u l t s . 

The a r r o w s indicate the p e a k shift d i r e c t i o n relative to 

the a n n e a l e d s a m p l e . No d e f i n i t i v e c o n c l u s i o n can be taken 

from X - r a y a n a l y s i s a b o u t the presence of h e p p h a s e , since 

the p e a k b r o a d e n i n g m a k e s it v e r y difficult to detect a n y 

h e p p o s i t i o n s , which w o u l d be v e r y close t o , o r o v e r l a p • 

the fee p o s i t i o n s . The p e a k b r o a d e n i n g is v e r y irregular; 

and f o r the h e a v i l y d e f o r m e d samples (65% & 80%) there is 

a slight change in the p e a k slope at the 26 hep p o s i t i o n s , 

w h i c h c o u l d be taken as a p e a k . T h e r e f o r e , X - r a y s alone 

c a n n o t c o n f i r m the p r e s e n c e o r absence of e - p h a s e . 

L a t t i c e p a r a m e t e r v a l u e s w e r e also c a l c u l a t e d . A c c u r a t e 

. c o s 2 E C O S 29 
v a l u e s were o b t a i n e d b y p l o t t i n g 'a 1 a g a i n s t ( -p.—zz + r—) 

s in o b 

w h i c h a p p r o a c h e s zero a s 0 a p p r o a c h e s 90°. These v a l u e s 

are shown in Table IV.2 and Table I V . 9 . The lattice 

p a r a m e t e r does not c h a n g e w i t h amount of d e f o r m a t i o n and 
o 

h a s a v a l u e of 3.585 + 0 . 0 0 5 A which is the same as the 

h o m o g e n i z e d m a t e r i a l , w h i c h c o n s i s t s of a single phase fee 

s t r u c t u r e . The m a t e r i a l d e f o r m e d at room temperature 

p r e s e n t s the same lattice p a r a m e t e r v a l u e s as the m a t e r i a l 

d e f o r m e d at -196°C. 
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Fig. IV.2 - Alloy deformed 10% at 

Fig. IV.1 - Microstructure of -196°C X 375 

Co-Ni-Cr-Mo wrought alloy in 

recrystallized condition after 

annealing in value at 1050 C / l h r 

X 200 
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F i g . IV.3 - Alloy deformed 50% at 

-196°C X 345 

Fig. IV.4 - Alloy deformed 80% at 

room temperature X 125 



TABLE IV.I 

VICKERS HARDNESS HV 

% deformation RT rolling -70 °C rolling liquid nitrogen (-196 °C) rolling 

Alloy Alloy Alloy Alloy Alloy Alloy 

B A B • A B A 

2% 200 - 206 — 

5% 230 - 216 -

10% 265 270 - 271 282 288 

20% 315 " 320 - 325 351 353 

30% 341 359 354 381 397 420 

50% 391 443 402 450 465 490 

65% 412 466 424 469 493 535 

80% 427 473 430 480 520 549 

87.5% 439 - -

Annealed sample (1100 °C) 1 hour: Alloy A: 177 HV - Alloy B: 188 HV 

As received material (fully homogenized and hot forged): 453 HV (in the form of hip joint from Alloy A) 

cn 
CO 



% DEFORMATION 

FIG.I5Z.5 Hardness vs. deformation for different rolling temperatures. 



TABLE IV.2 

X-RAY RESULTS - DEFORMED MATERIAL Cobalt radiation KOT, - 1.79021 
Koc, » 1.79028 

h k l 2& d I/IE I a d I/I, I a 2a d I/I, I a 2a d I/Ii I a 

ANNEALED 10% DEFORMATION AT L N 20% DEFORMATIOI AT , N 30% DEFORMATION AT L N 

111 51.7 2.05 100 100 3.556 51.4 2.06 74 37 3.568 5*1.1 2.07 100 85 3.585 51.2 2.07 34 22 3.505 

200 60.3 1.78 65 65 3.564 60.1 1.787 40 20 3.574 59.8 1.795 29 25 3.59 59.8 1.795 7 5 3.59 

220 90.4 1.26 27 17 3.568 90 1.265 100 50 3.578 89.7 1.27 29 25 3.59 89.75 1.27 100 65 3.59 

311 112.4 1.08 42 42 3.57 112 1.08 50 25 3.58 112.4 1.08 29 25 3.58 111.8 1.08 30 20 3.58 

222 119.8 1.04 17 12 3.58 119 1.04 10 5 3; 6 

50% DEFORMATION AT 1. N 65% DEFORMATION AT L N 8or DEFORMATION AT . U 

111 5*1.5 2.06 38 25 3.568 51*. 4 2.06 100 85 3.568 5 U 4 2.06 100 90 3.568 

200 
_ 

220 90.1 1.265 100 65 3.577 90 1.266 70 60 3.58 89.9 1.267 39 35 3.58 

311 112 1.08 15 10 3.58 112 1.08 2 2 3.58 

30% DEFORMATION AT R T 50% DEFORMATION AT R T 65% DEFORMATIO! AT R T 80% DEFORMATION AT R T 

111 51.4 2.06 15 10 3.568 51*. 5 2.06 30 30 3.568 51.5 2.06 39 35 3.568 51*145 2.06 35 30 3.572 

200 59.8 1.795 7 5 3.59 59.95 1.792 10 10 3.583 60 1.79 10 10 3.58 5 % 9 5 1.79? 5 5 3.503 

220 90 1.266 100 70 3.58 90". 1 1.265 100 97 3.577 90.1 1.26 100 05 3.577 90 1.266 100 80 3.58 

= peak shift direction 
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I V . l . d T r a n s m i s s i o n E l e c t r o n M i c r o s c o p y A n a l y s i s 

I V . l . d . l I n t r o d u c t i o n 

V e r y m a n y d i f f i c u l t i e s are e n c o u n t e r e d in the 

a n a l y s i s of the d i f f r a c t i o n p a t t e r n s f o r p o s i t i v e 

i d e n t i f i c a t i o n of m e c h a n i c a l twins from h c p - e - p h a s e ; 

this is due to the f a c t t h a t d e f o r m a t i o n s t r u c t u r e s 

i n v o l v i n g m i c r o t w i n s o r t h i n e - p l a t e l e t s or b o t h , show 

v e r y s i m i l a r m o r p h o l o g i e s , a n d in some c a s e s i d e n t i c a l 

d i f f r a c t i o n p a t t e r n s . 

In the c a s e of t h i n hep p l a t e l e t s and m i c r o -

t w i n s , the d i f f r a c t e d i n t e n s i t y distribution in r e c i p r o c a l 

space is e x t e n d e d into s t r e a k s p e r p e n d i c u l a r to their habit 

p l a n e s , c a u s i n g the d i f f r a c t i o n spots to be a n a l y z e d to 

c h a n g e p o s i t i o n c o n t i n u o u s l y during a s p e c i m e n t i l t . I n 

p r a c t i c e because of i n t e n s i t y streaking c o m b i n e d w i t h 

double d i f f r a c t i o n , o r b e c a u s e more than one p l a t e l e t h a b i t 

m a y c o n t r i b u t e to the d i f f r a c t i o n p a t t e r n , it m a y be 

d i f f i c u l t to recognize the exact o r i e n t a t i o n . 

K e s t e n b a c h ( 5 9 ) h a s c o n s t r u c t e d composite 

d i f f r a c t i o n p a t t e r n s f o r a n a l y s i s of t h i n twin o r / a n d hep 

p l a t e s in a fee m a t r i x . H e surveys the o r i e n t a t i o n s in 

w h i c h twins and h e p p l a t e s m a y o r m a y n o t be d i s t i n g u i s h e d . 

T a b l e IV.3 is a s u m m a r y of h i s w o r k . It is seen that no 

d i s t i n c t i o n is possible if the beam e n t e r s the m a t r i x 

a l o n g < 1 0 0 > , < 2 1 1 > , o r < 3 1 0 > d i r e c t i o n s . In these c a s e s , twin 

and h e p e l e c t r o n d i f f r a c t i o n patterns are i d e n t i c a l and 

o v e r l a p w i t h the m a t r i x s p o t s . T h u s , the composite 
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d i f f r a c t i o n p a t t e r n s are the same as the m a t r i x p a t t e r n s 

a l o n e . F o r all the o t h e r c a s e s in which twin and hep may-

be d i s t i n g u i s h e d , the c o m p o s i t e d i f f r a c t i o n p a t t e r n s are 

r e p r o d u c e d in F i g s . I V . 7 . a , b and c . 

The e l e c t r o n d i f f r a c t i o n p a t t e r n from the 

m a t e r i a l d e f o r m e d 50% at (-196°C) temperature ( F i g . I V . 8 ) 

is a good example of a c o m p o s i t e fee - twin - h e p a n d the 

beam d i r e c t i o n fits K e s t e n b a c h ' s m o d e l ; h o w e v e r , double 

d i f f r a c t i o n is p r e s e n t a n d e v e n though the spots w e r e 

i n d e x e d in a g r e e m e n t w i t h F i g . I V . 7 , an a m b i g u i t y due to 

d o u b l e d i f f r a c t i o n is p r e s e n t ; this h a p p e n s for m a t r i x 

o r i e n t a t i o n s of the < 1 2 3 > a n d < 0 1 2 > t y p e s . In these 

o r i e n t a t i o n s double d i f f r a c t i o n m a y produce all hep spots 

from t w i n spots and v i c e v e r s a ; t h e r e f o r e , spots 3 a n d 4 in 

F i g . IV.8 c o u l d e i t h e r be ty/ins o r e - p h a s e . Due to the 

large i n c l i n a t i o n of the p l a t e s with respect to the 

e l e c t r o n beam in these o r i e n t a t i o n s , double d i f f r a c t i o n 

from the r e g i o n s a d j a c e n t to the i n t e r f a c e s is d i f f i c u l t 

to d i s t i n g u i s h e v e n b y dark f i e l d t e c h n i q u e s . F i g , IV.9 

is a 50% deformed m a t e r i a l at room temperature and shows 

a n o t h e r good example o f a c o m p o s i t e fee - h e p - t w i n w i t h 

an [012] m a t r i x o r i e n t a t i o n ; in this c a s e , h o w e v e r , it 

w a s p o s s i b l e to d i s t i n g u i s h b e t w e e n the twins a n d the hep 

e - p h a s e . 

It is i m p o r t a n t to realise that the diffraction 

p a t t e r n s of twins or e p l a t e s m a y in m a n y c a s e s be 

i d e n t i c a l , and the a p p a r e n t i d e n t i f i c a t i o n of one m a y not 



TABLE IV.3 

Exact Orientations in which Election Diffraction can or cannot 

distinguish between twin and hep plates of (111) - Habit in fee 

matrix (59 

• Beam Total Variant hkl Number of 
direction Number in which Variants in 
<hkl> in of distinction is which distinction 
Matrix Variants possible is possible 

110 6 110, 101, Oil 3 

100 3 - 0 

211 12 — 0 

310 12 - 0 

111 4 111 3 

321 24 321, 312, 231 12 
213, 132, 123 
321, 312, 231 
213, 132, 123 

411 12 411, 141, 114 9 

210 12 210, 201, 120 6 
102, 021, 012 

221 12 221, 212, 122 9 

511 12 511, 151, 115 Not determined 

521 24 215, 152, 125 Not determined 
521, 512, 251 

741 24 741, 714, 471 Not determined 
417, 174, 147 
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Fig. IV.8 - Material deformed 50% at -196°C 

Fig. IV .8 .1 - Bright field 30 K 

Fig. IV .8 .2 - HRDF from spots 5 and 7, showing matrix 30 K 

Fig. IV .8 .3 - HRDF from spots 1 and 2, showing twins 30 K 

Fig. IV .8 .4 - HRDF from spots 3 and 4, showing HOP bands 30 K 

Fig. IV .8 .5 - HRDF from spot 6, reflection from a different 

grain 30 K 

Fig. IV .8 .6 - Diffraction Pattern 

Fig. IV .8 .7 - Key of interpretation of D.P. 

m = matrix 

h = hep phase 

t = twins 



F i g . IV.8.4 



Fig. IV.9 - Material 50% deformed at room temperature 

Fig. IV.9.a - Bright field 30 K 

Fig. IV.9.b - HRDF from spot 6 in D P, showing twins 30 K 

Fig. IV.9.c - HRDF from spot 4 in D P, showing e-hcp bands 30 

Fig. IV.9.d - HRDF from spot 5 showing twins 30 K 

Fig. IV.9.e - HRDF from spot 2, HCP reflexion 30 K 

Fig. IV.9.f - HRDF from spot 1, showing twin bands, the same 

from spot 3 

Fig. IV.9.g - HRDF from spot 7, showing matrix 30 K 

Fig. IV.9.h - Key of interpretation for Diffraction Pattern 

m = matrix 

t = twin 

h = hep phase 

* = common to all phases 

• = double diffraction spots 
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exclude the presence of the o t h e r . 

In the p r e s e n t w o r k examples have b e e n 

c a r e f u l l y selected to a v o i d a m b i g u i t y and they are shown 

in f u r t h e r sections (2.a a n d 2 . b ) . 

I V . 1 . d . 2 E l e c t r o n D i f f r a c t i o n 

I V . l . d . 2 . a D e f o r m a t i o n at room temperature ( F i g s . IV.10 

to I V . 1 7 ) 

F o r v e r y small a m o u n t s of d e f o r m a t i o n (5%) 

the m a t e r i a l shows d i s l o c a t i o n s (Fig. IV.10); as the 

a m o u n t of d e f o r m a t i o n i n c r e a s e s (i.e. 10%) the m a t r i x 

b e c o m e s f a u l t e d and d i s l o c a t i o n n e t w o r k s and s t a c k i n g 

f a u l t s c a n be o b s e r v e d ( F i g . I V . 1 1 ) . F i g s . IV.12 and IV.13 

show the m a t e r i a l d e f o r m e d 3 0 % and 50% r e s p e c t i v e l y , the 

m a t r i x is v e r y f a u l t e d w i t h t w i n s . For h i g h e r d e f o r m a t i o n s 

the s t r u c t u r e b e c o m e s e x t r e m e l y c o m p l e x . The e f f e c t of 

s t a c k i n g f a u l t s , d i s l o c a t i o n s , twins and o t h e r f e a t u r e s 

p r o d u c e s v e r y c o m p l i c a t e d structures w h i c h , of c o u r s e , are 

m a n i f e s t e d in the d i f f r a c t i o n p a t t e r n s , showing s t r e a k s 

and s a t e l l i t e s p o t s . F i g . I V . 1 7 is an example of this; it 

shows a v e r y s t r e a k y p a t t e r n , p r e s e n t i n g a m a t r i x t w i n n e d 

in two axes and satellite s p o t s . This c o r r e s p o n d s to a 

m a t e r i a l deformed 80% b y t e n s i o n at room t e m p e r a t u r e . 

V e r y few e x a m p l e s of hep e -phase were found 

with d e f o r m a t i o n at room t e m p e r a t u r e , and these were only-

a f t e r 50% d e f o r m a t i o n . F i g . IV.14 shows one of these 

e x a m p l e s in a m a t e r i a l d e f o r m e d 6 5 % . The typical 
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o r i e n t a t i o n r e l a t i o n s h i p f c c / h c p ( 1 1 1 ) / / ( 0 0 0 1 ) , shown 

in the d i f f r a c t i o n p a t t e r n s , and e - p l a t e l e t s can be seen 

in the HRDF taken from the h e p s p o t s . 

F i g s . I V . 1 5 a n d IV.16 show e x a m p l e s of twins 

in 65% and 80% d e f o r m e d s a m p l e s at room t e m p e r a t u r e . 

I V . 1 . d . 2 . b D e f o r m a t i o n at liquid n i t r o g e n (-196°C) 

t e m p e r a t u r e ( F i g s . IV.18 to I V . 2 5 ) 

F o r d e f o r m a t i o n at subzero t e m p e r a t u r e s , a 

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

and d e f o r m a t i o n twins i n c r e a s e in n u m b e r as the a m o u n t of 

d e f o r m a t i o n i n c r e a s e s . H o w e v e r , c o m p a r i n g d e f o r m a t i o n at 

this t e m p e r a t u r e w i t h d e f o r m a t i o n at room t e m p e r a t u r e , for 

s m a l l e r d e f o r m a t i o n s the s t r u c t u r e s show g r e a t e r n u m b e r s 

of d i s l o c a t i o n s a n d s t a c k i n g f a u l t s . F i g . IV.18 is a 

m a t e r i a l deformed to a v e r y small strain (about 2% at 

-196°C). H o w e v e r , quite a n u m b e r of d i s l o c a t i o n s are 

s h o w n . A t 20% d e f o r m a t i o n the s t r u c t u r e , a l r e a d y , looks 

v e r y c o m p l e x , w i t h d i s l o c a t i o n n e t w o r k s a n d twins in two 

d i r e c t i o n s c r o s s i n g each o t h e r (Fig. I V . 2 0 ) . E v e n at 

d e f o r m a t i o n s as small as 1 0 % , m e c h a n i c a l twins are seen 

( F i g . I V . 1 9 ) . The m a t e r i a l deformed by tension did not 

p r e s e n t a structure as c o m p l e x as the m a t e r i a l deformed 

the same amount b y r o l l i n g , the dislocations seemed to 

get a l i g n e d . It h a s to be n o t e d that these foils were 

p r e p a r e d from sections cut at 45° to the tensile a x e s . 

F i g s . IV.21 and IV.22 show samples deformed by tension 
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Fig. IV. 11 - Bright field images from a sample deformed 10% at room 

temperature 

Fig. IV.10 - Bright field image of a sample 

d e f o r m e d approx. 5% at room temperature 

showing dislocations 

Mag. 5 8 K 

F i g . IV.11.a - 24 K 

Fig. IV.Ll.b - is same area as 'a' but at 

higher magnification 80 K, showing 

stacking faults and dislocations lying 

on C H I ) plane 
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F i g . IV.12.a - HRDF showing a very faulty 

m a t r i x . Mag. 80 K 

F i g . IV. 12 .b - CDF showing twins 

M a g . 100 K 

F i g . IV.12 - Material deformed 30% by rolling at room temperature 

F i g . TV.13 - Bright field from material 

deformed 50% by tension at_rocm temperature, 

showing twins lying on (111) plane. 
M a g . 130 K 
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Fig. IV.14.a - HRDF from faint h e p 

spots in diffraction p a t t e r n 

showing £- plates M a g . 27 K 

F i g . IV.14.b - D i f f r a c t i o n P a t t e r n 

F i g . IV.14.C - Key of D . P . s h o w i n g 

typical orientation r e l a t i o n s h i p 

fcc/hcp (111)//(0001) 
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F i g . IV . 15. b - Diffraction 

Pattern indicating 

spot for a 

F i g . IV.15.a 

t w i n s . 

HRDF showing 

3 8 K 

M a t e r i a l deformed 65% b y rolling at room temperature 
| 
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F i g . IV.16.a - H.R.D.F. shows matrix (spot 1) 

Fig. IV . 16 .b -

Diffraction Pattern F i g . IV.16.C - Key of 
Diffraction Pattern 

Fig. IV. 16.d - HRDF from spot 2 showing 

twins lying on (111) plane 

Material deformed 80% in tension at room temperature. 
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Fig. IV. 17 - Material deformed by tension 80% at room 
temperature 

a - BrightField 38 K 

b - HRDF from spot 3, showing matrix 

c - Diffraction Pattern, showing twins (t) satellites spots 
and streaking B [110] 

d - Key of diffraction pattern 

e - HRDF from spot 1 

f - HRDF from spot 2 

g - HRDF from spots 1 and 2 together 
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Fig. IV.13.a - Bright field showing aligned 

dislocations and stacking faults 

Mag. 18 K 

F i g . IV.18.b - Bright field showing dislocations 

at h i g h e r magnifications Mag. 48 K 

F i g . IV.18 - Material deformed 2% at -196°C 

F i g . IV. 19 - Material deformed 10% at 

-196°C. Showing dislocations and 

twins. M a g . 80 K 
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F i g . IV.20.a - Bright field showing twins 

crossing each other M a g . 24 K 

F i g . IV.20.b - D i f f r a c t i o n 

Pattern 

111=111 
Ti 

F i g . IV.20.C -

• matrix 

D t , 
ot2 

Key of Diffraction 

Pattern 

F i g . IV.21 - M a t e r i a l deformed 17% by tension at -196 C 

IV.21.a - Bright field 

100 K 
F i g . IV.21.b - Bright field 

showing dislocations and 

stacking faults 
M a g . 48 K 
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F i g . IV.22.1 - Bright field^ material deformed 

27% by tension at -196 C, showing dislocations Mag. 100 K 

F i g . IV.22.2.a - Bright field, material deformed 

30% by tension at -196°C M a g . 43 K 

F i g . IV.22.2.c 

F i g s . IV.22.2.b & IV.22.2.c - HRDF showing twins in different (111) 

planes M a g . 58 K 
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F i g . IV. 25.a - HRDF from spot 1 showing the 

m a t r i x M a g . 30 K 

/ m m 

''KM 

' v / ' . 

F i g . IV. 25 ,b - HRDF from spot 2 showing 

e-phase M a g . 30 K 

ig. IV.25.C - D i f f r a c t i o n P a t t e r n 

y i o o h 

F i g . IV.25.d - Key of Diffraction 

Pattern (1210)//(110) 

F i g . IV.25 - M a t e r i a l d e f o r m e d 65% by rolling at -196°C 
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different amounts in liquid nitrogen. 

At 50% deformation by rolling at -19 6°C there 

is clear evidence of the presence of hep phase formed as 

platelets. Fig. IV.23.b shows an hep platelet taken from 

a very small section shown in the bright field photograph 

giving an hep (0001) diffraction pattern. Fig.lV.24.b is 

another example of an hep pattern, beam direction [1213] 

with satellite spots, showing a very fine hep phase. 

Fig.IV.24.c shows the presence of twins in the same 

material, and a particle surrounded by a high dislocation 

density. At higher deformation the structure becomes 

extremely complex and a great number of twins are present 

to accommodate the stresses of the matrix. Fig. IV.25 

shows the presence of e at this deformation; as fine 

platelets. The similarities with twin morphology may be 

noted. 

IV.2. Ageing Treatments 

Ageing treatments were carried out for short 

times (2 min, 5 min, 30min) at different temperatures, 

and long time ageing treatments for 5 hrs, 30 hrs, up to 

150 hrs at the same temperatures (464°C, 555°C, 640°C and 

700°C). For treatments at higher temperatures (i.e. 850°C, 

950°C only long time ageing was performed (2 hrs to 

95 hrs). 

IV.2.a Short Time Ageing Treatments 

The materials previously deformed from 10% 



up to 80% were aged in a salt bath. 

Figs. IV.26.b and c show optical 

micrographs from a 50% previously deformed sample at room 

temperature and aged for short times at 555°C, 640°C and 

700°C. The grains appear elongated due to the previous 

deformation. All the structures look quite similar. 

However, at 640°C after holding the material for 30 min, 

some of the slip lines have disappeared; some recovery is 

taking place, which agrees with the slight drop in hardness 

shown at these temperatures ( 60CP C, 640°C) (Fig. IV.28). 

Fig. IV.26.a shows the homogenized sample aged at 555°C 

for 2 minutes. No change is observed in this sample 

compared to the annealed (not aged) material. 

IV.2.a.l Hardness Values 

Table IV.4 gives the hardness values for the 

material previously deformed by different amounts and 

aged for short times at different temperatures. Figs. 

IV.27 and IV.28 show the graphs of hardness vs ageing time 

and hardness vs temperature,, respectively. 

The material hardens very rapidly after 

holding for very short times, even for small amounts of 

deformation, thdse values remain fairly constant or slightly 

increase (up to 30 min for 464°C). However, on ageing at 

555°C and 640°C, the heavily deformed material seems to 

show a hardness peak between 2 and 10 min and then the 

hardness decreases (up to 30 min). Comparing hardness vs 



temperature for different ageing treatments (2', 15", 30') 

Fig. IV.28, for low deformations, the hardness decreases 

with increase in temperature for the different times; 

however, the more heavily deformed material presents a 

hardness peak between 550° and 600°C and decreases at 

700°C for all the ageing times. 

The hardness values for the homogenized sample 

did not change with ageing time and temperature. 

IV.2.a.2 X-ray Analysis - Rapid Heating 

Two samples were examined in the rapidly 

heated condition-these were both 65% deformed at room 

temperature and aged for 2 min at 464°C and at 700°C. The 

X-ray analysis results for these samples are shown in 

Table IV.5 below (for cupper radiation). 

TABLE IV .5 

X-ray analysis for rapidly heated material 

(copper radiation) A 

Annealed material 
65% deformed at -196°C 

+ aged 2' at.464°C 
65% deformed at -196°C 

+ aged 2' at 700°C 

hkl 20 a 20 I/Cl a 20 I/Il a 

111 44 3.565 4378 100 3.580 
*— 

43.8 
90 3.580 

200 51.2 3.569 5076 5 3.608 5075 5 3.61 

220 75.1 
75.3 

3.574 75 60 3.582 
«— 

75 50 3.582 

311 91.2 
91.42 

3.576 
4— 
91 5 3.585 90.8 5 3.591 

222 96.47 
96.8 

3.576 96.5 5 3.580 96.5 5 3.58 
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In the aged material there was a shift towards 

smaller angles with respect to the annealed material. 

(Shown by an arrow in Table IV.5). And the lattice 

parameter values are the same as those of the material 

deformed but not aged. (Table IV.2), probably the short 

ageing treatment (2 min) is not affecting the lattice 

parameter values. . 

IV.2.a.3 Diffraction Analysis 

Short time ageing (rapid heating 2 min to 

30 min) 

Holding the material previously heavily 

deformed (50% and higher), even for a short time 15 min 

at 464°C, showed the presence of hep phase. At this 

temperature it is expected from the Multiphase alloys 

diagram (Fig. V.l.)that the hexagonal phase will be stable 

(below transformation region). Fig. IV.29 shows a sample 

treated at this temperature, twins are present as well as 

e , and both effects cause streaking in the diffraction 

pattern. At 640°C, within the fee + hep region some hexago-

nal phase is present. Fig. IV.30 is a sample previously 

very heavily deformed 65% at room temperature. Fig. IV.31 

shows the hep platelets formed in a sample previously 

deformed 50% at (-196°C) and aged at 640° 15 minutes. The 

platelets showed large numbers of dislocations (Fig.IV.31.b) . 

In the material aged at 700°C even for very 

short time 2 min, twins were observed but not the hep phase 

(Fig. IV.32). 



Fig. IV.26.a - Material homogenized 

and aged 2 min at 555 C 
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TABLE IV.4 

HARDNESS VALUES FOR SPECIMENS RAPID HEATED IN A SALT BATH AT DIFFERENT TEMPERATURES 

H T 

% Deformation 

Deformed 
not heat 
treated 

464°C 555°C 640°C 700OC 
H T 

% Deformation 

Deformed 
not heat 
treated 2 min 15 min 30 min 2 min 15 min 30 min 2 min 15 min 30 min 2 min 

2% 200 241 . 251 241 210 
CO/ 
O/o , 

230 271 273 243 253 — 243 239 230 251 210 
10% 265 337 337 339 323 331 339 — 296 — 300 
20% 315 420 425 403 444 454 413 430 418 421 
30% 341 463 470 496 487 501 475 471 466 455 
50% 391 509 493 513 526 505 520 532 504 502 490 
65% 412 509 513 520 557 538 513 530 534 493 483 
80% 427 513 544 549 562 560 569 542 513 528 513 

50% (rolled at -70°C) 470 444 463 476 485 492 485 471 483 476 
65% (rolled at LN) 603 — — 600 — — 593 — — 588 
80% (rolled at LN) 605 — — 612 — — 613 — — 590 

CO 
co 



100 (a) 464°C (b) 555°C (c) 640 C 
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FIG.12. 27 Hardness vs. heating time for different deformations. 
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FIG.EE. 28 Short time ageing treatments. 
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l i g . IV. 29 - Material 50% deformed at room temperature and heat t r e a t e d 

at 464 C 15 min 

Fig. IV. 29.a - HRDF from spot 2, showing hep phase 

Mag. 30 K 

Fig. IV. 29 .b - HRDF from spot 1 showing twins 

111 

° h hep 
® t t w i n 

. IV.29 .d . Key of Diffraction Pattern 
(110)//(12.0) u 

Fig. IV.29.c -
Diffraction pattern 
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Fig. IV.30.1.a - Bright f i e l d . 

M a g . 58 K 

F i g . IV.30 - Material previously deformed 65% at room temperature. 

Heat treated at 640°C 15 m i n 
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Fig. IV.31.a - Bright field 

M a g . 18 K 

F i g . IV.31.C - Diffraction 

pattern B [0001] 

F i g . IV .31.b - HRDF from spot 

indicated in D.P., showing 

hep platelets. Area from 

central part of F i g . a 

M a g . 48 K 

F i g . IV.31 - Material deformed 50% 

at -196 C . Heat treatment at 

640°C 15 min 
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IV.2.b Long time ageing treatments 

Figs. IV.33 to IV.35 show optical micrographs 

of the deformed material \ . aged at different 

temperatures for different times. 

For the heavily deformed material (50%) 

ageing at 600°C, after long times (100 and 150 hrs) does 

not show very marked differences from the samples given 

shorter ageing (5 hrs); some striation mark disappear, 

but very few. Fig. IV.36.d shows a scanning electron 

micrograph from a sample 50% deformed at room 

temperature and aged at 600°C for 147 hrs. Very deep 

striation marks can be observed, the same effect is seen 

in Fig. IV.36.C, which shows ascanning electron micrograph 

from a sample previously deformed 50% at liquid nitrogen 

temperature and aged at 600°C for 100 hrs. At this 

deformation temperature the effect is much more marked, 

and these deep striations will act as sites for precipitates 

as can be seen in Fig. IV.37,. which shows the same 

deformation treatment but ageing at 700°C for 100 hrs. On 

ageing at 700°C recovery in most of the grains has occurred, 

and some recrystallized grains can be observed. Little 

difference in the structure is seen with ageing time. It 

is only after 100 hrs that some precipitate is present. On 

ageing at 850°C for 95 hrs the material completely 

recrystallizes. A very small recrystallized grain size and 
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the presence of a Cr, Mo rich precipitate along the grain 

boundaries, are observed. Figs. IV.38 and IV.39 are 

optical and scanning micrographs for the material aged at 

this temperature. The precipitate particle size is about 

70 m . 

Grain growth- is observed after ageing for 

2 hrs at 950°C (Fig. IV.39). 

IV.2.b.l Hardness values after long ageing treatments 

Long time ageing treatments were performed 

on the material previously deformed from 2% to 80% at 

room and liquid nitrogen temperatures. Table IV.6 gives 

a summary of the hardness values for the different 

samples, and Figs. IV.40 to IV.42 show the variation of 

hardness with deformation,' ageing time and temperature 

respectively. 

The specimens previously deformed at room 

temperature and aged, showed lower hardness values than 

those deformed at liquid nitrogen temperature and aged. 

However, in general, the ageing behaviour for both types 

of deformation treatments was very similar. The hardness 

values increase with ageing for all temperatures, the 

specimens with higher deformations have the higher 

hardness values for all the ageing times and temperatures 

(Fig. IV.40). 

Specimens given prolonged ageing showed lower 

hardness values than those given short ageing treatments. 
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.Comparing hardness changes as a function of ageing time 

for constant temperatures (Fig. IV.41). It is observed 

that at 470°C for deformation from 50% upwards the 

hardness increases with ageing time. At 600°C, there are 

scatter and fluctuations of hardness values with ageing 

time•this effect was observed as well for rapid heating 

treatments at 555°C. For the room temperature deformed 

material the hardness either remains constant or 

decreases slightly up to 30 hrs, and then remains fairly 

constant up to 100 hrs ageing time. For the liquid 

nitrogen temperature deformed material the hardness 

increases slightly up to 30 hrs after 30% deformation 

and then remains fairly constant or slightly decreases 

up to 100 hrs. On ageing at 700°C the hardness decreases 

with ageing time for the material deformed up to 20% at 

liquid nitrogen temperature; however it increases with ageing 

time for the heavily deformed material (50% and 65%). For 

the material previously deformed at room temperature the 

hardness slightly increases or remains almost constant 

for small deformations (up to 20%) decreases up 50% and 

again increases for the heavily deformed material (65% 

and 80%). Comparing changes in hardness with temperature 

for constant ageing times it is observed that hardness 

decreases with increase in temperatures, this effect 

being quite marked at 850°C, in which the material shows 

just slightly higher values than the original homogenized 

sample. After. 5 hours ageing treatment the hardness values 

are fairly similar for the different ageing temperatures 
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(470°C, 600°C, 700°C)• 

No change is observed in the homogenized 

material either with ageing temperature or time. 

IV.2.b.2 X-ray analysis - Long time ageing treatments 

X-ray analysis was carried out on samples 

deformed and aged for long times, as well as on the 

annealed plus aged material. Special attention was given 

to those samples in which precipitation was observed by 

means of optical and scanning electron microscopy, (such 

as the ageing treatments 700°C/100 hrs and 850°C/95 hrs), 

in order to identify the precipitate and observe the 

changes in lattice parameter with ageing time. 

Table IV.7 shows a summary of the values 

obtained. The peaks in these samples were fairly 

symmetrical and the broadening disappears with higher 

temperatures; as an indication of recovery and 

recrystallization at 850°C, the peaks were very narrow 

and symmetric at 950°C-, at which temperature the material 

is completely recrystallized. On ageing at 700°C for 

100 hrs new peaks are observed as an indication of some 

precipitation, and for higher deformations at the same 

temperature more peaks are present; the same effect is 

observed for higher temperatures and higher deformations 

(i.e. the number of peaks present increases at 850°C/950°C). 

The peak positions for the deformed plus aged material 

shift towards larger angles with respect to the deformed 



material; but in most samples they remain at about the 

same position as in the annealed material. The chemical 

composition of the precipitates was also studied by means 

of the Jeol 35 scanning electron microscope. This 

apparatus gives qualitative but not quantitative analysis 

The chromium content of the matrix varied 

from one site to another, especially near grain 

boundaries. Particles rich in Cr and Mo were found, and 

some Ti rich particles. Using data from the ASTM index 

cards, the possible precipitate types are listed 

in Table IV.8. 

The lattice parameter decreases with ageing 

time (Table IV.9). This effect is more marked in the 

samples previously deformed at -196°C, than in the sample 

previously deformed at room temperature. Mo change is 

observed in the homogenized material with ageing time. 

IV.2.b.3 Results of grain size measurements 

Grain size measurements were made in the 

annealed material and also in deformed and deformed 

plus aged material. For the deformed material the grains 

elongated in the rolling direction with the increasing 

amounts of deformation. The measurements were made to 

compare with the grains after ageingj for the material 

deformed, from -10% to 50% at -196°C. The results are 

given on the next page. 
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Amount 

of 

. Def. 

Grain size in ym^ (area) 
Amount 

of 

. Def. 

Not 

Aged 

Ageing Treatments 

Amount 

of 

. Def. 

Not 

Aged 
600°C 700°C 850°C 1050°C 

5 h. lOOh. lOOh 95 h. 1 h 

50% LN 1941 2041 4021* 2067 219.8 

30% LN 1025 251.6 

10% LN 839.2 271.6 

Annealed 1268 

* this value does not follow the general behaviour 

As can be seen, as the amount of deformation 

increases the recrystallized grain size (after 850°C/95 hs 

ageing) decreases. Even after 10% deformation, the 

material recrystallizes. It is apparent that at 700°C 

some part of the material has started to recrystallize 

since the average grain size is smaller than the material 

aged at 600°C/100 hs. 

IV.2.b.4 Diffraction analysis for long time ageing 

treatments (5hs to 147 hs) 

For samples previously deformed by small 

amounts (i.e. up to 20% at room temperature and liquid 

nitrogen) after heating for 30 hours and 100 hours at 

470°C no presence of hep phase was detected by means of 

transmission electron microscopy. Fig. IV.43 shows a 

bright field of a sample deformed 20% at -196°C and aged 
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at 470°C for 30 hs. Stacking faults and dislocations are 

observed. However, for the material deformed 20% at liquid 

nitrogen and aged at 600°C for 100 h the presence of 

hep phase was observed (Fig. IV.47). Only after long 

time ageing the hep phase was found, for prior 20% 

deformations at -196°C. After 5 hours at 600°C only twins 

were observed, with internal dislocations Fig. IV.44. 

The matrix from this material presents many stacking 

faults (Fig. IV.44.C). 

In the material heavily deformed in liquid 

nitrogen (50% and 65%) hep phase was observed after 

ageing at 600°C for 5 hrs and 30 hrs (Fig. IV.45). Some 

recovery is observed in the long time treatments (100 h. ) 

at 600°C, Fig. IV.46. 

At 700°C, after long time ageing treatment, 

(30 h and 100 h ), some recovery has taken place, but 

still twins are observed (Figs. IV.48 and IV.49). 

IV.2.b.5 Recrystallization 

On ageing at 850°C the material presents 

complete recrystallization, and the presence of a 

precipitate a chromium molybdenun compound (Figs. IV.50 

and IV.51); the matrix presents stacking faults and some 

dislocations Figs.IV.50.1.b and IV.50.2. 

The precipitates are observed along grain 

boundaries (Fig. IV.5i.b) and probably along an old grain 

boundary Fig. IV.5:1.a. The diffraction pattern from one 

particle is shown in Fig. IV.51.-c. 
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Fig. IV.33.a - Material p r e v i o u s l y 

deformed 50% at -196°C and 

aged 5 hrs at 600°C X 345 
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Fig. IV.33.b - Material previously 

deformed 50% at -196°C and 

aged 100 hrs at 600°C XJ4 5 
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Fig. IV.33.C - Material p r e v i o u s l y 

deformed 50% at room temperature 

and aged 30 hrs at 600°C X 345 
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Fig. TV.33.d - Material previously 

deformed 50% at room temperature 

and aged 147 hrs at 600°C 

X 345 

Fig. IV.33 - Long time ageing treatments at 600°C 
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Fig. IV.35.a - Material p r e v i o u s l y 

deformed 50% at room 

temperature and aged 5 hrs 

at 700°C X 345 

Fig. IV.35.b - Material previously 

deformed 50% at room 

temperature and aged 30 hrs 

at 700°C X 345 

Fig. IV.35.C - Material p r e v i o u s l y 

deformed 50% at -196°C and 

aged 100 hrs at 700°C X 3 4 5 

Fig. IV.35.d - Material previously 

deformed 20% at room temperature 

and aged 30 hrs at 700°C .X 345 

Fig. IV.35 - Long time ageing treatments at 700°C 



1 1 4 

Fig. IV.36.a X 500 F i g . IV.36.b IK 

Figs. IV.36.a, b and c - Material previously deformed 50% at -196°C and 

aged 100 hrs at 600°C 

Fig . IV.36.C F i g . IV.36.d - Material previously 

deformed 50% at room temperature 

and aged 147 hrs at 600 C 

Fig. IV.36 - Scanning electron micrographs 
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F i g . IV.37.d - 10 K 

Fig. IV.37 - Scanning e l e c t r o n micrographs 

Material p r e v i o u s l y deformed 50% at -196°C and aged 100 hrs 

at 700 C . Showing precipitates lying on grain boundaries and 

striations inside the grains. 
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Fig. IV.38 - Recrystallization 

• . > * f -jl j . - • v ' • / .--* v a** ;tk 

h - f a f f M 

A / . . 

Fig. IV.38.1.a - Material previously Fig. IV.38.1.b - Material previously 

deformed 2% at room deformed 50% at room temperature 

temperature X 375 X 375 

Fig. IV.38.2.a - Material p r e v i o u s l y Fig. IV.38.2.b - Material previously 

deformed 2% at -196°C deformed 50% at -196°C 

S.E.M. X 2 K S.E.M. X 2 K 

Fig. IV.38 - Material aged at 850°C 95 hrs 

F i g . IV.39 - M a t e r i a l previously deformed 

50% at -196°C. Aged 2 hrs at 850°C 

+ 2 hrs a t 950 C x 2 R 



TABLE IV.6 

HARDNESS VALUES FOR LONGER TIMES HEAT TREATMENTS AT DIFFERENT TEMPERATURES 

T a 470°C* T = 700°C T = 600°C 

Material 
at R T 

Rolled Material Rolled 
at —196°C 

Material Rolled 
at R T 

Mater.Rolled 
at -196°C 

Material Rolled 
at R T 

Material 
at —196® 

Rolled 
•c 

5h • 

* 

30h 

# 

116h 5h 

* 

26h 

* 

116h 5h 30h lOOh 23h 30h lOOh 5h 30h 112h 147h 5h 30h lOOhr 

Undeformed • 

S . T . - - - 171 172 170 169 — 172 166 — - — - 1 80 175 174 - 166 

2% - - - 221 213 211 - - • - 194 - 206 - - - - 192 200 213 

1 5% - - 244 - - - - 229 212 - 214 226 216 235 238 - - 212 212 

2 10% - 296 - - 299 285 277 248 268 286 294 280 298 286 315 - 322 315 293 

3 20% - 367 381 394 381 426 387 358 343 362 369 374 399 404 400 376 379 374 386 

4 30% 460 466 456 - - - 450 407 388 - - - 447 466 463 445 - - -

5 50% 450 470 516 532 549 577 463 435 412 490 490 501 498 466 480 476 505 532 532 

6 65% 466 509 520 509 593 618 453 457 457 532 528 516 494 501 498 490 557 575 566 

7 80% - . 505 536 575 618 628 505 463 460 549 549 520 509 503 - 498 - 613 615 

850°/95h 263 (10% & 20% RT def)//238 (80% & 50% RT def) 

950°/lh 273 (50% del RT) 

1000°/2h 200 (80% def RT) 

I-1 

S.T. Solution treated 

* a^e coolinpto R T 
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FIG. IT. AO Hardness vs. deformation for different ageing times and temperatures. y-4 
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FIG.IY.41 Hardness YS. ageing time for constant _ 
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TABLE IV.7 

X-ray Analysis Lonp Ageinp Treatments (cobalt radiation) 

Apeinc; at 600°C Ap.einp at 700°C/100hrs 

hkl 2& d a 2a d a 2a d a 2a d a 20 d a 20 d a 

Annealed + Ap.ed 
700QC/100h 

30% def L N 
+ Ap.ed 600°C/30h 

50% def at L N 
+ Aped 600°C/100hr 2% def L N 50% def L H 50% def RT 

27.2* 3.8067 34* 3.062 45.6* 2.31 44.7* 2.35 

28.2* 3.6743 50.5* 2.106 

111 51.4 2.064 3.575 51.8 2.049 3.549 51.6 2.057 3.563 51.4 2.064 3.575 52.2 2.035 3.524 51.6 2.057 3.562 

200 59.95 1.7935 3.587 60.2 1.785 3.57 59.95 1.792 3.584 60 1.79 3.580 

220 90 1.266 3.580 90.1 1.265 3.578 90.2 1.264 •3.575 89.95 1.266 3.581 90.8 1.257 3.555 90,2 1.26 3,571 

80% def L H 
+ Aped 700°C/100hr 

2% def R T 
+ Aped 850°C/95hr 

80% def R T 
• Aped Q50°C/95hr 

50% def RT • 
850°C/95h+9t>0°C/2h 

2% def IIT + 
850°C/95h+950OC/2h 

27.6* 3.753 34* 3.062 

44.8* 2.35 

50.6* 2.09 

111 51.55 2.06 3.568 51.5 2.06 3.568 51.5 

53* 

54.6* 

2.06 

2.006 

1.95 

3.568 51.4 

53* 

54.5* 

56.8* 

57.4* 

2.06 

2.006 

1.95 

1.88 

1.86 

3.568 51.6 2.057 3.563 

200 60.2 1.78 3.57 60 1.79 3.580 60.1 1.79 3.580 60 1.79 3.580 60.2 1.785 3.57 

220 90.2 1.264 3.575 90.05 1.265 3.578 90.2 
90.4 

1.26 3.572 90 1.266 3.581 90.2 1.264 3.575 

* new peaks 



TABLE IV.8 

X-ray Diffraction Analysis of possible precipitates found during Ageing 

Ageing temp, 
at which PPT 
was observed 

d A F C C 

Matrix 

* C O 3 M O 

a=5.13A 
C=4.12A 

M 2 3 C 6 

a r l0 .62A 
M G C 

ao=11.02A 

(Mo,Cr)4C 
a0 =2.982 
C o -28 .81 

C02 M03 
Tetrag. 

^ 9 . 2 3 / 0 0 = 4 . 8 3 

Cr-Ni-Mo** 
phase 
TetrX<T) 

700°/100hrs 3.8067 111 values 

700°/100hrs 3.753 022 

700°/100hrs 3.6743 
• 

700°/100hrs 

850°/95hrs 3.062 10.1 222 

t 2.35 20.2 024 422 015 2.32 311 

2.106 11.1 
.333 
115 

333 018 212 

2057 111 00.2 
.333 
115 411 2.056 330 

850°/95hrs 2.006 

.333 
115 

311 2.004 202 

850°/95hrs 1.95 20.1 440 10.10,0015 222 1.964 411 

950°/2hrs 1.88 

1.79 200 

10.2 044 

135 

442 312 1.864 

1.789 

331 

312 

1.26 220 024 551 1.263 631 

* D r a p i e r e t a l 
** Rideout and beck 



TABLE IV.9 

Values of true lattice parameter ( a o ) for different alloy conditions and different ageing temperatures 

Material 

treatment 
No Aged 

AGED 

Material 

treatment 
No Aged 

600°C 700°C 850OC 950°C Material 

treatment 
No Aged 

30hrs 100 hrs 100 hrs 95hrs 2 hrs 

Annealed (1100°C/lhr) 3.585 

3.585 

3.585 

3.585 

3.585 

3,585 

3.585 

3.585 

3.584 

3.583 

3.573 

3.565 

3.566 

D
e
f
o
r
m
e
d
 

a
t
 _
 

-1
96
°
C
 

2% 

10% 

20% 

30% 

50% 

65% 

80% 

3.585 

3.585 

3.585 

3.585 

3.585 

3,585 

3.585 

3.585 

3.584 

3.583 

3.573 

3.565 

3.566 

D
e
f
o
r
m
e
d
 

a
t
 

R 
T
 

2% 

30% 

50% 

- 65% 

80% • 

3.585 

3.586 

3.584 

3.585 

3.563 

3.578 

3.576 

3.577 

3.578 

ro 
CD 
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F i g . IV.43 - QMaterial previously deformed 20% 
at -196 C and aged 30 hrs at 4 70°C 

Mag. 100 K 

Fig. IV.44.a - HRDF showing very faulty twins 

lying on (111) plane M a g . 48 K 

Fig. IV.44.b - Diffraction 
Pat tern 

F i g . IV.44.C - Structure showing stacking faults 

Mag. 80 K 

Fig. IV.44 - Material previously deformed 20% at -196°C and aged 5 hrs 
at 600OC 



Fig. IV.45.a - HRDF from spots 5 & 3 

showing matrix M a g . 38 K 

F i g . IV. 45 . b - HRDF from spots 1,2 & 

4, showing hep phase Mag. 38 K 

• cotpmon to all three 
® twin 
<h hep 

' 1 2 31 
m 

<321 t 
i 24 9ih 

Fig. IV.45.C - Diffraction Pattern 

for a and b 

Fig. IV.45.e - HRDF from inner spots 

showing hep phase Mag. 48 K 

Fig. IV.45.f - Diffraction 

Pattern (111)//(OOOl) 

Fig. IV.45. - Material previously deformed 65% at -196°C and aged 5 

at 600°C 
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F i g . IV.45.a 8 K 

F i g . IV.46.b - 38K 

F i g . IV.46.c - 80 K 

F i g . IV.46 - Material previously deformed 50% at -196°C and aged 100 hrs 

at 600°C. a, b, and c are bright field views from the same area at 

different magnifications, showing a twin within a twin 
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Figs. IV.47.a & b - Are d i f f e r e n t magnifications from the same area; 

showing matrix w i t h stacking faults 

a) 58 K b) 80 K 

ig. IV.47 - Material p r e v i o u s l y deformed 20% at -196°C and aged 
100 hrs at 600°C 

Fig. IV.48.b - HRDF showing 

twins on (111) 48 K 

Fig. IV.48.a - Bright field 

58 K 

Fig. IV.48 - Material p r e v i o u s l y deformed 20% at -196°C and aged 

30 hrs at 700°C 
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F i g . I V . 4 9 . a - HRDF showing twins M a g . 30 K 

Fig. IV. 4 9. b - HRDF showing a faulted twin at 

higher magnification Mag. 80 K 

IV.49 - Material previously deformed 50% at -196°C, aged 100 hrs 
at 700 C 
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Fig. IV.50.1.a - Bright field showing matrix 
recryst al 1 ized 8 K 

F i g . IV .50.1 .b - Bright field from a different 

area of the same sample showing stacking 

faults and dislocations 8 K 

Fig. IV.50.1 - Material p r e v i o u s l y deformed 30% at room temperature 

F i g . IV. 5 0 . 2 - Material previously deformed 80% 

at r o o m temperature; bright field showing a 

m o r e f a u l t y matrix than above. Some stacking 

faults and dislocations are seen. M a g . 58 K 

Fig. IV.50 - Ageing T r e a t m e n t s at 850°C - 95 hrs. 
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F i g . IV. 5 1 . a - 8K 

F i g . IV.5l.b - 24 K 

F i g . IV.51 .c - 58 K 

IV.51 - Ageing treatments a t 950°C 2 hrs. Material completely 
recrystallized, showing precipitate particles lying probably 
along an old grain b o u n d a r y and on the new ones 
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IV.3 Tensile Test Results 

Table IV.10 shows the results for the two 

alloys A and B in the solution treated and deformed 

conditions tested from room temperature to -196°C. 

The behaviour of both alloys is very similar 

at all temperatures except for alloy B which when tested 

at room temperature, in the deformed condition, showed 

lower values of proof stress and strain hardening; 

however, this was the only case in which this behaviour 

was observed. In all the other cases the behaviour of 

both alloys is very similar, the values of proof stress, 

tensile stress at instability and fracture stress 

increase with decreasing temperature, while the reduction 

of area and elongation values remain fairly constant 

with temperature for the solution treated condition. 

For the deformed condition the elongation increases from 

25% to 35% for alloy A tested at 111°C and to 30% for 

alloy B tested at -196°C. 

Alloy A (higher Ti content) shows slightly 

higher values of proof stress, tensile stress at instability 

and fracture stress than alloy B, for all conditions. 

As is expected the deformed material shows 

much higher values of stress and lower values of 

ductility than the solution treated material. For most 

of the cases duplicate tests were performed and these 
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showed very good agreement. Figs. IV.52 - IV.55 show the 

true stress - true strain graphs for both alloys (solution 

treated and deformed), tested from room temperature to 

-196°C. The strain hardening exponent was calculated 

from the slopes of the graphs log true stress - log true 

strain (Figs. IV.56 and IV.57). These graphs did not show 

a straight line, but there was only a small difference 

in the slope for.the solution treated material tested 

from room temperature to -196°C. However, the mean value 

of all points was in good agreement with the values of 

n calculated at instability, which are showed in Table 

IV.11. This behaviour was not observed in the previously 

deformed material, which show a straight line at all 

test temperatures with the same value of strain hardening 

exponent, which is in very good agreement with the values 

of n showed in Table IV.11 for the same conditions. 

Table IV.11 shows the values of n obtained from the 

graphs; n ^ is the slope of a mean line through all the 

points. 

The solution treated material shows almost 

the same value of strain hardening exponent as measured 

from the strain to instability for all the test 

temperatures; the variation is between 0.55-0.46, and the 

slopes obtained from the graphs for just one average line 

through all the points have approximately these values. 

The deformed material presents slightly greater 

differences in the n values, as measured from the strain 
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at instability, however they vary between 0.10-0.21. The 

values from the graphs agree fairly well with these 

values; they are 0.12-0.13. The value of the strain 

hardening exponent of alloy B deformed and tested at R T, 

of 0.35 can be considered as an anomalous value, since 

it does not agree at all with the general behaviour, in 

any case this test is not to be considered since it 

presented rather low values of general level of stress, 

only for this condition. A duplicate of this test was 

not available, therefore it can be considered as an 

anomalous test. 

IV.3.a Analysis of the graphs of work hardening 

rate vs True plastic strain 

Work hardening rate values were calculated 

over very short intervals of the curve true stress -

true strain. These values were plotted in . log-log 

graph for the solution treated material (Fig. IV.58), 

tested at room temperature, -4°C, -80°C and -196°C. 

The data for the deformed material tested at room 

temperature, -50°C, -111°C and ^-196°C were also plotted 

(Fig. IV.59). Appendix III shows tables A.III.l to 3 

with the values of work hardening rate vs true plastic 

strain. 

. Observing Fig. IV.59, very little change is obtained 

in the slope of the work hardening rate vs strain graph, for the 

deformed material at any temperature, moreover the rate of change 
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d(dcr/de)/de is approximately the same for the different test 

temperatures; this behaviour is observed in both alloys 

A and B, although the data shown is only for B . This 

observation could be deduced as well from Fig. IV.57. 

The solution treated material shows a rather 

different situation; as was observed in Fig. IV.56 the 

log true stress - log true strain graph did not show a 

straight line, plotting the work hardening rate vs true 

strain, it is also observed in Fig. IV.58 that a 

"multiple stage" work hardening occurs. The work 

hardening rate decreases at all temperatures with 

increasing strain,up to approximately a common value of 

strain about 0.14; thereafter, the (da/de) value 
de 

changes to a lower value"; this is so for all temperatures 

except for -196°C which presents a sharp increase in work 

hardening rate after 0.4 plastic strain. The material 

tested at room temperature presented only two different 

stages, while in the material tested at subzero 

temperatures three stages were observed, except the test 

at -196°C which showed a fourth stage. For the subzero 

temperature tests, the first change in the slope of the 

work hardening rate vs true plastic strain plot is at 

about 0.03 plastic strain and the second at about 0.14 

plastic strain, as was mentioned before. 

IV.3.b Summary of Mechanical Properties vs 

temperature 

Figs. IV.60 and IV.61 show the variation of 
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strength (i.e.0.2% proof stress tensile stress at instability 

and fracture stress) and ductility with temperature for 

the solution treated material (Fig. IV.60) and for the 

deformed material (Fig. IV.61). For the solution treated 

condition for both alloys it is observed that the strength 

increases as the temperature decreases. However the values 

of reduction of area, and elongation remain fairly 

constant with decreasing temperature. 

For the deformed material the tensile stress 

and proof stress increase as the temperature decreases, 

however, the fracture stress seems to reach a maximum 

and then decrease for very low temperatures (-196°C and 

-111°C) the reduction of area follows a behaviour similar 

to the solution treated material, remaining fairly 

constant with decreasing temperature. However, the 

elongation values increase slightly (about 10% increase) 

for the very low temperatures (-111°C and -196°C). Both 

alloys show similar behaviour. 

IV.4 Impact Testing 

Fig. IV.62 shows the energy absorbed at 

fracture vs temperature for both alloys in the solution 

treated and deformed conditions. The energy absorbed 

remains almost .constant for alloy B, solution treated 

from room temperature down to- -196°C. Alloy A shov/s a 

slight decrease beginning at about -80° C . 

For the deformed material the values decrease 



TABLE IV.10 ; 

TENSILE TEST RESULTS 

0,2% Proof Tensile stress True Strain Fracture Reduction 
Alloy Test stress at instabi l i ty at instabi l i ty Stress of EIoncation 

(of \ 

Condition Temper (MN/m2) (MN/m2) (M) (MN/m2) Area (%) 

As received R T 503 2042 0.80 2035 47 70 
Alloy A-ST R T 408 1 548 0.54 2 154 79 
Alloy B-ST R T 399 1352 0.51 1388 38 76 
Alloy A-Def R T 1206 1367 0.11 2025 44.4 24 

•Alloy B-Def R T 653* 928* 0.35« 1114 38.3 23 
Alloy B-ST - 4°C 407 1423 0.50 1800 44 75 
Alloy B-Def - 2°C 1198 1389 0.10 2628 38 25 
Alloy A-Def - 2°C 1212 1422 0.13 2500 43.8 25 
Alloy B-ST - 12°C 314 1271 0.55 1660 47 82 
Alloy A-Def - 120C 1152 1305 0.10 2243 41 24 
Alloy B-Def - 18°C 1011 1217 0.16 2214 40.6 29 
As received - 23°C 423 1250 0.47 2000 37.9 67 
Alloy B-ST - 30°C 456 1429 0.51 1900 43.8 75 
Alloy A-ST - 35°C 490 1466 0.49 2402 44.1 72 
Alloy A-Def - 27°C 1163 1428 0.16 2500 38 29 
Alloy B-Def - 27°C 1161 1391 0.12 2571 37.5 25 
Alloy B-ST - 50°C 414 1394 0.50 1750 37.5 74 
Alloy B-Def - 50°C 1294 1458 0.10 2750 38.3 24 
Alloy A-Def - 50°C 1158 1436 0.13 2642 37.5 26 
Alloy A-ST - 70°C 430 1494 0.49 2143 37.9 71 
Alloy B-Def - 70°C 1172 1527 0.102 2857 43.8 20 
Alloy B-ST - 80°C 449 1606 0.575 2143 43.8 79 
Alloy A-ST -10S°C 487 1607 0.50 2442 44.1 73 
Alloy A-Def -111°C 1200 1607 0.21 2314 37.9 35 
Alloy B-ST —196°C 572 1963 0.46 2487 37.9 74 
Alloy B-Def -196°C 1339 1850 0.20 3008 35.4 30 

ST = material solution treated 
Def=» material previously deformed 
FT = T ^ t at room temperature 

= This test showed anomalous behaviour 
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TABLE IV.11 

a. n-Values of strain hardening exponent 

Test 
Solution Treated Deformed 

Temp Alloy A Alloy B Alloy A Alloy B 

R T 0.54 0.51 0.11 0.35* 

- 40c — 0.50 0.13 0.10 

- 12°C - 0.55 0.10 0.16 

- 30°C 0.49 0.51 0.16 0.12 

- 50°C - 0.50 0.13 0.10 

- 70°C 0.49 0.57 - 0.10 

—105°C 0.50 ' - 0.21 -

-196°C - 0.46 - 0.20 

(n = values of true strain at instability) 

b . n Values from graphs log true stress - log true strain 

Solution Treated Deformed 

R T 
Sub-zero 

Temperatures R T 
Sub-zero 

Temperatures 

n A 0.50 0.50 0.12 0.13 

n l 0.19 0.40 - -

n 2 0.55 0.65 - -

(both alloys had similar behaviour in this case) 

n-̂  = slope of the first straight line 

n2 = slope of second straight line 

n^ = slope of mean line through all points 
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slightly with decreasing temperatures. However, alloy A 

deformed, seems to show a peak at about -40°C and then 

decreases slightly down to -196°C. 

IV. 5 Fractographs 

The fracture surfaces of both alloys 

solution treated and deformed material, tested under 

tension and by impact testing, from room temperature to 

-196°C were studied by means of scanning electron 

microscopy. Micrographs showing similarities and/or 

differences between both alloys, and between the 

different test temperatures are shown in Figs. IV.71 to 

IV. 90. 

Micrographs IV.71 to IV.81 show the tensile 

fracture surfaces of the solution treated alloys A and 

B from room temperature' to -196°C. Micrographs IV.82 to 

IV.86 show the deformed material tested under tension 

from room temperature to -196°C. Figs. IV.87 and IV.88 

are low magnification views of the tensile fracture 

surfaces of the solution treated and deformed material 

for different test temperatures. Finally micrographs 

IV.89 to IV.90 are the impact fractures. 

IV.5.a Tensile Fracture Results 

No difference- in fracture mode was 

observed between alloy A and B . On the contrary they 

appeared to be very similar as can be observed in the 
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micrographs, when both alloys are shown at the same test 

temperature as a matter of comparison. Figs. IV.71 and 

IV.72 show alloys B and A respectively, in the solution 

treated condition tested at room temperature, a ductile 

mode of fracture is observed, with numerous dimples and 

microvoids, and very few inclusions present. The general 

appearance of the walls is very wavy. These characteris-

tics are observed in the tensile fracture surfaces from 

room temperature to -80°C (see Figs. IV.71 to IV.76). 

For the test performed at -105°C a. different 

general appearance of the fracture surface is observed, 

and although there are still a large amount of dimples, 

the structure presents a rather more flattened appearance 

(Fig. IV.77.a and b). At -196°C this behaviour is more 

pronounced, Fig. IV.78 shows, the low magnification of 

the fracture surface, indicating the different areas 

observed at high magnifications in Figs. IV.79 to IV.81. 

As can be seen a shear mode is observed in area D . It 

appears as if a different phase has formed which separates 

along the boundaries; this is especially clear in area A 

(Fig. IV.79), some intermetallic particles are also 

observed which were identified to have high Ti content. 

Fig. IV.80 which shows a high magnification of area B, 

shows tearing of this region. 

.The material in the deformed condition 

tested from room temperature to -196°C is shown in 

Figs. IV.82 to IV.85. The test at room temperature did 
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not show very significant differences from the solution 

treated condition tested at room temperature, except for 

the form of the inclusions which looked deformed due to 

the previous deformation by rolling given to the material; 

a general ductile mode of fracture with the characteristic 

dimple appearance is observed. As the test temperature 

decreases although ductile fracture is still observed 

down to -70°C, in general the dimples even their conical 

shape, as can be seen in Fig. IV.84 which shows shallow 

dimples. At -111°C, although voids can still be observed 

(Fig. IV.85 ) the surface has become flat. This effect 

is more pronounced at -196°C (Fig. IV.86) which is again 

very similar to the structure of the solution treated 

material tested at the same temperature; again the phase 

present separates at the boundaries. However, there is a 

difference from the solution treated condition which 

shows intergranular separation which was not observed 

before (Fig. IV.86.a> b and cj.Looking at the micro-

mechanisms of fracture at low magnifications (Figs. IV.87 

and IV.88), with decreasing temperature, it is observed 

that down to~35°C, both solution .treated and deformed 

materials are characterized by the formation of a fibrous 

zone, surrounded by a shear lip zone. Radial marks are 

observed in the solution treated material tested at 

-30°C (Fig. IV.87.c) and at -50°C. . In the 

solution treated material tested at -105°C a small 

fibrous region is present which, consists of a series of 

circumferential ridges (Fig. IV.87,d). The ridges lie 



,152 

normal to the direction of crack propagation from the 

origin towards the periphery of the specimen. The 

previously deformed material tested at -111°C still 

showed a very small fibrous region also with a large, 

shear zone and some very coarse radial marks (Fig. 

IV.88.d)• The.test at -196°C for both conditions showed 

predominantly a shear mode of fracture and intergranular 

separation (Figs. IV.87.e and lV.87.f and Fig. IV.88.g and h ) . 

IV.5.b Impact testing fractographs 

Figs. IV.89 to IV.90 show the fracture 

surfaces of the solution treated and deformed material 

tested from room temperature to -196°C. Only room 

temperature and -196°C temperature tests are shown, due 

to the great similarities for all the conditions and 

temperatures. 

Fig. IV.89 shows the low magnification 

fracture mechanisms, which as can be seen do not change 

with decreasing temperature for the solution treated and 

deformed conditions. It is a ductile mode of fracture 

and a very extended fibrous zone is observed. At high 

magnifications Figs.IV*. 90.1 to IV.90.2 microvoid coalescence 

is observed at all temperatures for both solution treated 

and deformed material. The specimen tested at -196°C 

presents a more rough appearance, and many features are 

seen in the walls, i.e., microvoids and slip lines (Figs. 

IV.90.1.c, IV.90.1.d and IV.90.2.b). 



IV.6 Compression Testing 

In order to describe the different type of 

serrations observed during the compression testing, the 

classification given by Brindley and Worthington ( **5 ) 

was followed. This has been described in the literature 

review (ChapterII) and therefore will not be stated here 

again. However, the definition of each type of serration 

will be given as they appear during the test. 

Figs. IV.63 to IV.66 show schematically the 

complete compression test procedure, indicating changes 

of strain rate and relaxation periods for both alloys, 

in the four different conditions, i.e. solution treated 

(Fig. IV.63), solution treated and aged (600°C/5hs) 

(Fig. IV.64), deformed (Fig. IV.65) and deformed and 

aged (600°C/5hs) (Fig. IV.66); tested from room 

temperature to 800°C. No significant differences were 

observed between alloys A and B. 

IV.6.a Desoription of behaviour during compression 

tests at different temperatures 

Room temperature 

At room temperature both alloys for all 

conditions had similar behaviour. The stress increases 

with an increase in strain rate (at point A); when the 

strain rate is decreased to its original value (g ), the 

stress goes down and then follows the original stress-

strain curve at point C. At point D the cross-head is 



stopped and the stress starts to decrease as a result of 

relaxation; at point E the stress is applied again and 

the curve follows the projection of the original curve, 

and the whole process is repeated again. However, the 

deformed and aged material shows a slight drop after 

relaxation (points I and J) before the projection of the 

original curve is reached again. 

As the temperature increases this behaviour 

does not follow; and depending on the alloy condition 

and the temperature different processes take place. 

360°C - 450°C 

At this temperature the solution treated, 

and solution treated and aged material show a similar 

behaviour. When the strain- rate is increased at point A, 

the curve shows a slight increase but immediately drops 

following the original stress strain curve; in this case 

there is no increase in stress after increase in strain 

rate as in room temperature test. When the strain rate 

is changed to its original value at point C there is a 

small stress drop but the curve increases again, C D E , 

followed by serrations up to point F . These serrations 

are very small; they are type A ( 4 5 ) serrations, i.e. 

they rise above the general level of the stress strain 

curve and are periodic in nature. At point F the cross-

head is stopped and relaxation takes place. In the 

solution treated and aged material a stress drop is 
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observed after relaxation, after reapplying stress, H I J, 

and for the lower strain rate, type A serrations are 

observed but not for the higher strain rate, this 

material behaves in a similar way at 450°C. 

The deformed and deformed and aged materials 

behave similarly to one another at 360°C. Up to the 

second change in strain rate (point B) they show a 

similar behaviour to the solution treated material. 

However, when the strain rate is set to its original value 

, the stress increases to a value higher than the 

projection of the original curve. A stress drop is 

observed at point C until again the curve slowly recovers 

to the smooth shape,up to point E where the cross head 

is stopped for relaxation; after which the curve comes 

back following the smooth a-e curve; for the deformed 

material, a stress drop is observed again after relaxation 

for each strain rate change. The material deformed 

behaves similarly at 450°C as at 360°C however, this is 

not the case in the deformed and aged material in which, 

after the second strain rate change, the stress comes to 

the same value as that before the change (i.e. the stress 

is independent of the strain rate). 

550°C 

At this temperature both alloys in all 

conditions present yield point phenomena ( 4 5 ) (i.e. a 

larger stress is required to initiate deformation by slip 
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than to continue it and this is observed as a drop in 

load at the start of yielding). The serrations start 

immediately after the elastic region of the stress strain 

curve, the solution treated and solution treated and aged 

material respond similarly to changes of strain rate 

before and after relaxation but show serrations of 

different types. The solution treated material presents 

type A serrations throughout the test, only of larger 

size after relaxation. The solution treated and aged 

material presents type B serrations for the lower strain 

rates; i.e., these type B are serrations which oscillate 

about the general level of the stress/strain curve and 

occur in rapid succession. For this particular condition 

(solution treated and aged) the serrations are large and 

periodic. Type A serrations are observed for the higher 

strain rate. After relaxation a stress drop is observed. 

The deformed and deformed and aged materials behave 

similarly. They show type B serrations for the higher strain 

t 

rate and type C serrations for the lower strain rate. 

Type C are serrations which fall below the general level 

of the stress strain curve; for these particular 

conditions they are very large and periodic in nature. 

For the deformed and deformed and aged conditions the 

stress falls below the stress-strain curve after the 

increase in strain rate giving a negative strain rate 

sensitivity. After relaxation the stress comes back to a 

high value following the projection of the curve before 

relaxation but the process is followed by a progressive 



decrease in stress; this is not so marked for the 

deformed and aged material, in which the serrations 

(type C) are not so large and the decrease in stress is 

smaller. 

650°C - 68Q°C 

At this temperature the solution treated 

material shows a large yield drop with increase in strain 

rate. Alloy A shows type B serrations for the higher 

strain rate, but alloy B does not show serrations. The 

stress is independent of the strain rate change (Fig.IV.-63. 

In the deformed material the stress falls sharply with 

increase in strain rate and comes back to follow the 

original projection of the (o-e ) curve on returning to 

the original strain rate value £ ; after relaxation the 

stress decreases with strain rate increase, and does not 

go back to follow the stress/strain curve when the strain 

rate is returned to the original value. 

The deformed plus aged material follows the 

same behaviour, except that type C serrations, extremely 

large and periodic, are observed for the higher strain 

rate before relaxation. 

700°C 

The solution treated material shows type B 

serrations before relaxation and type C serrations after 

relaxation with a stress drop when the strain rate is 
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increased (Fig.IV.63.f).The stress is independent of the 

strain rate change. The solution treated plus aged 

material shows similar behaviour except that alloy B 

shows serrations only after the increase of strain rate 

and these were type C serrations Fig.. IV.64.d). 

The deformed material does not show 

serrations except for alloy B after relaxation for the 

higher strain rate. For this condition the stress 

increases with strain rate increase and decreases with 

strain rate decrease. However, there is a difference from 

the lower temperatures behaviour (R.T.) since it seems 

to take more time to reach the smooth stress-strain 

curve (Fig. IV.65.e). The deformed and aged material 

showed a very different behaviour to the deformed material, 

type C serrations are observed for the higher strain rate, 

with extremely large periodic serrations. The stress 

decreases with strain rate increase giving negative 

strain rate sensitivity. After relaxation type C 

serrations are observed throughout the rest of the 

process (Fig. IV.66.e). 

800°C 

At this temperature all the conditions 

behave similarly. No serrations are observed, and the 

stress largely increases with strain rate increase and 

decreases with strain rate decrease. 
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IV.6,b The temperature dependence of the 0.2% Proof 

Stress, the strain rate sensitivity, and the 

relaxation stress 

The 0.2% proof stresses, critical strain 

(i.e., strain at first serration), A a , relaxation after 

1 min and after 10 min and the strain rate sensitivity 

values are given in tables IV.12 and IV.13 for both alloys 

solution treated, solution treated and aged, deformed and 

deformed and aged, from room temperature to 800°C. The 

deformed and deformed and aged material showed much higher 

values of stress than the solution treated and the solution 

treated and aged materials. Figs. IV.67 to IV.70 show 

these values graphically. As can be seen from Fig. IV.67 

and Tables IV.12 and IV.13, all the conditions showed 

higher values of stress at about 550°C. However, some 

scatter was also obtained at this temperature. The 

solution treated and solution treated and aged materials 

showed positive values of strain rate sensitivity at 

room temperature which falls to zero at 360°C and becomes 

negative at 460°C; it goes to zero again for 550°C and 

keeps this value up to 700°C. The deformed and the 

deformed and aged materials showed negative strain rate 

sensitivity values in the range 450°C - 650°C and 450°C -

700°C, respectively; followed by a sharp increase at 

higher temperatures (Figs. IV.68 and IV.69), Low relaxation 

stresses values were observed in the range 360°G - 550°C 

for all conditions. The smallest was shown at 460°C for 

the solution treated materials and at 550°C for the 
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deformed and deformed and aged materials (Fig. IV.70) . All 

the conditions showed serrated yielding at 550°C. The 

critical strain, i.e., strain at first serration is very 

•small in the temperature range 450° - 550°C, ranging from 

0.05 to 0.5, however thtrsevalues vary depending on the 

material condition. The values of the activation parameters 

were calculated for alloy A, for the different conditions 

and temperatures. Table IV.14 shows the (Aa) values, 
V A T ' g 

Tables IV. 15 and IV. 16 show the calculated values for 

activation enthalpy and activation volume. The 0.2% proof 

stress values at room temperature for all conditions are 

in good agreement with the same values from the tensile 

test at room temperature. 

IV.6.c Calculation of Activation Parameters 

Calculation of the activation parameters is 

done on the basis of the equations given by Evans and 

Rawlings ( 4 7 ). The results are shown in Tables IV.15 and 

IV.16. 

Activation volume V* = 2KT f Ln£ ) 
V ^ / j i 

Activation enthalpy AH = K T 2 ( A Ln j \ ( A C ) 
\ Ac JT V A T M 

f 1 K = 1.38062 x 10- 2 3J/°K 

\ AS J T A 

^ & is calculated from the different values of proof 
A t 

stress at different temperatures. These values are shown, 

for different temp intervals for alloy A,in Table IV.14. 



FIG.H.63 Schematic diagrams of compression test data at 

various temperatures for the solution treated 

material. Both alloys showed similar behaviour 

when not indicated. 
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FIG.EZ.64 Schematic diagrams of compression test data at various 
temperatures for the solution treated and aged material. 
(Both alloys showed similar behaviour when not 

indicated.) 



F IGU.65 Schematic diagrams of compression test data at 

various temperatures for the deformed material. 

Both alloys showed similar behaviour when not 

'indicated. 
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FIG. 12.66 Schematic diagrams of compression test data at 
various temperatures for the deformed and aged 

material. Both alloys showed a similar behaviour 

when not indicated. 



TABLE IV.12 

TEMPERATURE DEPENDENCE OF 0.2X PROOF STRESS RELAXATION STRESS AND STRAIN RATE SENSITIVITY 

Material Solution Treated Material Solution Trented & Aned 

0.2% Proof 
Stress 
(MN/m2) 

Critical 
Strain 

strain at 
1st 

serration 

A c 

(MN/m2) 

Relaxation X 
(MN/m2) 

strain rate 
sensitivity 

0.2 % 
Proof 

stress 
(MN/m2) 

6 c <%) 
Critical 
Strain 
strain at 

1st 
serration 

. ACT 

(MN/m2) 

Relaxation X 
strain 
rate 

sensit. 
MN/ra2 

Temp. 
(°C) Alloy 

0.2% Proof 
Stress 
(MN/m2) 

Critical 
Strain 

strain at 
1st 

serration 

A c 

(MN/m2) 

1 min 
R 

MN/m? 

10 min 
R 

MN/m 2 

X 
(MN/m2) 

strain rate 
sensitivity 

0.2 % 
Proof 

stress 
(MN/m2) 

6 c <%) 
Critical 
Strain 
strain at 

1st 
serration 

. ACT 

(MN/m2) 

1 nin 
K 

MN/m2 

10 min 
K 

MN/mP 

X 
strain 
rate 

sensit. 
MN/ra2 

R T A 

B 

408.08 

407.08 

11.6 

11.6 

11.6 

11.6 

18.9 

18.9 

5.04 

5.04 

334.4 

.367.83 

- •7.27 

•7.27 

- - 3.16 

3.16 

360° A 

B 

334.4 - 0 - - 0 327 0 4.36 8.7 0 

460° A 

B 

313 

269 
- -1.45 

-2.9 

4.4 

2.9 

17.5 

19 

-0.63 

-1.26 

550° 

A 

B 

.297 
'494.3 

450.7 

0.08 

0.05 

0 

0 

4.36 

4.36 

23 

17.4 

0 

0 

312 
1247 
276 

532°/508 
5G5°/276 

0.08 

0.08 
0.08 

0 

0 
0 

2.9 

5.8 
7.2 

26 

7.2 
33.4 

0 

0 
0 

680° A 

B 

225 

327 

2.7 0 

0 

10.17 

10.17 

36.35 

36.3 

0 

0 

700° 
A 

B 

257 

218 

0.05 

0.05 

0 

0 

10.17 

7.3 

37.8 

29 

0 

0 

276 

250 

0 

2.8 

0 

0 

5.8 10.17 0 

0 



TABLE IV.13 

TEMPERATURE DEPENDENCE OF 0.2% PROOF STRESS RELAXATION STRESS AND STRAIN RATE SENSITIVITY 

Material Deformed Material Deformed and Aped 

0.2% 
Proof 

Stress 
(MN/m2) 

£c (%) 
Critical 
Strain 

strain at 
1st 

serration 

Relaxation X 
0.2% 
Proof 
Stress 
(KN/m2) 

{%) 
Critical 
Strain 
strain at 

1st 
serration 

Relaxation X 

Temp. 
(°C) Alloy 

0.2% 
Proof 

Stress 
(MN/m2) 

£c (%) 
Critical 
Strain 

strain at 
1st 

serration 

A a 

(MN/m2) 

1 min 
R 

(Mf!/m2) 

10 min 
R 

(MH/m2) 

strain rate 
sensitivity 

(MN/m2) 

0.2% 
Proof 
Stress 
(KN/m2) 

{%) 
Critical 
Strain 
strain at 

1st 
serration 

A a 

(MN/m2) 

1 min 
R 

(MN/m2) 

10 min 
R 

(tWm2) 

strain rate 
sensitivity 

(MH/m2) 

R T 

A 1294 
1527 

- +13 
+11 

24.7 +5.7 
+6.94 

1478.6 - +16 24.7 40.7 +6.95 

R T 
B 1352 

1293 
- +17.4 

+13. 
27.6 +7.6 

+ 5.7 
1352 
1400 

— +14.5 21.8 36.4 +6.3 

360° A 

3 

1272 0/+11.6* 0/+5* 1378 0/+13* 0/+5.7* 

450° 

A 440°/1090 
1243 

- -4.4 10.17 -1.9 952 - 0 0 

450° 
B 1218 - -4.4 10.17 17.5 -1.9 40CP/1217 - 0 0 

550° 

A 10G1 
1182 

0.05 -10 11.6 23 -4.42 1300.5 0.5 -10.2 11.6 20.3 -4.42 

550° B 1236 0.5 -13 8.7 33.4 -5.65 1243 0.5 -10.2 10,2 19 -4.42 

650° 
A 

B 

1105 0.5 -17.45 40.7 126.5 -7.6 1163 

1151.5 

1.5 

1 

-17.45 

-14.5 

37.8 

23.3 

100 

93 

-7.6 

-6.3 

700° A 

B 

1090 

1105 mm 

+26 

+29 

68 

74 

+212 

+214 

+11.3 

+12.6 

475.4 3.8 -2.9 14.5 33.5 -1.3 

800° A 531 — +102 +44.3 509 - +116 +50.4 

• at second strain rate change €L E 

CD 

I i 



MATERIAL SOLUTION TREATED 

AND SOLUTION TREATED PLUS AGED 
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FIG. IV. 68 - STRAIN RATE SENSITIVITY vs TEMPERATURE 



M A T E R I A L D E F O R M E D P L U S AGED 
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FIG.IV. 69 - STRAIN RATE SENSITIVITY vs TEMPERATURE 
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so lu t ion t r e a t e d and aged A 
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• TABLE IV.14 

Lo/At t VALUES (MN/m 2 oC) 

(°c) Solution Sol. Treated Deformed 

Temperature Treated and aged Deformed and aged 

RT - 360 -4.2 -0.02 -0.06 -0,30 

350 - 4 5 0 -0.21 -0.05 -0.36 -4.73 

460 - 550 .+1.81 
' —0.18 

-0.24 .(550°C) 
(700°C) 

-0.61 +3.56 

550 - 650 -0.55 -0.77 -1.45 

650 - 700 +1.6 -0.3 -13.75 

700 - 300 -5.59 +0.34 



TABLE IV 

ACTIVATION PARAMETERS MATERIAL 

.15 

SOLUTION TREATED ALLOY A 

T (°K) 0• 2%Proof Stress 
(MN/m2) 

ACT. 

( m / W ° C ) 

KT2 
V a A H V* 

293 408 -4.2 713.74 0.198 -71.6 +0.96 

633 , 334 -0.21 3331.3 0 0 0 

733 314 -0.18 4467 -1.59 +1278 -19.4 
823 297 -0.55 5631 0 0 0 
953 +1.6 - 7551 0 0 0 
973 225 7871 0 0 0 
1073 

1 t 

H 
v] 
ro 



• 

TABLE IV.16 

ACTIVATION PARAMETERS 

Material Deformed A Material Deformed plus aged A 

T(°K) 0.2%P.S. A a / A T KT2 
1 / A AH V* 0.2%P.S. A a / A T KT2 

1 /A AH V* 
( M N / m 2 o C ) > l N / m 2 o C ) 

1 /A AH 

293 1294 
t 

-0.06 713.74 0.175 -7.49 0.85 1479 -0.30 713.74 0.14 -30 0,68 

633 1272 -0.36 331.3 0 0 0 1378 -4.73 331.3 0 0 0 

723 1243 -0.61 4467 -0.53 +1444 -6.4 952 +3.56 4467 0 0 0 

823 1182 -0.77 5631 -0.23 +997 -3.15 1309 -1.45 5631 -0.23 +1878 -3.15 

923 1105 -0.3 7083 -0.13 +276 -2. 1163 -13.75 7083 -0.13 +12661 -2. 

973 1090 -5.59 7871 +0.09 -3960 +1.5 475 +0.34 7871 -0.76 -2034 -12.3 

1073 531 -5.59 9572 +0.02 -1070 +0.4 509 +0.34 9572 +0.02 +65 +0.4 

A H = 

V* = 

k = 

a c t i v a t i o n e n t h a l p y ( i C J / m o l e ) 

activation volume 

Boltzmann's Constant 

vl 
CD 



Material solution treated, tested in tension at different temperatures 

Fig. IV. 71 - room temperature t e s t , Fig. IV. 72 - room temperature test, 

Alloy A M a g . 5 K Alloy B Mag. 2 K 

F i g . IV.73 - Alloy B, tested a t - 1 2 °C Fig. IV.74 - Alloy A , tested at -35°C 
I K X 500 

Fig. IV.75 - Alloy A , tested a t -50°C Fig. IV.76 - Alloy B, tested at -50°C 
X 500 X 500 

Fig. IV.77a- Alloy A, tested at -105°C F i g . IV.77b- Alloy A, tested at -105°c 

1 * x 5 0 0 
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F i g . IV. 78 - Two low m a g n i f i c a t i o n 

tested at -196°C 

Fig . IV.79.a - I K 

Fig. IV.79 - Higher m a g n i f i c a t i o n f 

views of Alloy B, solution treated 

X 50 

F i g . IV . 7 9 . b - 2.7 K 

om area A in IV. 78 
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Fig. IV.80 - Two views of a r e a B in IV.78 

Fig. IV.80.b - area B, showing tear 

features X 1 K 

Fig. IV.80.a - showing area B and 

C X l O O 

Fig. IV.81 - Two views of a r e a c in IV. 78 and IV.80.a 

F i g . TV.81.a - X 1 K Fig. IV.81.b - X 1.5 K 

i 

I 
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Fig. IV.82.a - Alloy A tested at room Fig. IV.82.b - higher m a g . same area, 

temperature 2 K showing particle 10 K 

F i g . IV.83.a - Alloy A tested at -12°C Fig. IV.83.b - closer view, shoving 
showing voids at grain b o u n d a r y particles X 10 K 

X 2 K 

Fig. IV S2-IV85- Material p r e v i o u s l y deformed by cold rolling 45%. Tensile 

test at different t e m p e r a t u r e s 



o 
F i g . IV.86 - Alloy B, tested at -196 C showing flattened structure and 

intergranular s e p a r a t i o n 

F i g . IV.86.a - X 7 5 0 

F i g . IV.86.b - 1.5 K 

F i g . IV.86.C - 2.7 K 



Fig. IV. 87. a - R T Fig. IV.87.b - -12°C 

Fig. IV.87.e 196°C 

Fig. IV.87.f - -196°C 

Fig. IV.87 - Fracture surfaces at low magnification. Material solution 

treated. Tensile test, different temperatures 
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Fig. IV. 88. e - -i.i fc F i g . IV.88.f - -196°C 

F i g . IV.88 - Fracture Surfaces at low magnification. Material previously 

deformed. Tensile test a t different temperatures. X 50 
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Fig. IV.89.1 - Material solution treated 

a) room temperature test b) test at -196°C 

Fig. IV.89.2a- Material previously deformed 45% 

a) room temperature test b) room temperature test 

F i g . IV.89.2b- M a t e r i a l previously deformed 45% 

c) test at -196°C d ) t e s t at-196°C 

IV.89 - Fracture at low 

different temperatures 
magnification. test at 

X 20 



Fig. IV.90 - Impact test higher magnifications 
1 7 7 

F i g . IV.90.1.a - X 100 Fig. IV.90.I.b - X 500 

Tested at room temperature 

F i g . IV .90.1.c - X 2 K F i g . IV.90.1.d - 5 K 

T e s t e d at -196°C 

Fig . TV.90.1 - M a t e r i a l solution treated 

F i g . IV.90.2 - M a t e r i a l previously deformed 



CHAPTER V 

DISCUSSION 

V.l Deformation Behaviour 

V.l.a Work strengthening at room and sub-zero 

temperature 

Introduction 

The equilibrium diagram given in Fig. V.l 

corresponds to the range of compositions for MULTIPHASE 

alloys In the case of the alloy studied in the 

present work (which has the same composition as MP3 5N but 

with Ti added between(0.5-1%) the fee structure is stable 

above 650°C, while the hep structure is stable below 

425°C. However, the fee hep transformation is very 

sluggish and does not occur by cooling below the lower 

transformation temperature ( 1 6 ) ( 1 B ) ( l f 3 ) . The fee 

structure occurs at room temperature as a metastable 

phase. In such alloys, in which the Ms lies below room 

temperature deformation of metastable fee phase may 

result in the transformation to the hep z-phase. 

On this basis, some studies have been carried 

out in the past on the strengthening of MULTIPHASE alloys 

which has been attributed to the formation of the e-phase 

by deformation at room temperature ( 1 6 ) ( 1 8 ) . A more 
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recent study ( 2 0 ) has reported that specifically for MP35N 

(35Co-35Ni-20Cr-10Mo) alloy cold worked 59%, the presence 

of e-phase was not detected and the strengthening 

mechanisms were attributed to increasing dislocation 

density and formation of deformation twins. A similar result 

was obtained on an Fe-25Ni-21Co-20Cr-8Mo alloy ( 8 8 ) cold 

drawn up to 75%, with a deformed structure remarkably 

similar to the iron-free MP35N alloy. Remy ( 2 2 ) examined 

the influence of various deformation modes on Co-Ni, 

Co-Ni-15Cr and Co-Ni-15Cr-5Mo alloys and reported that 

low temperature plastic deformation induces the a (fee) 

e (hep) martensitic transformation. 

At higher temperatures, twinning occurred 

whereas at still more elevated temperatures, the plastic 

deformation proceeded only by the propagation of 

undissociated dislocations. 

Mechanical twinning and the formation of an 

hep phase have much in common. The difference between a 

perfect fee twin and a perfect hep structure is one of 

staking sequence. A succession of stacking faults on 

every (111) plane results in a twin in the fee structure, 

while faulting on alternate (111) planes gives a hep 

phase. The morphologies of twins and e phase is very much 

the same. On the other hand, high deformations make the 

structure very complicated, giving diffraction patterns 

in which spots become very elongated (streaking effects) 

and tend to form rings, which makes very difficult the 

clear and unambiguous interpretation. All these facts 
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could explain the contradictions found in the literature 

on the identification of S or twins. 

In the present work, from transmission electron 

microscopy observations, no e-phase is present at small 

deformations (up to 30%). However, e was observed for 

much larger deformations (^ 65% at room temperature and 

50% at -196°C)• The'discussion of the results from X-ray 

analysis, hardness, optical microscopy and transmission 

electron microscopy is given below. 

X-ray Analysis 

X-ray analysis of the deformed material by 

different amounts did not detect the presence of any 

new phase, neither were changes of lattice parameters 

observed. This is in agreement with the observations of 

Graham and Youngblood'( 1 8) who reported that for 

MULTIPHASE alloys with a Co:Ni ratio smaller than about 

45:25, the hcp-*>fcc transformation could not be detected 

by X-ray diffraction analysis. Peak shifts towards 

smaller angles were observed as well as broadening 

especially of the 200 and 311 hkl reflections, with 

deformation. Patterson ( 6 5 ) has shown that stacking faults 

on the (111) planes of an fee material produce a line 

broadening and also a small peak shift. On this basis 

Warren ( 6 G ) shows a direct determination of the stacking 

fault probability independent of particle size and 

distortion broadening. This is directly proportional to 

relative changes in angular distance between the { 200 } 
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and {111} diffraction peaks, i.e., a 2 0 9 n n - A 20 

deformed 
( 2 0 2 0 0 " 2 0 1 1 1 ) ( 2 9 2 0 0 ~ 2 0 1 1 1 ) 

2 0 0 " 1 1 1 
• annealed 

According to this, the values of stacking fault probability 

calculated for the different amounts of deformation at 

room temperature and -196°C are given in Table V.l. 

TABLE V.l 

Deformation 

Stacking fault 

probability 

10% (-196°C) 0.10 

20% (-196°C) 0.10 

30% (-196°C) 0 

30% R T 0.20 

50% R T 0.15 

65% R T 0.10 

80% R T 0.10 

As more and more faults occur in a fee 

material, so there are more and more regions that 

resemble twins and hexagonal regions; therefore the (111) 

and (111) peaks will shift away from the origin to the 

higher 20 values of a hexagonal material, but the 200 and 

200 will move toward the origin. The same conclusion was 

6 5 6 6 

reached b y the previous authors c 9 ) ( ); i.e., the 

effect of stacking faults is to shift (111) outward, i.e. 

toward higher angles, and (200) inward, i.e. toward 

smaller angles. This effect is shown diagrammatically in 

Fig. V.2, where the arrows indicate the direction of 
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displacement, and the indices indicate the position of 

the reflection from perfect material. However, this 

applies only to the ideal case in which each crystal 

contains only one parallel set of faults. 

observed in the present work. Shifts towards smaller 

angles for all peaks for all deformations were obtained 

indicating the greater probability of hep formation with 

increasing amounts of "deformation and decreasing 

temperature. This is confirmed with the calculations of 

stacking fault probability, shown in Table V.l. The 

stacking fault probability decreases with the amount of 

deformation, and probably more twins and e are formed. 

However, from this analysis alone we cannot draw any 

definitive conclusions. 

V.l.b Structural Features 

1. Dependence of deformation modes on 

temperature and amount of deformation 

o 

Fig. V.2 

Table IV.2 shows the shift directions 

It has been observed, that rolling at room 
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and sub-zero temperatures resulted in a two-to-three fold 

increase in the hardness values with deformation and 

decreasing temperature; this is in agreement with 

observations in previous work ( 1 6 ) ( 1 8 ).' 

The factors affecting strengthening seem to 

change with increasing deformation and decreasing 

temperature. For small amounts of deformations up to 5% 

only dislocations are observed at room temperature (Fig. 

IV. 10) and a few stacking faults are present in the ^ 2% 

deformed material at -19 6°C, together with aligned 

dislocations (Fig. IV.18). For 10% deformation at room 

temperature, dislocations and a large number of stacking 

faults lying on the {111} planes are present (Fig. IV.11), 

while after 10% deformation at -196°C twins are already 

observed as well as stacking-faults (Fig. IV.19). At 20% 

only twins are observed in this material; however in the 

material deformed the same amount at room temperature 

mainly stacking faults are present. For higher reductions 

up to 50% at room temperature the deformation occurs only 

by twinning (Fig. IV.13). After about 50% deformation at 

-196°C there is clear evidence of the presence of hep 

phase (Figs. IV.23 and IV.24) which is not so clear in the 

deformed material at room temperature. After 65% deformation 

both treatments produce hep phase and many deformation 

twins (Figs. IV.14 to IV.17 for R T and Fig. IV.25 L N ). 

Table V . 2 gives a summary of the deformation modes found 

for different amounts of deformation at room temperature 

and -196°C• From these observations it is inferred that 
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the strengthening effect cannot be attributed to the 

presence of e-phase alone, but deformation twinning 

seems to be a more important contributing factor to the 

strengthening mechanism. 

Obviously there is a relationship between 

the deformation modes and the temperature. As the 

temperature decreases twins occur at smaller applied 

strains, and for higher deformation, the fee hep 

transformation occurs at lower temperature;the orientation 

relationship fcc/hcp is (111) a//(0001 )E ; <110^//<1120 > e . 

TABLE V . 2 

Deformation at 
room temperature 

Deformation at 
-196°C 

% Deformation 
mode 

% Deformation 
mode 

up to 5% only 
dislocations 

2% dislocations and 
a few stacking 
faults 

up to 20% 
stacking 
faults 

10% - 20% twins and 
stacking faults 

30% - 50% twins 20% - 50% twins 

50% mainly twins 50% twins and e 

65% mainly twins 
and some e 

65% increasing 
twins and e 

Remy ( 2 3 ) ( 2 2 ) studied the transformation 

induced structure in binary Co-Ni alloys, ternary Co-Ni-Cr 



,191 

and quatenary Co-Ni-Cr-Mo alloys, (although with higher 

Co contents than the alloy studied in the present work 

(Table V.3)), in relation to nickel content, temperature 

and amount of deformation. Their work is summarised in 

Figs. V.3 and V.4. At low temperatures e-martensite and/or 

twinning operate, while at high temperatures only slip is 

observed. Below M ^ , (maximum temperature at which the 

can be induced), e is observed after small applied strains. 

Above Md , the alloy deforms by slip and twinning. Around 

McL, twinning occurs at the beginning of plastic 

deformation, whilst at higher temperatures it appears at 

progressively larger applied strains. In the quaternary 

alloy Co-Ni-15Cr-5Mo these authors reported to have found 

twins and e-platelets co-existing in some temperature 

range below Md such that the domains of twinning and e-

martensite overlapped. 

Although in the present work the volume 

fraction of martensite could not be measured, a similar 

trend to the Remy et al. results can be observed, in 

rela/fcion to amount of deformation and temperature. These 

authors establish a relationship between stacking fault 

energy and deformation modes which is summarised in 

Fig. V.5. 

s 

For stacking fault energy values between 10 

and 15 mJ/m 2 the martensitic transformation is 

induced by plastic deformation. At about 20 mJ/m 2 twinning 

occurs as a prevailing deformation mode up to 50 m J / m 2 . 
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Bundles 
of e and twins 

Twinning 

a->e Martensitic 
Transformation Dislocation Cells 

•„ 
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Fig. V.5 ( ) Deformation structures observed near room 

^ temperature as a functionof stacking fault 

energy at room temperature 

From about 30 mJ/m 2 twinning occurs together with 

dislocations. There is a small range of SFE around 15 mJ/m 2 

in which both twins and e martensite are observed; a 

/ 6 9 

similar observation has been made in stainless steels- ( ) 

( 7 0 ) ( 7 1 ) ( 7 2 ) and in the Co- 6.5Fe System ( 7 3 ) . The 

stacking fault energy values at room temperature, calculated 

by different authors ( 1 G ) ( 2 3 ) ( 2 h ) for different Co-Ni 

alloys are given in Table V.3. The variation of the SFE 

with temperature in the Co-35Ni-15Cr alloy is illustrated 

in Fig. V.6 ( 2 3 ) , and Fig. V.7 ( 2 3 ) for the Co-35Ni alloy. 
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Fig. V.6 - Variation of 
apparent SFE with 
temperature for 

Co-30 wt% Ni-15 wt% Cr alloy (23) 
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Fig. V.7 — Variation of SFE 
with temperature for 
Co-35 at% Ni alloy (23) 
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TABLE V.3 

STACKING FAULT ENERGY VALUES FOR DIFFERENT Co-Ni ALLOYS AT 

ROOM TEMPERATURE 

Alloy Composition Ref. (mJ/m 2) 

67Co 33Ni ( 2 * ) 15 

65Co 35Ni ( 2 , j 20.5 

56Co 30Ni 14Cr ( 2 3 ) 15.5 

50Co 35Ni 14Cr ( 2 3 j 24.7 

45Co 40Ni 15Cr ( 2 , j 38 

40Co 45Ni 15Cr r ) 48 

55Co 25Ni 15Cr 5Mo ( 2 3 } 11.7 

50Co 30Ni 15Cr 5Mo ( 2 3 j 17.7 

35Co 35Ni 20Cr lOMo (1S ) 25 

For different binary Co-Ni alloys measurements of the 

temperature dependence of the SFE are in quite good 

agreement by different authors ( 2 3 ) ( 8 k) and give a value 

of 0.03-0.05 mJ/m2°K in the temperature range 100-800°K. 

Considering these values are applicable to the alloy 

studied in the present work, since in the quaternary 

system Cr & Mo decrease the SFE, then ^ g p ^ 2 5 m J / m 2 

reported ( 1 6 ) at room temperature reduces to 7-11 

mJ/m 2 at -196°C. Therefore in accordance with Fig. 

V.5 it would be possible to obtain £ at this temperature 

(-196°C), and twinning would be the prevailing deformation 

mode at room temperature, which is in good agreement with 
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the observations made by means of transmission electron 

microscopy. 

Ericsson (Qt* ) showed the existence of a 

direct relationship between the fee -*> hep transformation 

and the decrease in stacking fault energy with temperature, 

working on a Co-Ni alloy. This investigation, relates the 

stacking fault energy to the Gibbs free energy difference 

fee hco 
between the hep and fee phases, AG For a 

fee hcD 

temperature close to the temperature To ^ at 

which AG
 f c c

 *
 h c p

 = 0 he shows that: 

A Sfcc-+hcp^ 1 8 y 

2d 9T 

where, S = entropy 

d = distance between {111} a planes 

Y = stacking fault energy 

Lecroisey and Pineau ( 7 0 ), showed, however, 

that the opposite is not true, i.e., the existence of an 

fcc -» hop transformation in steels is not a necessary 

condition for a strong variation of SFE with temperature. 

2. Conditions for twin formation and 

fcc hep 

Transformation ;induced by plastic deformation 

Several authors C ) ( 7 5 ) have shown that 

deformation twins in fcc are only produced after the 

application of a critical stress. Venables (?lt ) has 

proposed that the critical stage for the nucleation of 
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twins is the formation of a semicircular loop of stacking 

fault, and that the twinning stress is approximately a 

parabolic function of SFE, given by 

no = y + yb 

bi 2a 0 

3 local stress concentration factor 

= radius of the source 

= shear modulus of the metal 

= is the Burgers vector of a slip dislocation 

n 

a 0 

b, 

The dislocation configuration in the 

neighbourhood of the source is shown schematically in 

Fig. V.8. 

© 

© 

Fig. V.8 Schematic drawing of a dislocation distribution 
near the twin source. The dislocations BC form 
a pile-up of length L,. The + and - signs indicate 
forest dislocations crossing the twin plane. The 
resolved shear stress for slip J, is sufficient 
to push the leading dislocation of the pile-up 
to within a distance, d, of the twinning 
dislocation which is thereby bent to a radius, a9 

In alloys with low stacking fault energy, if", 

the nucleation of faults is easy, whereas, propagation of 

twins through the forest dislocations is difficult; the 

twins grow slowly by breaking down interactions with the 



forest dislocations. This approach for twinning formation 

proposed by Venables ( 7 1 t ) is shared in a modified way by 

Cohen and Weertman O 1 ) and Hirth ( 7 6 ) . Cohen and 

Weertman C 1 ) suggested that the glide of Shockley 

dislocations on the appropriate {111} planes could lead to 

the formation of overlapping but separated intrinsic 

stacking faults. Since the process occurs in . _ several 

regions, it is possible that an ordered stajking fault 

arrangement required for the twin formation may evolve. 

Mahajan and Chin ( 7 7 ) , however, working on a Co-Fe alloy, 

found their results were not compatible with Venables and 

Cohen-Weertman 1s models. They proposed ( 7 7 ) an alternative 

dislocation reaction for the nucleation of deformation 

twins, based on: (i) a three-layer twin is the basic 
nucleus 

(ii) twtf co-planar glide dislocations 
of different Burgers vectors are 
involved in the nucleation 

(iii) thickening occurs by random 
amalgamation of these basic nuclei 

3. Initial stages of q-+e formation 

The role of twinning in the a-*-e martensitic 

transformation 

The theories of martensitic transformation 

predict that an additional deformation must accompany the 

strain which converts the parent structure into the product 

this additional deformation has been proposed ( 7 9 ) to be 

twinning on a fine scale. However, it is very difficult to 
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determine the process of initiation of martensite 

experimentally, and it is not suggested that the present 

work has done this; nevertheless, it is clear from the 

experimental evidence that the deformation process creates 

dislocations, stacking faults, twins and &martensite in 

that order. Therefore, it appears as a fact that stacking 

faults and twins intervene in the mechanism of formation 

of the &martensite. 

8 2 

Fujita and Veda ( ) studying 18-8 stainless 

steel concluded that the nucleus of e-phase induced by 

plastic deformation is formed by overlapping of stacking 

faults; however, evidence of this initiation was not 

obtained in the present work from the transmission electron 

microscopical results, e.g. Figs. IV.11 and IV.21, in which 

great number?of groups of stacking faults are present, 

did not show evidence of hep reflections. Of course the 

determination of the initial stages of formation of e 

martensite is very difficult considering that the fee 

structure with stacking faults in every other {111 }is the 

same as the ephase. 

From the experimental observations, ephase 

was clearly identified at very high deformations and only 

after clear evidence of twins had been observed. Other 

factors are affecting the clear identification of the two 

phases. First of all the morphology of both is so similar 

that just by bright field techniques identification is 

impossible; furthermore electron diffraction patterns 

exhibited intense streaking of reflections as a 
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consequence of high stacking fault density and twins and 

as a result of the parallelism between close-packed planes 

and close-packed directions in both phases (fcc and hep); 

.dislocations also influence the shape of.diffracted spots, 

and the spot acquires a disc-type halo perpendicular to 

the line direction of the dislocation. All these factors 

made it quite difficult to positively identify the presence 

of e in the initial stages of formation, in which, because 

of the small volume fraction, very few reflections might 

8 3 

have been expected. Bollman ( ) directly observed the 

behaviour of stacking faults in thin foils of Co and 

proposed that the e was formed at fault intersections; of 

course, the behaviour of pure Co is different than that of 

a complex alloy. 

In the present work, with deformation at 

-196°C sets of twins intersecting each other were observed 

before e formation (Fig. IV.20); perhaps the e starts to 

form at these intersections, although no clear evidence 

for this is esbablished. At room temperature the situation 

is quite different and it seems as if the twins grow wider 

with increasing deformation (Fig, IV.15) and the relation 

to e formation is not so clear. Therefore, more 

transformation occurs at lower temperatures, the free energy 

change favouring the formation of martensite becomes larger 

at lower temperatures, moreover, the nature of nucleation} 

centres is such that more nucleation events occur at 

higher driving forces. 



Lecroisey and Pineau 
( 7 0 ) 

showed that in 

austenitic alloys containing 18Cr-12Ni, 16Cr-13Ni, 18Cr-14Ni 

the tendency to nucleate an e platelet rather than an 

austenite twin cannot be rationalized in .terms of intrinsic 

stacking fault energy only. They proposed, based on the 

work of Cohen and Weertman C^ 1) that the value of 

extrinsic stacking fault energy and of small contractions 

associated with the fee '-» hep transformation are important 

in controlling the nucleation process. They made a rough 

calculation showing that £ nucleation is easier than twin 

nucleation when 
Y o - Y d - x ) > / 2 ± 2 / 2 a 5 £ ( 1 ) 

l i b ti 

with 

y 0 = intrinsic stacking fault energy at the 
. a. rrf f CC h e p , f C C - h C p 
temperature To ^ where AG 

(1+x) = ratio between extrinsic and intrinsic 

stacking fault energies 

b = Burgers vector of a Shockley dislocation 

5 = contraction normal to the (111) a plane 

during the fee hep transformation 

a = parameter of the order of 0.1 to 1, 

depending on the geometry of the site with 

respect to the applied stress 

a = applied stress 

They establish that this relation can account 

for the following: 

i) the fact that e platelet nucleation is 

preferred to twin nucleation at lower temperature, since 
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SFE increases with temperature, 

ii) the coexistence of twins and e platelets, 

as the right hand term in eq. (1) is a function of the 

•orientation of the site through <£. 

Although there is relatively little difference 

between e and twin formation in terms of violations of 

the stacking sequence of the atoms in the{ 111} planes of 

the fee lattice, the observations of much more extensive 

twinning compared to e , imply that there are fundamental 

differences in the dislocation mechanisms. 

4 . Kinetics of strain-induced martensitic 

transformation and of fee deformation twinning 

The kinetics of the a (fee) £ (hep) strain-

induced martensitic transformation in Co alloys are still 

poorly documented C 5 ) ( 7 3) • However, there is extensive 

literature on steels based on the Fe-Cr-Ni system ( 3 9) ( * °) 

( 1 8 > and also on manganese containing steels ( 8 5) ( 9 1 ) . 

Remy ( 8 5) studied this problem for a high 

manganese steel and proposes a model, which extends to the 

predeformed condition. This is a most suitable model to 

apply to the situation found in the present work, since 

prestrains introduce numerous stacking faults and twins, 

which act as nuclei for the strain-induced a e 

transformation; however at the same time they act as 

obstacles which can provide effective barriers to the 

growth of e platelets. Unfortunately in the present work 
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lack, of volume fraction data make it impossible to prove 

the model quantitatively. The model is as follows: 

For a strain increase, dig , the number of 

plates formed per unit volume of austenite is proportional 

to the number of stacking faults present. The probability 

that a stacking fault could form an e plate is pdc ; p is 

assumed to be independent of the strain C and to depend 

only upon the stacking fault energy, the lower the stacking 

fault energy the higher the. probability pdc for a stacking 

fault forming an 6 plate. The number of martensite plates 

per unit volume of specimen 

dNv = (1-f) (f0+Pc)pdc 

Where 

Po = faults present before deformation = K£* 

= faults introduced by strain = Kc 

As the amount of pre-strain C* * induces a 

volume fraction of twins 

dNv = M - f T - f ) U * + c) Adc 

•f-j. = volume fraction of twins 

A = p.K is a decreasing function of the SFE 

the volume fraction of platelets is related to the volume 

fraction of e-martensite formed V = Vo (1 - K f )
2 

After arranging equations, and defining other 

terms, he finally arrives at the expression obtained after 

integration: 



W h e r e , ^ ( f * ) , the volume fraction of the strain-induced 

martensite is a function of the applied strain and depends 

upon the constant K and upon three parameters = (l-fy) 

volume fraction of untwinned austenite,a 1 which is a 

decreasing function of the stacking fault energy and c* 

which accounts for the stacking faults introduced by 

prestrain. 

The same author in another work C3 6 ) on a 

cobalt-nickel alloy proposed a model for the kinetics of 

twinning similar to the model previously discussed for the 

strain-induced e martensite. In this the twin nuclei 

evolve from the interaction* of perfect slip dislocations 

and the number of nuclei is taken to be proportional to 

the overall dislocation density; the reaction is only 

possible for a suitable critical stress level Cc » as 

discussed by other authors also. Finally, he arrives at 

the following expression: = a (c 2 -

this is, the volume fraction of twins f<r is an implicit 

function of strain, which depends upon the critical strain 

at the onset of twinning, and a which is a decreasing 

function of the stacking fault energy and is proportional 

to the volume fraction of the" first twins which form. 



V.l.c Low temperature strength 

It can be seen in Fig. IV.60 and IV.61 that 

the strength increases with decreasing temperature. This 

behaviour was observed for both alloys in both conditions, 

solution treated and deformed, this effect being much 

more pronounced in the material previously deformed 45%. 

The general level of strength was slightly higher in the 

alloy containing the higher Ti content (alloy A ) . The 

reduction of area for the solution treated and for the 

previously deformed material remains fairly constant with 

decreasing temperature, decreasing slightly at -196°C for 

both conditions. The value of reduction of area is very 

similar for both conditions, being only slightly lower in 

the deformed material (about 5%) with respect to the 

solution treated condition. -The elongation was higher 

(about 75%) for the solution treated material remaining 

fairly constant with decreasing temperatures. For the 

previously deformed material however the elongation is 

much lower (about 25%) and also remains fairly constant 

with decreasing temperature down to about -100°C. From 

this temperature an increase in elongation (of about 10%) 

is observed down to -196°C. 

There are no data available in the literature 

for the mechanical properties at low temperatures of the 

solution treated material.However, there is a report ( 8 8 ) 

on some of the low temperature mechanical properties of 

the previously 49% c.w. alloy MP35N (without any Ti 

content) which agrees reasonably well with the results of 
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the present work. 

Work Hardening Behaviour v 

The stress/strain curves from the tensile tests were 

analysed based on the Ludwick equation a=ke n , which 

can be made linear by logarithmic transformation log a = 

log k + n log e • n is the slope of the resulting straight 

line and it can be - shown that is mathematically equivalent 

to the true strain at maximum load. 

However, for the present results this equation 

fails to describe the plastic behaviour at lower strains 

for the solution treated material tested from room 

temperature to -196°C. The flow curve is concave upwards when. 

plotted on logarithmio coordinates, and lies at higher 

strains than the extrapolation of the straight line defined 

by that relation to low^strains. This behaviour has been 

observed ( 8 9 ) ( 9 0 ) for austenitic stainless steels and fee 

metals with low stacking fault energies. Ludwigson r > 

proposes a modified model of the Ludwick relation which 

takes account of the initial deviation at low strains and 

is given by a = k x e n i + e k 2 " e n 2 e 

where K^ is the strength factor and n^ is the strain 

hardening exponent, (this is the same as in the Ludwick 

equation) 

k? 
8 = is the true stress value extrapolated to 

zero true strain. (This is the stress at 
which plastic flow begins in terms of this 
model) 

n2 = is the slope of the line given by 
Ln A = k 2 + n 2£ 
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w h e r e A is the d i f f e r e n c e b e t w e e n the o b s e r v e d true stress 

at l o w s t r a i n s a n d the s t r e s s represented b y L u d w i c k 

r e l a t i o n . 

T h i s m o d e l c a n be u s e d to explain the d e v i a t i o n 

from the s t r a i g h t line o b s e r v e d at low strains in the 

p r e s e n t w o r k f o r the s o l u t i o n t r e a t e d m a t e r i a l t e s t e d at 

all t e m p e r a t u r e s ( e . g . F i g . I V . 5 6 ) . H o w e v e r , the d e v i a t i o n 

from the straight line o b s e r v e d at h i g h strains in the test 

p e r f o r m e d at -196°C c a n n o t be a c c o u n t e d f o r b y t h i s m o d e l . 

The d e v i a t i o n at h i g h s t r a i n s from the e x t r a p o l a t e d 

s t r a i g h t line h a s b e e n o b s e r v e d in 316 stainless s t e e l 

at low t e m p e r a t u r e s , a n d w a s a t t r i b u t e d to the o c c u r r e n c e 

of the a u s t e n i t e - m a r t e n s i t e t r a n s f o r m a t i o n during p l a s t i c 

d e f o r m a t i o n . The d i f f e r e n c e in stress b e t w e e n the 

e x p e r i m e n t a l curve a n d the e x t r a p o l a t e d line at a n y v a l u e 

of p l a s t i c strain i s c o n s i d e r e d to be the c o n t r i b u t i o n of 

the m a r t e n s i t e f o r m e d to the f l o w stress at that v a l u e of 

s t r a i n . 

In the p r e s e n t w o r k , the e l e c t r o n m i c r o s c o p y 

o b s e r v a t i o n s of the m a t e r i a l deformed b y r o l l i n g at room 

t e m p e r a t u r e and-196°C, p r o v i d e clear evidence of e 

m a r t e n s i t e f o r m i n g at -196°C at h i g h d e f o r m a t i o n s , f r o m 

50% o n w a r d s . In F i g . I V . 5 6 the deviation from the straight 

line o c c u r s at about 0.42 p l a s t i c s t r a i n . T h i s b e h a v i o u r 

w a s n o t o b s e r v e d in the room temperature t e s t , a l t h o u g h 

some e w a s o b s e r v e d b y t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y . 

H o w e v e r , the e v i d e n c e f o r e f o r m a t i o n for this t e m p e r a t u r e 

w a s m u c h m o r e d i f f i c u l t to o b t a i n . It was o n l y d e t e c t e d 
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f o r h i g h e r d e f o r m a t i o n s than those o b s e r v e d at -196°C, and 

in s m a l l e r a m o u n t s . T h e r e f o r e it c o u l d be a r g u e d that at 

room t e m p e r a t u r e the a m o u n t of m a r t e n s i t e f o r m e d is n o t 

h i g h e n o u g h to make a n y a p p r e c i a b l e c o n t r i b u t i o n to the 

f l o w s t r e s s . 

The p r e v i o u s l y deformed m a t e r i a l did n o t s h o w 

this d e v i a t i o n from l i n e a r i t y , e i t h e r for low o r h i g h 

s t r a i n s , up to i n s t a b i l i t y . This is due to the d e f o r m a t i o n 

a l r e a d y e x i s t e n t in the m a t e r i a l p r i o r to t e s t i n g . 

From the f a c t t h a t it does n o t show d e v i a t i o n 

f o r h i g h e r strains up to i n s t a b i l i t y it could be a r g u e d • 

that f o r the amount of p r e v i o u s d e f o r m a t i o n given ( 4 5 % ) , 

the m a r t e n s i t e h a s a l r e a d y s t a r t e d to f o r m , (as was 

o b s e r v e d b y t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y f o r 50% 

d e f o r m a t i o n ) , and t h e r e f o r e , there is n o t a c e r t a i n s t r a i n 

at w h i c h the m a r t e n s i t e starts to contribute to the f l o w 

s t r e s s , since it is a l r e a d y c o n t r i b u t i n g from low s t r a i n 

v a l u e s f o r this c o n d i t i o n . 

L o o k i n g at the v a l u e s of w o r k - h a r d e n i n g rate 

in A p p e n d i x I I I , it is seen that there is a steady 

i n c r e a s e in w o r k h a r d e n i n g rate (assessed from the s l o p e s 

of the true s t r e s s / t r u e s t r a i n curves) w i t h d e c r e a s i n g 

t e m p e r a t u r e . This can be e x p l a i n e d by the fact that the 

n u m b e r of s t a c k i n g f a u l t s a n d twins increase w i t h decreasing 

t e m p e r a t u r e , c o n s t i t u t i n g strong obstacles to d i s l o c a t i o n s 

r e s u l t i n g in e x t r a w o r k - h a r d e n i n g . This is c o n s i s t e n t w i t h 

the decrease of s t a c k i n g fault e n e r g y with d e c r e a s i n g 

t e m p e r a t u r e . 
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L e c r o i s e y ( 7 0 ) s t u d i e d the t r a n s f o r m a t i o n s 

t a k i n g p l a c e during p l a s t i c deformation in the F e - N i - C r - C 

s y s t e m , in r e l a t i o n w i t h the stacking fault e n e r g y , the 

c o n d i t i o n s for a p p e a r a n c e of twinning and of fee hep a n d 

fee bcc 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 . The v a r i a t i o n of 

SFE w i t h t e m p e r a t u r e in r e l a t i o n to the fee hep 

t r a n s f o r m a t i o n h a s b e e n d i s c u s s e d in the previous s e c t i o n 

( V . l . b ) . L e c r o i s e y h a s p o i n t e d out that n u c l e a t i o n of b o t h 

t w i n s a n d h e x a g o n a l p l a t e l e t s is p r o m o t e d b y low v a l u e s of 

S F E , but e p l a t e l e t n u c l e a t i o n is p r e f e r r e d to.twin 

n u c l e a t i o n at lower t e m p e r a t u r e s . 

The large v a l u e s of e l o n g a t i o n o b t a i n e d a n d 

the fact that it r e m a i n s almost constant with d e c r e a s i n g 

t e m p e r a t u r e and i n c r e a s e s from about -100°C (in the 

p r e v i o u s l y deformed m a t e r i a l ) is a characteristic of the 

p h e n o m e n o n c a l l e d t r a n s f o r m a t i o n - i n d u c e d - p l a s t i c i t y , T R I P , 

w h i c h h a s b e e n o b s e r v e d in s t e e l s ( 5 3 ) h a v i n g an e x c e l l e n t 

c o m b i n a t i o n of strength and e l o n g a t i o n . T h e y are 

c h a r a c t e r i z e d by a large u n i f o r m e l o n g a t i o n and s u p p r e s s i o n 

of n e c k i n g , w h i c h h a s b e e n a t t r i b u t e d to the f o r m a t i o n of 

m a r t e n s i t e . The n e c k e d r e g i o n is h a r d e n e d more by s t r a i n -

i n d u c e d m a r t e n s i t e t h a n the rest of the s p e c i m e n , so 

i n c i p i e n t n e c k i n g no l o n g e r grows and deformation o c c u r s in 

the a d j a c e n t r e g i o n . 

G u i m a r a e s ( 9 6 ) developed a m e t h o d w h i c h allows 

the tensile n e c k i n g c o n d i t i o n to be c o r r e c t l y p r e d i c t e d in 

m a t e r i a l s w h i c h d i s p l a y t r a n s f o r m a t i o n induced p l a s t i c i t y . 
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He p r o p o s e s that the t o t a l e l o n g a t i o n has two c o m p o n e n t s . 

One is a u n i f o r m strain due to plastic deformation (slip) 

of the m a t e r i a l . The o t h e r is due to the (localized) 

d e f o r m a t i o n p r o v i d e d b y the t r a n s f o r m a t i o n strain 

t h u s , da=a(de + $ d f ) u s 

W h e r e $ s is e f f e c t i v e tensile strain a s s o c i a t e d w i t h 

the d e f o r m a t i o n 

e u = u n i f o r m s t r a i n 

f = v o l u m e f r a c t i o n of t r a n s f o r m e d phase at some 

p o i n t in the e l o n g a t i o n process 

the t o t a l e n g i n e e r i n g s t r a i n , By , is w r i t t e n 

e T = e + $ f (1+e ) T u s u 

and t h e r e f o r e the true s t r a i n is 

e = e + l n (1 + $ f ) • u s 

C o n s i d e r i n g that the r e a c t i o n occurs p r o g r e s s i v e l y during 

d e f o r m a t i o n , h e a r r i v e s at the relation: 

Jlf- = a (1+ d f/de) 
d e 1 % $ f 

s 

and this e q u a t i o n w a s in a g r e e m e n t with the e x p e r i m e n t a l 

data for TRIP s t e e l s . A l t h o u g h in the present w o r k t h i s 

m o d e l c a n n o t be a p p l i e d q u a n t i t a t i v e l y , since the v o l u m e 

f r a c t i o n v a l u e s c o u l d n o t be m e a s u r e d , it can be i n f e r r e d 

from the t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y o b s e r v a t i o n s 

( F i g s . I V . 1 6 , I V . 1 7 , I V . 2 2 ) , that f could be c o n s i d e r e d 

not o n l y as the v o l u m e f r a c t i o n of m a r t e n s i t e f o r m e d , but 

also the v o l u m e f r a c t i o n of twins f o r m e d during deformation 

p l u s the v o l u m e f r a c t i o n of m a r t e n s i t e . Since the elongation 

v a l u e s for the s o l u t i o n t r e a t e d m a t e r i a l did not c h a n g e 
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v e r y m u c h w i t h d e c r e a s i n g t e m p e r a t u r e , the h i g h e l o n g a t i o n 

v a l u e s are not n e c e s s a r i l y dependent only on the total 

a m o u n t o f m a r t e n s i t e f o r m e d , which increases in c o n t e n t 

w i t h d e c r e a s i n g t e m p e r a t u r e for equal amounts of 

d e f o r m a t i o n . 

The r e s u l t s of strain h a r d e n i n g e x p o n e n t 

v a l u e s ( e q u a l to the true s t r a i n at i n s t a b i l i t y ) , i n the 

p r e s e n t w o r k , for the s o l u t i o n t r e a t e d m a t e r i a l range 

b e t w e e n 4 6 - 5 7 % , w h i c h are in good a g r e e m e n t with the 

v a l u e s o b s e r v e d in some T R I P steels ( 5 6 ) which, range 

b e t w e e n 4 0 - 5 5 % . T a m u r a et a l . ( 5 4 ) have shown in F e - 3 0 N i 

a n d in F e - 1 3 N i - 1 5 C r that w i t h decreasing test t e m p e r a t u r e 

the s t r a i n h a r d e n i n g e x p o n e n t decreases s l o w l y down to 

the t e m p e r a t u r e at w h i c h the maximum e l o n g a t i o n is o b t a i n e d 

and i n c r e a s e s n e a r M s , then, is almost constant b e l o w M s . 

This is s h o w n in F i g . Y . 9 . 

The p r e s e n t r e s u l t s do not agree with these 

o b s e r v a t i o n s . The p r e v i o u s l y deformed m a t e r i a l s h o w e d 

m a x i m u m e l o n g a t i o n from a b o u t -105°C to g e t h e r w i t h an 

increase in strain h a r d e n i n g e x p o n e n t . For the s o l u t i o n 

t r e a t e d a n d the d e f o r m e d m a t e r i a l there was a 

small drop in the s t r a i n - h a r d e n i n g exponent at -196°C but 

no s i g n i f i c a n t increase in e l o n g a t i o n w a s o b s e r v e d . O n 

the c o n t r a r y , a l t h o u g h v a r i a t i o n s were s m a l l , l a r g e r 

e l o n g a t i o n v a l u e s c o r r e s p o n d e d to larger strain h a r d e n i n g 

exponent v a l u e s . This d i s a g r e e m e n t is difficult to e x p l a i n , 

but it is p o s s i b l e that d i f f e r e n t m e c h a n i s m s are t a k i n g 
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Test temperature (*C) 

F i g . V . 9 - E f f e c t of test t e m p e r a t u r e 
o n the t e n s i l e properties, and the 
s t r a i n - h a r d e n i n g exponent in 
F e - 1 5 % C r l 3 % N i a l l o y (54) 
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p l a c e , s i n c e T a m u r a et a l . ( S l f) e s t a b l i s h e d that the pre-

requisite f o r m a x i m u m e l o n g a t i o n is that d e f o r m a t i o n of 

a u s t e n i t e o c c u r s at e a r l y s t a g e s of d e f o r m a t i o n w i t h o u t 

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 n d then m a r t e n s i t e is 

p r o g r e s s i v e l y f o r m e d little b y little during d e f o r m a t i o n up 

to f r a c t u r e . H o w e v e r , i n the present work an increase in 

e l o n g a t i o n w a s o b s e r v e d in the p r e v i o u s l y d e f o r m e d m a t e r i a l 

w h i c h a l r e a d y h a d some m a r t e n s i t e present due to the 

p r e v i o u s d e f o r m a t i o n t r e a t m e n t . 

T e n s i l e F r a c t u r e M o d e A n a l y s i s 

D u r i n g the t e n s i l e test the m a t e r i a l suffers 

c o n s i d e r a b l e d e f o r m a t i o n ( e l o n g a t i o n and n e c k i n g ) p r i o r to 

f r a c t u r e . C r a c k i n g in t e n s i o n originates n e a r the c e n t r e 

of the s p e c i m e n and p r o p a g a t e s towards the s u r f a c e , e n d i n g 

w i t h a c o n i c a l s h e a r lip ( F i g s . IV.87 and I V . 8 8 ) . A 

t y p i c a l d u c t i l e m o d e of f r a c t u r e was o b s e r v e d f o r both 

c o n d i t i o n s of the m a t e r i a l f r o m room temperature d o w n to 

-111°C. The f r a c t u r e m e c h a n i s m w a s c h a r a c t e r i z e d b y slow 

c r a c k g r o w t h at the centre c r e a t i n g a fibrous zone and 

the s h e a r lip a r o u n d this z o n e (F-igs. IV.87 a n d I V . 8 8 ) . A s 

the test t e m p e r a t u r e w a s d e c r e a s e d the f i b r o u s zone 

b e c a m e s m a l l e r . A t -30°C a r a d i a l zone was o b s e r v e d 

e m a n a t i n g f r o m the p e r i p h e r y of the f i b r o u s z o n e , 

i n d i c a t i n g a change from s l o w crack growth to r a p i d 

u n s t a b l e c r a c k p r o p a g a t i o n w h i c h coincides with the 

general d i r e c t i o n of crack e x t e n s i o n . At lower t e m p e r a t u r e s 

(-I11°C) the r a d i a l m a r k s are v e r y c o a r s e , s i m i l a r to those 
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£ o u n d in the f r a c t u r e s o f m e d i u m - s t r e n g t h steels w i t h 

m a r t e n s i t i c s t r u c t u r e s w h e n b r o k e n at or n e a r room 

t e m p e r a t u r e ( x 0 °) . These coarse radial m a r k s are s h e a r 

e l e m e n t s , w h i c h m a y be c a u s e d b y high n o r m a l tensile 

strength r e s u l t i n g from the s e p a r a t i o n of the r a d i a l 

surfaces a l o n g the p l a n e of m a x i m u m shear (45 0 , ). A c l o s e r 

look at all the f r a c t u r e surf aces cbwn to this t e m p e r a t u r e 

shows m i c r o v o i d c o a l e s c e n c e . M i c r o v o i d s are i n i t i a t e d at 

i n t e r f a c e s b e t w e e n m a t r i x and p a r t i c l e s such as c a r b i d e s , 

p r e c i p i t a t e s and i n c l u s i o n s , and also at i m p e r f e c t i o n s 

such as m i c r o p o r o s i t y a n d m i c r o c r a c k s . T h e y grow u n d e r the 

t r i a x i a l s t r e s s c o n d i t i o n s a h e a d of the crack tip arid 

e x p a n d u n t i l t h e y c o a l e s c e to leave b e h i n d on the f r a c t u r e 

surface the f a m i l i a r h e m i s p h e r o i d a l c a v i t i e s , k n o w n as 

dimples ( F i g s . IV.71 to I V . 7 7 and IV.82 to I V . 8 5 ) . A s the 

test t e m p e r a t u r e d e c r e a s e s the shear zone becomes l a r g e r 

and a f l a t t e n i n g of the o v e r - a l l fracture surface is 

o b s e r v e d . A t -196°C the f r a c t u r e surface appears f a i r l y 

smooth a n d h a s a fine t e x t u r e w i t h v e r y uniform f e a t u r e s , 

showing a p r e d o m i n a n t s h e a r m o d e of f r a c t u r e . ( F i g . I V . 7 8 

to I V . 8 1 a n d I V . 8 6 ) . I n t e r g r a n u T a r separation w a s also 

o b s e r v e d at this t e m p e r a t u r e in p r e v i o u s l y deformed material 

( F i g . I V . 8 6 . a ) . 

C o n c e r n i n g crack n u c l e a t i o n it is w e l l 

establishedthat t w i n n i n g can nucleate c r a c k s ( 9 7 ) . 

D e f o r m a t i o n twins c a n n o t p r o p a g a t e across a grain b o u n d a r y 

and a large stress c o n c e n t r a t i o n w i l l be p r o d u c e d at the 

b o u n d a r y . In addition, e x c e p t f o r one" specific t w i n - t w i n 
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o r i e n t a t i o n , a twin c a n n o t p r o p a g a t e across a n o t h e r t w i n 

and a g a i n a large s t r e s s c o n c e n t r a t i o n is p r o d u c e d . The 

strain is r e l i e v e d in a n u m b e r of ways: 

i) n u c l e a t i o n of a new t w i n ' o n the o p p o s i t e 

side of the i n t e r s e c t e d t w i n ; 

ii) slip in m a t r i x and in twin; 

iii) c r a c k f o r m a t i o n . 

B e c a u s e of the large amount of t w i n n i n g 

o b s e r v e d to o c c u r d u r i n g p l a s t i c d e f o r m a t i o n , in the p r e s e n t 

w o r k , it is r e a s o n a b l e to i n f e r that t w i n n i n g is one o f the 

c a u s e s of c r a c k i n i t i a t i o n . H o w e v e r , the role of t w i n n i n g 

in f r a c t u r e cannot be e a s i l y d i s c u s s e d since the s i t u a t i o n 

is n o t c l e a r for a s i m p l e case of brittle fracture in bcc 

c r y s t a l s . The case of fee c r y s t a l s is m u c h more d i f f i c u l t 

due to the ductile f r a c t u r e .exhibited. 

The i n t e r g f a n u l a r separation o b s e r v e d at v e r y 

low t e m p e r a t u r e , e s p e c i a l l y at -196°C ( F i g . IV.86) m a y be 

a t t r i b u t e d to b o t h m a r t e n s i t e f o r m i n g p r e f e r e n t i a l l y at 

the g r a i n b o u n d a r i e s a n d to twin i m p i n g e m e n t on g r a i n 

b o u n d a r i e s . T h u s , g r a i n b o u n d a r y c r a c k i n g o c c u r s as 

r e l i e v i n g the stress c o n c e n t r a t i o n s ( 1 1 2 ) . 

A l t h o u g h -196°C w a s the test t e m p e r a t u r e w h i c h 

s h o w e d c l e a r l y i n t e r g r a n u l a r f r a c t u r e , p l a s t i c i n t e r g r a n u l a i 

f r a c t u r e (this i s , f o r m a t i o n a n d c o a l e s c e n c e of m i c r o -

v o i d s a l o n g the grain b o u n d a r i e s ) was o b s e r v e d from m u c h 

h i g h e r • t e m p e r a t u r e s ( F i g s . I V . 7 3 , I V . 7 4 , I V . 7 6 , I V . 7 7 , 

IV.83 a n d I V . 8 6 ) , this e f f e c t b e c o m i n g m o r e p r o n o u n c e d with 
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d e c r e a s i n g t e m p e r a t u r e . 

In h i g h n i c k e l TRIP steels w i t h v a r y i n g c a r b o n 

c o n t e n t s , M a x w e l l ( 5 2 ) f o u n d that one of the r e a s o n s of 

f a i l u r e w a s d e c o h e s i o n at the interfaces' b e t w e e n a u s t e n i t e 

a n d s t r a i n - i n d u c e d m a r t e n s i t e w i t h subsequent v o i d 

f o r m a t i o n . A n d also i n t e r g r a n u l a r failure w a s o b s e r v e d 

w h e n m a r t e n s i t e i n i t i a t e d at grain b o u n d a r i e s . 

F r a c t u r e M o d e D u r i n g I m p a c t T e s t i n g 

The e n e r g y a b s o r b e d during impact t e s t i n g 

r e m a i n s f a i r l y c o n s t a n t w i t h d e c r e a s i n g testing t e m p e r a t u r e s , 

as c a n be s e e n in F i g . I V . 6 2 . T h i s i s in good a g r e e m e n t 

w i t h the f r a c t u r e s u r f a c e s a n a l y s e d ( F i g s . IV.89 to I V . 9 0 ) . 

The f r a c t u r e m e c h a n i s m does n o t change w i t h d e c r e a s i n g 

t e m p e r a t u r e b e i n g a ductile, m o d e . It can be seen f r o m the 

low magnificaption f r a c t o g r a p h s ( F i g . IV.89) that the 

d e f o r m e d m a t e r i a l , t e s t e d at room t e m p e r a t u r e , shows a 

c o n i c a l f r a c t u r e shape i n d i c a t i n g that the fracture o c c u r s 

t h r o u g h the plane of m a x i m u m s h e a r stress at 45°, in a 

v e r y ductile m a n n e r . T h i s i s the o n l y n o t i c e a b l e d i f f e r e n c e 

b e t w e e n the different t e s t s . I t ' i s i n t e r e s t i n g to n o t i c e 

that the m o d e s of f r a c t u r e r e s u l t i n g from the t e n s i l e 

t e s t i n g at -196°C a n d the i m p a c t testing at the same 

t e m p e r a t u r e are n o t the s a m e . W h i l e in the impact t e s t i n g 

the f r a c t u r e is v e r y d u c t i l e , showing m i c r o v o i d s a n d slip 

l i n e s , in t e n s i o n t e s t i n g the v e r y fine e v e n structure 

a n d i n t e r g r a n u l a r s e p a r a t i o n show that different m e c h a n i s m s 

o c c u r . T h i s m a y be o n l y a c o n s e q u e n c e of the m u c h h i g h e r 
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s t r a i n rate in the i m p a c t tests than in tensile t e s t s . In 

impact t e s t i n g w i t h the h i g h e r strain rate less <f 

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

V . 2 A n n e a l i n g B e h a v i o u r 

V . 2 . a A g e i n g I n d u c e d S t r e n g t h e n i n g 

A g e i n g at t e m p e r a t u r e s b e t w e e n 450°C a n d 

650°C c a u s e s the h a r d n e s s to i n c r e a s e , p r o v i d e d the 

m a t e r i a l h a s b e e n p r e v i o u s l y c o l d w o r k e d . This h a s b e e n 

r e p o r t e d ( 1 6 ) ( 1 8 ) f o r s e v e r a l M U L T I P H A S E a l l o y s . D u r i n g 

r a p i d h e a t i n g t r e a t m e n t s , a f t e r deformations g r e a t e r t h a n 

3 0 % , the h a r d n e s s i n c r e a s e s v e r y rapidly (within 2 m i n ) 

a n d r e a c h e s a m a x i m u m a t a b o u t 15 m i n and then e i t h e r 

d e c r e a s e s o r r e m a i n s f a i r l y c o n s t a n t up to 30 m i n . F o r 

long time a g e i n g treatments- (from 5 h r s to 100 h r s ) the 

h a r d n e s s i n c r e a s e s with- a g e i n g time f o r t e m p e r a t u r e s u p 

to 650°C; h o w e v e r it d e c r e a s e s with ageing time f o r 

h i g h e r t e m p e r a t u r e s . T h e s e e f f e c t s can be i n t e r p r e t e d in 

4 3 

r e l a t i o n to the p h a s e d i a g r a m given in F i g . V . l ( ). 

The t e m p e r a t u r e of 700°C is above the range of the fcc 

h e p t r a n s f o r m a t i o n , t h e r e f o r e the h a r d n e s s is e x p e c t e d 

to d e c r e a s e , b e c a u s e of the complete t r a n s f o r m a t i o n of the 

e phase to fee a n d b e c a u s e some r e c o v e r y is t a k i n g p l a c e 

at this t e m p e r a t u r e ( F i g . I V . 3 5 ) . O b s e r v i n g the s t r u c t u r a l 

c h a n g e s b r o u g h t about b y a g e i n g the p r e v i o u s l y d e f o r m e d 

m a t e r i a l , in the range ^ 474°C-650°C, whi c h lies w i t h i n 

the fee + h e p r e g i o n , ( F i g . V . l ) , e phase w a s o b s e r v e d 
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to form e v e n a f t e r v e r y short time ageing treatments (15 min) 

in the v e r y h e a v i l y d e f o r m e d m a t e r i a l s (from 50% o n w a r d s ) 

( F i g s . IV.29 to I V . 3 1 ) . H o w e v e r it w a s not o b s e r v e d in 

the u n d e f o r m e d m a t e r i a l a f t e r h o l d i n g , in this t e m p e r a t u r e 

r a n g e , for v e r y long t i m e s . N e i t h e r w a s it o b s e r v e d on' 

a g e i n g the m a t e r i a l w i t h low p r e v i o u s deformation (up to 

2 0 % at room t e m p e r a t u r e and -196°C). This shows the 

s l u g g i s h n e s s c h a r a c t e r i s t i c of the fee -» hep t r a n s f o r m a t i o n . 

H o w e v e r , on a g e i n g f o r l o n g e r times e was observed m o r e 

e a s i l y at d e f o r m a t i o n s atwhich e was v e r y difficult to b e 

d e t e c t e d in the n o n - a g e d m a t e r i a l . These o b s e r v a t i o n s 

s u g g e s t the f o r m a t i o n o f n e w E as a result of a n n e a l i n g . 

P r o b a b l y both p r o c e s s e s are o c c u r r i n g , i . e . , some e f o r m e d 

d u r i n g p r i o r d e f o r m a t i o n p e r s i s t s a f t e r annealing a n d n e w 

e p l a t e l e t s are f o r m e d b e c a u s e of a n n e a l i n g . 

O n the o t h e r h a n d , D r a p i e r ( 1 S ) has s h o w n that 

the s t a c k i n g - f a u l t e n e r g y , y , d e r i v e d from the n o d e s o f 

d i s s o c i a t e d d i s l o c a t i o n s , o b s e r v e d after ageing the 

a n n e a l e d m a t e r i a l d e c r e a s e s w i t h a g e i n g temperature (within 

t h e ' t r a n s f o r m a t i o n r a n g e ) , lying b e t w e e n 10 and 1 4 m J / m 2 . 

T h i s is s h o w n in T a b l e V . 4 . 

T h i s is i n a g r e e m e n t w i t h E r i c s s o n 1 

o b s e r v a t i o n s o n Co a n d C o - N i a l l o y s , w h i c h are s u m m a r i z e d 

in F i g . V . 1 0 . 

In the p r e v i o u s " s e c t i o n (V.l.a) the r e l a t i o n -

ship b e t w e e n d e f o r m a t i o n m o d e s and stacking fault e n e r g y 

w a s d i s c u s s e d and F i g . V . 5 s h o w e d a s u m m a r y of t h i s . A s 
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T A B L E V . 4 ( 1 6 ) 

R E S U L T S OF S T A C K I N G - F A U L T E N E R G Y M E A S U R E M E N T S 

ON H E A T - T R E A T E D MP3 5N A L L O Y 

H e a t T r e a t m e n t 

M e a n 
N u m b e r r a d i u s , 

of 
n o d e s * 

S t a c k i n g - f a u l t 
energy * 

m J / m 2 

Screw 
nodes 

E d g e 
n o d e s 

1050 C - 1 h , A . C . 
(Annealed) 

A n n e a l e d + 
550°C - 4 h , A . C . 

A n n e a l e d + 
550°C - 100 h , A . C . 

A n n e a l e d + 
600°C - 100 h , A . C . 

184 

410 

370 

437 

26.3 

12.8 

14.1 

12.2 

24.3 

1 0 . 5 

12.2 

1 0 . 3 

The shear m o d u l u s of M P 3 5 N (G = 0.886 x 1 0 2 - J/ m 2 ) w a s 
d e r i v e d from the v a l u e of Y o u n g ' s m o d u l u s , E , u s i n g a 
P o i s s o n ' s r a t i o , v , of 0.30 

500 700 «00 
Temperature, K 

F i g . V . 1 0 - V a r i a t i o n of S . F . E . w i t h temperature f o r Co 
and C o - N i a l l o y s ( 8 4 ) 
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c o u l d be seen in this f i g . the fcc hep t r a n s f o r m a t i o n 

o c c u r r e d in the range o f stacking fault energy v a l u e s 

b e t w e e n 10-15 m J / m 2 , a n d a r o u n d 15 m J / m 2 twins and e were 

o b s e r v e d . 

D r a p i e r ( 1 6 ) shows that ageing in the fcc + 

h e p regions p r o d u c e s an fcc s t r u c t u r e whose stacking fault 

e n e r g y is in the f a v o u r a b l e range for e f o r m a t i o n . S e v e r a l 

a u t h o r s ( 2 ) ( 6 ) ( 9 ) h a v e t r i e d to explain the nature 

a n d m e c h a n i s m s of the fcc h e p t r a n s f o r m a t i o n in c o b a l t 

a l l o y s . The t h o r o u g h s t u d y b y Giamei et a l . ( 9 ) of the 

k i n e t i c s of the t r a n s f o r m a t i o n in the Co-WC and Co-W 

s y s t e m s h a s e s t a b l i s h e d t h a t , for the p a r t i c u l a r compositions 

|l a n d t e m p e r a t u r e s u s e d , the r e a c t i o n occurs in three stages: 

1 . M a s s i v e t r a n s f o r m a t i o n of s u p e r s a t u r a t e d 

a p h a s e to m e t a s t a b l e e p h a s e . 

2 . D e c o m p o s i t i o n of the m e t a s t a b l e e p h a s e by 

c e l l u l a r s e p a r a t i o n 

3 . P e r i t e c t o i d f o r m a t i o n of the e q u i l i b r i u m 

h e p e p h a s e . 

T h i s is s h o w n in F i g . V . l l . b . P r e c i p i t a t i o n of 

C03W d i r e c t l y from the fcc a s o l i d solution in a C o - 3 5 w t % W 

a l l o y w o u l d result in a l o w e r i n g of the free e n e r g y from 

state a to the m e t a s t a b l e state c . F i n a l equilibrium w o u l d 

be o b t a i n e d b y a p e r i t e c t o i d r e a c t i o n b e t w e e n the d e p l e t e d 

fcc a phase a n d the C03W to form the equilibrium hep 

e p h a s e . It is also p o s s i b l e for the
 a
 m a t r i x to u n d e r g o 

a m a s s i v e t r a n s f o r m a t i o n to m e t a s t a b l e h e p e phase (state b) 
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F i g . V . l l . a - E q u i l i b r i u m 
diagram f o r C o - W system (7) 

A l l o y free-

X.X.X.X. X„ x, 

w CONTENT, wt. °/a 

energy 
change R e a c t i o n Type 

A a-*b o f a t e M a s s i v e 

B { b d 
fa fa C o 3 W 

fa fa C o 3 w 

E u t e c t o i d 
P r e c i p i t a t i o 

c c - d a 2+ Co 3 w - £ Peritectoid 

F i g . V . l l . b - Schematic free energy vs 
c o m p o s i t i o n curves f o r a Co-35vrt%W 
a l l o y a g e d at 800°C after solution 
t r e a t i n g at 1350°C <9) 
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w i t h o u t a c h a n g e in c o m p o s i t i o n . 

The e q u i l i b r i u m diagram of the Co-Mo system 

( F i g . II.4 ) is v e r y s i m i l a r to the equilibrium diagram of 

the C o - W system ( F i g . V . l l . a ) . The true equilibrium is 

r e p r e s e n t e d b y a + C o 3 M o £ e . T h e r e f o r e the h y p o t h e t i c a l free 

e n e r g y c u r v e s c o u l d be s i m i l a r , for both s y s t e m s . H o w e v e r , 

the k i n e t i c s of the r e a c t i o n , in the p r e s e n t a l l o y s , seem 

to be m o r e s i m i l a r to t h e C o - C r s y s t e m , in w h i c h the 

a l l o t r o p i c t r a n s f o r m a t i o n o c c u r s v e r y r a p i d l y ( 9 ). The 

r a p i d n a t u r e of the a l l o t r o p i c t r a n s f o r m a t i o n in the C o - C r 

system c a n be d e m o n s t r a t e d b y c o m p a r i n g the T-T-T c u r v e s 

for- the C o - C r and C o - W s y s t e m s ( F i g . V . 1 2 . a and V . 1 2 . b , 

r e s p e c t i v e l y ) . For the C o - 2 5 w t % W a l l o y ( F i g . V . 1 2 . b ) the 

m a x i m u m rate o f t r a n s f o r m a t i o n o c c u r s somewhere in the 

r e g i o n of 7 0 0° and 8 0 0° a n d r e q u i r e s an i n c u b a t i o n p e r i o d 

of a p p r o x i m a t e l y 10 m i n . F o r the C o - 2 0 w t % C r a l l o y , b e l o w 

600°C the r e a c t i o n b e g i n s in less than 6 s e c . The r a p i d 

increase in h a r d n e s s o b s e r v e d in the p r e s e n t w o r k , a f t e r 

2 m i n , c o u l d be e x p l a i n e d o n the basis of the above 

o b s e r v a t i o n s . 

G i a m e i et a l . ( 9 ) found in the C o - 3 5 w t % W 

a l l o y a m a x i m u m in h a r d n e s s o c c u r r i n g a f t e r v e r y short times 

( F i g . V . 1 3 ) c o r r e s p o n d i n g to the onset of the m a s s i v e 

t r a n s f o r m a t i o n s . H e p r e g i o n s f o r m i n g at the fcc grain 
r 

b o u n d a r i e s w i l l be an e f f e c t i v e b a r r i e r to dislocation 

m o t i o n since slip is l i m i t e d to one plane in these h e p 

r e g i o n s . F o r long time a g e i n g t r e a t m e n t s (between 470°C 

a n d 600°C) and d e f o r m a t i o n s above 2 0 % , the h a r d n e s s 
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F i g . V . 1 2 . a - T - T - T c u r v e for 
a C o 2 0 w t % C r a l l o y o b t a i n e d 
from q u e n c h i n g - d i l a t o m e t e r 
studies (9) 

1 0 0 0 

0 900 

UJ 
cc BOO 
_> 

BOO 
H 
< 
cc 700 700 

UJ 
H 600 

500 

F i g . V . 1 2 . b - T-T-T c u r v e for 
a C o - 2 5 w t % W a l l o y (9) 

TIME, hours 

F i g . V . 1 3 - R o c k w e l l h a r d n e s s v s ageing 
time f o r a C o - 3 5 w t % W alloy a g e d at 800°C 
s o l u t i o n t r e a t i n g at 1350°C (9) 



i n c r e a s e s w i t h a g e i n g time as h a s been p o i n t e d out b e f o r e , 

(Figs.IV.41 and I V . 4 2 ) , a n d m o r e e phase was o b s e r v e d b y 

T . E . M . X - r a y a n a l y s i s c o u l d n o t detect the presence of 

h e p p h a s e f o r a n y of t h e a g e i n g t r e a t m e n t s . This h a s b e e n 

a p r o b l e m in the past ( 1 8 ) f o r M U L T I P H A S E alloys w i t h C o : N i 

r a t i o s less t h a n 4 5 : 2 5 . H o w e v e r , a decrease in lattice 

p a r a m e t e r w i t h a g e i n g t r e a t m e n t was observed (Table I V . 9 ) . 

It h a s b e e n s u g g e s t e d ( 1 6 ) that this is due to s e g r e g a t i o n 

of c h r o m i u m and m o l y b d e n u m a t o m s on stacking f a u l t s , w h i c h 

b e i n g S - s t a b i l i z i n g e l e m e n t s ( 5 ) contribute to the £ 

f o r m a t i o n a n d also to the decrease in stacking fault e n e r g y 

o b s e r v e d ( 1 6 ) w i t h a g e i n g . G i a m e i et a l . ( 9 ) also, r e p o r t 

a decrease in lattice p a r a m e t e r in the Co-WC system w i t h 

a g e i n g t i m e , w h i c h t h e y a t r i b u t e to the a phase p a r a m e t e r 

d e c r e a s i n g t o w a r d s that of p u r e cobalt while the p a r a m e t e r 

o f the e p h a s e w o u l d i n c r e a s e since this phase is p r e d i c t e d 

to increase in W and C c o n t e n t w i t h increasing ageing t i m e , 

in that c a s e . 

C o n c e r n i n g the o b s e r v a t i o n s that the s o l u t i o n 

t r e a t e d u n d e f o r m e d m a t e r i a l did n o t show any s i g n i f i c a n t 

increase in h a r d n e s s , t h i s could- be e x p l a i n e d on the b a s i s 

that since o n l y a f e w s t a c k i n g faults are present f o r this 

c o n d i t i o n (and no e p h a s e ) , s e g r e g a t i o n w h i c h is r e s t r i c t e d 

to the s t a c k i n g f a u l t s is too small to cause any appreciable 

s t r e n g t h e n i n g . 

On a g e i n g at h i g h t e m p e r a t u r e s (700°C) some 

r e c o v e r y w a s o b s e r v e d w i t h the e x p e c t e d decrease of hardness 

h e p p h a s e w a s not o b s e r v e d at this t e m p e r a t u r e , but the 
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m a t r i x s t i l l showed m a n y stacking f a u l t s and twins ( F i g s . 

IV.48 and I V . 4 9 ) w h i c h a c c o u n t for the relatively h i g h 

v a l u e s of h a r d n e s s at t h i s t e m p e r a t u r e . On holding at 

700°C f o r l o n g e r times (100 h r s ) the presence of a p r e c i p i t a t e 

w a s o b s e r v e d ( F i g . I V , 3 7 ) , h o w e v e r from X - r a y a n a l y s i s 

there w a s some doubt as to the exact n a t u r e (Table I V . 8 ) , 

since the d v a l u e s f i t t e d several p o s s i b l e p r e c i p i t a t e s . 

D r a p i e r et a l . i d e n t i f i e d this p r e c i p i t a t e s as C03M0. 

The p r e s e n c e of some c a r b i d e s w a s also detected b y X - r a y s 

a n d t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y ; these were MgC o r 

M 2 3 C 6 c a r b i d e s , both b e i n g p o s s i b l e p h a s e s in cobalt a l l o y s . 

Some r e c r y s t a l l i z e d grains were o b s e r v e d at 

700°C a f t e r a g e i n g f o r 1 0 0 h r s . H o w e v e r r e c r y s t a l l i z a t i o n 

w a s o n l y c o m p l e t e at 850°C ( F i g . IV.38 and F i g . I V . 5 0 ) . 

The l a r g e r the p r e v i o u s d e f o r m a t i o n given to the m a t e r i a l , 

the s m a l l e r the r e c r y s t a l l i z e d grain size o b t a i n e d . O n 

a g e i n g at 950°C fo r 2 h r s a grain growth process is 

o b s e r v e d . 

V . 3 ' H i g h T e m p e r a t u r e Strength 

The g e n e r a l b e h a v i o u r d u r i n g c o m p r e s s i o n 

t e s t i n g f r o m room t e m p e r a t u r e to 800°C, f o r the two a l l o y s 

A and B , f o r the f o u r d i f f e r e n t c o n d i t i o n s , i.e., s o l u t i o n 

t r e a t e d , s o l u t i o n t r e a t e d a n d aged (600°C/5 h r s ) , 4 5 % 

d e f o r m e d (at room t e m p e r a t u r e ) , 45% d e f o r m e d and a g e d 

(600°C/5 h r s ) , is d i s c u s s e d b e l o w for the different t e s t 

t e m p e r a t u r e s r a n g e s , b a s e d o n the shape of the s t r e s s - s t r a i n 
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c u r v e s ( F i g s . I V . 6 3 to I V . 6 6 ) and on the strain a g e i n g 

t h e o r y f o r s u b s t i t u t i o n a l a l l o y s . The temperature 

d e p e n d e n c e of the 0 . 2 % p r o o f s t r e s s , the strain rate 

•sensitivity and the r e l a x a t i o n stress is. discussed l a t e r . 

V . 3 . 1 G e n e r a l C o m p r e s s i v e D e f o r m a t i o n B e h a v i o u r 

V . 3 . 1 . a Room T e m p e r a t u r e 

A t p o i n t A ( F i g s . I V . 6 3 . a to I V . 6 6 . a ) , t h e 

s t r a i n rate is i n c r e a s e d , w h i c h r e s u l t s in an increase in 

the a p p l i e d s t r e s s . T h i s is i n accordance w i t h the 

e q u a t i o n £ = fbv ( 1 Q3); w h e n the strain rate increases, t h e 

d i s l o c a t i o n v e l o c i t y v m u s t increase to accommodate t h e 

a p p l i e d s t r a i n rate a n d , since the dislocation v e l o c i t y 

c a n be e x p r e s s e d as a f u n c t i o n of the stress b y v= Co/Go)", 

t h e r e f o r e the a p p l i e d s t r e s s i n c r e a s e s (A-B). A t p o i n t B , 

the s t r a i n rate is r e d u c e d to its original v a l u e , 8 j 

a n d a reverse p r o c e s s t a k e s p l a c e . A t point D the c r o s s -

h e a d is s t o p p e d a n d the s t r e s s starts to f a l l as a r e s u l t 

of r e l a x a t i o n of d i s l o c a t i o n s . A t point E the o r i g i n a l 
o 

s t r a i n r a t e , ^ , is a p p l i e d a n d the stress goes up 

r e a c h i n g p o i n t F , w h i c h is the p r o j e c t i o n of the o r i g i n a l 

s t r e s s - s t r a i n c u r v e . 

It is i n t e r e s t i n g to note that in the 

d e f o r m e d a n d a g e d m a t e r i a l , at e v e r y change of s t r a i n rate, 

a f t e r r e l a x a t i o n , the s t r e s s o v e r s h o o t s (Fig. I V . 6 6 . a ) ; 

this is due to the v e r y sharp change in dislocation 

v e l o c i t y . If the s t r a i n rate is s u d d e n l y i n c r e a s e d , m o s t of 
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the d i s l o c a t i o n s are r e t a r d e d by their atmospheres a n d 

the stress m u s t i n c r e a s e in o r d e r that the available 
i 

d i s l o c a t i o n s can m o v e f a s t e n o u g h to accommodate the applied 

s t r a i n r a t e . W h e n the s t r e s s reaches a critical v a l u e , 

(F o r I in F i g . I V . 6 6 . a ) , either the p i n n e d d i s l o c a t i o n s 

b r e a k free from t h e i r a t m o s p h e r e s (unpinning) or there is 

c r e a t i o n and m u l t i p l i c a t i o n of d i s l o c a t i o n s and d e f o r m a t i o n 

c o n t i n u e s b y the m o t i o n of free d i s l o c a t i o n s and t h e r e f o r e 

at a l o w e r stress (G-H a n d J - K ) . On reducing the s t r a i n 

rate to its o r i g i n a l v a l u e , the m o b i l e dislocations are 

s t i l l free a n d the a p p l i e d stress falls (to C and L , F i g . 

I V . 6 6 . a ) b e c a u s e of a r e d u c e d dislocation v e l o c i t y . F r e s h 

a t m o s p h e r e s are f o r m e d r a p i d l y and t h e y impede f u r t h e r 

d i s l o c a t i o n m o t i o n w i t h a c o r r e s p o n d i n g rise in the s t r e s s 

r e t u r n i n g to the s m o o t h s t r e s s - s t r a i n c u r v e . This e x p l a n a t i o n 

is v a l i d at a n y t e m p e r a t u r e for those small stress d r o p s 

o b s e r v e d at e v e r y c h a n g e of strain r a t e . The fact that t h i s 

e f f e c t is m o r e p r o n o u n c e d in the deformed and aged m a t e r i a l , 

i n d i c a t e s that there are m o r e "atmospheres" present in 

this c o n d i t i o n w h i c h i m p e d e the m o v e m e n t of d i s l o c a t i o n s . 

P r o b a b l y this is due to the e p h a s e , f o r m e d during the 

p r e v i o u s a g e i n g t r e a t m e n t (5 hrs at 600°C), which w o u l d 

act as o b s t a c l e s f o r d i s l o c a t i o n m o v e m e n t . 

V . 3 . 1 . b E l e v a t e d T e m p e r a t u r e s 

V . 3 . 1 . b . l I n t r o d u c t i o n 

The r e s p o n s e at h i g h e r t e m p e r a t u r e s is m o r e 
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c o m p l i c a t e d , since s e r r a t i o n s a p p e a r and it is deduced 

that dynamic s t r a i n a g e i n g is o c c u r r i n g . The m o b i l i t y o f 

a t o m s i n c r e a s e s w i t h t e m p e r a t u r e and therefore the solute 

r e s p o n s i b l e m o v e s fast e n o u g h to slow down freely m o v i n g 

d i s l o c a t i o n s b y f o r m i n g an a t m o s p h e r e around t h e m . The 

solute a t m o s p h e r e s e x e r t m a x i m u m drag on the d i s l o c a t i o n s 

w h e n t h e y m o v e at some c r i t i c a l speed v 5 ), given b y 
c 

4D 
Vc 

h 
D = d i f f u s i o n coefficient o f the 

solute 

h = is the effective radius of 
the solute atmosphere 

T h u s , there is a c r i t i c a l strain rate given b y 

= b f v c 

b = B u r g e r ' s v e c t o r 

jp = m o b i l e dislocation d e n s i t y 

T h i s s u b j e c t h a s b e e n r e v i e w e d in the 

literature C 5 ) a n d a s u m m a r y w a s given in C h a p t e r II 

(Literature S u r v e y ) . T h e r e f o r e f u r t h e r details here w o u l d 

be r e d u n d a n t . 

The solute r e s p o n s i b l e f o r the p i n n i n g of 

d i s l o c a t i o n s is b e l i e v e d to be m o l y b d e n u m ; which segregates 

towards the d e f e c t s ( 1 6 ) . This is d i s c u s s e d further in the 

next s e c t i o n . _ 

The s t r o n g e r D . S . A . e f f e c t s were o b s e r v e d in 

the range 450°C-550°C fo r the solution t r e a t e d and solution 

t r e a t e d and a g e d m a t e r i a l s (Table IV.12 a n d F i g s . I V . 6 3 and 
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I V . 6 4 ) a n d 550°C-650°C f o r the deformed and deformed a n d 

a g e d m a t e r i a l s (Table I V . 1 3 a n d F i g s . IV.65 and I V . 6 6 ) , 

i . e . n e g a t i v e strain rate s e n s i t i v i t y , largest drops of 

s t r e s s (Aa) w i t h i n c r e a s e in strain r a t e , smallest 

r e l a x a t i o n stresses a n d s t r o n g e s t s e r r a t i o n e f f e c t s , w e r e 

s h o w n in these ranges o f t e m p e r a t u r e s . W i t h i n these 

t e m p e r a t u r e ranges the m a i n differences b e t w e e n the f o u r 

m a t e r i a l c o n d i t i o n s and b e t w e e n both a l l o y s were the s h a p e 

o f the s e r r a t i o n s . 

The i n t e r p r e t a t i o n of the shape of s e r r a t i o n s 

is i m p o r t a n t in r e l a t i o n to d i s l o c a t i o n m o v e m e n t s , 

t e m p e r a t u r e , strain rate a n d c o m p o s i t i o n . O n this b a s i s 

a c l a s s i f i c a t i o n (given in C h a p t e r II) and analysis of 

s e r r a t i o n s h a s b e e n m a d e b y W o r t h i n g t o n O (•") a n d 

S o l a r - G o m e z and T e g a r ( 1 0 5 ) , . i n s u b s t i t u t i o n a l fee a l l o y s . 

A b r i e f s u m m a r y of the g e n e r a l c h a r a c t e r i s t i c s and 

c o n d i t i o n s f o r their appearance, is given b e l o w . 

Type A s e r r a t i o n s o c c u r at lower strains a n d 

l o w t e m p e r a t u r e s . The s t r e s s rises above the general l e v e l 

of the s t r e s s / s t r a i n c u r v e b e c a u s e the diffusion rate i s 

such that some solute a t o m s can m i g r a t e to the m o v i n g 

d i s l o c a t i o n s and cause a s m a l l amount of l o c k i n g , t h e r e f o r e 

the m o b i l e d i s l o c a t i o n d e n s i t y is r e d u c e d and a h i g h e r 

s t r e s s is r e q u i r e d to m a i n t a i n the a p p l i e d strain r a t e . 

D u r i n g this rise in s t r e s s , n e w d i s l o c a t i o n s are 

c o n t i n u a l l y b e i n g p r o d u c e d a n d at some c r i t i c a l stress 

d i s l o c a t i o n m o v e m e n t o c c u r s c a u s i n g the "breakout" of s l i p 



,230 

a c r o s s the w h o l e s p e c i m e n and a drop in s t r e s s . 

Type B s e r r a t i o n s o c c u r at h i g h e r strain t h a n 

type A s e r r a t i o n s or at smaller strains as the t e m p e r a t u r e 

is i n c r e a s e d . T h e y are a s s o c i a t e d w i t h a h i g h e r rate of 

d i f f u s i o n t h a n type A . W h e n the "breakout" of slip o c c u r s 

the d i s l o c a t i o n s in the d e f o r m a t i o n b a n d s are locked 

b e f o r e t h e y have c o m p l e t e d t h e i r m o v e m e n t through the 

s p e c i m e n . A n e w d e f o r m a t i o n b a n d h a s to be f o r m e d to 

c o n t i n u e d e f o r m a t i o n , g i v i n g rise to a rapid s u c c e s s i o n of 

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

Type C s e r r a t i o n s o c c u r at h i g h e r s t r a i n t h a n 

type B f o r the same t e m p e r a t u r e . A s the temperature is 

i n c r e a s e d t h e y c o m m e n c e at s m a l l e r s t r a i n s . T h i s b e h a v i o u r 

w a s n o t a l w a y s o b s e r v e d in the p r e s e n t work; n o n e t h e l e s s , 

d i s c u s s i o n of these o b s e r v a t i o n s is given in the n e x t 

s e c t i o n . 

Type C s e r r a t i o n s are e x p l a i n e d in terms o f 

d i s l o c a t i o n u n l o c k i n g . W h e n the t e m p e r a t u r e is high 

enough f o r solute a t o m s to m i g r a t e w i t h dislocations at 

the start of d e f o r m a t i o n , stress c o n c e n t r a t i o n s w i t h i n the 

m a t e r i a l m a y result in p a r t s of the specimen deforming 

at a h i g h e r rate t h a n the o v e r a l l strain r a t e , and 

s e r r a t i o n s can o c c u r in these r e g i o n s with an e n h a n c e d rate 

of d e f o r m a t i o n and l a r g e drops in s t r e s s . 

In the p r e s e n t w o r k the three types of 

s e r r a t i o n s were o b s e r v e d in both alloys for different 

t e m p e r a t u r e s and s t r a i n s . ( F i g s . IV.63 to I V . 6 6 ) . The 
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d i s c u s s i o n of these o b s e r v a t i o n s is given b e l o w . 

V . 3 . 1 . b . 2 D i s c u s s i o n of o b s e r v a t i o n s at elevated 

t e m p e r a t u r e 

360°C - 450°C 

F i g s . I V . 6 3 . b a n d c , I V . 6 4 . b , IV.65.b a n d 

I V . 6 6 . b s h o w the c h a n g e s o c c u r r i n g at these t e m p e r a t u r e s 

f o r b o t h a l l o y s in the d i f f e r e n t c o n d i t i o n s (S.T., S . T . & 

a g e d , d e f o r m e d , d e f o r m e d a n d a g e d , r e s p e c t i v e l y ) . 

The s o l u t i o n t r e a t e d and the solution t r e a t e d 

a n d aged m a t e r i a l s s h o w e d s i m i l a r b e h a v i o u r at 360°C. 

The stress is i n d e p e n d e n t o f the a p p l i e d strain rate w h i c h 

is a c h a r a c t e r i s t i c of dynamic strain a g e i n g , (the c u r v e 

from A to B is a s m o o t h c u r v e ) and deformation o c c u r s b y 

c r e a t i o n a n d m u l t i p l i c a t i o n of d i s l o c a t i o n s w i t h the u s u a l 

w o r k h a r d e n i n g t a k i n g p l a c e . W h e n the strain rate is changed 

o 

to its o r i g i n a l lower v a l u e e^ , at point B , the dislocation 

v e l o c i t y is s l o w e r and the d i s l o c a t i o n s are more e a s i l y 

p i n n e d a n d t h e r e f o r e s o l u t e atmospheres are formed; 

t h e r e f o r e the s t r e s s s h o u l d increase to m a i n t a i n the applied 

strain u n t i l it is h i g h e n o u g h f o r u n p i n n i n g the p i n n e d 

d i s l o c a t i o n s o r m u l t i p l i c a t i o n of m o v i n g d i s l o c a t i o n s a n d 

this is h o w s e r r a t i o n s are f o r m e d . 

A t this t e m p e r a t u r e s (360°C) both i n t e r s t i t i a l 

a n d s u b s t i t u t i o n a l s o l u t e s w o u l d be able to take p a r t in 

the strain a g e i n g process., a l t h o u g h the c a r b o n and s i l i c o n 

c o n t e n t s are v e r y s m a l l (Alloy B - 0 . 0 2 6 C / 0 . 0 6 6 S i ; A l l o y 
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A - 0 . 0 1 C / 0 , 0 5 S i ) these two e l e m e n t s c o u l d act as 

i n t e r s t i t i a l and s u b s t i t u t i o n a l D . S . A . agents r e s p e c t i v e l y , 

at this t e m p e r a t u r e . T h e p a i r c a r b o n - s i l i c o n m a y act as a 

D . S . A . a g e n t , since the c o m b i n a t i o n c a r b o n - s i l i c o n (llli) 

is u n i q u e in p a i r i n g the small and always i n t e r s t i t i a l G 

atom w i t h a m u c h l a r g e r b u t h o m o l o g o u s and also 

q u a d r i v a l e n t Si atom; n o study h a s b e e n found on the effect 

of this p a r t i c u l a r p a i r on D . S . A . H o w e v e r the s t r o n g e s t 

e f f e c t is p r o b a b l y due to the s e g r e g a t i o n of m o l y b d e n u m 

a t o m s at this t e m p e r a t u r e . D r a p i e r ( 6 ) h a s deduced t h a t 

s e g r e g a t i o n of Mo is quite strong at 300°C in the s o l u t i o n 

t r e a t e d m a t e r i a l ^ a n d at 550°C in the deformed m a t e r i a l . 

The d e f o r m e d and the deformed and aged m a t e r i a l s 

s h o w e d s i m i l a r b e h a v i o u r to the s o l u t i o n treated m a t e r i a l 

u p to p o i n t B ( F i g s . IV.65.to and I V . 6 6 . b ) , w h e n the s t r a i n 
o 

rate is c h a n g e d to its o r i g i n a l v a l u e . H o w e v e r , on 

d e c r e a s i n g the s t r a i n rate the stress increases above the 

p r o j e c t i o n of the o r i g i n a l c u r v e . The e x p l a n a t i o n 

w o u l d be the same as f o r the solution t r e a t e d m a t e r i a l , 

a l t h o u g h the p i n n i n g e f f e c t in t h i s case is s t r o n g e r , 

p r o b a b l y due to the d e f o r m a t i o n p r e v i o u s to testing a l r e a d y 

e x i s t e n t in the m a t e r i a l , w h i c h p r o v i d e s a h i g h e r d e n s i t y 

of d i s l o c a t i o n s and t h e r e f o r e m o r e p r o b a b i l i t y of 

a t m o s p h e r e f o r m a t i o n . T h e r e f o r e h i g h e r stresses are 

r e q u i r e d for the u n p i n n i n g o r m u l t i p l i c a t i o n of d i s l o c a t i o n s . 

A t 450°C the d e f o r m e d m a t e r i a l and the solution 

t r e a t e d and aged b e h a v e d s i m i l a r l y as for 360°C. The 

d e f o r m e d and a g e d m a t e r i a l showed a r e a s o n a b l y s m o o t h 
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s t r e s s - s t r a i n curve t h r o u g h o u t the test (Fig. IV.66.b) 

w i t h flow s t r e s s i n d e p e n d e n t of the strain r a t e . The 

s o l u t i o n t r e a t e d m a t e r i a l showed a stronger D . S . A . t h a n at 

360°C (Fi g . I V . 6 3 . c ) . T y p e A serrations were o b s e r v e d 

t h r o u g h o u t the cr-e c u r v e and started i m m e d i a t e l y a f t e r 

the elastic r e g i o n f o r a l l o y A ; n e g a t i v e strain rate 

s e n s i t i v i t y w a s o b s e r v e d before r e l a x a t i o n . A l l o y A a n d 

a l l o y B s h o w e d slight d i f f e r e n c e s in the shape of the 

s e r r a t i o n s ( F i g . I V . 6 3 . c ) ; e s p e c i a l l y for the h i g h e r 

strain rate a l l o y B d i d not show serrations and showed 

s l i g h t l y l a r g e r n e g a t i v e s t r a i n rate s e n s i t i v i t y and 

s l i g h t l y s m a l l e r r e l a x a t i o n s t r e s s e s . 

550°C - 650°C 

A s the t e s t t e m p e r a t u r e is r a i s e d the 

m o b i l i t y of a t o m s increases- and therefore the p r o b a b i l i t y 

of a t m o s p h e r e f o r m a t i o n i n c r e a s e s . 

A t 550°C t e s t t e m p e r a t u r e the strongest 

dynamic s t r a i n ageing e f f e c t s are o b s e r v e d f o r both a l l o y s 

f o r all c o n d i t i o n s ; i . e . , n e g a t i v e strain rate s e n s i t i v i t y , 

low r e l a x a t i o n s t r e s s e s and v e r y strong serrations o c c u r 

t h r o u g h o u t the s t r e s s - s t r a i n c u r v e . 

S e r r a t i o n s s t a r t e d almost i m m e d i a t e l y a f t e r 

the elastic r e g i o n of the s t r e s s / s t r a i n c u r v e , at this 

t e m p e r a t u r e f o r all c o n d i t i o n s . The solution t r e a t e d 

m a t e r i a l s h o w e d type A s e r r a t i o n s throughout the stress/ 

s t r a i n c u r v e , and the s t r e s s was strain rate i n d e p e n d e n t . 

A y i e l d point p h e n o m e n a was o b s e r v e d a f t e r r e l a x a t i o n 
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a f t e r s t r a i n was a p p l i e d ; that i s , a larger stress is 

r e q u i r e d to r e - i n i t i a t e d e f o r m a t i o n than to continue i t , 

t h e r e f o r e , a large i n c r e a s e in stress is observed f o l l o w e d 

b y a stress drop u n t i l the n o r m a l s t r e s s / s t r a i n curve t a k e s 

over a g a i n . The s o l u t i o n t r e a t e d and aged m a t e r i a l s h o w e d 

in g e n e r a l the same b e h a v i o u r , o n l y the shapes of the 

s e r r a t i o n s w e r e d i f f e r e n t and t h e y were strain rate d e p e n d e n t . 

The a l l o y s s h o w e d d i f f e r e n t t y p e s of serrations w i t h 

respect to one a n o t h e r ( F i g . I V . 6 4 . c ) . A l l o y B did n o t 

show s e r r a t i o n s up to p o i n t A ; w i t h increase of s t r a i n r a t e 

v e r y fine type B s e r r a t i o n s a p p e a r , w h i c h become l a r g e r 

o o 
w i t h d e c r e a s i n g s t r a i n rate (e -+e ); this could be due 

2 1 

to the h i g h e r solute l e v e l of a l l o y B . A t h i g h solute levels 

the d i f f u s i o n d i s t a n c e to e f f e c t p i n n i n g is d e c r e a s e d , so 

those s e r r a t i o n s b e g i n at a h i g h e r strain rate ( l f S ) . O n 

d e c r e a s i n g the s t r a i n rate the d i s l o c a t i o n v e l o c i t y is 

d e c r e a s e d a n d t h e r e f o r e p i n n i n g of dislocations is e a s i e r ; 

at the same time a l a r g e r s t r e s s is r e q u i r e d for the 

u n p i n n i n g o r c r e a t i o n a n d m u l t i p l i c a t i o n of d i s l o c a t i o n s 

f o r the d e f o r m a t i o n to c o n t i n u e b y the m o t i o n of a h i g h e r 

d e n s i t y of free d i s l o c a t i o n s . The u s u a l rate of w o r k 

h a r d e n i n g is i n t e n s i f i e d b y t h i s c r e a t i o n and m u l t i p l i c a t i o n 

m e c h a n i s m . A l l o y A shows type C serrations for the l o w e r 

strain rates a n d large type B serrations for the h i g h e r 

s t r a i n r a t e . T h i s b e h a v i o u r i s r a t h e r p e c u l i a r since it is 

e x p e c t e d to f i n d type C s e r r a t i o n s at h i g h e r strain r a t e s 

( 4 5 ) . Hov/ever, this c o u l d be due to h i g h e r stress 

c o n c e n t r a t i o n s w i t h i n this m a t e r i a l . The deformed and the 
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d e f o r m e d and aged m a t e r i a l s s h o w e d e x t r e m e l y large type C 

s e r r a t i o n s t h r o u g h o u t the t e s t , indicating the presence of 

v e r y large s t r e s s c o n c e n t r a t i o n s , p r o b a b l y due to 

d e f o r m a t i o n a n d ageing t r e a t m e n t s p r i o r to t e s t i n g . A t 

this t e m p e r a t u r e the s e g r e g a t i o n of m o l y b d e n u m atoms 

t o w a r d s the m a t e r i a l defects h a s been shown ( 1 6 ) to be 

g r e a t e r t h a n f o r lower t e m p e r a t u r e s in the deformed 

m a t e r i a l ; t h e r e f o r e there is more p r o b a b i l i t y of 

a t m o s p h e r e f o r m a t i o n a n d d i s l o c a t i o n m o v e m e n t is more 

d i f f i c u l t . H i g h e r s t r e s s e s are r e q u i r e d to free the 

d i s l o c a t i o n s and w h e n the c r i t i c a l stress is reached at 

w h i c h f o r m a t i o n f o l l o w s b y c r e a t i o n and m u l t i p l i c a t i o n of 

d i s l o c a t i o n large drops in s t r e s s are o b s e r v e d . 

M o l y b d e n u m a t o m s have a- v e r y strong p i n n i n g 

effect in v i e w of the fact that the atomic diameter of 

m o l y b d e n u m is d i s t i n c t l y g r e a t e r t h a n that of c o b a l t , 

n i c k e l and c h r o m i u m , i . e . M o 2 . 8 l X , C r 2 . 5 8 & , Co 2.51 A , 

N i 2 . 5 0 A . It h a s b e e n s u g g e s t e d C 1 1 1 ) that D . S . A . was the 

c o n s e q u e n c e of i n t e r a c t i o n b e t w e e n dislocations and s o l u t e 

atoms due to the elastic m i s f i t of the solute and the 

lattice a t o m s . 

A f t e r r e l a x a t i o n the deformed and the d e f o r m e d 

and aged m a t e r i a l s showed a c o n t i n u o u s decrease of s t r e s s 

w i t h strain ( F i g s . IV.65.c & I V . 6 6 . c ) i n d i c a t i n g that 

the solute a t o m s are so m o b i l e that the a t m o s p h e r e s a r e 

able to m o v e w i t h the d i s l o c a t i o n s and no significant drag 

can be e x e r t e d on the d i s l o c a t i o n s . 
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A t 650°C the deformed and the deformed a n d 

a g e d m a t e r i a l s s h o w e d the largest n e g a t i v e strain rate 

s e n s i t i v i t y . H o w e v e r no s e r r a t i o n s were shown by the 

d e f o r m e d m a t e r i a l , and o n l y s e r r a t i o n s for the h i g h e r 

s t r a i n rates w e r e o b s e r v e d in the deformed and aged 

m a t e r i a l . 

650°C is a p p r o x i m a t e l y the temperature at 

w h i c h the £ p r e s e n t s h o u l d f u l l y transform to fcc ( F i g . 

V . l ) . T h e r e f o r e there is less p i n n i n g effect to act against 

the m o v e m e n t d i s l o c a t i o n s . T h i s is i n f e r r e d also from t h e 

large r e l a x a t i o n s t r e s s e s o b s e r v e d at this temperature 

(Table I V . 1 3 ) and from the d e c r e a s e in stress for the 

h i g h e r s t r a i n rate a f t e r r e l a x a t i o n . 

700°C 

Dy n a m i c strain a g e i n g effects are still 

o b s e r v e d at t h i s h i g h t e m p e r a t u r e . The solution t r e a t e d 

a n d the s o l u t i o n t r e a t e d a n d aged m a t e r i a l s showed s i m i l a r 

b e h a v i o u r , i . e . , stress i n d e p e n d e n c e of strain rate a n d 

s e r r a t i o n s t h r o u g h o u t the test ( F i g s . IV.63.f and I V . 6 4 . d ) . 

L a r g e r e l a x a t i o n s t r e s s e s are o b s e r v e d at this t e m p e r a t u r e , 

i n d i c a t i n g that the d i s l o c a t i o n s are not p i n n e d as the 

d i s l o c a t i o n v e l o c i t y f a l l s d u r i n g the relaxation p e r i o d , 

t h e r e f o r e i n d i c a t i n g the absence of certain o b s t a c l e s that 

w e r e a c t i n g at l o w e r t e m p e r a t u r e s . This "absence" c o u l d be 

that the i n i t i a l e p h a s e h a s c o m p l e t e l y t r a n s f o r m e d to 

fcc p h a s e and this e f f e c t seems to be greater in the 

d e f o r m e d (not aged) m a t e r i a l in w h i c h there is v e r y little 
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D . S . A . e f f e c t ( F i g . I V . 6 5 . e ) p r e s e n t . On the other h a n d 

the d e f o r m e d a n d a g e d m a t e r i a l still shows strong D . S . A . 

e f f e c t s (negative s t r a i n rate s e n s i t i v i t y a n d s e r r a t i o n s ) . 

The r e m a r k a b l e d i f f e r e n c e in b e h a v i o u r for these two 

m a t e r i a l c o n d i t i o n s is p r o b a b l y due to the greater i n i t i a l 

content of s in the d e f o r m e d and aged m a t e r i a l . P o s s i b l y 

some e r e m a i n s at 700°C during the p e r i o d of the test and 

s e g r e g a t i o n of Mo to £ m a y retard the ^ - > ^ t r a n s f o r m a t i o n . 

D r a p i e r ( 1 6 ) o b s e r v e d serrated yielding i n 

tensile t e s t i n g at 500°C in a specimen aged for 4 h o u r s 

at 550°C, h o w e v e r s e r r a t e d y i e l d i n g w a s not observed at 

550°C in m a t e r i a l p r e v i o u s l y deformed 4 7 . 5 % b y cold 

d r a w i n g . T h i s is in d i s a g r e e m e n t w i t h the results from the 

p r e s e n t w o r k , since at 550°C the strongest D . S . A . e f f e c t s • 

were o b s e r v e d f o r all c o n d i t i o n s . 

S e r r a t i o n s h a d b e e n o b s e r v e d ( x 0 in N i - C o - C 

a l l o y s , F i g . V . 1 4 , and t h e y w e r e a t t r i b u t e d to the p r e s e n c e 

of c a r b o n c a u s i n g p i n n i n g b y elastic i n t e r a c t i o n s b e t w e e n 

solute atoms a n d d i s l o c a t i o n s . R i c h m a n d and Bollin ( 1 0 ? ) 

s t u d i e d the dynamic r e s p o n s e s of F e - N i - C , and assumed the 

s i m i l a r i t y of a u s t e n i t e t r a n s f o r m a t i o n to m e c h a n i c a l . 

t w i n n i n g , p o s t u l a t i n g t h a t m a r t e n s i t e is indeed a p r o b l e m 

f o r d i s l o c a t i o n m o t i o n ; t h e y related the m a r t e n s i t e 

t r a n s f o r m a t i o n to s e r r a t e d y i e l d i n g and established this 

effect h a d b e e n misinterprete'd as dynamic strain a g e i n g 

a r i s i n g t h r o u g h c a r b o n i n t e r a c t i o n w i t h d i s l o c a t i o n s . It 

is not s u g g e s t e d here t h a t the same a p p r o a c h could be 



Fig.V. 14 (6). Serrated flow shown on sections of flow 
curves of nickel and nickel-cobalt alloys. 
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t a k e n but there m a y be the p r o b a b i l i t y of an o v e r l a p p i n g 

of e m a r t e n s i t e f o r m a t i o n and solute segregation o c c u r r i n g . 

V . 3 . 2 The t e m p e r a t u r e dependence of the 0.2% p r o o f 

s t r e s s , the strain rate sensitivity and the 

r e l a x a t i o n stress 

F i g s . I V . 6 7 to IV.70 show the temperature 

dependence d a t a f o r b o t h a l l o y s for all conditions t e s t e d . 

It can be seen in F i g s . I V . 6 7 . a , b , c and Tables IV.12 a n d 

IV.13 that the s t r e s s shows a small decrease w i t h i n c r e a s e 

in t e m p e r a t u r e up to 360°C fo r all the c o n d i t i o n s , s h o w i n g 

a small p l a t e a u b e t w e e n 360°-450°C and a peak at 550°C 

f o l l o w e d b y a sharp s t r e s s decrease for the h i g h e r 

t e m p e r a t u r e s (700oc-q00°c). In the range of t e m p e r a t u r e s 

in w h i c h the p l a t e a u a n d p e a k stresses were o b s e r v e d the 

strain rate s e n s i t i v i t y b e c a m e zero or n e g a t i v e (Figs. IV.68 

a n d IV.69) a c c o m p a n i e d b y a f a l l in the relaxation s t r e s s e s 

(Fig. I V . 7 0 ) . A t h i g h e r t e m p e r a t u r e s (~680°C-800°C) the 

strain rate s e n s i t i v i t y b e c a m e positive (for the d e f o r m e d 

and the d e f o r m e d a n d a g e d m a t e r i a l s ) a n d v e r y large 

r e l a x a t i o n s t r e s s e s were o b s e r v e d . The temperature 

s e n s i t i v i t y of the p r o o f s t r e s s b e l o w 360°C and above 

650°C (for the s o l u t i o n t r e a t e d conditions) and 700°C (for 

the deformed c o n d i t i o n s ) suggests that the deformation is 

a t h e r m a l l y a c t i v a t e d p r o c e s s .in these ranges of 

t e m p e r a t u r e . 

It w a s not p o s s i b l e to calculate m e a n i n g f u l 

v a l u e s of a c t i v a t i o n p a r a m e t e r s to analyse the t h e r m a l l y 
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a c t i v a t e d d e f o r m a t i o n . H o w e v e r an attempt was made a s s u m i n g 

that all the t h e o r e t i c a l r e q u i r e m e n t s ( 1 0 3 ) were m e t . T a b l e s 

I V . 1 5 and I V . 1 6 s h o w these r e s u l t s . A s can be seen the 

c a l c u l a t e d a c t i v a t i o n e n t h a l p y , and a c t i v a t i o n v o l u m e 

v a l u e s are m e a n i n g l e s s , since t h e y are e i t h e r n e g a t i v e , 

z e r o , o r v e r y large n u m b e r s . In f a c t , if thermal a c t i v a t i o n 

a n a l y s i s is to be c a r r i e d out c e r t a i n conditions m u s t b e 

f u l f i l l e d . From the e x p e r i m e n t a l results it is n o t e d that 

w o r k h a r d e n i n g o c c u r s d u r i n g the r e l a x a t i o n periods f o r 

all test t e m p e r a t u r e s (this is m a n i f e s t e d b y an increase 

in the f l o w s t r e s s a f t e r the r e l a x a t i o n p e r i o d , compared, 

to.the f l o w stress b e f o r e relaxation). 

A s can be s e e n from F i g s . IV.63 to IV.66 the 

s t r e s s e s a f t e r r e l a x a t i o n f o l l o w the 1 p r o j e c t i o n of the 

o r i g i n a l s t r e s s / s t r a i n curve, and this contributes to 

the a t h e r m a l c o m p o n e n t of the f l o w s t r e s s . The d e n s i t y of 

d i s l o c a t i o n s and d i s l o c a t i o n s u b s t r u c t u r e s m a y change due 

to the fcc hep t r a n s f o r m a t i o n o c c u r r i n g at low 

t e m p e r a t u r e s and hep fcc t r a n s f o r m a t i o n and some r e c o v e r y 

p r o c e s s e s t a k i n g p l a c e at h i g h t e m p e r a t u r e s . Therefore it 

can be c o n c l u d e d that in the p r e s e n t w o r k the stress 

r e l a x a t i o n test r e s u l t s are not v a l i d for the thermal 

a c t i v a t i o n a n a l y s i s . 

H o w e v e r , the v a r i a t i o n of the p r o o f s t r e s s 

w i t h t e m p e r a t u r e can be e x p l a i n e d as f o l l o w s . In the 

range of t e m p e r a t u r e up to ^360°C, o n l y interstitial atom 

b a r r i e r s are p r o b a b l y p r e s e n t w h i c h do not represent v e r y 
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strong o b s t a c l e s , at these t e m p e r a t u r e s . Therefore 

d i s l o c a t i o n s m o v e f r e e l y a n d the stress decreases w i t h 

increase in t e m p e r a t u r e . B e t w e e n a p p r o x i m a t e l y 360°C a n d 

650°C, the s e g r e g a t i o n o f m o l y b d e n u m atoms and the 

t r a n s f o r m a t i o n hep fee (taking place in the range 425°C-

650°C) p l a y a p a r t in m a k i n g difficult the m o v i n g of 

d i s l o c a t i o n s ; the a p p e a r a n c e of D . S . A . processes 

c o n t r i b u t e s to t h e - a t h e r m a l c o m p o n e n t of the flow s t r e s s , 

w h i c h m a y be r e s p o n s i b l e f o r the o b s e r v e d decrease in the 

t e m p e r a t u r e s e n s i t i v i t y of the proof stress as the 

t e m p e r a t u r e is r a i s e d . The v e r y sharp fall in the s t r a i n 

rate s e n s i t i v i t y v s t e m p e r a t u r e and the relaxation s t r e s s e s 

v s t e m p e r a t u r e , support this s u g g e s t i o n , i . e . b a r r i e r s are 

o p p o s i n g d i s l o c a t i o n m o t i o n a n d these barriers become 

s t r o n g e r as the t e m p e r a t u r e is r a i s e d . The sharp f a l l i n 

the p r o o f s t r e s s f o r h i g h t e m p e r a t u r e s (700°-800°c) 

i n d i c a t e s that these b a r r i e r s to dislocation m o v e m e n t h a v e 

b e c o m e w e a k e r o r h a v e a l m o s t c o m p l e t e l y d i s a p p e a r . 

P r o b a b l y the m o l y b d e n u m a t o m s m o v e so fast at these 

t e m p e r a t u r e s that t h e y do n o t exert any appreciable d r a g 

on the d i s l o c a t i o n s . A l s o t h e s e t e m p e r a t u r e s are above 

the hep fee t r a n s f o r m a t i o n range for the p r e s e n t a l l o y 

( F i g . V . l ) . T h e r e f o r e , t h e r e is no e phase which c o u l d act 

as an o b s t a c l e f o r d i s l o c a t i o n s . This is supported b y the 

large r e l a x a t i o n s t r e s s e s o b s e r v e d in this range of 

t e m p e r a t u r e . 
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C H A P T E R VI 

C O N C L U S I O N S A N D S U G G E S T I O N S FOR FUTURE WORKS 

1 . C o n c l u s i o n s 

1 . In" a g r e e m e n t w i t h o t h e r works ( 1 6 ) ( 1 8 ) , 

d e f o r m a t i o n of the m a t e r i a l at room temperature and at 

sub-zero t e m p e r a t u r e s r e s u l t s in a large increase in 

s t r e n g t h . 

2 . T h i s d e f o r m a t i o n - i n d u c e d s t r e n g t h e n i n g 

does not o r i g i n a t e e n t i r e l y from the allotropic 

t r a n s f o r m a t i o n fcc h e p of the i n i t i a l solid s o l u t i o n , 

but d e f o r m a t i o n t w i n n i n g also plays a v e r y important p a r t . 

In f a c t , both e phase f o r m e d during d e f o r m a t i o n , ( h i g h e r 

c o n t e n t at -196°), and d e f o r m a t i o n twinning are r e s p o n s i b l e 

f o r the s t r e n g t h e n i n g o b s e r v e d . 

3 . A g e i n g of the p r e v i o u s l y deformed 

m a t e r i a l at t e m p e r a t u r e s b e t w e e n 474°C and 650°C, w i t h i n 

the fcc + hep r e g i o n of the equilibrium diagram, e v e n f o r 

v e r y short t i m e s , c a u s e s f u r t h e r strengthening; the h i g h e r 

the p r e v i o u s d e f o r m a t i o n the h i g h e r the strengthening 

o b t a i n e d . This w a s a t t r i b u t e d to the rapid nature of the 

allotropic t r a n s f o r m a t i o n o n a n n e a l i n g a f t e r h e a v y 

d e f o r m a t i o n . 

On a g e i n g f o r longer times (up to 100 h r s ) 

the h a r d n e s s s l i g h t l y i n c r e a s e s and this was a t t r i b u t e d to 
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f o r m a t i o n of n e w e p h a s e and to diffusion of M o atoms to 

the e p l a t e l e t s . 

4 . On a g e i n g at h i g h e r temperatures the 

p r e v i o u s l y d e f o r m e d m a t e r i a l , some r e c o v e r y takes p l a c e at 

700°C and p r e c i p i t a t i o n o c c u r s after h o l d i n g for l o n g e r 

times (100 h r s ) at this t e m p e r a t u r e ; the m a i n precipitate 

w a s a c o b a l t - m o l y b d e n u m c o m p o u n d , p r o b a b l y C03M0, a n d 

some c a r b i d e s w e r e also p r e s e n t . 

5 . R e c r y s t a l l i z a t i o n takes place on a g e i n g 

a t 850°C the m a t e r i a l p r e v i o u s l y deformed 30% u p w a r d s . 

G r a i n growth o c c u r s on a g e i n g at 950°C for 2 h r s . 

6 . The s o l u t i o n t r e a t e d m a t e r i a l showed 

v e r y h i g h e l o n g a t i o n v a l u e s (70% - 80%) on tensile t e s t i n g 

from room t e m p e r a t u r e to -196°C. There was also a large 

difference b e t w e e n the 0 . 2 % ' p r o o f stress ( ^ 400-500 M N / m 2 ) 

and the tensile stress at i n s t a b i l i t y fa 1300-1900 M N / m 2 ) 

r e v e a l i n g a h i g h w o r k - h a r d e n i n g c o e f f i c i e n t . Deviation 

from l i n e a r i t y in the log true stress - log true s t r a i n 

p l o t at h i g h s t r a i n s , o b s e r v e d in the solution treated 

m a t e r i a l t e s t e d at -196O0 w a s .attributed to e m a r t e n s i t e 

f o r m a t i o n . 

7 . The p r e v i o u s l y deformed m a t e r i a l (45% at 

room t e m p e r a t u r e ) s h o w e d m u c h h i g h e r v a l u e s of 0 . 2 % p r o o f 

s t r e s s ( * 1 2 0 0 - 1 3 4 0 M N / m 2 ) t h a n the solution treated 

m a t e r i a l on t e s t i n g f r o m room temperature to -196°C, b u t 

s m a l l e r v a l u e s of e l o n g a t i o n ( 2 0 % ~ 3 5 % ) . . 

8 . The h i g h e s t elongation v a l u e s were s h o w n 
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b e t w e e n -100°C an d -196°C and this w a s believed to r e s u l t 

from e f o r m a t i o n t a k i n g p l a c e at these t e m p e r a t u r e s . F r o m 

this s t a n d p o i n t the M U L T I P H A S E a l l o y s can be compared 

to the TRIP s t e e l s . 

9 . A v e r y ductile m o d e of fracture in tension 

was o b s e r v e d from room t e m p e r a t u r e to about -111°C. 

I n t e r g r a n u l a r s e p a r a t i o n w a s o b s e r v e d at -196°C, w h i c h 

m a y be a t t r i b u t e d to b o t h £ m a r t e n s i t e f o r m i n g , 

p r e f e r e n t i a l l y at the g r a i n b o u n d a r i e s , and to twin 

i m p i n g e m e n t on g r a i n b o u n d a r i e s . 

1 0 . The e n e r g y a b s o r b e d during impact 

t e s t i n g r e m a i n e d f a i r l y constant w i t h decreasing 

t e m p e r a t u r e . A ductile m o d e of fracture was observed f r o m 

room t e m p e r a t u r e to -196°C. 

1 1 . . O n t e s t i n g at e l e v a t e d temperatures 

dynamic strain a g e i n g w a s o b s e r v e d w i t h i n the range of 

t e m p e r a t u r e s 360°C-700°C. The strongest D . S . A . effect w a s 

o b s e r v e d at 550°C f o r a l l the c o n d i t i o n s , m a n i f e s t e d b y 

the s t r o n g e s t s e r r a t i o n s , negative s t r a i n rate s e n s i t i v i t y 

and low r e l a x a t i o n s t r e s s e s . . 

1 2 . In the t e m p e r a t u r e range in which 

D . S . A . w a s o b s e r v e d a p l a t e a u and a small peak (at ^ 

550°C ) o c c u r r e d in the temperature dependence of the f l o w 

s t r e s s . 

1 3 . The dynamic strain ageing effects w e r e 

a t t r i b u t e d m a i n l y to s e g r e g a t i o n of substitutional 

m o l y b d e n u m a t o m s . 



1 4 . The d i f f e r e n c e s b e t w e e n the alloy w i t h 

h i g h e r titanium c o n t e n t (0.745) and the a l l o y with l o w e r 

titanium c o n t e n t (0.15) w e r e v e r y s m a l l . T h e y were m a i n l y 

•manifested b y s l i g h t l y h i g h e r v a l u e s of proof s t r e s s , 

t e n s i l e stress at i n s t a b i l i t y and e l o n g a t i o n , for the 

a l l o y w i t h the h i g h e r T i c o n t e n t . 

2 . S u g g e s t i o n s f o r f u r t h e r w o r k 

1 . M e a s u r e m e n t of the v o l u m e fraction of 

twins a n d m a r t e n s i t e f o r m e d during deformation and a g e i n g 

w o u l d be i n t e r e s t i n g to m a k e in o r d e r to test the 

q u a n t i t a t i v e v a l i d i t y o f the m o d e l s c o n s i d e r e d for the 

k i n e t i c s of e a n d t w i n f o r m a t i o n . H o w e v e r , this seems 

to be a r a t h e r d i f f i c u l t t a s k since X - r a y analysis is 

u n a b l e to detect the p r e s e n c e of hep phase for this 

p a r t i c u l a r a l l o y . P r o b a b l y a f i n e r grain size m a t e r i a l 

c o u l d be u s e d and different X - r a y t e c h n i q u e s . Perhaps 

a r a d i a t i o n w i t h a l o n g e r w a v e l e n g t h like CrKa m a y 

improve the a c c u r a c y of d - s p a c i n g s m e a s u r e m e n t s for the 

low i n d e x r e f l e c t i o n s . 

2 . The exact nature of the flattening o f 

the fracture surfaces in t e n s i l e testing at -196°C was 

n o t c l e a r . F u r t h e r t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y f r o m 

the fracture surfaces o f s p e c i m e n s t e s t e d at this 

t e m p e r a t u r e s h o u l d be m a d e . 

3 . Dynamic strain ageing in tension s h o u l d 

be i n t e r e s t i n g to p e r f o r m in- the range of temperatures 



425°C to 700°C, to examine the microstructure by-

transmission electron microscopy to obtain a better 

understanding of the processes taking place. 



A P P E N D I X I 

X - r a y a n a l y s i s w e r e m a d e by u s i n g the B r a g g 
( 6 1 ) 

L a w a n d a p p l y i n g the c o r r e s p o n d i n g equations for face 

c e n t r e cubic c r y s t a l s a n d f o r h e x a g o n a l c l o s e d packed 

c r y s t a l s , r e s p e c t i v e l y . 

i . e . , 

B r a g g L a w A = 2 d sin 0 

f o r Cubic C r y s t a l s s i n 2 © = x 2 ( h 2 + k 2 + l 2 ) 

4 a 2 

f o r h e x a g o n a l c l o s e d p a c k e d c r y s t a l s 

s i n 2 © . h 2 + h k + k 2
 + I 2 

3 a 2 c 2 

The c a l c u l a t e d 29 v a l u e s f o r these crystal 

s t r u c t u r e s are given in T a b l e A . I . 

C o b a l t a n d C o p p e r r a d i a t i o n s were u s e d . 

The w a v e l e n g t h s f o r these radiations are: 

C o K a = 1 . 7 9 0 2 1 A 

C u K a = 1.542 A 

The line p o s i t i o n s shown in Table A.I w e r e : 



TABLE A.l 

FCC HOP 

hkl 2© (Acu) 2© (Aco) hk.l 2© (Acu) 20 A (co) 

111 43.75 51.2 10.0 41 48 

200 50.97 . 59.93 10.1 • 50.06 56.18 

. 00.2 56.58 56.58 

10.2 72.24 77.3 

*220 74.96 89.88 *11.0 74.76 . 89.6 

311 . 91.04 111.85 20.0 89 108.9 

10.3 104.86 110 

222 96.35 119.8 20.1 95.46 115.S 

11.2 100.74 116.3 

00.4 142.83 142.83 

* overlapping 

Calculated with lattice parameter values taken from the literature: afcc = 3.584 A 
o 

ahcp = 2 . 5 4 A 
o 

chop = 4.22 A 

ru 

03 



A P P E N D I X II 

I n d e x i n g D i f f r a c t i o n P a t t e r n s : 

The c l a s s i c a l o r i e n t a t i o n s relations b e t w e e n 

fcc m a t r i x a n d h e p e m a r t e n s i t e are: 

<110> // < 1 1 2 0 > or <0ll> // < 0ri0> 

(111) // (0001) 

from the l i t e r a t u r e the v a l u e s of the lattice p a r a m e t e r s 

f o r 3 5 N i - 3 5 C o - 2 0 C r - 1 0 M o , are: 

a f c c = 3.585A 

a h c p = 3 . 5 4 A c / a = 1.67A 

c h c p = 4 . 2 2 A 

the average c a m e r a c o n s t a n t v a l u e w a s 

2XL = 5.19 

From the d a t a d v a l u e s were c a l c u l a t e d and 

its e q u i v a l e n t in c m , k n o w i n g that 

for fcc d = ~ and 

/ h 2 + k 2 + l 2 

d = 2 AL , D = 2R 

R 

T h e s e v a l u e s are shown in Table A.II.l 
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TABLE A.II.l 

F.C.C. CRYSTAL STRUCTURE 

hkl N 
o 

d A D (cm) 

111 3 2.07 2.5 

200 4 1.79 2.899 

220 8 1.268 4.09 

311 11 1.08 4.80 

222 12 • 1.03 5.03 

400 16 0.89 5.83 

331 19 0.82 6.338 

420 20 0.8024 6.468 

422 24 0.7317 7.093 

424 36 0.5975 8.65 
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For the hep system 

i = - (h 2 + hk + k 2 ) + 1 lc 
d 2 3a 2 

angle between planes (h^k^li) ^ ^ (h 2k 2l 2) 

a2 h l h 2 + b 2 k l k 2 + c2 ^-l12 

cos 0 = 

b ^ l 1 ! 1 ! 

0001 

1010 

1210 

{ ( 12 h l 2 + 2 + ±2 l!
2 ) ( i 2 h 2

2 + i 2 k 2
J 72 l22' I 

h 2 k 2 i 2 l 2 Angle' ° > d D (cm) 

1018 14 
1017 15 

1016 18 

1015 21 

1105 21 0.7879 6.6 

1105 159 

1104 26 

1014 26 0.951 5.468 

1104 154 

1103 33 1.185 4.398 

ll03 147 

2205 38 

2025 38 0.669 7.757 

2205 . 142 

1102 44 1.52 3.414 

1102 136 

2203 52 

2023 52 0.865 6 

2203 128 

10I1 63 

1101 63 1.95 2.654 

1101 117 

2011 74 

2201 74 1.06 4.896 

2l01 106 

ioio nn 2.20 2.359 

1100,1100 yu 

0002 0 2.11 2.459 

0002 180 

2130 19 
1120 30 
0110 60 

1210 0 1.27 4.086 
1210 180 
1321 16 0.815 6.368 
2311 164 
0221 33 1.06 4.896 
2201 147 
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h2 k2 i2 12 Angle1 Q > 
d D (cm) 

0111 40 1.95 2.654 
1101 140 
1232 52 0.772 6.722 
3212 128 
1122 62 1.09 4.76 
2il2 115 
2023 90 0.865 6 

b. Twinning systems in an fee structure under tension 

Stress Axis 

(Ki) m [001] [111] [oil] 

[121] x x 
1211] x 
[121] x 
[2111 x 
fell] x x x 
[121] x 
[211] x ' x 
[121] x 
H12] . x 



TABLE A .III. 1 

WORK HARDENING RATE 00/dep MN/m2) vs STRAIN FOR THE SOLUTION TREATED MATERIAL 
ALI.OY B ALLOY A 

RT —4°C —80°C LN —70°C -105°C 

dep do/dep dep do/dep dep do/dep dep do/dep dep do/dep dep do/dep 

0.02 19971 0,01 40736 0.02 22451 0.01 57198 0.01 429673 0.02 24360 

0.04 11620 0.03 15371 0.03 16710 0.05 14930 0.03 17825 0.06 10846 

0.15 4083 0.14 5227 0.07 8637 0.12 7907 0.07 9203 0.09 8316 

0.21 4017 0.21 4185 0.10 6895 • 0.15 6945 0.10 7299 0,13 6350 

0.28 3471 0.27 3771 0.17 4978 0.22 5541 0.17 5266 0.16 5727 

0.35 3163 0.34 3421 0.24 4151 0.34 4490 0.21 4636 0.20 5034 

0.41 2954 0.39 3206 0.27 3944 0.40 4152 0.24 4367 0.23 4705 

0.46 2807 0.44 3040 0.30 3761 0.46 4267 0.27 4115 0.29 4205 

0.51 2651 0.47 2922 0.36 3458 0.94 2646 f 0.33 3742 0.35 3834 

0.95 146 F 0.50 2846 0.39 3326 0.36 3576 0.41 3545 

1.16 155 F 0.45 3118 0.42 3302 0.46 3357 

* 0.49 3019 0.47 3121 0.50 3213 

0.54 2877 9 0.49 3048 1.28 2064F 

0.57 2818 1.16 1847F 

1.15 1863F 

Voluo at fracture, the previous value to thin, corresponds to the work hardening rote ot instability 



T A B L E A I I I . 2 

W O R K H A R D E N I N G R A T E ( d a / d e p M N / m 2 ) v s S T R A I N F O R T H E P R E V I O U S L Y D E F O R M E D M A T E R I A L 

ALLOY A ALLOY B 

RT —50°C -111°C —50°C —70°C —196°C 

d e p d a / d e p d e p d a / d e p d e p d a / d e p d e p d a / d e p d e p d a / d e p d e p d a / d e p 

0.03 40213 57881 0.02 0.01 119955 43119 0.03 0.03 39052 0.01 133866 

0.07 18711 26408 0.05 0.05 26553 27773 0.05 0.05 36700 0.04 38130 

0.10 13593 15374 0.09 0.09 15672 16042 0.09 0.06 24396 0.08 20233 

0.11 12425 11042 0.13 0.13 11301 14575 0.10 0.10 15266 0.12 14132 

0.94 2154 F 
2298 F 

1.15 0.16 9566 2330 F 1.18 1.15 2484 F 0.15 1179C 

0.21 7650 0.20 9249 

0.95 2436 F 
0.96 3136 F 

F = Value at fracture, the previous value corresponds to the instability 



ofdrFlo* *DEL* 
oldrFlotss 
R E A D Y . 
list APPENDIX IV 
81/06/12. 19.19.58. 

PROGRAM PLOTSS 
PROGRAM PLOTSS< OUTPUT » TAPE6=0UTPUT.DATAR TAPE5=DATA T INPUT»TAPE7=IN 

+PUT» ST0RE=131B»TAPE20=STQRE) 
C THIS PROGRAM WILL GIVE TWO ARRAYS.TRUE STRESS(TSTRES)VS. 
C ***TRUE STRAIN<TSTRAIN)» READY TO BE USED FOR PLOTTING 
C ***INFUT IS GIVEN VIA DIGITIZER FROM THE ELONG.VS.LOAD GRAPH 
C ***INPUT TO THIS PROGRAM HAS THE FORMAT: 
C ***CHART SPEED<CS>» CROSS HEAD SPEED(XS), SCALE OF E/L GRAPH(SCALE) 
C ***INIT.DIAM.OF GAUGE(DI)» FIN.DIAM.OF GAUGE(DF)» GAUGE LENGTH(GL) ' 

REAL MEMAXFL»MRME»LCRLPS 
LOGICAL FLAG 

C ***MEMAX=MAXIMUM MACHINE ERROR 
C ***L =LOADRAS READ FROM GRAPH FOR EVERY ELONGATION 
C ***M =SLOPE OF CURVE AT ANY POINT 
C ***ME -MACHINE ERROR 

DIMENSION D(100)»L(100)>CD(100)RM(100) 
DIMENSION TSTRES<100)»TSTRAIN<100) 
DIMENSION HEAD<12) 
PRINT 600 

600 FORMAT<***ENTER ANY HEADING IF REQUIRED***) 
READ<7»1000)<HEAD<J).J=L»12) 
WRITE(6»1000)(HEAD(J)RJ=L»12) 

1000 F 0 R M A T U 2 A 6 ) 
C ***LPS=LOAD<PROOF STRESS)% DPS=DISTANCE(ELONGATION PROOF STRESS) 

LPS=DPS=M(1>=CD<1)=ME=0•0 
c ***INITIALIZE ARRAYS:TSTRESS»TSTRAIN 

DO 12 I=L»100 
TSTRES(I)=TSTRAIN <I)=0.0 . 

12 CONTINUE 
C ***SET COUNTERS S FLAG 

N»0 
l«=l 
FLAB®.FALSE. 

C ***READ JCHART SPEED(CS)»CROSS HEAD SPEED(XS),SCALE OF E/L GRAPH( 
C *** INITIAL DIAMETER SANPLE<DI>RFINAL DIAMETER(DF),GAUGE LENGT 

READ(5»*)CS»XS»SCALE 
READ(5»*)DI»DF»GL»INT 
PI«4.*ATAN<1.) 

C ***CALCULATE INITIAL AND FINAL AREAS 
A0=(DI**2*PI)/4 
AF®DF**2.*PI/4 

C ***CALCULATE THE .2 OF TOLERANCE 
PERC=(0.002*CS*GL)/XS 
CALL DEBUG1 

C ***HERE BEGINS LOOP*** 
DO 9 J=L»100 

C ***READ NEXT POINT 
READ(5»*)L(J)» D (J ) 
IF<J.GT.2) GO TO 2 
IF(J.EQ.L) GO TO 1 
LC=SCALE/1000. 

• IF(L(2)»LT.1000*) GO TO 3 
MEMAX=(D(2)-D<1>)/CS 
L(1)=L(2)=D(1)=D<2>=CD(1)=CD<2)=0 
1=1 
GO TO 1 

3 MEMAX=1 
PRINT 200 

200 FORMAT<***NO MACHINE ERROR ENTERED***) 
PRINT 300 
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N0» I 
GO TO 13 

1 CONTINUE 
CALL DEBUG2 (JyIyL(I)fD(I)yCD(I)yMEy LPSy DPS y M <I)yTSTRES (I -N ) y TSTRA 

+IN<I-N)> 
9 CONTINUE 
13 CONTINUE 

CALL OUT 1< CS y XS ySCALEy ME y DIy AO y DF y AF y GL y NO y N yHEADtLyD»CDtLPSy 
+ TSTRESfTSTRAINPQ) 
STOP 
END 
SUBROUTINE DEBUG1 
WRITE<6r800) . 

800 FORMAT <IX y 3(/)y 4X y1HJ y 3X y1HIy 4X y 4HL (I)r 3X y 4HD (I) »2X > 5HCD (I) > 3X » 2HM 
+E 5Xf 3HLPSf 2Xy 3HDPSy 4Xy4HM< I) y 1Xy9HTSTRES(N) y IXy 1OHTSTRAIN<N)) 
RETURN 
END 
SUBROUTINE DEBUC2<JyIyLyDyCDyMEyLPSyDPSyMyTSTRESyTSTRAIN) 
REAL LyMyMEyLPS 
MRITE<6y900)JylyLyDyCDyMEyLPSyDPSyMyTSTRESyTSTRAIN 

900 F0RMAT(lXyI4yI4yF8.2yF7.2yF7.2yF5.2yF8.2yF5.2yF7.2yF10*2yF6.3) 
RETURN 
END 
SUBROUTINE FIT1<PIyIyXyYySLOPEyCONST) 
DIMENSION X(30)yY(30) 
SU2=SUX2=SWY2=SUXY2=SUX22=0.0 
DO 7 N=1rI 
IF(I»LT»2)G0 TO 7 

- W2=1.0 
SW2=SW2+W2 
SUX2=SWX2+U2*X(I+l-N) 
SWY2"SWY2+W2*Y(I+l-N) 
SUXY2=SUXY2+U2*X(I+1-N)*Y(I+1-N) 
SUX22=SWX22+W2*(X(I+1-N>**2> 

7 CONTINUE 
SLOPE=C SUXY2*SW2-SWX2*SWY2)/(SWX22*SW2-(SWX2**2)) 
CONST"< SWXY2*SWX2-SUY2*SWX22 ) /< < SWX2**2)-SW2*SWX22) 
RETURN 
END 
SUBROUTINE OUT 1 (CSyXS ySCALEyME yDI yAO»DF yAFyGL yNOyNyHEADyLyDyCDy 

• LPS y TSTRES y TSTRAIN y Q) 
REAL MEyLyLPS 
DIMENSION HEAD (12 ) y L (100) y D < 100 ) y CD< 100 ) y TSTRES (100 > y TSTRAIN(100) 
WRITE<6y1000) (HEAD(J)yJ=1y12) 

1000 FORMAT<12A6) 
WRITE(6y100) 

100 FORMAT<"MACHINE CONSTANTS') 
WRITE<6y200)CSyXSySCALEyME 

200 F0RMAT(lXf2(/)y'CHART SPEED = ' yF14.0y2Xy'CM/MIN'/ 
+"CROSS HEAD SPEED = 'yF9.2y2Xy'CM/MIN'/ 
+ •SCALE " 'yF20*2y2Xy *KGS'/ 
+'MACHINE ERROR AT MAXIMUN LOAD " 'yF4.2y2Xy'CM'///> 
URITE(6y300) 

300 FORMAT('GAUGE CONSTANTS') 
WRITE(6y400)DIyAOyDFrAFfGL 

400 F0RMAT(lXy3(/>y"INITIAL DIAMETER"*yF4.2y'CM'yIXy'INITIAL AREA""y 
+F7•3y2Xy'SO»CM"/ 'FINAL DIAMETER" "yF7*3f2Xy"CM" yl2Xy 
+ "FINAL AREA" ' yF7.3y'SQ.CM'//' GAUGE LENGTH = ' yF7.3y'CM'///) 
WRITE<6y500) 

500 FORMAT('GRAPH L/D') 
WRITE(6yl02) 

102 FORMAT(14Xt" LOAD *y9Xy'DISTANCE 'y9Xy'CORRECT ') 
DO 91 1=1yNO 
WRITE(6y103)L(I)yD(I)PCD(I) 

103 F0RMAT(llXy3(F12.3y4X>) 
91 CONTINUE 
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300 FORMAT<*#*MACHINE E«r<UR ASSUMED=10MM/1000KGS*** > 
PRINT 400 

400 FORMAT<***D0 YOU WANT TO ALTER VALUE? Y OR N . ? * * * ) 
READ<7»700)RESP 

700 FORMAT<A2) 
IF (RESP.NE.1HY)G0 TO 8 
PRINT 500 

500 FORMAT<***MACHINE ERROR IN MM/1000KGS=*> 
READ(7»*)MEMAX 
MEMAX=MEMAX*SCALE/1000 

8 CONTINUE 
I * J - 1 
L (1>*L (1 )»LC 
CD(1)=D<1> 
CALL DEBUG1 

2 -1*1+1 
L ( I ) = L < J ) * L C 
ME*<MEMAX/SCALE)*L<I) 
D ( I>=D(J> 
C D ( I ) * ( D ( I ) ) - M E 
I F ( L ( I ) » L T » L ( I - 1 ) * 0 . 8 ) G 0 TO 6 
IF ( INT.EQ.O)GO TO 4 
I F (CD ( I ) >10»10»11 

10 C D ( I > * 0 
M ( I ) * 0 
60 TO 1 

11 I F ( LPS .NE .0 )G0 TO 4 
I F (DPS .NE .O) GO TO 5 

15 M ( I ) * ( L ( I ) - L < I - 1 ) ) / ( C D < I )—CD<1-1 >) 
I F ( M ( I ) » G E » M ( I - 1 ) ) GO TO 1 
I F ( M ( I - l ) . G E . M ( I - 2 ) > GO TO 1 
I F ( M ( I ) . G T . 0 . 9 # M ( I - 1 ) ) GO TO 1 
CALL F I T 1 ( P I > I » L » C D » SLOPE f C0NST1) 
WRITE<6»1200)SLOPE tC0NST1 

1200 F0RMAT(1X*3( / ) .10X» 'SLOPE * •»F8.3»10X»'C0NST1 * -»F8.3) 
5 DPS*PERC+L < I ) *SLQPE 

I F (DPS»LT .CD ( I > ) GO TO 14 
IF(FLAG)GO TO 15 
FLAG*.TRUE. 
GO TO 1 

14 IF(FLAG)GO TO 17 
1*1-1 
GO TO 5 

17 11*1-1 
CALL F IT1 (P I»2»L ( I I >»CD( I I >»RAMP,C0NST2> 
WRITE<6f1201)RAMP.C0NST2 

1201 FORMAT(IX»-RAMP =• *F8 .3 / ' C0NST 2 * - f F 8 . 3 ) 
. LPS=(PERC-C0NST2)/CRAMP-SLOPE) 

DPS=PERC+LPS*SLOPE 
1*1+1 
L ( I > - L P S 
CD ( I ) =DPS 
D ( I > * D ( 1 - 1 ) 
N = I - 1 

4 E * ( C D ( I ) * X S ) / ( C S * G L > 
S * l + E 
TSTRAIN( I -N)=ALOG < S ) 
T S T R E S ( I - N ) = < L < I ) * 9 . 0 8 6 A 5 * S ) / A O 
GO TO 1 

6 W R I T E ( 6 » 8 0 1 ) L < I ) » ( I - N ) 
801 FORMATCLOAD AT FRACT.* •»F10.2»10X»•<I-N) = ' » I 3 ) 

T S T R E S ( I - N ) * < L < I ) * 9 • 0 8 6 6 5 ) / A F 
TSTRA IN( I -N )=2*AL0G<D I /HF) 

... :WRITE(6»802)TSTRES( I -N)>TSTRAIN< I -N) 
802 FORMAT<TRACT. STRESS = ' f F10 .2 / -TRUE FRACT. STRAIN =-»F10.2> 

Q=(A0-AF)/A0 



N01-N0-N 
WRITE<6>700) 

700 F O R M A K " R E S U L T S ' ) 
WRITE(6»101)TSTRES(1)»Q 

101 FORMAT<IXF *.2 PROOF STRESS="»F9.2»15X»"(N/SQ.CM)"/IX. 
•F"DUCTILITY A V F 7 . 3 ) 

PRINT 800 
800 FORMAT<2X»"I"R8X»"TRUE STRESS (N/SQ.CM)"R8X»"TRUE STRAIN(CM)" 

WRITE<6F900)<IRTSTRES(I)RTSTRAIN<I)»I=1»ND1) 
WRITE<20»900)(I»TSTRES<I)»TSTRAIN(I)»1=1»N01) 

900 FORMAT<IX»I3» 8XVF10.2»18X»F10.2) 
RETURN 
END 

R E A D Y . 

UMCJ067 LOG O F F . 19.24.01. 
UMCJ067 CP 0.007 S E C . 
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