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F i g u r e  2 .24  Effects  of ao lute  oontent on the grain  ; 1^8 of 

ohromium alloys annealed at the indicated temperatures61.

example, they found that quenoh ^ "a© Fe-Cr a l l o y s  from a 

solution annealing temperature of 1260*C prevented preoipitition 

at the grain boundaries while extensive grain boundary e-phaae was 

found in the furnace-cooled a l l o y s .  The DBTTs of the furnace 

cooled alloys were also found to be consistently higher than those 

of quenched specimens.

For both sets of investigators the Fe-50at%Cr (approx Fe-4 8Cr) had 

the lowest DBTT, which was -73 *C for the quenched al loy. Thus, in 

addition to confirming the work of other investigators, KIopp and 

T'ephens have also provided further insight into the meohanisms 

which control l.he du^tilisation of high chromium stainless steels.



It  should a ls o  be noted that their  studies  included  an Fe~40Cr 

alloy which is the subject of the present investigation.

RARB BARTH MBTAL ADDITIONS

Several investigators39 ' 64 ' * 5' * 6 ,67 ' 68 ' 69,70 have demonstrated the 

benefloial effects of rare earth metal additions (REMs) in steels^ 

REMs have been added to ohromium and chromium alloys to improve 

toughness and cxidation  resistance ,  and to low a l l o y  s te e ls  to 

suppress temper embrittlement.  In  the disousslon  which fo llo w s  

emphasis is placed on the mechanism by which REMs modify steels, 

given the Intention to use REM additions to improve the ductility 

of an Fe-40Cr alloy.

Chroaiua and chromium alloys

Research involving the addition of REMs to ohromium and chromium

alloys has been particularly intensive in the USSR. In the 1960's

it was shown that  the DBTT o f  chromium c o u ld  be reduced

significantly by the addition of small amounts of Y and REMs (La, 

no  ̂1
Ce e t c ) ,w , /  . It  was suggested that these elements removed 

interstitial atoms from solid solution so that the precipitation 

of  n i t r i d e s  ai c a r b i d e s  w h ich  e m b r i t t l e  chromium was 

suppressed70 .

By 1977. the nature of low temperature brittleness of chromium was 

reasonably '«* 1 i understood6 9 . M e t a l l u r g is t s  .»nd technologists  

identif ied  four factors! which are primarily responsible for the 

transition of ohromium into the brittle state:

1) the e le ctronic  '•►ruoture of the metal. In  BCC metals l ike  

chromium. t>- tress (oy) is  strongly  dependent on 

temperature :he large values of t*ie Peierls-Nabarro 

forces assoclt . dislocation movement11,69:

2) the structural state of the metal, particularly the grain or 

cell  size. The finer the grain size the lower the DBTT69,70 :

3) the rate of deformation and the stress state of the metal6 ®: 

and

4) the concentration and form of interstitial impurity elements



To a certain degree a l l  four factors can be manipulated and

controlled .  In this way it is possible  to improve the low-

tjmperature d u c t i l i t y  of chromium, Rakit«ki'. et a i 66,67 ' 68 ,65,70

have shown that the most marked improvement in d u c t i l i t y

obtained through the removal of interstitial Impurities and or the

neutralisation of these ir.purities with h ighly  active  elements

such as REHs. It was found that REM additions in the range 0 ,5  to

1 , 0  weight* produced markedly lower DB1 Ts in as-cast and work-

nardened chromium alloys. For example a DBTT of -80 *C was obtained

for highly deformed chromium strip  ( E- 75% )66 . The REMs are

effective in two ways. They react with oxygen and nitrogen to form

compounds which are removed to the s lag  during melting,  thereby

refining the matrix6 6 . Ir addition  tne residual  quantities  of

these interstitials wre chemically fixed in the form of oxides and 

A 0
nitrides . However, in excess, REMa themselves form low melting 

point phases which usually preoipitate  on the grain boundaries,  

and this results  in very poor DBTTs65),7° .  It  was found that 

lanthanum prcii. ed the lowest DBTT at optimum levels,  vhiie  cerium 

which forms J rlting  point eutec tics with chromium, produced 

the least dramatic decrease in the DBTT. Figure 2.25 shows the 

effeot of variot,'’ REMs on the DBTT of chromium (which had been 

reduced by 90% \,y ,ld working).

Up to optimum levels REMs retard recryatalllsation and favour the

formation of a fine-grained struoture during annealing .  It  was

show n  t h a t  REM a d d i t i o n s  to c h r o m iu m  i n c r e a s e d  the

reorystallisation temperature by 50 to 7 5 *C. Afte. annealing »t

1200»C for one hour, the grain size of an alloy containing 0,5 -

1% Y was approximately one fifth of that of unalloyed chromium68.

At REM concentrations above the optimum, tha r e c r y s t a l l i s a t io n

rate inoreaaed and grain growth accelerated6 8 . At these l e v e l s

liquid  films of low melting point compounds formed at the grain

boundaries and promoted rapid re c ry s ta l l is at io n  and grain  

69 70
growth ’ . The variation of grain size with REM consent is shown 

schematically in Figure 2.26. «



Figure 2.25 The effect of REMs on the DBTT of ohromium after a 90% 

roiling reduotiuu*®.

K  . INTENT-

Figure 2.26 Schemati rr.orssentation of the relationship between 

grain aize after anner ii w, and weight % REM (after 70).

Rukitakii  and T r e f i 1. ov®* a lao  demonstrated that oold-worked 

ohromium alloyou with REMa retained its atrength at higher heating 

and annealing temperatures. In another study the heat resistance 

of ohromium a lloyed  with REMs was i n v e s t i g a t e d ^ .  It was found



that REM additions significantly iuproved resistance to oxidation 

and to nitrogen saturation .  Figure 2.27 shows the effects  of 

various amount? of La on the mass of ohromium oxidised  for 100 

hours at 1225 '  C.

10 20 30 >,1-0 
L a , w t . %

Figure 2.27 In f luenc e  of additions  of lanthanum on the weight 

increment of ohromJ im oxidised for lOOhr at 1225 * C 66.

Low alloy ateela

Temper embrittlement is a serious limitation to the use of alloy 

steels. It is manifest by the progressive loss of toughness after 

heating in the temperature range 350 - 600 •  C. At temperatures in 

this range, metalloid  impurities (P, Sn, S, Sb and As) segregate 

to the prior austenite  grain  boundaries and weaken them, thus 

promoting intergranular failure64,72 .

It has been shown that this segregation-induced embrittlement may,

7 2
to a large extent,  be removed by the addition  of REMs . Again, 

REMs reduoe the amount of residuals in solid solution by removing 

impurities like sulphur to the slag during melting and also lower
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the activity of the impurities in solution by forming sulphides, 

phosphides and other impurity compounds. In this way segregation 

and therefore e m b r i t t l e m e n t ,  is  d e c r o a s e d .  The r e s u l t a n t  

consider Able reduction in the embrittlement susceptibility of low 

alloy si-eel* is shown in Figure 2.28.

WEIGHT %

Figure 2.2S DBTT's oorreated for hardness vs. wt% Mo and REM's 

added. Aged 96 hours at 510 * C 72.

2 .3 .?  REM addition!) in ladle  metallurgy

The addition of REMs to the ladle  is now widoly  used in the USSR 

to achieve a considerable  improvement in the struoture and 

properties of stee’ s and alloys22,26.

The e f fe ct ive n e ss  of  this  teohnique oan be i l l u s t r a t e d  by 

referenoe to a study in whioh a tool steel was subjeoted to trial 

heats using different production praotioes:



(i) artcon purging in the ladle:

(ii) micro-additions of rare earths to ladle: ?^d

(i ii )  a combined treatment - rare earth additions  and argon 

purging6 5 ,

When the steel was purged in argon, a sounder and less segregated 

alloy than the conventionally fabrics  steel was produced. The 

structure as w e ll  as the d u c t i l i t y  of  the steel  to which 0 ,03%  

REMs had been added was found to be considerably superior to the 

normal production heats. The timount of axial porosity was reduced 

and the inclusions were larger, rounded and fewer in number. These 

modlficatio ' were associated with fin increase in the ductility 

(reduction in area and elongation) by a factor of 1,3 to 2,0 (i.e. 

from about 3,5 to 7,0%). A comparable improvement in ductility and 

a further reduction in the non-uetailic inclusion content occurred 

following combined treatment with REMs and argon injection.

Improvementa in structures  and properties have also  been made 

using ladle additions of REMs in other alloys. For example REMs 

have  a l s o  been  added to a l u m i n i u m - k i l l e d  s t e e l s  for  

d e s u 1 p h u r i s a t i o n  and c o n t r o l  o f  in c lu s io n  morphology and 

composition: and to cast irons to react with surface active  

elements such as sulphur and oxygen which control the morphology 

of the graphite22.

2.4 CONCLUDING REMAKES

The causes of  embrittlement in f e r r i t ic  s t e e ls  have be«sn 

identified and detailed. It has been concluded that interstitial  

elements (carbon, nitrogen and oxygen) are primarily responsible, 

since 475 # C and o phaae embrittlement can be avoided by using 

appropriate heat treatment temperatures. In addition the rhenium- 

ductilising effect and the beneficial effects which REM additions 

have on the auctillty of various alloys have b'ien described.

The l iterature  survey has thus indicated that an ‘e-40Cr a l l o y  

with good ductility can be developed if  the interstitial lev 1 is

m m  ' 11 n i -



kept low. REM additions may be used to fix oxygen and nitrogen and 

thus reduce the susceptibility of the alloy to high temperature 

embrittlement. Furthermore, the proportion of iron to chromium in 

the Fe-40Cr a l l o y ,  may in i t s e l f  promote superior  toughness 

properties.



KyPERIMENTAL PROCEDURE

ALLOT PREPARATION

The base materials

The a l lo y s  were prepared from r e l a t i v e l y  pure commercially  

available materials. The base m aterials  were e l e c t r o l y t i c  iron 

flakes  and e l e c t r o l y t ic  chromium in the form of angular  chips.  

Rare earth metal (REM) additions  were made using 'mischmetal1 ' .  

Chemical analyses of the raw materials are given in Table 3.1.

Tab’ s 3 .1  Analysis of raw materials

(a) Electrolytic iron and chromium

%C %0

Fe 0,006 0,055

Cr 0,016 0 ,1

(b) Mischmetall

Element Weight*

Ce 52

La 24

Nd 15

Pr 7

Sm 1

Others 1

%N

<0 ,001
<0,014

The experimental alloys

Three series  of a l lo y s  w c ’e prepared. The f i r s t ,  consisting  of 

only LNN1 and VI, were used in a preliminary study to develop an 

appropriate fabrication route.

The second stage of the procramme wa* diracted at determining the 

optimum range of REM additions. Various amounts of REMs were added 

to the V 2 and V3 a l l o y s .  From the results  of tests on these, the



appropriate range in which REMs should be added to the Fe-40Cr 

base alloy was determined.

The third ani final stage of the study involved the preparation of 

alloys ("4 series) with REM contents in the optimum range.

The results  of the chemical analyses  of a l l  the a l l o y s  are 

reported in Table 3.2.

3 .1 .3  The melt procedure

The following  equipment wa- useu: a vaouum induction furnace 

fitted with a generator caDt>‘ ' ds l i v e r in g  60kW, cast iron 

moulds (with 20 and 6kg c and pra-fired magnesia

crucibles with alumina pouring The detrils of the melting

procedure are described below.

The crucible  was charged with chromium and iron f lak e s  and 

preheated for 30 minutes while the vacuum chamber -’as evacuated to 

and held at a pressure of lOPa. During this period s o l id  state 

degassing of the iron and chromium takes place. Adsorbed water and 

gas molecules leave the surface of the metal and gases dissolved 

in the metals as i n t e r s t i t i a l s  d i f fu se  to the surface v ia  

vacancies, grain boundaries and dislocations73. Preheating of the 

chromium with the iron also reduces the overall  melt-down time, 

tiius limiting the exposure of the melt to the refractories which 

may contaminate the melt through outgassing74.

Melting was carried out under a partial pressure of argon (15kPa). 

The vacuum chamber was backfilled with argon before the power was 

boosted to 30kW. After 20 minutes the power was reduced to lOkW 

and the vacuum was reduced to 90Pa. The a l l o y  was held in the 

molten state at this pressure for 60 minutes to allow liquid state 

degassing to occur. During l iquid  state degassing,  nitrogen and 

hydrogen diffuse out of the molt and oxygen is removed by reaction 

with carbon. The CO which forms is then outgassed.



Table 3.2 Composition of the experimental alloys

Alloy Cr Fe C 0 N REM

add

•

rec

P Si A1 S

LNN1 39 60,7 0,02 0,037 0,017 - - NA 0,11 NA NA

VI 38,4 61,5 0,02 0,060 0,004 - - 0,005 0,007 NA NA

V2/1/2 38,9 60,5 0,01 0,031 0,005 - - <0,005 0,035 <0,02 0,01

V3/2 39,6 6v>, 1 0,01 0,024 0 ,00 ' 0,15 0 <0,005 0,030 <0,02 <0,01

V2/2/2 39.J 59,7 0,01 0,031 0,004 0,3 0 <0,005 0,055 <0,02 0,01

V2/3 36,6 60,4 0,01 0,025 0,009 0,6 0,32 <0,005 - <0,02 <0,01

V2/4 39,5 59,7 0,01 0,021 0,005 0,9 0,60 <0,005 - <0,02 <0,01

V4/0 39,3 61.0 0,021 0,055 0.004 - - <0,003 0,17 <0,1 C, 006

V4/0.05 39,6 61,1 0,023 0,060 0,004 0,05 0,04 <0,003 0,19 <0,1 0,006

V4/0.10 39,3 60,9 0,012 0,038 0,004 0,10 0,06 <0,0C3 0,19 <0,10 0,006

V4/0.15 39,2 60,5 0,024 0,030 0,004 0,15 0,04 <0,003 0,19 <0,1 0,00?

* REM ■ Rare earth metals 

add * adfed 

rec ■ recovered

- * none added, none detected 

NA - no analysis *



Argon (lOkPa) was reintroduced into the vacuum chamber before 

pouring. The power was th6n boosted to 40kW for tapping fluidity.  

After pouring into a 20kg mould, the pumps were turned on once 

more and the material was allowed to cool under vacuum.

This material was used as a stock bar which was 'hen divided into 

four bars for remelting with appropriate R£M additions  During 

reaelt<rH.: shorter degassing times were used: 10 minutes for liquid 

state degassing and 15 minutes for solid  state degassing .  The 

remelted alloys were cast into ingots, 65mm square in section am* 

250mm long.

THE ADDITION OP RARE KARTH METALS

Two methods of introducing REMs into the molten Fe-40Cr alloy  were 

investigated. The first involved placing the REM addition in the 

mould prior to pouring. This method proved unsuccessful  becav.se 

the misch.'setal 1 reacted with the atmosphere during the degassing 

periods and floated  to the top of the melt,  where it remained 

during pouring. The second method was more s u c c essfu l .  The 

miachmetal was wrapped in a very pure (99 ,99%)  iron f o i l  and 

secured to a pure iron wire which was plunged into the melt Just 

before pouring. All  REM additions were subsequently made in this 

way.

ROLLING

The alloys  were ro l le d  on a two-high revarsir.g m il )  with a 

capacity of 50 tonnes. During r o l l in g  the temperature w<is 

constantly monitored using a pyrometer linked to a digital display 

readout. I f  the ingots became bent during r o l l i n g ,  they were 

forgod flat and returned to the furnaco.
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3.3.1 Determination of  a fabr ication  route

Alloy  VI was cut ir.to two 31ram thick pieces.  Each section  was 

rolled  using the same basio procedures but d i f fe re n t  r o l l i n g  

temperatures as shown in Table 3.3.

The a l lo y s  were quenched in water after  r o l l i n g .  Reductions of 

about 56% were achieved in each case.

Table 3 .3  Rolling procedures for heat VI

Rolling route

Soaking time (950*C) 1 hour

I I

1 hour

Rolling temperature 

range 950*C - 6 50*C 950*C - 650»C

Furnace temperature 

during rolling 950*C 1100»C

Number of times 

returned to furnace

Average time in 

furnace between roll 

periods

3 .3 .2  Rol-ing of  heats ¥2 and V3

18 mlns 18 mlns

A two stage rolling prooedure w l . s  employed. Route I (in Table 3.3) 

was followed. The alloys V2/3 and V2/4 to which 0,6 and 0,9% REM 

had been added respectively broke at less than 5% reduction during 

the f i rs t  pass. The other a l l o y s  were reduced by about 60% and 

then water quenched. Because the grains in the centre of these 

ingots had not been worked sufficiently to allow recrystallisation



to take place during annealing ,  the ingota were reduced by a 

further li% and water quenched. The final reduction of the ingot 

was 82% and the rolled plate thickness was atout 11,5mm. It should 

be noted that each ingot underwent two one hour soaking periods at 

950 »C. The ingots were returned to the furnaoe four times during 

r o l l i n g  and the average time spent in the furnace between r o l l  

periods was 20 minutes.

Rolling of beat V4

Again route I was followed, details  are given in the Table below.

Table 3 .4  Rolling procedure for heat V4

Soa*ii^ ( U  ? 0«C) 1 hour

Rolling temperature range 950*C - 650*C

Furnace temperature during rolling 950*C

Number of times returned to furnace 3

Average time in f\ rnace between 

roll periods

30 minutes between roll 

period 1 and 2 10 minutes 

between roll periods 2 

and 3, and 3 and 4

The a l lo y s  were water quenched after  r o l l i n g .  The 

reduotion aohleved was 83%.

A schematic representation of tho ro’ ling procedure followed is 

given in Figure 3.1.



Pigure 3 .1  Schematic diagram for rolling procedure.

HKAT TRRATMKNT

After rolling and quenohing, heata VI through to V4 were annealed 

for up to three and a half  houra at 950, 1050, 1100 and/or 1130*C 

and then water  quenched .  The optimum a n n e a l i n g  time and 

temperature for each heat was determined in annealing  t r i a l s  in 

which narrow specimens cut from the rolled plate were general Py 

used. Once the optimum annealing  time and temperature was 

identified, the rest of rolled plate was annual«*d and sampled. The 

annealing treatments typically Involve recrystallisation of the 

rolled grains and the precipitation of oarbldes and nitrides. The 

heat treatments are summarised in Table 3.5.



Table 3 .5  Summary of heat treatments

Alloy 'i* Annealing

reduction temperature 

(•C)

Time

(minutes)

VI 56 930 30 and 60

VI 36 1100 30 and 60

V2/1 60 930 30. 60. 90 and 120

V3 60 930 30. 60. 90 and 120

V2/2 60 930 30. 60. 90 and 120

V2/1/2 8? 930 30. 60. 90 and 120

V3/2 82 930 30. 60. 90 and 120

V2/2/2 82 930 30. 60. 90 and 120

V4/0 83 930 60. 90 and 120

V4/0.05 83 930 60. 90 and 120

V4/0 .10 83 950 60. 90 and 120

V4/0.15 83 950 SO. 90 and 120

V4/0 83 1050 60, 90 and 120

V4/0.03 83 1050 60. 90 and 120

V4/0 .10 83 1050 60. 90 and 120

V4/0.13 83 1030 60. 90 and 120

V4/0 83 1150 60. 90. 120. 150 and 180

V4/0 .03 83 1150 60. 90. 120. 150 and i80

V4/0 .10 81 1150 60. 90. 120, 150 and 180

V4/0 .13 83 1150 60. 90. 120. 150 and 180
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m e c h a n i c a l  t k s t  s p e c i m e n  p r e p a r a t i o n  a n d  t e s t i n g

Charpy, t t m i l e  and slow bend specimens were prepared from the V2. 

V3 and V4 heats. These were cut from the r o l l e d  plate  in suoh a 

way that fracture of the speoimens would occur along the rolling 

direotion i .e .  along what is t h e o r e t ic a l l y  the plane of Joweat 

strength. The sampling procedure is illustrated in Figure 3.2.

h - tensne specimen

Plgure 3.2 Sampling procedure for mechanical test specimens.

3 .S .1  Charpy lapact testa

Standard Charpy V-notch impact teat specimens were out and 

machined from rolled plate. The specimens were machined and tested 

in accordance with the requirements of BS specification 131 part 

2, 1972. Impact testa were performed at -40, -20, -13, -10, 0, 

ambient temperature, 36 and 30 •  C. Water and liquid nitrogen were 

used as the heat transfer  media. The tests were performed on ’a 

Tinlus Olsen  machine, capable  of registering  absorbed Impact 

energies up to 358J. The impaot energies are indJoated to within 

0,5 Joules. Ductile - to - brittle transition temperatures (DBTTs) 

were determined by interpolation  of the impact energy versus 

temperature data. The DBTTs are the temperatures corresponding to 

the energy values  midway betweon the upper and lower s h e l f  

energies.  [The 50% fibrous fracture oriterion  could not be used 

because a direct relationship between fraoture meohanism (oleavage 

or duotile tearing) and the magnitude of fracture enf.rgy, did not 

appear to exist.]



Slow bend toats

Slow bend testa were performed on the V2 heata (82% reduction).  

The three-point bend test had been described as the most accurate 

methcd of com paring  the DBTTs o f  d i f f e r e n t  a l l o y s 7 ^. The 

advantages of this tanhnique include:

(i) very acourate temperature oontrol ,  sinoe the rig in 

whioh the specimen is mounted is submerged in a constant 

temperature bath during the test, and

(ii)  a narrow temperature range (of about 1 0 # C) between the 

fully  brittle and fully  ductile fraotures.

For convenience a rig designed by Barrett'** to take standard 

Charpy V-notch type specimens was used. A detailed drawing of the 

rig is shown in Figure 3.3 (a and b).

The teats were carried out on a 50kN capacity ESH universal servo- 

hydraulic test machine. A specimen was placed in the test rig and 

then put under a small tension to prevent it from sh ift in g .  The 

rig was then lowered into a constant temperature bath and left for 

i minutes to a llow  the temperature to s t a b i l i s e .  A thermocouple 

placed in contact with the specimen measured the temperature. The 

specimen was then loaded at a cross head displacement of 0 ,083  

mmaeo-1. The load versus displacement data was stored on floppy 

disc .  The data was prooessed by a Commodore CBC Model 8032 

computer and the load versus cross head displacement ourves were 

produced using an HP Plotter. *

Edwarda et a x ' 5 identified three methods of analysing load versus 

displacement ourves to g ive  reproducible  and ■ entical  DBTT 

values. These are:

(1) the area under the c u r /e  to maximum load as a function of 

temperature,

(i i )  the t o t a l  area  under  the ourve  as * f u n o t i o n  of  

temperature, and

( i i i )  *-he extent of rapid load drop, corresponding to the onset 

of brittlo fracture as a funotion of temperature.



Units in mm

F i g u r e  3 .3 a  Scale  drawing of the slow bend test rig.  (After 

refertnce 72.)



Pigure 3.3b Slow bend test r i^ .  Specimen In mounted position and 

general loading system. (After reference ’’ 2).



In this study methods (i) and (ii) were used and the results from 

each compared (seo Appendix A for the computer programme). A 

3eries of typical load - displacement curves from beid specimens 

tested at different temperatures are shown in Figure 3.4.

Figure 3.4 Schematio diagrams of the load displacement curves 

obtained as a function of .ast ing  temperature, in the 3 - point 

bend test75 .



Tensile testa

Standard Hounsfield  t e n s i le  specimens (Figure 3.5) were machined 

from the rolled plate. Testing followed the procedure given in BS 

18: PART 2: 1 9 7 1 .  The t e s t s  were c a r r i e d  out at ambient  

temperature on the V2, V3 and V4 heats.

A Hounsfield  Tensometer test machine was used, with ar average 

strain rate of 0 ,083  mm.sec-1. The y ie ld  strength, ultimate 

tensile  strengths,  percentage reduction in area and percentage 

elongation of a l l  the alloys were measured. The results quoted are 

an average of the results of at least 3 tests.

V:r 2mm

/T
20mm

35mm

J

? V

Figure 3.5 Dimensions of the Hounsfield Tensile specimens

Hardness tests

The variations  of hardness with REM content and heat treatment 

were measured using a Vickers Diamond Hardness Machine with a loaU 

of 20kg. The specimen surfaces were prepared by grinding on emery 

paper and with diamond polish  to a f in is h  of 1 micron. The 

hardness values are given as an average of at least 5 impressions.



MICROSCOPY

Optical Microscopy

A Nikon Optiphot optical microscope with magnification up to lOOOx 

was used. The specimens were prepared by grinding  on successive  

grades of carbide paper up to 1200 g r it .  F inal  p olish ing  was 

achieved by the use of diamond lapping compounds: 3jim and finally  

l|im.

Two etchants were used:

(i) Olyceregia to reveal the grain structure. Qlyceregia consists 

of lOul HNOj, 50ml HC1 and 30ml g lyc e r in e .  D i f f i c u l t y  was 

experienced in obtaining a uniform etch because this solution 

has poor w e t t a b i l i t y .  Etching times ranged from 30 - 50 

seconds.

(ii) An elrotrolytic etoh for the detection of the presence of a- 

phase. The samples were etched in a 40% NaOH solution  for 

about 5 seconds. A voltage of +8C0mV was applied.

One side of some of the slow bend specimens was also polished to a 

I mu f in ish .  Thene specimens were examined o p t i c a l l y  in the as- 

polished condition after  testing.  Information re lating  to 

deformation, slip and fraoture iniclatior was obtained from these 

samples.

Scanning electron  Microscopy (SKM) *

The polished and fracture surfaces of slow bend and Charpy 

specimens were mounted for examination in a Cambridge Stereoscan 

scanning electron microscope and a Hitachi S45 Scanning eleotron 

microscope.

Grain boundary film thickness, preoipitate distribution and their 

involvement in the fraoture prooess wore investigated.

Electron dispersive spectroscopy (EDS) was also used to identify
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