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4 . 5  OPTICAL METALLOGRAPH!

Detailed optical studies were carried out with a view to gaining 

greater understanding of the relationship between microstructure 

and mechanical propertiss.  Grain size was measured and inolusion 

size ar.J morphology were determined.

4 . 3 .1  Grain  s i ze

The grain  s i z e  o f  come o f  the a l l o y s  s tud ied  is  g i v e n  in  t a b l e

4.11

<ible 4 .11  Grain size of selected alloys .

Alloy Grain size 

urn

Room temperature 

impact energy( jou.es )

V2 /1 /2 150-130 167

V3/2 180 210

V2/2 /2 180 212

V4/0 180 6*

V4 /0 .1  (a) 90 6*

V4/0 ,l (b) 2 50-.'■3 00 140

* embrittled al leys

5'roi this table it can be seen that although the grain nlZQ of the 

alloy V4/0  was similar to that of the V2 and V3 A l lo y s ,  and that 

of V4 / 0.1 (a) was c o n s i d e r a b l y  s m a l l e r ,  joth  of  theste m a t e r i a l s  

had very low impact energies. The source of the embrittlement was 

d e a r l y  e v i d e n t  In t h e ir  m icrostructure ,  which e x h i b i t e d  heavy 

stringers of a-pnasr. Although these precipitates inhibited grain 

growth, they were nevertheless extremely deleterious to toughness.

In contrast, the tough V4/0.1  (b) a l lo y  oontai .s l i t t l e  trace of a 

after heat treatment. The room temperature impact energy of this 

a l l o y  is ,’ ower than that of the V2 and V3 a l l o y s  and c o r r e l a t e d  

with h l a r g e r  gra in  s i z e .  However,  the apparent ,  very s im p le



r e l a t i o n s h i p  between g ^ a i n  s i z e  and toughness  (a s m a l l e r  g r a in  

si*.e corresponding to a greater toughness) was again obscured by 

the fact that the i n t e r s t i t i a l  oontent  of  V 4 / 0 . 1  (340pi»m) was 

higher then that of the V2 and V3 a l lo y s  (380-450ppm).

The V2 and V3 a l lo y s  themselves i l lu s tr a t e  the ccmplti interplay 

between grain size ,  interst itia l  impurity lu v e l s ,  the amount or 

REM added and toughness. In particular  two unexpected results were 

obtk. ' ned. Tha a l loys  V 2 / 1 / 2  and V 2 / 2 / 2  contained similar amounts 

of impurities <450ppie). yet V 2 / 1 / 2  which had a smaller grein size 

had a poorer tcughnoas at ambient temperature  than V 2 / 2 / 2  (to 

which 0.3% HEM had been added). In addition, the V3/3 a l ) o y  (0,15 

REM) with an identical  grain  size to V 2 / 2 / 2  and which also  had the 

lowert interstitial  content of a l l  the a l lo y s  studied (380ppm) did 

not have th* highest Impact toughness at room temperature.

The e v id enc e  thus su gg ests  that a lt h o u g h  £ r a in  s i z e  may be an 

important varieble  in determining the Highness of the a l leys ,  tha 

l e v e l  of  i n t e r s t i t i a l  impurity  a l s o  p l a y s  an important and 

sometimes dominant role.

i n t e r s t i t i a l  p r e c i p i t a t i o n

Since previous r«jse*»roh has c lea r ly  associated interstitia ls  with 

efflb'ittlament, the c o n d it i o n  o f  the i n t e r s t i t i a l  e lem ents  (in  

solution or precipitated) their distribution and morphology were 

oarefully  B-viitored in thin study. A quantitative analysis  of the 

inolut'iuis (Seotion 4.9) complements the qualitative  observations 

given in this section.

,1 A l loys  which do not c o n t a in  RRM

In the a l l o y s  whioh do not oontaln  rare e art h s ,  two types of  

i n c l u s i o n s  were o b se rv e d ;  b looky  and n e e d l e - l i k e .  These were 

i d e n t i f i e d  as (?e and Cr) o: des using  e l e c t r o n  mloroprobe 

analysis.  A few of the inclusions contained carbon and nit: ogan. 

These were g e n e r a l l y  i n d i s t i n g u i s h a b l e  from the ox ides  in
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appearance. They are also  grey and blocky. Typical examples of the 

interstitial  inclusions  are shown in Figures 4.13(a to d).

In general the blocky inclusions  were unevenly  distributed in the 

d u c t i l e  a l l o y s .  They ooour i n t r a g r a n u l a r l y  a lth o u g h  a few were 

found on the g r a i n  b o u n d a r ie s .  O c c a s i o n a l  dense  clumps o f  

inclusions were observed. In br itt le  a l lo y s ,  the blocky inclusions 

were more densely and evenly  distributed.  Needle-1 ike inclusions 

on the other hand,  were very few in number in a l l  the a l l o y s .  

These ocourred s i n g l y ,  in s t r i n g s  or in  c lumps (and were a l s o  

found in the a l l o y s  whioh d id  o on ta in  R2M).  They do not seem 

t h e r e fo r * ,  to bo r e l a t e d  to M t h e r  REM c ontent ,  or d u c t i l e  or 

brittle  behaviour in any consistent way.

The precipitates were not a l l  the same size;  whilo  most a^e fa ir ly  

small ,  a few large inclusions were evident.

2 A lloys  whloh c on t a in  HKM

When REMs were added to the Fe-40Cr a l lo y s  the blocky inclusions 

i n c r e a s e d  in  s i z e  and becam e  s p h e r o i d a l .  T h i s  e f f e c t  i s  

i llustrated in Flguras 4.14 and 4.15. The duetile  REM-con-:aining 

a l l o y s  ( V 3 / 2 ,  and 7 4 / J . l )  contained  fewer i n c l u s i o n s  than *>* 

ductilcs alloys  which have no REM content. REM additions in ej j 

of tne predicted opv.1iwr; (0,6 and 0,9%) resulted in embrittlement. 

This  was due to an in or ea se  in the number o f  i n c l u s i o n s  both at 

g r a in  boundar ies  (F ig ur e  4 .16 )  and w it h in  the g r a i n s  (Figure  

4 . 1 7 ) .

E lec t r o n  microprobe a n a l y s i s  showed *hat the rounded inclusions 

were oxides containing iron, chromium and rares earths.
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P igure  4 .13  Typical examples of inclusions and their distribution.

a) Blocky inclusions in V 2 / 1 / 2  a l loy .  Unetched condition.

b) Oxide inclusions at the grain boundary (V l /2 ) .  Qlyceregia etch, 

o) A clump of ne*dle-like  inclusions (V 2 /1 /2 ) .  Qlyceria etch.

d) Isolated needle-like inclusions (V 2 /2 /2 ) .  Glycerin etoh.



Figure  4 .14  Rounded inclusions in the V3/2  a l loy ,  which contains 

0,15% REM. Unetched condition.

F igure  4 .15  A string of p artia lly  spheroidised, angular inclusions 

( V 4 / 0 . 1 0 ) .  Unetohed condition.
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Figure  4 .16  PEM oxide inclusions.  Section p a r a l le l  to the rolling  

direotion (V2 /3 ) .  Qlyoeregia etch.

* ? •  k •  •

V  •  » * .

V f H .  «  .■ ' '»

/•l"N ‘ V  •* * j  

• ‘ »•*... /  >  »•
• • • v .  * Z L

% . .  * 8 *  * B L  *
• * * \ w *
•.  „  * * ' V  *

\ V  ;
'  •* • » *

* ' . y  
* » *»

' *  * > i »  i . . . , , .  *  y r'  '■

\ \  .

f i g u r e  4 .17  PEM oxide  i n c l u s i o n s .  Seotion  p o r p en d lo u la r  to the 

roll ing  direotion (V2/3) .  Qlyoeregia etch.
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4 . 5 . 3  Sigma p r e c i p i t a t i o n

The V2 and V3 a e r i e s  o f  a l l o y  d id  not c on t a in  o-phase and were 

found to be consistently  ductile ,  while  the original  a l loy  (LNNI) 

and the V4 s e r i e s  in  which  t h is  compound was p r esen t ,  were 

b r i t t l e .  The p r e c i p i t a t i o n  o f  a is  therefore c lose ly  associated 

with embrittlement.

The rate of precipitation of this phase was greatly accelerated by 

cold  work and the LNNI a l l o y  which was r o l l e d  down to 650  »C 

contained very thick  a st-ingers  o r ie n t a t e d  in  the r o l l i n g  

direction.

In  the V 4 a l l o y s ,  a occurred  both a lo n g  the a n n ealed  g r a in  

boundaries  and in a s s o c i a t io n  with  n arb id e  s t r i n g e r s .  The g r a in  

boundary precipitates were r e l a t iv e l y  thin and required a special 

etchant: (whl?h leaches a preferential ly) to expose them.

In order to r eco v er  toughness  in the a l l o y s  c o n t a i n i n g  o-phase, 

hxgh annealing temperatures (greater than 1 0 5 0 # C) were required. 

Even then the microstructures s t i l l  contained traces in the form 

of  f ine  d i s c o n t i n u o u s  g r a i n  b o u n d a r y  f i l m s .  I t  is  c l e a r ,  

therefore, that in the Fe-40Cr a lloys ,  a is stable  to temperatures 

much h igher  than the 820  »C in d ic a te d  on the e q u i l i b r i u m  phase 

diagram.

A t y p ic a l  example of  a morphology and d i s t r i b u t i o n  in the LNNI 

a l l o y  is  shown in F ig u re  4 .18 .  The d i s s o l u t i o n  o f  o during  the 

annealing of a l l o y  V4/0,}.  at J.150*C is recorded in Figures 4.19(a 

to d).
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F ig ure  4 .19  The d i s s o l u t i o n  of  o-phase during  ti.e an n e a l in g  of 

alloy  V4 /0 .10  at 1150*C .

a) Grain boundary o after 1 nour (Impact energy# 6J).

b) Grain boundary o after 2 hours (Impact energy, 140J).



(d)

F ig ure  4 .19  oontinued.

c) G r a in  boundary o a f t e r  2 . 5  hours a n n e a l i n g  at 1 1 5 0 - C 

energy, 1 40J ) .

d) Grain boundary o after 3 hours at 1150 *C (Inpact energv
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4 . 5 . 4  Carbide  p r e c i p i t a t i o n

’’ inoe the oarbon content of the Fe-40Cr al loys  was high (as In the 

V4 a l l o y s )  copious  and ooarse  g r a i n  boundary p r e c i p i t a t i o n  was 

observed (Figure  2G^ an1 I.  When the a l l o y  was r o l l e d  *.t 

temperatures at whioh carbon was no longer  m aintained  in s o l i a  

s o l u t i o n ,  the c a r b id e  s t r i n g e r s  required prolonged treatment at 

high temperaturos for dissolution,  and this usually  resulted in 

the p a r t i a l  r e s t o r a t io n  o f  d u c t i l i t y .  In  order  to prevent  the 

development of carbide stringers, low carbon materials had to be 

u t i l i s e d  ( s u c h  as  the V2  and V3  a l l o y s )  and lo w  r o l l i n g  

temperatures avoided.

4 . 5 . 5  S l i p  aode and f ra o t ur e  i n i t i a t i o n  s t u d i e s

Electropolished Charpy test specimens of the V2 and V3 a l loys  were 

exa m in e d  u n d e r  t he  l i g h t  m i c r o s c o p e  a f t e r  t e s t i n g .  The 

relationship between slip  and fracture modes, and the involvement 

of twins and precipitates in fracture was investigated.

Brittle  fracture was found to be associated with low temperatures 

rather  than e x c e s s iv e  p r e c i p i t a t i o n  in these  a l l o y s .  When the 

a l l o y  fractured  in  a b r i t t l e  manner very  l i t t l e  o r o s s - s l ip  was 

ev id e n t  on p o l i s h e d  sur fac es  (F ig ure  4 . 2 1 ) .  T y p i c a l l y ,  o n l y  one 

set o f  s l i p  p i a n o s  was a c t i v a t e d  w it h in  aach g r a in .  B r i t t l e  

fracture  a l s o  i n v o l v e d  e x t e n s i v e  twinning  w ith in  1mm o f  the 

fractured edge. Twins were observed impinging on grain boundaries 

but there was no evidenoe to suggest that this resulted in orack 

initiation  (Figure. 4.22). Inclusions appeared to play l i t t l e  role 

in  the fraoture  process ,  s ince  they s im ply  separated fi’om the 

matrix during fracture.

D u o t i l e  fra c tu re  i n v o l v e d  e x t e n s i v e  oro ss- sl ip  (Figure  4 ,2 3 ) .  

Twins were absent in the speolmer.s which fractured  in a d u o t i l e  

mode and the lnoluslons were observed again to have no involvement 

in fracture (F igure  4 .24 ) .



Plgure  4 . 2 0  Grain boundary carbides in the V 4 /0  alloy .

a) Carbide atrtngera enclosing reoryatal U s e d  grains. Qlyceregia 

etch, and

b) H i g h e r  m a g n i f i c a t i o n  s h o w i n g  the d i s c o n t i n u i t y  o f  the 

stringera.



F ig u re  4 .22  Twins associated with the fractured edge and impinging 

onto a -rain boundary. V 2 /2 /2  tested at -15• C.



Figure  4 .23  Extensive crosa-sllp associated with duotile  fracture. 

V3/2 tested at 1 0 »C.

F ig u re  4 .24  Typloal f ie ld  of inclusions showing no involvement is  

twinning or fraoture. V2 /2 /2  tested at -150 C.
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4 .5  SCdNMINQ ELECTRON MICROSCOPE

The s c a n r i n g  e l e o t r o n  m i c r o s c o p e  was used in the furt  ei 

Investigation of the effects of  both twinning and precipitation o r  

the fracture mode.

4 . 6 . 1  The ¥2 and V3 u l lo y a

S c a n n i n g  e l e o t r o n  m lo r o s o o p y  e s s e n t i a l l y  c o n f i r m e d  the 

o b s e r v a t i o n s  made d u r i n g  o p t l o a l  e x a m i n a t i o n  o f  t h e  

electropolished surfaces:

( i )  i n c l u s i o n s  are not I n v o l v e d  ir. the fraoture  i n i t i a t i o n  

prooess ,  s ince  ag a in  it  was observed  that  the i n c l u s i o n s  

separated  from the matrix during  deform ation  (F ig ures  4 .25  a 

and b ) ,  and

(11 ) f r a c t u r e  i n i t i a t i o n  was not a sso c ia ted  with  twinning  

(F ig ures  4 .26  a and b).

The SEM study also  yielded additional  information on the mode of 

fracture No f u l l y  intergrai j l a r  b r i t t l e  frao t ur e  sur fac es  were 

observed and thea** 1 sually  consisted of mixtures of cleavage ano 

intergrfanular fra< v (Figure  4 . 2 7 ) .  Although  the d u c t i l e  

f rac t ures  e x h i b i t *  . .ft o l a s s l o  fibrous ana dimpled appearanoe, 

small areas of cleavage were oommon (Figure 4.28).

The V4 a l l o y s  were c h a r a c t e r is e d  by e x t e n s i v e  g r a in  boundary 

p r e o l p l t a t l o n .  Many twins were observed  im pinging  on the grains  

boundar ies  (F igure  4 . 2 9 ) ,  Some o f  these  twins were oraoked and 

associated with local tearing of the grain tound^ry (Figure 4.30). 

Cracks wore also  seen to initiate  from grain boundary preoipltates 

(Figure  4.31 a and b).  A l l  these  phenomena were observed  in  both 

duotile  and br itt le  alloys .
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(a)

V
v *

F ig u re  4 .25  Separation o f  *-!.« no lu .lona  f r o .  th .  matrix during 

fracture

.)  Brittle freoture surface- A l i o ,  ( V 2 / 1 / 2  tented et -15 C).

b) Ductile  fracture. ( A l l o y  V 3 / 2  tented at 3 6 * C . )  Note tea r ing

along the oleavr^e planes.



Plguras  4 .26  Twins showing no involvement in fraoture.

a) Twin impinging  on a g r a in  boundary.  ( A l l o y  V 3 / 2  tested  at 

-20»C.)

b) Twins d o s e  to the fracture edge. (Alloy V3/2  tested at -20* C.)



Figure  4 .27  Brittle  fracture surface - a mixture of cleavage and 

Intergranular fraoture. (Alloy  V 2 / 2 / 2  tested at .0k C.)

F i g u r e  4 . 2 8  Fracture  tihowing d u c t i l e  tearing  and areas  of  

oleavage. (Alloy V3/2 tested at ambient temperature.)
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P igure  4 .29  Twin Impinging  on grain  boundary p r e c i p i t a t e s .  The 

round inclusion is a REM oxide. (Alloy V4 /0 .10 ,  embrittled.)

P igure  4 . 3 0  Twin a ssoc iated  with  tearing  at tho t r a i n  boundary.  

(Alloy V4 /0 .10 ,  ductile . )
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F ig u r e  4 .31  The involvement of grain boundary precipitates in the

fracture of the V4 alloys .

a) Crack i n f l a t e d  from grain boundary precipitates (Alloy  V4/0) .

b) Crackii*/. along the grain boundary associated with precipitation 

( A l l o y  V4/0 .10) .



An attempt was made to measure the thickness of the grain boundary 

precipitates in the V4 a l lo y s  in order to determine whether this 

had a direct influence on fracture behaviour. This hypothesis is 

discussed in the next section. In the embrittled a l loys  the grain 

boundary p r e c i p i t a t e s  were 1 to 1 ,5  jim t h ic k ,  and in the d u c t i l e  

a l l o y s :  0 , 2 5  to 0 ,5  jim thic k .  T y p i c a l  micrographs of  the g r a in  

boundary precipitation are shown in Figure 4.32 (a and b). In a l l  

c ases ,  a lt ho ugh  ther  appears  to be a tendency toward g r a in  

boundary f i l m  form ation ,  the p r e c i p i t a t e s  remain r e l a t i v e l y  

discontinuous.

6.3  Energy d i s p e r s i v e  spectrometry  (EDS)  I n  the SEH

EDS analysis was carrie! out on the precipitates at the boundaries 

o f  the r o l l e d  g r a i n s  in  a l l o y  V 4 / 0 .  I t  showed that these 

p r e c ip i t a t e s  have a much h igher  Cr :Fe  r a t io  than the matrix 

(F igures  4 .33  and 4 . 3 4 ) .  The combined weight % of iron  and 

chromium, however ,  f e l l  short  o f  100% and computation by 

stoichiometry showed that i f  the outstanding amount was made up by 

carbon, the analysis would correspond to the formula of the ^23^6 

carbide. The EDS results are given in Table 4.12.

T a b l e  4 .12  R e s u l t s  o f  EDS a n a l y s i s  o f  the r o l l e d  g r a in  bound*, y 

precipitates in a l loy  V4 /0 .

Element Weight % % error

Cr 55,57 1.12

Fe 26 .96 0 ,87

C 17 ,70 •

TOTAL 100,23

•  C computed by stoichiometry

It was thus concluded that the precipitates were probably M2jCg 

c arbid es  and TEM work was performed in an attempt to p r ov id e  

conclusive confirmation.
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Figure 4 .33  Spectrograph of Fe-40Cr matrix
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Figure  4 .34  Spectrograph showing the iron and ohromiuin content of 

the carbide precipitates.
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