
sizes  and at low temperature. Assuming that t ■ a / 2  ( i .e .  shear

stress is at maximum). Equation 2.4 ccn be written as:

,2.13

And finally  equations 2.12 and 2.10 can now be restated as:

0>Jtyd1/2 - ky2 ♦ ®0kyd1/2 > CTtJ ............... 2 .14

where C - a constant related to the stress state and average 

ratio of norma! to shear stress on the slip  plane.

Although equation 2.14 does not encompass a l l  the practical models 

of crack initiation, (e.g. nucleation of cleavage cracks at twins 

or at the boundaries between second phase particles and the matrix 

of a steel) it nevertheless provides a useful basis for discussing 

the mlcro-meohanics of brittle  fracture. The equation essentially 

describes the condition for a brittle-to-ductile transition. When 

the le ft  hand side  of the equation is s m a lle r  than the r ight ,  a 

microorack can form, but cannot grow. Alternatively,  i f  the left 

hand side of the equation is greater than the right a propagating 

brittle fracture is produced at a shear stress equal to the yield 

stress.

Process and compositional variables oan directlv afft'ot al l  the 

factors in this equation8, 9 , •‘ ° » 11*20 ,21 , 22. por example:

ky is related to the number of dislocations that are rel .sed into 

a pile-up when a source 1s unlocked and is affected by solute 

distribution and grain boundary preolpitation, 

d, the grain  s i z e ,  is rather related  to the s l i p  band length ,  

since in a l lo ys  containing  fine  preoipitates  the p a r t ic le  

spacing rather than the actual grain  s ize  w i l l  determine the 

slip distance,

Y is a f f e o t e d  by the p r esenc e  o f  f l a w s  in the aiiorostruoture  

(e.g. netdle-liko preoipitates lower y).
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I

oy is  r e l a t e d  to the s t a t e  of  p r e c i p i t a t i o n  ( e .g .  f i n e

precipitation increases Oy by precipitation hardening), and

o is a structure sensitive factor (viz. BCC metals show a marked 
o

incree.se in oQ with a drop in temperature).

In the d isc uss ion  which f o l l o w s  the various  m e t a l l u r g ic a l  

v a r iab le s  w i l l  be e valu ated  in terms of t.ieir e f fect  on the 

factors in Equation 2.14.

2 . 1 . 4  Embrittling phenomena in * e r r i t i o  s ta in le s s  ateels

j a
Two recent and c o m p ^ h e n s i v e  reviews  oy Demo and Wright* * 3 have 

summarised the l i t e r a t u r e  describ ing  the 475 *C  sigma and high 

temperature embrittlement of stainless steels. This section draws 

mainly on their work and references, and merely highlights those 

points which have particular relevance to this research project.

2 .1 . 4 . 1  Second phase e f fe c t s  Inherent in the Pe-Cr system 

(i) 475 *C  embrittlement

Prolonged t cposure of ferritie stainless steels to temneratu-es in 

the range 4 0 0 - 5 00 *C  r e s u lt s  in a drastic  loss  of d u c t i l i t y .  The 

effect is most pronounced at temperatures of about 475 • C.

Details of the changes in mechanical properties related to this 

phenomenon hive  been documented by many researchers .  K e l l y  and 

S t o J o f f 2 3 , experimenting with an Pe-26Cr a l l o y ,  found that 

exposure to 4 7 5 *C for 5 hours had the effect of raising the Charpy 

V-notch transition temperature by at least 500 * C. Newell* found 

that prolonged heating of a Fe-27Cr alloy  at 475 *C  resulted in an 

increase in the te n s i le  strength by 250MPa, an increase in the 

y ie ld  strength by ,00MPa and a decrease in the perejntage 

e longation  from 35 to 0%. Seme of Newell*!? re s u lts  are shown in 

Ficura 2 .7 .
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F i g u r e  2 ,7  The e ffect  of  ageing time at 4 7 5 *C  on the room

temperature tensile properties o f  an Fe-27Cr air-melted alloy
24

Zap ffe ,  Worden and Phebua25 showeu that embrittlement times for 

notched specimens were shorter than those for unnotched specimens. 

The results of bend tests on notched specimens of a 26Cr stainless 

steel indicated embrittlement after only a half  hour exposure at 

475*C.

There has been some controversy concerning the cause for the 

increase in strength and hardness and reduction in d u c t i l i t y  at 

4 7 5 # C. The e a r l y  theory  of  minor im purity  p r e oip itat ion  proved 

untenable when alloying additions and prior hGat treatment did not 

improve resistance  to embrittlement*. Many early investigators* 

believed that 4 7 5 °C  embrittlement was related to the formation of 

o-phase and it  was reported that  wh i le  no changes in l a t t ic e  

parameters were obse-ved. atomic disturbances and grain boundary 

widening did occur. Heger2** and Newel)2* formalised thid theory. 

It was suggest  jq that * chromium-iro/’ a l l o y ,  heated in the 

embrittling range, underwent the reactic.j

o-pha3e --> transition phase -- > o-pha3e

-



Hcger2** postulated  that the transitory  phase which precedes o 

formation at higher temperatures is intermediate  in structure 

letween a and o and it coherent with the a matrix. Furthermore, 

the coherency oetween the two structures  resulted  in a large 

resistance to d i s l o c a t i o n  motion, typical  of  a precipitat ion- 

hardening mechanism.

N e w e l l2* asoribed the embrittlement phenomenon to an i n i t i a l  

latt ice  change or d i s t o r t io n  in the a matrix which subsequently  

led to extensive precipitation of a-phase when atomic mobilities 

increased at higher temperatures.

Experimental work s e r io u s ly  contradicted the transit io n  phase 

theory. The data of  Houdremont27 reproduced in Figure 2.8 

illustrates this problem.

Iu tne narrow temperature range of 530-600 *C alloys containing 17 

and 2 8 . 4 %  Cr d id  not show any s i g n s  o f  h a r d e n i n g  whereas  

s ig n i f ica n t  hardoning did occur in the 400-500»C and 600-900*C 

temperature ranges. Thus it is apparent that although 475 *C  

embrittlement is Inherent in the Fe-Cr system, It is not related 

to o-pher.e formation.

Subsequently,  two new hypotheses emerged*. The first, attr ibuted  

the 4 7 5 *C  embrittlement to atomio ordering ,  and the second 

postulated that it is s consequenoe of the precipitation of a Cr- 

r ic h  BCC p h a s e , a  , w h ich  forms due to the p r e s e n c e  o f  a, 

mlscibllity gap In the Fe-Cr system. Despite numerous attempts, a 

sup e rlatt ic e  has n 3t yet been observed in Fe-Cr a l l o y s  and 

consequently the second hypothesis had been more widely aocepted.

W i l l iam s  and Paxton26 were the f i r s t  to e x p l i c i t l y  propose the 

existence of a mlscibllity gap below the o-formlng region in the 

equil ibrium  diagram. The re sults  of the ir  wo... are shown in
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Plgure 2.8 Effects of temperature and ageing time on the hardness 

increase caused by 4 7 5 #C brittleness and sigma precipitation in 

several chromium-iron alloys27 .
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Figure 2.9 Partial phase diagram of the Fe -Cr syatens
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Electrical resistance, hardness and magnetic measurements, and X- 

ray d i f f r a c t io n  techniques were used on m ater ials  ’’ith a wid*  

range of  compositions and purity. The?*e showed that a l l o y s  aged 

within the gap wero embrittled by separation into a ohromium rioh- 

ferr i ’„e and an Iron-rich ferrite. The embrittling and separation

effects were removed when the sped  mens were heated above 550 *C
28

Subsequent inve s t ig at io ns  have fooussed on the mechanisms and 

kinetics of this phenomenon, hor example, Courtnall, Pickering and 

Grobner2* ' 30,31 have shown that interstitials  such as cirbon and 

nitrogen, and to a lesaer extent additions of molybdenum, niobium 

and titanium, accelerate  this  embrittlement.  It  has also  been



found that increasing chromium content also increasea the rate of 

32
embrittlement .

Work by Nichol, Datta and Aggen31 on alloys containing It, 18, 26 

and 29%Cr showed that embrittlement occurred most rapidly at 482 *C 

in a 29%Cr a l l o y .  For the a l l o y s  containing  more than ll%Cr, 

embrittlement at 4 8 2 • C was characterised by an early rapid change 

in mechanical properties, followed by a plateau region in which 

mechanical properties  remain unchanged. This  was f-tllowed by a 

second stage at which mechanical properties underwent significant 

change again, first change was attributed to precipitation of 

i n t e r s t i t i a l  compounds and the second  to c l a s s i c  4 7 5 * C  

embrittlement. This two stage effect is shown in Figure 2.10.

Plumtree and Gullberg33 confirmed this result. They found that the 

embrittlement of Fe-25Cr vacuum-irelted alloys,  heated at 475 # C, 

also exhibited two stages of precipitation: chromium nitride and 

carbonitride  formation f i r s t ,  follow ed  by a p r e c ip itat io n  at 

longer ageing times.

475 #C embrittlement can be explained in terms of Cottrell 's  theory 

of  b r it t le  fracture.  With reference to Equation 2.14, Wright8 

suggested that the lattice friction stress, aQ, is the principal 

v a r iab le  affected  by a p reoip itat ion .  The precip itates  lock 

d is lo ca t io n s  and impede d i s l o c a t i o n  motion. The net e ffeot  is a 

large increase in oQ.

*

(11) Slgaa phase embrittlement

Chromium s t a i n l e s s  s t e e l s ,  l n o l u d l n g  austen lt ios ,  may be 

embrittled by the precipitation of a-phas* in the range 500-900 *C. 

Pure a forma at chromium contents between 42 and 50% while duplex 

structures containing both a and a phases form in alloys with as
a

l i t t l e  as 20 and as much as 70% chromium . Although Chevenard 

and Bain  and G r i f f i t h s 3 5 s u s p e o t e d  the e x i s t e n c e  o f  an 

intermetal lie  phaje at 50%Cr in the Fe-Cr system as early as 1927, 

sigma was not positively identifier until 19364. Sigma phase 13 a
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hard non-magnetio, tetragonal compound with a nominal composition 

of FeCr. Its  formation is accompanied by an increase  in hardness 

and a severe reduotion in toughness and ductility.

The experimental work carried  out by many researchers indicates 

that sigma does not form very readily in alloys containing less 

than 20% chromium, w h i l e ,  at higher chromium contents formation 

proceeds fairly rapidly. For example, Shortsleeve and Nicholson36 

found that at 600 *C  ten hours was required for aigma precipitation 

in a 26Cr alloy but only 15 minutes for a 35Cr alloy.

In many practical situations the kinetics of sigma formation are 

even more rapid.  For example,  cold  work which is necessary for 

grain size refinement. Is known to increase the precipitation rate 

s i g n i f i c a n t l y .  A l lo y in g  elements such as Mo, Ni, Mn and Si a lso  

affect  the k ine t ic s .  They s h i ft  the o-phase region to lower 

chromium contents and stabilise  it such that longer holding times 

and h ig h e r  t e m p e r a t u r e s  are  r e q u i r e d  for d is s o lu t io n .  In 

molybdenum-bearing, high-ohromlum s t a i n l e s s  s t e e l s  a ohi-phase 

(X) may be precipitated along with the o-phase. This phase, which 

has a complex cubio structure  and corresponds to tho chemical 

formula of f ^g C r j jM O jQ 8 ia an additional source of embrittlement.

In terms of britt'.e fracture theory Nichol32 postulated that the 

formation of o and x phases does net n e c e s s a r i ly  result  in an 

increase in the flow stress, *ry. Rather, the embrittlement has the 

e f fect  of decreasing  the e f f e c t i v e  surface energy, y, of an 

i n i t i a l  craok, Increasing  the reslritanoe to s l i p  propagation 

aorosa grain  boundaries and/or  concentrating  stresses  in the 

aatrix.



The role of  i n t e r s t i t i a l s  in e a b r ltt le a e n t

I n t e r s t i t i a l  p r e o i p i t a t e s :  c a r b i d e s ,  n i t r i d e s  and o x id e s

The detrimental e f fe ct s  of  carbon, nitrogen and oxyge,-. » j 

toughness of f e r r i t i c  s t a i n l e s s  s t e e l s  is w e l l  e stab l is h e d .  In 

1951,* in a laboratory experiment, it was shown that vacuum-melted 

Fe-Cr a l l o y s  were d u c t i l e  at room te m p e r a t u r e  i f  t h e i r  

Interstitial Impurity content did not exceed 0,003%C and 0.010VJ. 

By 1970, ind ustr ial  methods c ap ab le  of  purify ing  s t e e l s  of  

i n t e r s t i t i a l s  had been d eveloped  and the production of  low- 

interstitial stainless steels became commercially viable. Today, 

modern melting techniques sucn as vaouum oxygen decarburlsatlon  

(VOD) and argon-oxygen decarbonisation (AOD), are w j I I  known and 

widely  used. Fe-Cr s t a i n l e s s  s t e e l s  of enhanced purity and 

toughness are now produced and used in industries in the USA, West 

Germany, Japan and Sweden*'38,39.

Prior to 1950, the reduced toughness of plain chromium steels with 

high chromium contents was associated  with their  high chromium 

content per se. It was generally considered that as the chromium 

content of a steel  increased,  its  toughness decreased.  In 1950, 

Joseph Hoffman8' 37 first described the astonishing increase in the 

toughness of high chromium steels which could be achieved when the 

interstitial element content was kept to a minimum.

Hoffman cited carbon, nitrogen -nd oxygen as the principal*  

impurities contributing to low toughness in 25% chromium ferritic 

ste e ls .  The range of i n t e r s t i t i a l  l e v e l s  in his vacuum-melted 

alloys were carbon less than 0,003%: nitrogen 0,003 to 0,012%: and 

oxygen 0,002-0,006%. The interstitial content of any alloy ,a ir  or 

vacuum melted, a l s o  depended on the cruoible  used (alumina,  

beryll ium  or magnesia). Some of the data related  to the use of 

different cruoibles are shown in Table 2.1.
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Table  2.1 The effect of crucible type on interstitial content37

Metal melted 

under vacuum

Carbon

%

Nitrogen

%

Oxygen

%

Alumina crucible 0,002-0,003 0.005-0,003 0,002-0,003

Beryllia cruc.'ble 0,002-0,003 0,002-0,003 0 , 001-0,002

Magnesia crucible <0,002 0,006 0,012

The vacuum-me1 ted a l l o y s  had Impact strengths ranging from 

2 3 k g /a /c s r  to 34 kg/m/cm2 (225  - 3 3 0 J ), w hereas  the impact 

strengths of the air-melted a l l o y s  were much lower, less  than 

lkg/m/cm2 (10J) .  When 0 ,03  to 0 ,34%  carbon was added to the 

vacuum-melted alloys,  it was found that the toughness advantage 

over the alloys melted in air was eliminated.

It  was observed that the i n t e r s t i t i a l s  were d e le te r io u s  to the 

toughness of the alloys  under different conditions. When a steel 

was heat-treated at 900 • C f ir 30 minutes and quenched in water, 

nitrogen oontents of 0,045 to 0,055% did not cause embrittlemert. 

In contrast, following heat treatment at 1200*C,  the same alloy 

had a very low impact toughness.

Carbon additions  showed a s im i la r  e f fe c t .  When grain  s ize  was 

taken into account, only  0.023%C was required to decrease the 

toughness properties significantly after anneal ling at 1200# C. *

Oxygen was found to reduoe notch-lmpaot values aTter treatments at 

both 1200 *C or 900 »C.

F i n a l l y ,  hydrogen a l s o  seemed to have a d e le te r io u s  e ffect  

e q u ivale nt  to that of any of the other elements when oarbon and 

nitrogen levels were at a few thousandths of a percent. Hoffman's 

results concerning hydrogen effects are, however, widely scattered 

due to control problems37.



In a definitive work. Binder and Spendelow37 studied the influence 

of carbon and nitrogen on the mechanical properties of a series of 

annealed, vaouuo-me1 ced and air-melted chromium s t e e l s  with 

chromium contents ranging from 0 ,3  to 55%. It  was found that for 

reasonable values of Impact resistance, the requirements for low 

carbon and nitrogen become more stringent es the chromium content 

was increased.  This concept is i l l u s t r a t e d  in Figure 2.11.  It  

should be noted that the tolerance of a 40Cr alloy  for carbon and 

nitrogen is less than 0 , 02% (i.e. less than 200ppm).

In this work it was ansumed that carbon and nitrogen were 

eq u ivalent  with respect to their  e f fe ct s  on toughness. This 

assumption was tested by preparing scatter  p lo t s ,  based on room 

temperature toughness measurements, in which the carbon and 

nitrogen oontents of the steels tested appear as coordinates. One 

suoh plot for 24 to 26% Cr steels ia shown in Figure 2.12. Because 

a straight line with a slope of 45* can be drawn to separate 2ones 

of high and low toughness, they ooncluded that their assumption 

wks reasonable.

Binder and Spendelow did not find oxygen particularly detrimental 

to the toughness  o f  t h e i r  a l l o y s .  In  a d d i t i o n  H o f fm a n 's  

experiments related to oxygen contents were repeated, but. neither 

quenching from 900 • C or 1200 *C  affected  the toughness of their  

25%Cr a l l o y s .  The oxygen content.- of these a l l o y s  ranged from 

0 ,016  to 0 ,12% .  It was ooncluded that the discrepancy between 

these results and those o.’ Hoffman could be related to tha mode of' 

occurrence of oxygen rather than the total oxygen oontent.

The 1950'a and 1960's produoed a larpo volume of work confirming 

the basio thesis of Hoffman, and Binder and Spendelow that low 

In t e r s t i t i a l  oontents lead to good toughness properties in 

f e r r it io  s t a in l e s s  ste e ls .  Some of the researohers examined the 

metallography of their alloys more olosely and tried to relate the 

solution and precipitation behaviour of the interstitials to heat 

treatment procedures and the toughness properties of the alloys.
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