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Fracture Toughness in  Relat ion to 
Steel  Castings Design and Applicat ion 

by 

W .  J. Jackson 

ABSTRACT 

The purpose of  th is  paper i s  to  demonstrate the value of  f racture 
mechanics in  s teel  cast ing design and mater ia l  se lect ion,  and to point  out  
the s igni f icance of  defects,  especia l ly  wi th regard to br i t t le  f racture and 
fat igue crack growth.  Whi le i t  has been necessary to inc lude some background 
theory and mathemat ical  concepts,  these have been kept  to a minimum; em- 
phasis i s  placed on the pract ica l  use of  f racture toughness cr i ter ia  for  
establ ish ing safety levels for  par t icu lar  serv ice appl icat ions and on the 
impl icat ions of  the f racture mechanics approach for  the steel  founder.  

INTRODUCTION 

Cast ings are indiv idual  products;  they are inspected indiv idual ly  for  
d iscont inui t ies which must  be repaired or  the cast ing re jected.  In many 
engineer ing appl icat ions cast ings tend to be "over  designed",  i  .e .  the safety 
factors are unnecessar i ly  generous where i t  can be shown that  any defects 
present  are not  cr i t ica l .  Design ru les,  to  avoid the possib i l i ty  of  fast  
f racture,  are not  the only constra ints on tota l  cast ings design,  but  they 
are of ten the greatest  constra int  and the least  quant i ta t ive.  A successfu l  
f racture mechanics approach to design would encourage product ion of  cast ings 
of  bet ter  f i tness for  purpose,  and general ly  l ighter  sect ion,  i f  th is  were 
desi rable for  other  than safety reasons.  

FACTORS OF SAFETY AND BRITTLE FRACTURE 

Tradi t ional ly ,  design calculat ions are based on the theory of  elas-  
t ic i ty ,  and therefore ut i l ize standard formulae,  which assume that  the 
mater ia l  i s  elast ic ,  homogeneous and isotropic.  For non-cr i t ica l  components ,  
i t  i s  usual ly  suf f ic ient  to  base the design on average st resses,  but  wi th 
cr i t ica l  components i t  may be necessary to take account  of  severe stress 
serv ice condi t ions ,  and obta in the local  s t ress d is t r ibut ions by theoret-  
ica l  or exper imental  st ress analys is  techniques.  The design st ress is  
re lated to e i ther  the y ie ld st ress,  or  the U.T.S. ,  by means of  a factor  of  
safety.  This s ingle factor  which is  usual ly  a product  of  several  contr ib-  
utory factors ,  accounts for  local  s t ress f luctuat ions,  var iat ions of  serv ice 
loading condi t ions ,  scat ter  in  mater ia l  propert ies and envi ronmental  ef fects.  
The choice of  the factor  of  safety depends on the exper ience and judgement 
of  the designer unless i t  is  impl ic i t ly  s tated in a re levant  speci f icat ion 
or  design code.  

For  duct i le  mater ia ls  and stat ic  loading condi t ions,  the factor  is  
re lated to the y ie ld of  0.2% proof  s t ress.  
may usual ly  be ignored,  because they are re l ieved by p last ic  deformat ion.  
The minimum safety factor  for  s teel  cast ings based on the U.T.S.  is  usual ly  
taken as 4 ,  but design engineers,  uncer ta in of  the qual i ty  of  the steel  
and unfami l iar  wi th the re l iabi l i ty  of  s teel  cast ings,  have in the past  
used addi t ional  safety factors of  2 to  5  or  more.  
safety factors are rendered largely unnecessary by the wide range of  non-  
destruct ive tests which can be appl ied to stee l  cast ings and by the data 

Local  stress concentrat ions 

These exaggerated 
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now avai lable,  even ignor ing recent  f racture toughness data.  This i s  re-  
f lected in the magni tude of  the qual i ty  factors appl ied to steel  cast ings 
to modi fy  the safety factors for  boi lers and pressure vessels.  

The essence of  the f racture toughness approach is  to quant i fy  an ac-  
ceptable degree of  unsoundness in a steel  cast ing for  a g iven appl icat ion 
and not  to at tempt to agree on what  const i tu tes complete soundness.  A 
f racture toughness approach of fers the possib i l i ty  of  d is t inguishing the 
abi l i ty  to  res is t  fast  f racture f rom other  constra ints such as plast ic  
col lapse and,  somet imes ,  buckl ing.  

Not  al l  duct i le  fa i lures involve f racture.  The duct i le  fa i lure i s  
predictable because the necessary load required for  a duct i le  f racture 
can be calculated or  est imated.  From a macroscopic v iewpoint ,  a  duct i le  
f racture exhib i ts  the fo l lowing character is t ics :  

a)   a  large amount  of  p last ic  deformat ion precedes the f racture 
b)    shear l ips may be present ;  
c)    the f racture may appear to be f ibrous,  or  have a matte or  s i l ky  texture;  
e)    the cross sect ion at  the f racture may be reduced by necking;  and 

crack growth wi l l  be s low.  

Br i t t le  fa i lures cannot  be predicted by s imple engineer ing calculat ions.  
Because of  thei r  catastrophic and unexpected nature,  much research has 
been done in t ry ing to contro l  th is  problem. From a macroscopic s tandpoint ,  
br i t t le  f ractures are character ized by the fo l lowing:  

a)   l i t t le  or  no plast ic  deformat ion precedes the f racture;  
b)   the f racture i s  general ly  f la t  and perpendicular  to the sur face 

of  the component ;  
c)  the f racture may appear granular  or  crysta l l ine and is  of ten h ighly 

ref lect ive to l ight .  Facets may also be observed,  especia l ly  in  
coarse-gra ined steels;  and 

propagate rapid ly .  
d)   herr ingbone,  or  chevron,  pat terns may be present  and cracks 

When notched,  mi ld s teel  can be made to f racture in  e i ther  a br i t t le  
or  a duct i le  manner merely by a l ter ing the temperature.  Even i f  a notch is  
not  made del iberate ly ,  a smal l  crack can be in i t ia ted wi th in a metal ,  as 
in  the case of  a pol ished fat igue specimen,  by a process of  gra in boundary 
movement or  sl ip .  Cracks are also in i t ia ted at  elevated temperatures 
when a steel  is  under creep condi t ions.  Such cracks may be very smal l  but  
wi l l  have extremely sharp extremit ies.  Wi th steels general ly ,  in i t ia t ion 
of  br i t t le  f racture i s  more d i f f icu l t  than propagat ion,  g iven the same 
operat ing condi t ions.  Most  s t ructures ,  such as br idges,  ships ,  storage 
tanks,  pressure vessels,  are designed on the basis of  defect- f ree mater ia ls ,  
with appropr iate factors of safety based main ly  on past  exper ience.  By 
apply ing f racture mechanics a more real is t ic  approach can be made,  accept ing 
that  no metal  is  defect- f ree and calculat ing the s ize of  defect  that  can 
be to lerated wi thout  i t  propagat ing in  a br i t t le  manner.  The toughness 
of  the steel  obviously in f luences the propagat ion or  arrest  of  a crack and 
i n  pract ice the problem i s  one of  def in ing toughness,  decid ing by which 
tests i t  should be assessed and what  level  should be speci f ied.  
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The Charpy V-notch impact  test  has had considerable success in provid ing 
the designer wi th some idea of  the re lat ive notch- toughness of  var ious 
mater ia ls .  The main advantage of  th is  test  i s  that  the specimen used i s  
re lat ive ly  smal l ,  but  i t  has the d isadvantage that  a measure of  t ransi t ion 
temperature is  obta ined only for  the prevai l ing condi t ions.  The Charpy 
V-notch t ransi t ion temperature can a lso be shi f ted by a change in specimen 
s ize,  a change in notch conf igurat ion and a change in the rate of  loading.  
I t  fo l lows that  the Charpy V-notch test  has the fo l lowing d isadvantages 
when the resul ts  are appl ied to pract ica l  design:  

a)   The Charpy V-notch impact  test  does not  reproduce the t r iax ia l i ty  
that  occurs in  th icknesses greater  than 10 mm ( .39  in . ) ;  

b)   the notch i s  blunt  by compar ison wi th natura l  cracks;  
c)   i t  is  an impact  test ,  and the major i ty  of  br i t t le  fa i lures in  

serv ice occur  under s tat ic  condi t ions;  and 
d)   the mater ia l  tested is  usual ly  taken f rom a test  sample that  is  

not  a lways ent i re ly  representat ive of  the mater ia l  as a whole.  

Consequent ly ,  Charpy test  resul ts  cannot  be used to determine a safe 
work ing temperature for  serv ice appl icat ion,  or  safe design against  br i t t le  
f racture.  More sophist icated types of  test  are required and l inear  e last ic  
f racture mechanics (LEFM) has been found usefu l  for  predict ing,  in  terms 
of  a s ingle parameter ,  the f racture st ress of  components conta in ing sharp 
f laws.  

FRACTURE MECHANICS 

Fracture mechanics is  a usefu l  method of character iz ing f racture 
toughness,  fat igue crack growth,  or  stress-corros ion crack growth behavior  
in  terms of  s t ructura l  design parameters fami l iar  to  the engineer,  namely 
st ress and f law size.  Fracture mechanics is  based on a st ress analys is  
and does not  depend on the use of  serv ice exper ience to t ranslate laboratory 
resul ts  in to pract ica l  design informat ion (as does the Charpy V-notch 
test ,  for  example) .  

The theory of  l inear  e last ic  f racture mechanics (LEFM) has been devel-  
oped in terms of  a st ress in tensi ty  factor  (K)  determined by st ress analys is ,  
and expressed as a funct ion of  s t ress and crack s ize,  namely (s t ress)  x  
( length)1 / 2 .  
the st ra in energy re lease rate,  or  the st ress in tensi ty  at  the crack t ip  
(K c ) ,  reaches a cr i t ica l  va lue.  There are three modes of  f racture,  mode 
I  being ident i f ied as the opening mode,  in  which the crack sur faces move 
opposi te and perpendicular  to each other  (as when opening by dr iv ing in  a 
wedge).  
point  of  v iew and has been studied more extensively  than modes I I  and I I I ,
which involve s l id ing and la tera l  tear ing respect ive ly .  

The basic assumpt ion is  that  crack propagat ion wi l l  occur  when 

This mode is  the most  important  f rom the low st ress f racture 

Plane st ra in is  def ined as a state of  two d imensional  s t ra in,  there 
being no st ra in in  the through-th ickness d i rect ion,  that  is ,  i t  i s  a 
state of  t r iax ia l  st ress.  The ideal  condi t ions of  s t ress are not  usual ly  
real ized in pract ice and a mixed mode state of  stress exists .  Even in  
very br i t t le  f ractures,  some plast ic  f low may occur  at  the t ip  of  a sharp 
defect .  In  order  to establ ish the cr i t ica l  s t ress in tensi ty  by l inear  
e last ic  f racture mechanics,  the p last ic  zone must  be kept  smal l  in  com- 
par ison to the other  d imensions of  the specimen.  For  essent ia l ly  p lane 
st ra in condi t ions,  the inherent  f racture toughness of  a mater ia l  can be 
expressed in terms of  the cr i t ica l  va lue of  the stress in tensi ty  factor  
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K I C  at  which crack instabi l i ty  occurs.  The value of  K I C  has to be deter-  
mined exper imental ly  but ,  once proper ly  determined under one set  of  con-  
d i t ions,  i t  is  equal ly  appl icable to other  condi t ions.  The value of  K I C  
does,  of  course,  vary markedly wi th metal lurg ical  var iables,  such as 
steelmaking pract ice and inc lus ions,  heat  t reatment  and microstructure,  
but  i t  can be used to compare steels of  d i f ferent  s t rength levels by use 
of  the parameter  

which is  not  possib le in  the case of  approaches based on t ransi t ion tem- 
perature.  

To summarize:  

K =  Cri t ica l  s t ress in tensi ty  factor  for  s tat ic  loading 
and p lane st ress condi t ions of  var iable constra int .  
Thus,  th is  value depends on specimen th ickness or  shape.  

c  

K I C=  Cri t ica l  s t ress in tensi ty  factor  for  s tat ic  loading and 
p lane st ra in condi t ions of  maximum constra in.  Thus th is  
value is  at  a minimum for  th ick sect ions.  

KQ  = A provis ional  va lue of  K I C   before al l  compl iance tests 
have been appl ied.  

I t  is  emphasized that  the preceding d iscussion has been conf ined to 
l inear  e last ic  f racture mechanics (LEFM),  in  which the f racture res is tance 
of  a mater ia l  is  def ined in terms of  the e last ic  s t ress f ie ld in tensi ty  
near the t ip  of  a crack.  In  fact ,  the f racture toughness parameter  K I C  
i s  v a l i d  only when determined under cond i t ions  which prevent  s i g n i f i c a n t  
y ie ld ing at  the crack t ip .  Such condi t ions are d i f f icu l t  to  achieve in 
pract ice for  the lower st rength steels commonly used for  s t ructura l  pur-  
poses.  I t  is  usual ,  therefore,  in  these steels which exhib i t  y ie ld ing 
at  a crack t ip  before f racture occurs,  to  speak in terms of yie ld ing 
f racture mechanics (YFM) ;  the concept  of  crack opening d isplacement has 
been int roduced as a measure of  toughness in these c i rcumstances.  The 
crack opening d isplacement (COD or δ )  is  the actual  d is tance that  the 
two opposi te faces of  the crack t ip  move apart  before fa i lure occurs 
and the cr i t ica l  va lue is  referred to as δ c. The re lat ionship to cr i t ica l  
f law s ize (a c r i t )  is  given by the equat ion:  

where e y  is  the st ra in at  y ie ld and c is  a mater ia l  constant .  
 

Another  method of  t reat ing YFM is cal led the J- integral ,  which is  
the average measure of  the e last ic-p last ic  s t ress/st ra in f ie ld ahead of  
a crack.  For elast ic  behavior  ( i .e .  p lane st ra in) ,  the J- in tegral  is  
represented as the energy re lease rate (J I C )  per uni t  crack extension,  thus 
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where E is  Young's Modulus and v is  Poisson's rat io .  The re lat ionship 
between J- integral ,  and δ  may be expressed as fo l lows:  

For  s teels which are on the border l ine for  t reatment  by e i ther  LEFM 
or  YFM, a uni f ied test  technique can be used to determine K I C  or   δ c  f rom 
a s ingle test  piece.  
has been developed:  

For  elast ic  behavior ,  the fo l lowing re lat ionship 

Thus,  the rat io  δ c   in  YFM is  comparable to ____
e y

in  LEFM, i .e .  i t  is  a measure of  the defect  to lerance of  a s teel .  The COD 
test ,  whi ls t  preferred in the UK for  welds,  is  not  universal ly  acceptable 
and for  low st rength,  tough cast  s teels,  the NDTT approach using the drop-  
weight  test  (ASTM E208) is  preferred.  

In an ar t ic le of  th is  nature,  i t  i s  not  necessary to descr ibe the 
deta i led techni  ues of  test ing to determine K I C  and δ c   .  Standard methods 
are avai lable1 , 2  and an extensive l i terature exists  g iv ing pract ica l  and 
theoret ica l  deta i ls  concerning the test ing parameters 3 - 1 0 .  The  tes ts  
are expensive to carry out  because of  the machin ing and preparat ion of  the 
tes t  pieces and a lso because of  the precise inst rumentat ion needed to 
measure the test  parameters.  A v iew of  the servohydraul ic  machine used at  
SCRATA to carry out  f racture toughness tests is  shown in F ig.  1. 

Research work i s  current ly  in  progress at  SCRATA to establ ish for  cast  
s teels the compat ib i l i ty  between K I C ,  δ c ,  J and other  f racture parameters,  
which a l low for  a d i rect  extension of  LEFM concepts to YFM behavior .  Some 
resul ts  f rom recent  work are shown in F ig.  2 for  a 0.34%C pla in carbon steel  
and in F ig.  3 for  0.54%C pla in carbon steel .  I t  can be seen that  the 
J- integral  analys is  gave toughness values far  in  excess of  the KQ  values . ( 1 1 )   

In  the case of  low-al loy steels,  where the advantage of  us ing J- integral  
only  lay in  the use of  smal ler  specimens,  there was closer  correspondence 
of  resul ts  ( 1 2 ) .  

Calculat ion of  Cr i t ica l  F law Size 

Cr i t ica l  f law s izes can be calculated wi th reasonable accuracy us ing 
exper imental ly  determined f racture toughness (K I C )  values.  The cr i t ica l  
s ize wi l l  a lso depend on the f law shape and locat ion,  and,  addi t ional ly ,  
the appl ied or  working stress (σw )  must be known. For  sur face f laws,  the 
equat ion is :   
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For in ternal  or  embedded f laws,  the coef f ic ient  1.21 i s  taken as uni ty ,  
i .e .  in ternal  f laws are less severe than sur face f laws.  Basic re lat ionships 
for  var ious crack geometr ies are g iven in F ig.  4 .  A  s a m p l e  c a l c u l a t i o n  f o r  
determining the cr i t ica l  f law s ize in  a cast ing i s  given in Appendix I .  
Typical  va lues of  cr i t ica l  f law size for  widely d i f fer ing types of  cast  
s teel  have been calculated in Table IA for  a range of  f law geometr ies and 
typical  work ing st resses expressed as f ract ions of  the actual  y ie ld or  
(0.2% proof)  st ress of  the steel .*  

These resu l ts  have been p lot ted to show graphical ly  some important  
features of  the data,  In  F ig.  5,  for  a range of  cr i t ica l  f law sizes f rom 
sharp to rounded,  i t  can be seen that  at  low work ing st resses f laws may 
be re lat ive ly  large before they become of  cr i t ica l  s ize and that  a fu l ly  
rounded f law of  near ly  twice the s ize of  a sharp f law can be to lerated.  
At higher s t resses,  however,  (e.g.  0.8  x  yie ld st ress)  cr i t ica l  f law s izes 
become very smal l ,  in  fact  less than 10 mm ( .39  in . )  fo r  the steels  i l lus-  
t rated,  but  the statement  i s  general ly  t rue for  cast  stee ls  which are 
amenable to  the l inear  e last ic  f racture mechanics (LEFM) approach.  

Subcr i t ica l  F law Growth by Fat igue and Stress Corros ion 

Fat igue fa i lure i s  a three-stage process of  in i t ia t ion,  propagat ion 
and fast  f racture.  The lat ter  occurs when a crack has reached a cr i t ica l  
defect  s ize for  the st ress level  appl ied.  In  the absence of  defects,  the 
in i t ia t ion stage may occupy a large percentage of  a component 's  l i fe .  
defects are present ,  the crack in i t ia t ion stage becomes re lat ive ly  unim- 
por tant  s ince most  of  the l i fe  wi l l  be spent  in  the crack propagat ion stage.  

When 

The f law growth ra te,  da/dN, under condi t ions of  f luctuat ing work ing 
st ress,  may be measured in terms of  the increase in length per  cyc le.  
This a l lows predict ion of  the number of  cyc les necessary to grow the 
in i t ia l  f law (a i )  to  the cr i t ica l  f law size (a c r i t ) .  

The rate of  fat igue crack propagat ion is  re lated to K by:  

where c and n are mater ia l  constants ( 1 4 ) .  The la t ter  have been determined 
for  a number of  cast  s teels wi th both machined and cast- to-shape notches 
(Table IB)  ( 1 5 , 1 6 ) .  Curves for  the crack propagat ion ra te  o f  severa l  
steels are g iven in F ig.  6 ;  one of  the steels,  represented by a dot ted 
curve,  conta ined Type I I  sulphide inc lus ions and the increased rate of  crack 
propagat ion is  clear ly  seen.  

In general ,  i t  is  not  possib le to predict  the l i fe  between a i  and a c  
unless the in i t ia l  f law is  sharp.  I f  i t  has a f in i te  radius,  p,  then 
there is  a dwel l  t ime,  i .e .  a number of  cyc les e lapse before commencement 
of  growth.  The number of  cyc les to crack in i t ia t ion,  N i ,  may be calcu-  
la ted f rom the fo l lowing expression 
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where B and m are mater ia l  constants.  Values for  cast  s teels have been 
determined ( 1 5 , 1 6 ) .  

In  addi t ion to subcr i t ica l  crack growth by fat igue,  growth can occur  
by st ress-corros ion.  Again there i s  the problem of  separat ing in i t ia t ion 
and propagat ion,  but  th is  can be overcome in the laboratory by test ing pre-  
cracked samples.  A stress-corros ion st ress in tensi ty  l imi t  K I S C C  can be  
determined and used in p lace of  K I C  to  calculate the cr i t ica l  crack s ize 
below which st ress-corros ion may b e  ignored.  

APPLICATION OF FRACTURE MECHANICS 

The elements of  f racture mechanics may be summarized in the form of  a 
t r iangle having at i ts  apexes the parameters :  working st ress (σw ) ,  f racture 
toughness (K I C )  and cr i t ica l  f law s ize (a c r i t ) .   I f  two of  the three param- 
eters are known, the th i rd can be calculated;  th is  s imple concept  emphasizes 
the importance of  being able to accurate ly  measure the s ize of  a d iscon- 
t inu i ty .  Fur thermore,  the designer does not  a lways know exact ly  the magni-  
tude and d is t r ibut ion of  the st resses in a component  and i t  is  obvious why 
a safety factor  has to be appl ied.  But  res idual  s t resses in a cast ing can 
be of  a surpr is ingly  h igh order  before the work ing st ress is  appl ied.  Con- 
sequent ly ,  some knowledge of  the magni tude of  possib le res idual  s t resses is  
essent ia l .  

In  many heavy engineer ing appl icat ions steel  cast ings tend to  be "over-  
designed",  unnecessar i ly  h igh safety factors being speci f ied when i t  can be 
shown that  the d iscont inui t ies present  are not  cr i t ica l .  In  th is  event ,  
d iscont inui t ies of  cer ta in s izes can be to lerated but  the smal ler  the factor  
of  safety,  the smal ler  wi l l  be the acceptable d iscont inui ty  s ize.  In  
many cases i t  is  more economical  to  use th inner sect ions and put  a l imi t  
on the s ize of  the d iscont inui ty ;  in  other  cases,  i f  a cr i t ica l  f law s ize 
is  known, i t  may be more economical  to  select  th icker  sect ions and to 
leave subcr i t ica l  d iscont inui t ies rather  than to excavate and weld.  Due 
considerat ion must  be g iven at  al l  t imes to  the type of  serv ice for  which 
the cast ing is  dest ined,  e.g.  s tat ic  or  dynamic st ress,  temperature of  
operat ion,  neutra l  or  host i le  envi ronments,  and the possib i l i ty  of  misuse 
dur ing serv ice.  No more than the desi red qual i ty  need be "bui l t  in"  
and th is  is  the basis of  the concept  " f i tness for  purpose".  For  th is  con-  
cept  to be operated proper ly ,  the re levant  factors must  be quant i f ied,  
and th is  is  the under ly ing aim of  the work being carr ied out  at  SCRATA 
in th is  f ie ld at  the present  t ime.  I t  is  apparent  that  f racture mechanics 
can be used in three major  areas:  ( i )  design;  ( i i )  mater ia l  select ion and 
a l loy developmnet;  and ( i i i )  determining the s igni f icance of  defects.  
Anci l lary areas are ( iv)  moni tor ing and contro l ,  and fa i lure analys is .  
Each of  these i tems wi l l  be enlarged upon.  

Design 

Convent ional  design procedures are based upon the y ie ld st rength 
or  ul t imate tensi le  s t rength.  This approach was considered to be re lat ive ly  
safe when appropr iate safety factors were used.  Instances where unstable 
f racture occurred at  stresses below the y ie ld st ress however necessi tated 
making provis ion for  such c i rcumstances.  Fracture mechanics provides th is  
a l ternat ive in  terms of  the K I C  value,  but  cyc l ic  s t ressing and fat igue 
crack growth ra te a lso have to be taken into account .  Factors of  safety 
can  then  be used on  the i n i t i a l  de fec t  s i ze ,  the work ing  s t ress ,  and /o r  
the ant ic ipated number of  loading cycles.  
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An example of  the pract ica l  appl icat ion to design may be g iven in  
the main st ructura l  f ramework of  the Beaubourg Centre,  Par is ,  France ( 1 7 ) .   
The design of  the Beaubourg Centre was the subject  of  an in ternat ional  
archi tectura l  compet i t ion,  launched in 1971 .  Of the 681 schemes submit ted,  
the winning archi tects were Piano and Rogers,  and the winning engineer ing 
design was that  of  Ove Arup and Partners.  The la t ter  were inspi red to 
use steel  cast ings in  thei r  design fo l lowing a v is i t  to  Japan,  where they 
saw spher ica l  cast  s teel  nodes in the three d imensional  s t ructures at  
"Osaka 1970"  which possessed a c lean s impl ic i ty  rare ly  found e lsewhere.  

The Beaubourg bui ld ing has s ix  f loors and is  d iv ided lengthwise into 
13 bays,  each measur ing 12.8 x 48 m (42 x 157.5  f t . )  and are uninterrupted 
by in ternal  load-carry ing columns.  The f loors are suspended external ly  
by cant i lever  beams (steel  cast ings)  which h inge on to the main columns 
(see Fig.  7) .  Because cast  s teel  was a new mater ia l  to  the design engineers,  
i t  was necessary to devise,  in  col laborat ion wi th the construct ional  
engineers,  new methods for  test ing and inspect ion.  Ul t rasonic test ing of  
the nodes for  the main g i rders is  shown in progress in  the product ion stage 
(Fig.  8) .  I t  was appreciated that  some defects were inevi table in  cast  and 
welded components and that  non-destruct ive tes ts  could not  be re l ied upon 
to reveal  every shor tcoming.  The engineers decided,  therefore,  to  base 
thei r  speci f icat ions on f racture toughness tests  using LEFM (K I C )  and YFM 
(COD) where appl icable.  Moreover,  i t  was appreciated that  these were ex- 
pensive tests and the decis ion was taken that  resul ts  should be used to 
establ ish the order  of  qual i ty  of  the mater ia ls  at  the star t  of  product ion.  
The f racture toughness tests showed the cast  s teel  exhib i ted the required 
standards of  qual i ty .  Af ter  pre l iminary weld ing tests had indicated the 
correct  weld ing procedures,  u l t imate tests  to  col lapse proved that  i t  
was possib le to at ta in sat is factory and,  in  some cases,  excel lent  resul ts .  

Another  example i s  the design against  br i t t le  f racture of  a main  
coolant  pump in a nuclear  reactor  pr imary c i rcu i t  ( 1 8 ) .  The housing 
was constructed f rom three C-1/2%Mo steel  cast ings which were welded together  
to form a casing having wal l  th ickness f rom 4  in .  to  22 in.  and weighing 
about  32 tons,  af ter  in ternal  sur faces had been c lad wi th sta in less steel .  
Because of  the h igh toughness of  the steel ,  an LEFM approach was not  val id  
and COD and J- integral  tests  were carr ied out  over  a range of  temperatures 
( -50 to +70°C)  ( -58  to  +158°F).  A good corre lat ion between these parameters 
was found.  

The f in i te  e lement  method was used to determine the st ress f ie lds 
for  proof  test  loading and three serv ice condi t ions,  star t ,  running and 
stop.  An addi t ional  10 N/mm2  (1450 psi )  was taken into account  as a 
conservat ive est imate of  res idual  s t ress.  Cr i t ica l  defect  s izes were 
calculated f rom COD, J and the non-val id  KQ  the COD-der ived values were 
considerably larger  than those calculated f rom KQ .  I t  was apparent  that  
KQ  was unable to take advantage of  the ext ra  duct i l i ty  avai lable in  and 
beyond the t ransi t ion temperature range and i t  was considered that  fo r  th is  
appl icat ion the to lerable defect  s izes def ined on the basis of  KQ  were 
much too st r ingent .  

The analys is  carr ied out  prov ided valuable in format ion for  design 
engineers,  on the st ress dist r ibut ion and cr i t ica l  defect  s izes in  the 
cast ings.  Charpy V-notch and drop-weight  tests were a lso made and wi l l  
be used  i n  the fu ture  for  qual i ty  contro l  purposes.  
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A fur ther  example of  the f racture mechanics approach to design is  
in  the f ie ld of  power generat ion.  In  1975,  the London f i rm Boving & Co. 
L imi ted received an order  f rom the Centra l  Electr ic i ty  Generat ing Board 
(UK) for  s ix  300 MW revers ib le pump turb ines to work under a head of  
540 m (1771.7  f t . ) .  The machines were to work in  var ious modes,  as pumps,  
turb ines,  and a lso to run wi th the runners b low down as spinning reserve.  
A l i fe  of  55 years wi th 15,000 mode changes each year was speci f ied.  
Since many mode changes involved opening or  clos ing the main in let  va lve,  
th is  valve,  the stay r ing spi ra l  casing,  and the top and bot tom covers 
were designed for  400,000 cycles,  wi th a stress range corresponding to 
the pressure change when the valve opens to when the valve c loses,  equal  
to  575 m (1886 .5  f t . ) .  I t  is  bel ieved that  th is  was the f i rs t  t ime such 
a r igorous speci f icat ion for  fat igue design had been appl ied to a water  
turb ine.  

The or ig inal  design at  the tender s tage was based on convent ional  
methods of  water  turb ine design but  the st ress level  adopted was adjusted 
to take account  of  the fat igue requirement .  Some calculat ions were done 
at  th is  s tage to assess the sensi t iv i ty  of  the design to the expected 
s ize of  defects and a cast ing acceptance standard was wri t ten.  This a l lowed 
20% wal l  th ickness defects in  the middle th i rd of  the sect ion th ickness,  
but  only very smal l  defects in  the two outer  th i rds.  For  the f ina l  design 
an accurate st ress pat tern was requi red and th is  was obtained using the 
photo-e last ic  method for  the valve body and rotor  and f in i te  e lement  
analys is  for  the top and bot tom covers and stay r ing.  The main components 
of  the machine,  the valve body and rotor ,  the stay r ing,  the top and bot tom 
covers were cast  in  carbon-manganese steel .  The spi ra l  casing was fabr i -  
cated f rom steel  p late,  and welded to the cast  s teel  s tay r ing.  The 
f racture toughness of the mater ia ls  was determined by p lane st ra in f racture 
toughness test ing.  

Af ter  the components were cast  a carefu l  u l t rasonic inspect ion was 
made, and al l  defects were numbered and thei r  s ize and posi t ion tabulated.  
The size was determined by probe movement technique.  The defects were then 
p lot ted on to drawings of  the components,  so that  the st ress in  that  
posi t ion could be found.  On each defect ,  whether  ins ide or  outs ide the 
defect  acceptance standard,  a f racture mechanics assessment was made. 
The crack growth in  400,000 cycles was est imated,  and the K I  was checked 
using th is  enhanced crack s ize and a st ress equal  to  the maximum that  
could occur  in  operat ion (dur ing load re ject ion) .  The possib i l i ty  of  
p last ic  col lapse occurr ing in  these condi t ions was also checked.  As a 
resul t  of  these calculat ions a decis ion was taken whether  to accept  or  
repai r  the defect .  In  the case of  defects in  c lose proximi ty  to one 
another ,  the ru les g iven in a draft  speci f icat ion were used to determine 
any inter-act ion ( 1 9 ) .  I t  i s  be l ieved  tha t  th i s  approach  to  des ign  
ensures a machine of  adequate l i fe ,  and minimizes the amount  of  cast ing 
weld repairs  required.  

Mater ia l  Select ion 

The f i rs t  s tep in apply ing f racture mechanics to mater ia l  select ion 
i s  to  obta in the value of  K I C  (o r  KC )  for  the mater ia ls  under considerat ion.  
For  pla in carbon and lower st rength steels auxi l iary test  methods must  be 
used to est imate the KC  or  K I C ,  or  a COD test  should be carr ied out  and 
δ c  de te rm ined .  Nex t ,  assess  the t ype  of  f l aw that  wi l l  most  l ike ly  occur  
in  the cast ing being analyzed (e.g.  sur face,  edge or  through-th ickness,  
see Fig.  4 )  and est imate the range of  f law sizes that  could possib ly  be 
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encountered.  Then,  p lot  a c r i t  versus gross work ing st ress calculated,  as 
a par t icu lar  f ract ion of  the yie ld st ress of  the stee l .  Such a d iagram 
(F ig.  9)  represents the order  of  the steels  according to thei r  abi l i ty  
to  carry work ing st resses in  the presence of  f laws of  cer ta in s izes,  wi thout  
g iv ing r ise to  fast  propagat ion of  those f laws.  Such a diagram for  each 
mater ia l  can be used to select  the opt imum mater ia l ,  to  establ ish design 
st ress levels,  and to  form the basis  for  inspect ion requirements.  I t  must 
be borne in mind that  the st resses plot ted are actual  s t resses,  which,  in  
the area of  the defect ,  could be higher than the average design st ress;  
and that  a d iscont inui ty  which is  below the cr i t ica l  s ize under s tat ic  
condi t ions wi l l  grow under the act ion of  repeated st ress,  that  is ,  by a 
mechanism of  fa t igue.  Fur thermore,  s ince 

i s  a measure of  the defect  to lerance of  a steel ,  increasing the y ie ld 
st rength wi thout  proport ionate increase in toughness is  detr imental  to  the 
f law to lerance.  Thus,  s teels with the same 

rat io  wi l l  have the same cr i t ica l  d iscont inui ty  s izes at  the same f ract ion 
of  thei r  yie ld stresses but  the absolute work ing stresses can be very 
d i f ferent .  

Signi f icance of  Discont inui t ies 

Discont inui ty  s ize is  one parameter  of  the f racture t r iangle and 
the s igni f icance of  d iscont inui t ies in  re lat ion to the other  two parameters,  
work ing st ress and K I C ,  has a l ready been d iscussed under the previous 
headings of  design and mater ia l  select ion.  The factors to be taken into 
account  when consider ing acceptance standards for  the maximum size and 
number of  f laws that  can be to lerated in a given component  are:  

a)  mechanical  propert ies,  inc luding f racture toughness;  
b) appl ied st ress level  ( inc luding res idual  st ress i f  any);  
c)  cyc l ic  nature of  the st ress;  
d)  temperature ;  
e)  envi ronment ;  
f )  degree of  uncer ta inty of  foregoing data;  and 
g) potent ia l  consequence of  fa i lure.  

Discont inui t ies in  steel  cast ings may be classi f ied in to two cate-  
gor ies:  (1)  l inear  or  crack- l ike (which inc ludes cold cracks,  hot  tears,  
f ine ( in terdendr i t ic)  and f i lamentary shr inkage);  and (2)  rounded (which 
inc ludes gas porosi ty  in  the form of  d iscrete near-spher ica l  hales,  en-  
t rapped ai r ,  pinholes,  wormholes,  and also exogenous inc lus ions which 
consist  of  nonmetal l ic  matter  ar is ing f rom sand and/or  s lag) .  Apart  f rom 
cold cracks,  which are st ress cracks occurr ing af ter  the complet ion of  
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sol id i f icat ion,  s teel  cast ings,  at  the t ime of  commencement of  serv ice,  
rare ly  exhib i t  s ingle in ternal  f laws of  the exemplary type used in f rac-  
ture toughness calculat ions.  F law t ips are unl ike ly  to be as sharp as 
the fat igue crack t ip  used in f racture toughness test  specimens.  I t  i s  
l ike ly  that  a dwel l  t ime under cyc l ic  s t ressing would be necessary to 
in i t ia te sharp crack.  Again,  apar t  f rom the cold crack,  other  f laws 
almost  cer ta in ly  consist  of  mul t ip les or  groups.  Embedded f laws are less 
innocuous than sur face f laws,  and,  at  present ,  unt i l  research shows how 
to t reat  f laws of  complex shape,  a conservat ive approach is  adopted;  al l  
f laws are assumed to have a sharp t ip  and three-dimensional  groups of  
f laws are taken to be equivalent  to one f law having the s ize of  the 
envelope encompassing the smal ler  ones.  

Moni tor ing,  Contro l  and Fai lure Analys is  

The use of f racture mechanics in  the moni tor ing of  equipment  in  ser-  
v ice is  dependent  main ly  upon a knowledge of  the f racture toughness of  
the mater ia l  and the exact  appl ied st ress,  be i t  stat ic  or  cycl ic .  
Wi thout  th is  knowledge,  i t  cannot  be predicted when a d iscont inui ty  
wi l l  reach a cr i t ica l  s ize.  Furthermore,  because of  access d i f f icu l t ies,  
f law locat ion and s iz ing becomes more d i f f icu l t  in  s i tu .  Nevertheless ,  
provided that  al l  the l imi tat ions are understood,  moni tor ing of  cr i t ica l  
equipment  can be worthwhi le.  An example appl ied to stee l  cast ings is  
provided by the Centra l  Electr ic i ty  Generat ing Board (UK).  

Dur ing an inspect ion of  an I .P.  cy l inder  of  a power stat ion turb ine,  
extensive cracking of  the in let  s team bel t  was found.  Several  regions 
of  shal low cracking were el iminated by gr inding out ,  but  one extensive 
crack gave cause for  concern because of  i ts  depth and posi t ion.  A repair  
by weld ing was ru led out  because of  possib le d is tor t ion and a replacement 
cast ing was not  avai lable.  A f racture mechanics assessment was therefore 
undertaken to determine whether  or  not  the cracked casing was acceptable 
for  futher  serv ice.  The 120 MW turb ine uni t ,  o f  which the 1/2%Mo-1/3%V 
steel  casing was part ,  had been insta l led and commissioned in 1959 /60 ,  
and up to 1970 had operated as a base load machine wi th very few hot  and 
cold star ts .  From 1970  onwards,  the uni t  was used predominant ly  for  two- 
shi f t  operat ion and therefore subjected to a large number of  hot  and 
cold star ts ;  there seemed l i t t le  doubt  that  cracking in the casing was 
associated wi th the large temperature d i f ferent ia ls  set  up dur ing star t -  
ups and shut-downs.  

The analys is  of  the crack behavior  fe l l  in to three par ts :  (1) the 
analys is  of  the operat ional  s t resses in the casing,  (2)  the der ivat ion of  
s t ress in tensi ty  factors corresponding to those st resses ,  and (3 )  the 
appl icat ion of  the calculated st ress in tensi ty  factors to the mechanical  
property  data.  

Operat ional  Stresses -  The st ress exper ienced by the casing for  any 
operat ional  condi t ion was taken as the sum of  thermal ,  pressure and re-  
sidual  stresses.  The thermal  st ress was evaluated f rom the product  of  the 
nominal  s t ress and the concentrat ion due to the local  geometry.  The 
pressure st resses were neglected dur ing a star t  unt i l  the turb ine came 
on load;  thereaf ter ,  the st resses were determined by tak ing the product  
of  the nominal  s t ress in  a uni form cy l inder  and the concentrat ion due to 
the l oca l  geometry.  Wi th regard to res idual  s t ress,  no measurements had 
been made on cast ings in  1/2%Mo-1/3%V steel ,  but  prev ious st ress re laxat ion data 
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for  cast  1%Cr-Mo-V steel  at  550°C (1022°F) subjected to repeated st ra in ing,  
ind icated that  an equi l ibr ium value of  about  75 N/mm2  (10875 psi )  was 
reached.  This indicat ion was supported by other  work on 1%Cr-Mo-V cracked 
cast ings.  A res idual  s t ress of  75 N/mm2  (10875 psi )  was,  therefore,  
assumed to act  as a uni form tension across the uncracked por t ion of  the 
casing,  normal  to the p lane of  the crack.  

Stress Intensi ty  Factors -  Est imates were based upon the s imple 
double-edge cracked p late geometry,  a solut ion re lat ing st ress in tensi ty  
factor  to crack s ize,  and appl ied st ress being a l ready avai lable.  An 
est imate was made of  the var iat ion of  st ress in tensi ty  factor  through 
the th ickness of  the casing by tak ing the st ress and crack length at  each 
posi t ion through the wal l ,  and assuming that  these d id not  vary through 
the th ickness.  I t  was found that ,  for  two star ts  and the steady state on-  
load condi t ion,  the maximum st ress in tensi ty  factor  occurred at  the outer  
sur face and for  shut-down at  the inner  sur face.  

Crack Growth Predict ions -  Figure 10 shows the var iat ion of  stress 
in tensi ty  factor  wi th outs ide sur face steel  temperatures for  a cold star t  
which imposes ra tes of  heat ing s imi lar  to  those previously observed.  
Also shown in th is  f igure is  the K I C  temperature dependency determined 
in ear l ier  studies.  I t  can immediate ly  be seen that  br i t t le  f racture may 
occur  over  the temperature range 30° to  130°C (86°  to  266°F).  Br i t t le  
f racture can of  course be avoided i f  the steel  temperature d i f ferent ia ls  
are l imi ted to produce stress in tensi ty  factors which fa l l  below K I C  
at  al l  temperatures.  

Tolerable Through Wall  Temperature Di f ferent ia ls  -  The need to avoid 
br i t t le  f racture dur ing star t -up and shut-down and the requirement  for  
rest r ic t ion of  s table growth by fat igue and creep permi t ted an operat ional  
pat tern to be def ined,  as shown in F ig.  11. Regions A and B represent  
the l imi tat ions on the temperature d i f ferent ia ls ,  as a funct ion of the 
outs ide steel  surface temperature which should be fo l lowed for  the avoid-  
ance of  br i t t le  f racture dur ing star t -up and shut-down. I t  should be 
noted that  a posi t ive temperature d i f ferent ia l  means that  the inner  sur-  
face of  the casing i s  hot ter  than the outs ide,  and a negat ive d i f ferent ia l  
means that  the outer  sur face is  hot ter  than the inner .  The l imi tat ion 
of  the through wal l  di f ferent ia l  in  region C of  F ig.  11,  resul ted f rom 
the requirement  to l imi t  stable growth dur ing Winter  1974/75 .  Assuming 
that  the machine was to  operate on a 5-day week,  and run for  3000 hours 
over  th is  per iod,  the crack would grow by 6  mm ( .24 in . )  i f  the maximum 
di f ferent ia l  of region C is  susta ined on each star t -up and shut-down. 
Al ternat ive ly ,  the growth could be reduced to a negl ig ib le value by 
operat ing the machine cont inuously,  i .e .  a 7-day week.  

I t  was emphasized dur ing th is  s tudy that  many assumpt ions had been 
made in arr iv ing at  values for  pressure,  res idual  and thermal  st resses 
dur ing star t -up,  operat ion and shut-down, and that  the f racture mechanics 
assessment could not  prov ide a guarantee for  the safety of  the machine.  
Fur thermore,  i t  was recommended that  in  the event  of  a steam leak,  an 
observed crack extension or  any c i rcumstance which indicated that  crack 
growth may have occurred,  the uni t  should be shut  down immediate ly ,  
adher ing to the restr ic t ions of  area B in  F ig.  11.  Addi t ional  inst ru-  
mentat ion was insta l led in  the casing and the precaut ions stated were 
adhered to,  wi th the resu l t  that  s ince Winter  1 9 7 4 / 7 5  the uni t  has con-  
t inued to operate sat is factor i ly .  
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In  addi t ion to moni tor ing,  fa i lure analys is  i s  extremely important ,  
for  only  by doing th is  can f racture mechanics be shown to be a viable 
technique.  Unfor tunate ly ,  no reports  ex is t  in  the l i te ra ture  of  th is  
having been appl ied to stee l  cast ings,  a l though invest igat ions us ing 
f racture mechanics have been made on welded points between forged and 

to a forged rotor  shaf t ,  In  th is  case the damage was complex and re lated 
to d iscs which fa i led in  serv ice;  the damage was extensive and i t  was 
di f f icu l t  to  ascer ta in which cracks had in i t ia ted the fa i lure and which 
were consequent ia l  damage.  Fracture mechanics was used to tes t  the 
hypothesis that  the fa i lure was due to the burst ing of  one of  the low 
pressure d iscs dur ing rotat ion.  I t  also indicated that  the fa i lure could 
have been postponed or  even avoided by the use of  mater ia l  of  h igher 
f racture toughness.  The invest igat ion a l lowed approp r ia te  methods to 
be developed to prevent  such fa i lures in  the future ( 2 1 ) .  

Accuracy of  F law Size Measurement 

cast  components in  power generat ing p lant  ( 2 0 ) .  I t  has a lso been appl ied 

Four main non-destruct ive test ing techniques are used in s teel  
foundr ies at  the present  t ime:  magnet ic  par t ic le and penetrant  methods 
for  sur face inspect ion;  radiography and u l t rasonic inspect ion for  in ternal  
examinat ion.  I t  can be seen f rom Table IA that ,  typ ical ly ,  the smal lest  
surface defect  d imension that  needs to be measured i s  of  the order  of  
2.5 mm ( .10 in . )  and 3.0 mm ( .12 in . )  for  in ternal  f laws (assuming that  
design st resses greater  than 0.8σy  a re  no t  used) .   An examinat ion of  

exist ing standards incorporat ing NDT methods shows that  the smal lest  
defects that  must  be measured for  acceptance purposes are as shown in 
Table I I .  The values quoted in ASTM and other  s tandards have been evolved 
f rom exper ience in examining steel  cast ings and i t  i s  hoped that  the appl i -  
cat ion of  f racture mechanics wi l l  help to rat ional ize the d i f ference between 
exis t ing NDT standards.  

I f  we accept  these data as t ru ly  represent ing the present  day s i tuat ion,  
i t  would appear that  radiography i s  an inaccurate technique for  measur ing 
f law sizes.  For  the steel  wi th the lowest  f law to lerance in Table IA,  
embedded rounded f laws (a/b=1) of  15 .6  mm ( . 61  in . )  ( i .e .  7 .8  mm ( .31 in . )  
radius)  can be to lerated even at  high design st resses (0 .8σy ) ;  consequent ly  
the fact  that  the ASTM radiographic s tandard E280 rest r ic ts  rounded f laws 
to  1.0 mm ( .04 in . )  does not  seem part icu lar ly  re levant .  Whi t taker  ( 2 2 )  

conf i rms th is  v iewpoint  by saying  " I t  remains a sad fact  that ,  in  general ,  
radiography is  able to detect  the defects which f racture mechanics show to 
be of  only  secondary importance,  whi ls t  i t  fa i ls  to  detect  adequate ly  the 
real ly  important  defects" .  

I t  i s  shown in Table I I  that  the min imum f law s ize detectable by 
u l t rasonic methods i s  10 mm ( .39  in . )  for  a l inear  f law.  The ul t rasonic 
method should be able to detect  f law sizes wi th an accuracy of  ±20 per 
cent ,  i .e .  between 8 and 12 mm (  .31 and .47  in . )  for  l inear  and 3 to  5 mm 
( .12 to  .20 in . )  for  4  mm ( . 16  in . )  rounded f laws.  Whether or  not  a 20 
per  cent  accuracy is  achieved is  d i f f icu l t  to  assess,  s ince the accuracy 
of  the techniques used (e i ther  maximum ampl i tude or  beam spread) depends 
main ly  on the st ructure of  the stee l  and i ts  ul t rasonic at tenuat ion,  which 
in turn determines the usable test  f requency and the resolv ing power of  
the method.  Other  important  factors to be considered are the equipment  
character is t ics,  set t ing sensi t iv i ty ,  f requency and d iameter  of  the probe 
crysta l ,  sur face roughness of  the cast ing,  shape of  the cast ing and very 
important ly ,  the sk i l l  and abi l i ty  of  the operator .  Consequent ly ,  a factor  
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of  safety of  100 per cent  i s  suggested.  I t  would appear prudent ,  f rom a 
f racture mechanics point  of  v iew,  not  to use stee ls  of  such low toughness 
that  at  the design or  working stress a rounded cr i t ica l  defect  s ize i s  less 
than 6  mm ( .24 in . )  ( i .e .  3 mm ( .12 in . )  x 2) when u l t rasonic inspect ion 
i s  employed.  

Surface or  near sur face f laws can be detected by penetrant  and mag- 
net ic  par t ic le methods,  but  only the length,  and not  the depth* of  f law 
can be determined.  The suggested capabi l i ty  of  these methods i s  for  
measur ing lengths down to  0.25 mm ( .01 in . ) .  Compar ison wi th Table IA 
shows that  th is  is  a sat is factory accuracy fo r  a range of  s teels having 
widely d i f fer ing propert ies.  

A compar ison of  the ef f ic iency of  var ious NDT techniques has been 
made for  sur face fat igue cracks in  heat  t reated low-al loy wrought  s teel ( 2 3 ) .  
F ig.  12 shows that  cracks were 100 per cent  detected by u l t rasonics when 
6  mm ( .24 in . )  long,  by the magnet ic  par t ic le method when 9  mm ( .35 in . )  
long and by penetrants when 10 mm ( .39  in . )  long.  Even when they were 
13 mm ( .51  in . )  long,  radiography could only detect  them every 65  shots 
in  100.  The accuracy achieved in measur ing these cracks i s  i l lust rated 
by Fig.  13 which shows that  magnet ic  par t ic le achieves an accuracy of  
80 per cent  for  cracks 4  mm ( . 16  in . )  long.  The data,  a l though not  
obta ined f rom steel  cast ings ,  ind icate the d i f f icu l t ies in  f ind ing sur face 
cracks and measur ing thei r  lengths.  Fur thermore,  of  these methods,  only 
u l t rasonics can measure the depth of  a f law (and th is  not  at  al l  accurate ly)  
which f racture mechanics shows to be much more important  than the length.  
Foundr ies and steel  cast ing users should therefore sat is fy  themselves 
that  they know the minimum s ize of  f law that  can be consistent ly  detected,  
tak ing al l  var iables in to account .  There is  l i t t le  vi r tue in  being able 
to detect  f laws i f  thei r  s ize,  and hence thei r  s igni f icance wi th regard 
to fa i lure by br i t t le  f racture,  can not  be determined.  

The appl icat ion of  f racture mechanics pr inc ip les assumes ideal  
condi t ions for  theoret ica l  manipulat ion ( i .e .  d iscrete d iscont inui t ies 
e i ther  at  the sur face or  to ta l ly  embedded) but  in  the pract ica l  case of  
cast ings,  d iscont inui t ies occur  i r regular ly  in  shape and d is t r ibut ion.  
Ways of  deal ing wi th such s i tuat ions have been suggested ( 2 4 )  but  two 
very important  points remain:  ( i )  NDT techniques are not  suf f ic ient ly  
advanced to g ive accurate ly  the s ize,  shape and locat ion of  ind iv idual  
and groups of  f laws;  and ( i i )  more case h is tor ies are needed involv ing 
the appl icat ion of  f racture mechanics to s teel  cast ings to d ispel  any 
doubts concerning i ts  appl icat ion.  

METALLURGICAL FACTORS AFFECTING FRACTURE TOUGHNESS 

For a g iven st ructure,  h igher toughness i s  associated wi th lower 
st rength levels.  The microstructure i tse l f  in f luences toughness to a 
considerable degree.  Bain i te,  at  a given st rength level ,  exhib i ts  bet ter  
impact  toughness than fer r i te ,  upper bain i te general ly  having h igher impact  
t ransi t ion temperatures than lower bain i te (25) .  T e m p e r e d  m a r t e n s i t e  
exhib i ts  the h ighest  toughness.  

Carbon steels  and most  commercia l  low-al loy steels exhib i t  ferr i t ic  
or  fer r i t ic /pear l i t ic  microstructures in  the normal ized and tempered 
condi t ion,  whi ls t  quenching produces bain i t ic  or  mar tens i t i c  s t ruc tu res  

*  Depth here means the minor  axis  in  a roughly e l l ip t ica l  shape,  
and not  depth below the sur face.  
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in  low-al loy steel .  Signi f icant  d i f ferences in toughness-st rength re-  
la t ionships are evident  when quenched and tempered steel  cast in  s  are 

creasing the temper ing temperature,  which lowers the st rength,  has the 
ef fect  of  increasing the K I C  value (Fig.  14) .  

compared wi th those in the normal ized and tempered condi t ion ( 2 6 ) .  I n -  

As may be expected,  decreasing the sulphur content  increases the 
f racture toughness.  Increasing sulphur and phosphorus together  has a 
marked ef fect  on lower ing the f racture toughness ( 2 7 ) .  In  tes t  blocks 
cast ings,  however,  i t  was found that  f racture toughness d id not  necessar i ly  
corre late wi th sulphur and phosphorus (F ig.  15) ;  f racture toughness 
var ied wi th posi t ion in  the top hal f  but  not  in  the bot tom hal f  o f  the 
b lock.  This resul t  ind icated that  the cast ing was not  adequate ly  fed and 
that  underhead microshr inkage was occurr ing.  The quest ion of  porosi ty  
is  one which requires much fur ther  work and c loser  def in i t ion of  the 
type,  extent ,  shape,  s ize and interact ion of  the pores.  

Another  point  of  which fur ther  data are required is  concerned wi th 
gra ins and gra in boundary ef fects.  In  SCRATA work where intergranular  
f racture was encountered,  no corre lat ion could be found between the 
amount  of  I .F.  on the f racture sur faces and the corresponding K I C  value.  
The reason for  th is  is  that  the f racture toughness test  does not  measure 
the toughness of  the whole area of  the uncracked l igament  but  measures 
the toughness of  a re lat ive ly  smal l  zone at  the t ip  of  the fat igue pre-  
crack.  I t  was calculated for  the steel  in  quest ion that  the d is tance 
that  th is  zone extended ahead of  the crack t ip  was approximately  0.5 mm 
( .02 in . ) .  V i r tual ly  none of  the I .F.  areas of  the f racture were wi th in 
th is  d is tance of  the in i t ia l  crack t ip ,  thus expla in ing the lack of  
corre lat ion between percentage I  .F.  and K I C .  

steels ( 2 8 ) .  I t  has  been shown tha t  fo r  an  AISI  4340 s tee l  conta in ing  
0.8%Mn,  austeni t iz ing at  1200°C (2192°F) can increase the f racture 
toughness (K I C  
At the same t ime however,  Charpy V-notch values are lowered.  I t  is  possib le  
therefore,  that  gra in coarsening has taken p lace and the pre-crack t ip  
was in  each test  wi th in a gra in,  remote f rom a grain boundary.  By com- 
par ison,  a Charpy test  having a b lunt  notch requires more energy for  
crack in i t ia t ion but  far  less for  crack propagat ion through a coarse 
gra ined steel .  Observat ions made on the two foregoing examples could 
wel l  expla in the scat ter  which occurs between tes t  pieces taken f rom 
adjacent  posi t ions.  

A simi lar  example may be quoted even though i t  re lates to wrought  

)  by a factor  of  two wi thout  reducing the y ie ld st rength.  

Microshr inkage is  another  phenomenon which needs fur ther  s tudy in 
re lat ion to f racture toughness.  In one invest igat ion,  Ni -Cr-Mo steel  
test  p ieces showed interact ion between the microshr inkage and the fat igue 
pre-cracking,  a typ ical  example of  which is  shown in F ig.  16 .  The con- 
c lus ion f rom th is  par t icu lar  s tudy was that  porosi ty  ef fect ive ly  ra ised 
the measured toughness,  because mul t i -p lanar  crack f ronts,  rather  than 
s ingle cracks,  were being tested.  Thus,  mixed mode deformat ion char-  
acter is t ics were induced which involved more energy absorpt ion.  There 
was no evidence to suggest  that  min imum levels of  toughness were af fected 
by microshr inkage.  
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ALTERNATIVE DATA 

The advantage of  the f racture mechanics tests over  more convent ional  
toughness tests l ies in  the fact  that  mater ia l  va lues are obta ined that  
can be used in design equat ions.  Nevertheless,  the tests  are expensive 
to carry out  and i f  the resul ts  of  cheaper and quicker  tests can be 
empir ica l ly  corre lated wi th K I C  or  δ c   values,  then the cheaper tests may 
be per formed,  and the der ived value of  K I C  or  δ c   can be used in the 
design equat ions.  I t  i s  important  to remember,  however,  that  the tough- 
ness of  most  steels decreases wi th decreasing temperature and increased 
loading rate ( i .e .  t ime taken to reach maximum load)  .  Behavior  can 
change very rapid ly  at  in termediate posi t ions between s low loading (stat ic  
fo r  K I C )  to  rapid loading (dynamic or  impact  for  K I D ) .  Furthermore,  
increasing the th ickness of  the mater ia l  being tested decreases KC  values 
to  a constant  value,  K I C .  Di f ferent  tests may do no more than show 
empir ica l  corre lat ions and i t  would be unwise to apply a corre lat ion 
fo r  one mater ia l  to  another .  

The Charpy V-notch test  i s  widely used as a qual i ty  contro l  test  
and corre lat ions wi th K I C  have been sought ( 2 9 ) .  For certa in wrought 
steels,  the upper shel f  K I C /CVN (Barsom and Rol fe)  corre lat ion ( 3 0 )  has 
been found to be acceptable,  whi ls t  for  forged rotor  s teels a rather  
simi lar  corre lat ion has been found (Bengley and Logsdon) ( 3 1 ) .  I n  g e n e r a l ,  
these methods apply to wrought  s teels which exhib i t  a wel l -def ined Charpy 
energy and f racture appearance t ransi t ion curve and are not  markedly 
sensi t ive to s t ra in rate.  

Work on cast  s teels has been carr ied out  for  the Steel  Founders '  Society 
of  Amer ica revealed several  corre lat ions for  cast  1 1/2%Ni-Cr-Mo and 1 1/2% 
Mn-Ni-Cr-Mo steels ( 3 2 ) .  Us ing  room tempera ture  va lues  o f  K I C  and  Charpy  
V-notch absorbed energy,  a p lot  of  crack s ize factor  (K I C /σy )2  versus 
CVN/σy  gave a l ine of  best  f i t  having the equat ion:   

The re lat ionship gave a corre lat ion coef f ic ient  of  0.855 and al though the 
s lope of  the l ine was sl ight ly  less than that  of  Barsom and Rol fe,  the 
agreement was fa i r ly  good.  

Dynamic tear  tests  were a lso carr ied out  in  the SFSA program, s ince 
th is  form of  tes t  has been advocated as a less cost ly  subst i tu te for  
p lane st ra in f racture toughness test ing.  In  these tests  higher s t rength 
test  p ieces had a fat igue pre-cracked notch instead of  the more usual  
br i t t le  weld bead as a crack star ter .  The lower st rength specimens 
had a machined notch,  sharpened at  the bot tom by pressing in a kni fe-edge.  
The tests  were performed in a 2000 f t .  lb .  capaci ty  double-pendulum 
impact  machine.  A p lot  of  crack s ize factor  (K I C  /σy)2  versus DTTE/σ y  
gave an equat ion for  the re lat ionship:  
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where DTTE is  the dynamic tear  test  energy in  f t .  lb .  The corre lat ion was 
s imi lar  to  the one for  Charpy V-notch energy,  despi te the greater  degree 
of  constra int  and sharper  notches used in the DT tes t .  

ACCEPTABLE FLAW SIZE 

From previously ment ioned " f racture t r iangle"  i t  can be seen that  in  
order  to calculate the cr i t ica l  d iscont inui ty  s ize,  the appl ied or  working 
st ress must be known; ideal ly ,  res idual  st ress in  the cast ing should be 
taken into account .  Fur thermore,  the manner of  apply ing load to the 
cast ing must  be known (stat ic  or  cycl ic) ,  and the envi ronment in  which 
i t  i s  to  be used (neutra l ,  corros ive,  subzero temperature etc. ) .  Clear ly ,  
the founder and engineer ing designer must  work c losely together  for  the 
use of  f racture mechanics to be successfu l .  

What  d iscont inui ty  s ize must  be detected? The answer depends upon 
the f racture toughness of  the mater ia l  and the work ing st ress,  but  some 
answers are given for  p la in carbon steel  cast ings in  Table I I I  ( 3 4 ) .  
Very few cast ings ever  have f laws of  the magni tudes shown in th is  Table;  
however,  i t  may be possib le for  a smal ler  crack to extend to a cr i t ica l  
s ize as a resul t  o f  cyc l ic  loading.  This assumes that  on cyc l ic  loading 
a defect  propagates instantaneously,  i .e .  no account  is  taken of  the 
number of  cyc les required to in i t ia te the crack.  (This is  another  way 
of  incorporat ing a factor  of  safety) .  Assuming that  the cyc l ic  load range 
var ies f rom zero to a maximum of  1/2  YS,  2/3 YS and YS, a calculat ion may 
be carr ied out  to g ive the resul ts  in  Table IV.  These f law s izes ind icate 
the in i t ia l  sur face crack s ize which wi l l  grow to 125 mm (4.92 in. )  deep 
at  the three maximum appl ied st resses;  i t  wi l l  be seen that  even for  
10,000 cycles at  the y ie ld st ress the in i t ia l  cr i t ica l  f law size i s  
23 mm ( .91  in . )  deep and 230 mm (9 .06  in . )  long ( 3 4 ) .  Clear ly ,  very 
large crack s izes can be to lerated in carbon steels.  

Curves g iv ing cr i t ica l  defect  s izes for  several  medium- to h igh-  
s t rength cast  s teels,  for  appl ied st resses ranging f rom approximately  
one-f i f th  y ie ld s t ress to four- f i f ths y ie ld stress,  are shown in F ig.  9.  
Thus,  for  an appl ied st ress of  300 N/mm 2  (43500 ps i ) ,  the  s ize  o f  a  
cr i t ica l  sur face f law (depth x length rat io  1:3) would be 9 mm ( .35 in . )  
for  C-1%Cr and 1/2%Cr-1/2%Mo-1/4%V steels,  35 mm (1.38 in. )  for  a 
1 1/2%Ni-Cr-Mo steel ,  38 mm (1.50 in . )  for  a maraging steel  and 55 mm 
(2.17 in. )  for  a vacuum-mel ted 1 1/2%Ni-Cr-Mo steel .  For  very sharp cracks 
at  work ing st resses near the y ie ld,  cr i t ica l  f law sizes become 2 to 3 mm ( .08 to 
.12 in . )  far  medium-al loy steels but  design parameters rare ly  approach 
th is .  In  normal  c i rcumstances,  10 mm ( .39 in. )  is  probably the smal lest  
f law that  wi l l  be required to be detected.  

I t  fo l lows that  s i tuat ions could ar ise where a f law is  purposely 
le f t  in  a cast ing,  when otherwise,  on the basis of  in tu i t ion,  i t  would 
have been gouged out .  On the other  hand a smal l  f law (say 10 mm ( .39 in . ) )  
may have to be gouged out  (because the cr i t ica l  s ize i s ,  say 6  mm 
( .24 in . )  by calculat ion) .  I t  is  impossib le to general ize as to whether  
the use of  f racture mechanics wil l  increase or  decrease work in  the 
fet t l ing shop,  but  f laws of  a very large s ize wi l l  doubt less become to l -  
erable in  low-carbon,  un-al loyed cast  s teels.  Whether  or  not  we del ib-  
era te ly  leave  i n  those  f laws  tha t  o therw ise  wou ld  have  been  removed  
depends upon the acceptance of  the f racture mechanics approach.  Fur ther  
work is  needed to indicate the importance of  di f ferent  types and groupings 
of  f laws and thei r  ar i thmet ica l  t reatment .  
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DETERMINATION OF FLAW SIZE 

Are the f law s izes ar is ing f rom f racture mechanics considerat ions 
large enough to be detected or  sized by non-destruct ive f law detect ion 
methods? For  surface f laws,  which are normal ly  found by magnet ic  par t ic le 
or  dye penetrant  methods,  l inear  f laws of  about  4  mm ( . 16  in . )  represent  
the l imi t ,  the s iz ing of  smal ler  f laws being too inacurate to be mean- 
ingfu l .  For  measur ing internal  f laws by u l t rasonics,  l inear  f laws of  
about  10 mm ( .39  in . )  may be measured but  fo r  smal ler  f laws,  sensi t iv i ty  
is  not  good enough for  them to be accurate ly  s ized.  With u l t rasonics,  
measurement of  defect  length is  much dependent  upon the s ize of  probe used;  
the smal ler  the f law, the smal ler  must  be the probe,  because a f law 
cannot  be s ized accurate ly  i f  i t  is  smal ler  than the crysta l  s ize.  The 
depth of  a f law also becomes more d i f f icu l t  to  measure accurate ly  when 
depth is  smal l  in  re lat ion to the cross sect ion of  the u l t rasonic beam. 
Unfor tunate ly ,  i t  is  the depth of  a sur face f law which i s  important  in  
f racture mechanics assessment and depth is  the most  d i f f icu l t  d imension 
to measure by u l t rasonics.  I t  cannot  be measured at  al l  by magnet ic  
par t ic le or  dye penetrant  methods.  Radiography is  no bet ter  where smal l  
f laws are concerned.  

I t  appears that  we are in a grey area when f racture mechanics indi -  
cates the cr i t ica l  f law size is  10 to  15 mm ( .39  to  .60 in . )  or  less.  
Founders and engineers ,  therefore,  should sat is fy  themselves that  they 
know the minimum size of  f law that  can be measured under a given set  of  
c i rcumstances;  there is  l i t t le  v i r tue in  being able to detect  f laws i f  
thei r  s ize,  and hence s igni f icance wi th regard to fa i lure by br i t t le  
f racture,  cannot  be determined.  In pract ice,  the calculated cr i t ica l  
f law size should be substant ia l ly  larger  than the actual  f law size that  
might  escape detect ion.  An a l ternat ive precedure is  to est imate conser-  
vat ive ly  the s ize of  the smal lest  f law that  can be detected by the NDT 
techniques avai lable and to select  a steel  having a h igher K I C  value and 
hence a larger  cr i t ica l  f law s ize than that  calculated.  

FLAWS IN RELATION TO QUALITY 

A "no detectable d iscont inui ty"  cr i ter ion impl ies that  al l  cast  
s teels have the same res is tance to f racture.  Whilst  f racture may be con- 
t ro l led by p last ic  col lapse in re lat ive ly  th in sect ions,  the output  of  
cast ings wi th re lat ive ly  large sect ion th ickness is  high enough to ensure 
that  f racture res is tance should be calculated according to the pr inc ip les 
of  LEFM. There are several  ways of  def in ing qual i ty ,  but  the most  apt  
is  that  which re lates qual i ty  to f i tness for  purpose;  i f  the cast ing 
proper ly  does the job i t  is  in tended to do,  then i t  is  of  sat is factory 
qual i ty .  How is  i t  possib le to determine what  level  of ,  say,  porosi ty ,  
according to reference radiographs,  is  acceptable for  the cast ing to be 
of  adequate qual i ty? Reference radiographs are composed of  a ser ies of  
typ ical  radiographs in order  of  increasing sever i ty  of  the speci f ic  d is-  
cont inui ty ,  so that  radiographs of  other  f laws may be compared wi th them; 
they are not  d i rect ly  re lated to load carry ing abi l i ty .  The f i rs t  radio-  
graphic s tandard,  adopted as E71 by ASTM in  1947,  was prepared by experts  
to i l lust rate var ious sever i t ies in  arb i t rary progressions.  This speci -  
f icat ion and others that  fo l lowed had no technical  basis  in  re lat ion to 
des ign ,  a l though they  have been t remendous ly  use fu l  when serv ice  records  
of  sui tabi l i ty  and unsui tabi l i ty  have been kept .  Their  shor tcomings 
become evident  wi th new designs ,  where there i s  no background exper ience.  
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They ra ise unnecessary constra ints in  non-cr i t ica l  appl icat ions,  where 
a f law normal ly  considered to be severe by radiographic s tandards can be 
qui te harmless in  a region of  low st ress ( 3 5 ) .  

Radiographic s tandards,  therefore,  should be used more sensib ly  
in  re lat ion to modern design cr i ter ia  based on f racture mechanics.  The 
same remark appl ies to other  NDT acceptance standards for  s teel  cast ings 
which may be issued in the future.  I t  must be acknowledged,  however,  
that  much more research needs to be done into the accuracy of  s iz ing f laws,  
the behavior  in  pract ice of  actual  f laws in  var ious st ress systems,  the 
in teract ion of  groups of  f laws,  the d is t r ibut ion of  s t ress wi th in a 
component ,  the ef fect  of  res idual  s t ress and the ef fect  of  metal lurg ical  
var iables.  Most  important ,  convinc ing proof  i s  requi red that  f racture 
mechanics theory does work in  pract ice,  because,  af ter  al l ,  no fa i lure 
may be consequent  upon factors of  safety having been too h igh.  

Al l  th is  is  not  l ike ly  to happen dur ing the course of  any s ingle 
research program; i t  wi l l  evolve as any other  technology has,  by t r ia l ,  
observat ion,  deduct ion,  ref ined t r ia l ,  and so on.  A star t  has been made 
by BSI and ASTM, who have met icu lously descr ibed and def ined the methods 
of  f racture toughness test ing,  so that  al l  resul ts  f rom whatever  source 
should be comparable.  Next  wi l l  be the examinat ion of  casual ty  mater ia l ,  
to  t ry  to work out  ret rospect ive ly  why fa i lure occurred.  Simul taneously,  
f racture toughness data wi l l  be requested in speci f icat ions,  in  the f i rs t  
instance only for  large,  complex,  h igh integr i ty  cast ings.  Usefu l  ex-  
per ience wi l l  accrue f rom work a l ready done on wrought  s teels,  and welds,  
where in the la t ter  case a speci f icat ion for  acceptance based on f racture 

suf f ic ient ly  large body of  f racture mechanics data wi l l  be generated for  
s teel  cast ings,  so that  speci f icat ion min imum requirements can be based 
on stat is t ica l ly  der ived values,  as i s  the case for  other  mater ia l  prop-  
er t ies.  Typical  va lues for  K I C  and COD for  cast  s teels are g iven in 
Table V.  

mechanics pr inc ip les has a l ready been proposed ( 1 9 ) .  In  the future,  a 

Unt i l  th is  in format ion becomes avai lable,  the fo l lowing guide may 
be used when designing " f racture cr i t ica l "  steel  cast ings to ensure that  
the qual i ty  of  the cast ings is  adequate.  

1.     Safety factors should be put  on both the gross working st ress and 
on the calculated cr i t ica l  f law s ize.  Since the exact  l igament  
s t resses are not  a lways known wi th accuracy,  par t icu lar ly  in  the 
case of  complex-shaped cast ings,  i t  is  essent ia l  to  put  a safety 
factor  on the gross stress.  Also,  in  order  not  to approach the 
a c r i t ,  a  factor  of  safety must  be put  on the calculated value.  

2.     For a g iven K I C  value,  f law to lerance can be good or  bad,  depending 
on the y ie ld st rength of  the steel ,  so the parameter :  

i s  a bet ter  representat ion of  the f law to lerance of  a steel .  
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3.  A stee l  should be chosen having a large cr i t ica l  f law size (a c r i t )  
which can be measured more accurate ly .  

I f  the work ing load i s  f luctuat ing i t  is  necessary to calculate 
f rom crack propagat ion ra te curves the t ime for  a f law (a i )  to  grow 
to a cr i t ica l  s ize (a c r i t ) .  Th is  can then be compared wi th  the des ign   
l i fe  of  the component .  

s ince th is  i s  the best  s ingle method for  detect ing f laws and est im- 
at ing thei r  s ize.  

4 .  

5.      A  s tee l  shou ld  be  chosen tha t  i s  amenab le  to  u l t rason ic  examina t ion ,  

6 .      I t  should be assumed that  a str ing of  cracks i s  one long crack,  that  
a group of  f laws i s  one large f law of  s ize comparable to the envelope 
that  c i rcumscr ibes them, that ,  unless c lear ly  otherwise,  al l  f laws 
have a sharp aspect  rat io  and that  they res ide on the sur face.  

A steel  se lected on th is  basis is  l ike ly  to be overdesigned but  
perhaps not  so much as i f  there had been no awareness of f racture mech- 
anics pr inc ip les.  Other  design cr i ter ia  remain unal tered,  as do other  
considerat ions such as weldabi l i ty .  

WELDING OF STEEL CASTINGS 

How wi l l  welds af fect  the cr i t ica l  f law s ize and f racture toughness 
of  the cast ing? A word of  caut ion and more research is  needed on th is  
subject .  In  an invest igat ion in to the f racture toughness of  weld-repaired 
2 1/2%Ni-Cr-Mo cast ings,  the toughness of  two weld deposi ts  was measured,  
the resul ts  being summarized in Table VI ( 3 6 ) .  Calculat ions for  "a l low- 
able"*  f law sizes were made,  assuming an appl ied stress of  two-th i rds 
that  of  the y ie ld st rength of  the cast ing and a f law shape (aspect  
rat io)  of  4 :1  in  a 100 mm (3 .93 in . )  th ick sect ion.  I t  can be seen that  
the "a l lowable"  f law depth of  70 mm ( 2 .76  in , )  in  the cast ing i s  reduced 
to 52 mm (2.05 in. )  in  one weld deposi t  and to 38 mm (1.50 in . )  in  the 
other  (31  mm (1.22 in . )  af ter  s t ress re l iev ing) .  In  the worst  case,  
assuming that  the res idual  st ress is  equal  to and acts addi t ive ly  to 
the y ie ld st ress,  the a l lowable f law depth is  reduced to 5 mm ( .20 in . ) .  
This example i l lust rates that  weld ing the cast ing and leaving in a f law 
of  5 mm ( .20 in . )  i s  no bet ter  than leaving in the or ig inal  70 mm (2 .76  in . )  
f law in  the cast ing.  Fracture toughness values of  the heat  af fected zones 
were not  determined but  they would a lmost  cer ta in ly  have been lower than 
in the parent  metal .  In  cast  C-Mn steels the HAZ's  were found to have
lower COD values than the parent  metal ,  as shown in Table VII  ( 1 3 ) .   This 
emphasizes the fact  that  toughness considerat ions of  welded steel  cast ings 
(both repair  welded and cast /weld assembl ies)  should be based on the 
propert ies of  the welded areas,  as is  the case for  welded st ructure in  
wrought  products.  

*The appl icat ion of  a factor  of  safety (usual ly  2)  to the cr i t ica l  defect  
size gives r ise to  the concept  of  an "a l lowable"  defect  s ize in  fus ion 
welded jo ints ,  for  a s ingle appl icat ion of  load;  i t  does not ,  however,  
take i n to  accoun t  cyc l i c  load ing ef fec ts .  
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SPECIFICATIONS 

Wil l  f racture mechanics tests become mandatory in  speci f icat ions? 
There is  considerable act iv i ty  in  the compi l ing and rev is ing of  both 
nat ional  and internat ional  s tandard speci f icat ions re lat ing to s teel  
cast ings.  SCRATA has contr ibuted a lo t  by way of  draf t  preparat ion,  
co l la t ing comments,  and carry ing out  s tat is t ica l  surveys of  mechanical  
propert ies.  SCRATA is  also becoming increasingly involved,  main ly  in  an 
advisory capaci ty ,  in  the compi lat ion of  pr ivate standards.  These ar ise 
main ly  f rom Government or  nat ional ized bodies who f ind that  thei r  demands 
and requirements for  s teel  cast ings are sharply  increasing and feel  the 
need to wr i te  thei r  own standard speci f icat ions in  view of  the speci f ic  
nature of  thei r  own engineer ing requirements.  In  near ly  al l  speci f ica-  
t ions ar is ing in  th is  area,  the emphasis is  on non-destruct ive test ing 
and qual i ty ,  the mater ia l  and i ts  mechanical  propert ies of ten being 
covered by quot ing a Br i t ish Standard.  Thus,  as engineer ing require-  
ments become more st r ingent ,  the def in i t ion of  defect  cr i t ica l i ty  be-  
comes more important .  

In  the ASME Boi ler  and Pressure Vessel  Code,  Sect ions I I I  and VII I ,  
Summer 1972 Addenda,  drop weight  tests on cast  mater ia l  made in accord-  
ance wi th ASTM E208-69  are now mandatory.  This type of  test ,  used to 
determine the n i l  duct i l i ty  t ransi t ion temperature,  could wel l  receive 
more prominence in the future,  par t icu lar ly  for  the tough st ructura l  
s teels which are not  convenient ly  t reatable by f racture mechanics.  

Act iv i ty  in  def in ing nat ional  and internat ional  s tandard speci f i -  
cat ions is  increasing rapid ly  and the steel founder can expect  to see 
more precise standards for  s teel  cast ings.  This is  a ref lect ion of  
the cont inual ly  improving technology of  manufacture and wi l l  increase 
the conf idence shown by the engineer-user  in  employing steel  cast ings 
in  h is  designs for  p lant  and equipment .  

CONCLUSIONS 

Fracture mechanics is  a comparat ive ly  new subject  that  has a l ready 
shown i ts  usefu lness to engineers in  design,  s teel  development and fa i lure 
analys is .  I t  has proved usefu l  in  the understanding of  br i t t le  f racture 
and in the analys is  of  problems involv ing fat igue crack growth.  A s imple 
calculat ion wil l  determine the order  of  magni tude of  a cr i t ica l  f law 
size,  but  in  such calculat ions,  assumpt ions have to be made concerning 
the accuracy of  f law siz ing by commercia l ly  used NDT methods and a lso 
concerning the exact  s t ress in  the local i ty  of  the f law. Nevertheless,  
i t  is  essent ia l  that  the foundryman knows the "bare necessi t ies"  of  
f racture mechanics,  s ince h is  customer wi l l  ask about  i t  and expect  
repl ies.  I t  is  unl ike ly  that  the foundryman wi l l  get  involved in rout ine 
f racture toughness test ing,  for  steels  once proved wi l l  be hencefor th 
accepted on the basis of  a s impler  rout ine test .  

The f racture toughness of  cast  s teels is  comparable to that  of  
simi lar  wrought  s teels and,  at  lower st rengths and appl ied st resses,  
very large f laws can be to lerated.  Under more st r ingent  condi t ions,  
cr i t ica l  f law sizes can be very smal l .  In  the lat ter  case,  the l imi t ing 
factor  wi l l  be NDT and i t  wi l l  be prudent  to select  a steel  of  suf f i -  
cient ly  h igh f racture toughness to obta in a crack s ize that  i s  detectable 
under the g iven condi t ions.  More research is  needed to quant i fy  and 
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understand the ef fects of  the var ious f laws that  occur  in  s teel  cast ings.  

The adopt ion of  more cr i t ica l  design pol ic ies i s  important  to s teel -  
founders and cast ing users.  The advantageous combinat ion of  h igh st rength,  
adequate duct i l i ty ,  s t i f fness and considerable toughness in a wide range 
of  carbon and a l loy cast  s teels usual ly  ranks them ahead of  other  cast  
metals  for  arduous appl icat ions,  par t icu lar ly  when cost  is  taken into 
account .  I f  the pract ice is  cont inued of  incorporat ing large safety 
factors in to design calculat ions ,  the re lat ive advantage of  cast  s teels 
compared wi th other  cast  metals  is  severely  reduced.  The use of  f racture 
mechanics should help in  overcoming th is  outmoded approach to design.  
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APPENDIX I  -  SAMPLE CALCULATION 

Assume a cast ing made in 1 1/2%Ni-Cr-Mo steel  i s  to  be operated at  
hal f  of  i ts  yie ld st ress (740 N/mm2 )  (107300 psi )  and one appl icat ion 
of  load,  and that  i t  has a surface crack the major  ax is  of  which i s  
~1 1/2   t imes the length of  the minor  ax is .  The f racture toughness (K I C )  
of  the steel  i s  measured at  86 MNm - 3 / 2  (78  ksi  in .1 / 2 ) .  

The cr i t ica l  defect  s ize may be calculated as fo l lows:  

where K I C  = plane st ra in f racture toughness.  

σw      = gross work ing st ress normal  to major  ax is  of  the f law.  

a c r   

σ       = 0.2 per  cent  proof  st ress.  
φ     = double e l l ip t ica l  in tegral .  

= cr i t ica l  depth of  a surface f law ( i .e .  hal f  the width of  an 
embedded f law)  

(For  embedded f laws the coef f ic ient  on the denominator  i s  taken as uni ty) .  

To def ine the shape of  the f law,  a/b can be considered to represent  
the f law s ize aspect  rat io ,  where 2a i s  the minor  and 2b is  the major  
ax is  of  an e l l ipse ( i .e .  when a
re lat ionship between φ and a/b is  g iven in F ig.  17  for  easy reference.  
In th is  example,  a/b = 0.2 and σw

/b = 1 the e l l ipse becomes a c i rc le) .  The 

= 740/2.  Using these values in equat ion 
(2) ,  
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Inser t ing th is  value fo r  Q in equat ion (3)  

In  a fa t igue s i tuat ion:  
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We have the fo l lowing values for  inser t ion in  equat ion (7 ) :  

This is  the number of  cyc les that  wi l l  grow an in i t ia l  sur face crack 
of  5 mm ( .20 in . )  depth to 24.75 mm ( .97  in . ) ,  the cr i t ica l  s ize,  when 
operat ing at  hal f  the y ie ld st ress.  By compar ison wi th  Table IV for  p la in  
carbon steel ,  a crack of  16  mm ( .63  in . )  depth wi l l  grow to 125 mm (4.92 in. )  
in  100,000 cycles at  hal f  the y ie ld st ress.  Whi ls t  the operat ing condi t ions 
are not  ident ica l ,  the order  of  magni tude d i f ference is  great  and i l lust rates 
the point  that  h igher s t rength steels do not  operate wel l  under condi t ions 
of  cyc l ic  s t ress.  
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WRITTEN DISCUSS ION by L. Venne, ESCO Corporat ion 

We would l ike to compl iment  Dr.  Jackson upon h is  excel lent  paper on 
"Fracture Toughness in Relat ion to Steel  Cast ings Design and Appl icat ion" .  

I t  i s  evident  that  the work of  SCRATA and some appl icat ions in  the 
U.K.  are wel l  advanced in re lat ion to the Amer ican Foundry Industry in  
the area of  f racture mechanics.  Most  of  us have been tak ing a "wai t  
and see" at t i tude to determine what  the future requirements of  industry 
would be before commit t ing ourselves in  the area of  f racture toughness.  

We have for  many years been depending upon the "v"  notch charpy 
impact  tes t  to  determine the re lat ive toughness of  a given steel  but  i t  
now appears that  th is  test  has a number of  shor tcomings and we wi l l  
need to develop addi t ional  data for  the future.  

In  th is  regard I  would l ike to ask Dr.  Jackson how he feels we 
should proceed as an indiv idual  company or  as an industry to begin ob-  
ta in ing informat ion on our  s teel  in  a f racture toughness program. 

Dr.  Jackson refers to the work of  R. O. Ritchie in  examining the 
re lat ionship between charpy impact  and f racture toughness.  This work 
shows that  the re lat ive ly  b lunt  notch of  the charpy speciman tends to 
g ive resul ts  rather  opposi te to the very sharp radius of  the f racture 
toughness specimen under cer ta in condi t ions and i t  would seem that  both 
have s igni f icance in determining the ef fect  of  cr i t ica l  defects in  cast ings.  

Would i t  be a logical  s tep to work wi th inst rumented charpy test ing 
to obta in dynamic charpy in format ion or  should the approach be to  LEFM? 

Dr.  Jackson refers to Crack Growth by fat igue and by st ress corro-  
s ion.  I  would ask i f  Dr .  Jackson could comment on the s igni f icance of  
hydrogen in crack growth by st ress corros ion cracking especia l ly  when 
studying steels of  h igh y ie ld st rength.  

AUTHOR'S REPLY 

Fracture mechanics involves cost ly  test ing and I  consider  i t  to  be 
unl ike ly  that  K I C  or  COD test ing wi l l  ever  be wr i t ten in to steel  cast ings 
speci f icat ions as an acceptance test .  The day may come, however,  when 
design engineers make increased use of  f racture mechanics pr inc ip les 
and wri te speci f ic  tes ts  in to thei r  own purchasing speci f icat ions.  I  
feel  more conf ident  in  saying that ,  even i f  th is  does not  happen,  design-  
ers wi l l  want  to know the order  of  f racture toughness parameters for  the 
more commonly used cast  s teels.  Both SCRATA nad the SFSA have carr ied 
out  work that  fu l f i l ls  the in i t ia l  needs of  the designer.  

The SFSA have also re lated LEFM data to Charpy V-notch data and I  
th ink that  th is  wi l l  be the approach made wi th regards to standard speci -  
f icat ions.  That  is ,  Charpy V-notch parameters (probably FATT) wi l l  be 
inc luded in the speci f icat ion for  a steel ,  and the designer wi l l  know 
f rom accumulated data on that  s teel  a value for  f racutre toughness,  at  
least  with in a certa in scat ter  band,  and wi l l  be able to use that  value 
for  design and NDT speci f icat ion purposes.  
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I  bel ieve that  the f racture mechanics parameters to be f i rs t  used 
in th is  way wi l l  be K I C  for  LEFM and COD for  YFM.  As ment ioned pre-  
v iously ,  a fa i r ly  substant ia l  body of  data exists  for  these parameters 
in  re lat ion to cast  s teel .  Fur thermore,  s tandard speci f icat ions for  
these parameters ex is t  or  are in preparat ion in  both the USA and UK. 
By compar ison,  more work has to be done on inst rumental  Charpy test ing 
and the interpretat ion of  resul ts  for  use in design.  The test  is  
cheaper and far  quicker  of  course,  and could become, under appropr iate 
c i rcumstances,  the a l ternat ive acceptance test  to  Charpy V-notch FATT. 

Very l i t t le  at tent ion has been g iven to the f racture mechanics 
approach to cast  s teels under condi t ions of  s t ress corros ion.  Opin ions 
have been g iven,  for  wrought  s teels,  that  hydrogen p lays an importan t  

The importance of  hydrogen in HAZ and SCC si tuat ions has a lso been rec-  
ognized,  in  so far  as hydrogen wi l l  induce cracking and corre lat ions 
between 

ro le in  s t ress corros ion cracking in s teels of  h igh y ie ld st rength ( 1 ) .  

and hardness and microstructure have been proposed .  ( 2 )  

The mode of  microscopic f racture under vary ing condi t ions of  e lec-  
t rode potent ia l  can under go a t ransi t ion depending on in i t ia l  K level  
re lat ive to KQ  in  a i r  ( 3 ) .  At in termediate K levels,  however,  s t ress 
corros ion crack growth rates are essent ia l ly  independent  of  K and the 
tendency for  s t ress corros ion cracks to branch are electrochemical ly ,  
as wel l  as mechanical ly ,  contro l led.  I t  is  apparent  that  condi t ions at  
the crack t ip  have an important  bear ing on the mode and k inet ics of  
crack propagat ion in  steels  of  h igh y ie ld st rength,  but  no speci f ic  
work has been carr ied out  on cast  s teels.  Stress corros ion behavior  
of  cast  s ta in less steels has however,  been studied in re lat ion to 
del ta- ferr i te  content  and sensi t izat ion ( 4 ) .  
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