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Although the KIc value  of a m a t e r i a l  i s  a ve ry  useful  m e a s u r e  of f r ac tu r e  toughness ,  i t s  
val id  expe r imen ta l  de te rmina t ion  can be a complex and expensive  p rocedure ,  not at p r e s e n t  
sui ted to rou t ine  al loy sc reen ing  or  qual i ty  control  pu rposes .  To explore  the feas ib i l i ty  of 
es t imat ing  KIc in t i t an ium al loys  us ing  techniques  that a r e  m o r e  convenient  to p e r f o r m ,  i m-  
pact and s low-bend  t e s t s  were  made on e i ther  V-notched or f a t i gue -p rec racked  Charpy 
spec imens ,  and the resu l t ing  energy va lues  were  compared  with the cor responding  approx-  
imate  Klc va lues .  Of the var ious  t e s t s  studied,  r e su l t s  f rom five t i t a n i u m - b a s e d  a l loys ,  
two s tee ls ,  and two a luminum al loys  showed that p r ec r acked  spec imens  broken in  s low-bend  
hold the mos t  p r o m i s e  of giving energy va lues  that can be r e l a t ed  to KIc. The bes t  c o r r e -  
la t ion came f rom spec imens  having mos t ly  flat  f r ac tu r e s ,  but in the h ighe r - toughness  
cases ,  where  shea r  l ips  of an apprec iab le  s ize  were  formed,  jus t  as  r easonab le  a r e l a t i o n -  
ship between energy  and KIc was obse rved  when f l a t - f r a c t u r e  ene rg ie s  were  used .  

JLHE value of KIc, the c r i t i ca l  plane s t r a i n  s t r e s s -  
in tens i ty  factor ,  is  an impor tan t  m e a s u r e  of toughness .  
It is  a m a t e r i a l  constant ,  it  can be used in des ign  to 
ca lcula te  a c r i t i ca l  c rack  s ize  for  a given appl ied  
s t r e s s ,  and it  can be de t e rmined  exper imen ta l ly  us ing 
sui tably  designed l abo ra to ry  spec imens  and t e s t s .  

Unfor tunate ly ,  the bas i c  exper imenta l  p rocedure  for 
the m e a s u r e m e n t  of va l id  KIc values ,  while qui te  we l l -  
es tabl i shed,  r e m a i n s  somewhat  complex,  r equ i r i ng  
carefu l  a t tent ion to spec imen  design,  fabr ica t ion ,  and 
tes t ing ,  and cal l ing for  exact ing techniques  for  a n a l y s i s  
of the r e su l t s .  1-4 Those  t i m e - c o n s u m i n g  and expensive 
r e q u i r e m e n t s  de t rac t  f rom the p rac t ica l  va lue  of the 
t e s t ,  and there  a r e  many cases  where  it would be de-  
s i r ab l e  to 'have a s i m p l e r  method for evaluat ing f r ac -  
t u r e  toughness ,  even if only an es t imate  of KIc were  
obtained.  

In the pas t ,  a Charpy impact  t es t  was commonly  used 
to m e a s u r e  the toughness  of a ma t e r i a l ,  and it  con-  
t inues  to be popular  for  both low- and h igh- s t r eng th  
m a t e r i a l s .  The tes t  i s  s imple  to conduct, the spec i -  
men  is  readi ly  fabr ica ted ,  and the m a t e r i a l  r e q u i r e -  
men t s  a r e  modes t .  The p r i m a r y  d isadvantages  of the 
t e s t  a r e  the difficulty of us ing energy va lues  in design 
in a quant i ta t ive fashion,  and the fact that the energy 
is  not a m a t e r i a l  constant .  

It would be useful  if the Charpy impact  and the plane 
s t r a i n  t e s t s  could be combined so that we could take 
advantage of the expe r imen ta l  s impl ic i ty  of the f o r m e r  
to gain a m e a s u r e  of the KIc value afforded by the l a t -  
t e r .  At p re sen t  the re  is  no theore t ica l  t r e a t m e n t  that 
d i rec t ly  r e l a t e s  the energy absorbed  in a V-notched  
Charpy impact  tes t  to the KIc value of a m a t e r i a l ,  but 
co r r e l a t i ons  between the two p rope r t i e s  have been ob- 
s e rved  in the past ,  5-8 and compar i sons  have a l so  been  
made between KIc or  K c and the energy abso rbed  in 
impact  or  s low-bend t e s t s  on p rec racked  Charpy spec-  
imens  .5,9,1o 
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The a i m  of the p re sen t  work was to examine  the pos -  
s ib i l i ty  of developing a c o r r e l a t i on  between Charpy 
energy and KIc for t i t an ium a l loys .  Impact  and slow- 
bend t e s t s  were  run  on V-notched and f a t i gue -p re -  
c racked Charpy spec imens  f rom va r i ous  a l loys  and 
the r e s u l t s  were  compared with the cor responding  
approx imate  KIc values  obtained f rom th ree -po in t  
s low-bend  tes t ing .  It can be concluded that for  rout ine  
sc reen ing  purposes  the s low-bend  t e s t  on p rec racked  
spec imens  can provide a p rac t i ca l ,  economica l  s c r e e n -  
ing tes t  for  t i t an ium a l loys .  The f r a c t u r e  toughness  
f igures  obtained in this  way cannot be  cons idered  val id  
using es tab l i shed  ASTM c r i t e r i a  but they would be 
adequate for  many purposes .  If such a s c r een ing  sys -  
t em were  to be employed, t e s t s  that  adhere  m o r e  
r igorous ly  to plane s t r a in  tes t ing  techniques  would be 
needed only where  the s c r een ing  t e s t s  indicated m a r -  
ginal  va lues .  

EXPERIMENTAL PROCEDURE 

The materials used in the investigation included four 
commercial titanium alloys, one experimental titanium 
alloy (Ti-5-5), 11 two steels, and two aluminum alloys, 
Table I. The Ti-6-2-4-6 and Ti-6-6-2 alloys were re- 
ceived as aircraft engine compressor disk forgings, 
the Ti-6-4, Ti-5-5, and/3 III alloys as extrusions, and 
the steels and aluminum alloys as plates. Several 
forgings, extrusions, or plates were used for each of 
the alloys, each product having experienced its own 
individual processing treatment, and the test speci- 
mens into which they were machined covered a wide 
range of tensile and toughness properties. None of the 
processing treatments were made specifically for the 
present program; the materials came from several 
sources and in most cases were already processed 
and heat-treated when received. 

Standard V-notched Charpy specimens were pre- 
pared from the various alloys and broken in impact or 
slow-bend. A 240 R-lb. machine was used for the im- 
pact spe c i me ns  of the T i - 6 - 2 - 4 - 6  al loy,  and a 24 f t - lb .  
machine  for the T i - 6 - 4  al loy and the 4340 s teel .  A 
Physmet  SB-750 t e s t e r  was used for  al l  the s low-bend 
t e s t s ,  with a c rosshead  speed of 0.1 in. per  mill ,  and 
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Table I. Nominal Alloy Compositions 

Tit anium Alloys 

Al V Sn Zr Mo Fe Ti 

Ti-6-2.4-6 6 2 4 6 bal. 
Ti-6-6-2 6 6 2 bal. 
Ti-6-4 6 4 bal. 
Ti-5-5 5 5.5 1.0 bal. 
fl Ill 4.5 6 11.5 bal. 

Steels 

C Mn Si Cr Ni Mo Fe 

4340 0.40 0.85 0.2 0.75 1.8 0.25 bal 
D6AC 0.46 0.75 0.2 1.0 0.55 1.0 bal. 

Aluminum Alloys 

Zn Mg Cu Cr L1 Mn Cd Al 

2020-T6 4.5 1,1 0.5 0.2 bal. 
7075-T73 5.6 2.5 1.6 0.3 bal. 

Fig. 1--Fracture faces of precracked Charpy specimens 
broken in slow-bend. (a) Ti-6-2-4-6; (b) Ti-6-6-2; (c) Ti-6- 
4; (d) D6AC. 

load-def lec t ion  cu rves  were  recorded  along with the 
energy  va lues .  Impact  and s low-bend t e s t s  were  a l so  
made  on p rec racked  Charpy spec imens ,  p r e p a r e d  f rom 
V-notched  spec imens  us ing  a Physmet  fatigue p r e -  
c rack ing  machine  to in t roduce  c racks  approx imate ly  
0.060 in. deep at the roots  of the notches .  

The energy,  W, a b s o r b e d  in f rac tu r ing  each of the 
spec imens  was conver ted  to a W/A value,  where  A is  
e i ther  the a rea  of c r o s s - s e c t i o n  under  the notch for  
the V-notched s p e c i m e n s  or  the in i t ia l  unc racked  
c r o s s - s e c t i o n a l  a r e a  for  the p rec racked  s p e c i m e n s .  

In some cases ,  both f u l l - s i z e  and 0.2 or 0.3 in.  thick 
p r ec r acked  Charpy s p e c i m e n s  were  p repa red  and tes ted  
in s low-bend.  Apart  f rom th ickness ,  the subs ize  spec-  
i m e n s  were  ident ical  in every  respec t  to the f u l l - s i z e  
ones  and were  tes ted  under  the same  condi t ions .  

The load-def lec t ion  cu rves  for the s low-bend  t e s t s  
on p r ec r acked  spec imens  of the t i t an ium a l loys  and the 
4340 s teel  allowed the de t e rmina t ion  of approx ima te  
KIc va lues  for  the m a t e r i a l s ,  us ing  methods  based  on 
ASTM recommenda t ions  for  t h ree -po in t  s p e c i m e n s .  1'a'4 
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Compact  t ens ion  KIc spec imens  were  p repa red  f rom 
the D6AC s tee l  and the a l u m i n u m  a l loys  and were  
tes ted  us ing  techniques  that we re  val id in every r e -  
spect  r e ga r d i ng  cu r r en t  r e q u i r e m e n t s  for KIc 
m e a s u r e m e n t s . l  '3 '4 

RESULTS 

Whether tested in impact or slow-bend, the fracture 
faces of Charpy specimens of a high-strength mate- 
rial usually have a macroscopic.ally flat region bor- 
dered by slant shear lips. In the ultrahigh-strength 
aircraft materials the strength levels and toughness 
values are such that the shear lips account for only a 
small area of the fracture face, Fig. 1. For present 
purposes we will assume that the fracture is com- 
pletely flat. We can also assume that in the materials 
we are dealing with, at the strength levels and test 
temperatures of interest, the flat fracture is formed 
under plane strain conditions. Is If we make the further 
assumption that the energy absorbed per unit area of 
fracture can be related to the fracture toughness, GIc, 
then we can write: 

aic = ~(w/A) 
The fac tor  of one-ha l f  used in  th i s  express ion  takes  into 
account  the two f rac tu re  faces  fo rmed  on breaking the 
tes t  spec imen .  

Kic is  r e l a t ed  to Glc as  follows: 

K~ c = EGIc 
( 1  - -  U s) 

where  E i s  the e las t ic  modulus  and v is  the Po i s son  
ra t io .  

Hence:  

EGIc E 
K}c - (1 -- u2-------) = 2(1 - u s) " (W/A) 

Although the assumption of equivalence between Kic 
and W//A can be questioned, KIc being an instability 
parameter and W//A an integrated energy, it is made 
merely to provide a guide for plotting the experimental 
results. If there is some kind of direct relationship of 
this nature between Charpy energy and Kic it should be 
evident on plotting K}c//E vs W//A, and the plots in Figs. 
2 to 5 are made on this basis. The values of KIc used 
are those obtained from the load-deflection curves for 
the slow-bend tests on precracked specimens. The 
straight line in each plot, the predicted line, is drawn 
by assuming K}c = E( W/A )//2(1 -- us), using a value of 
0.3 for u. 

The results show that only in the case of the pre- 
cracked specimens broken in slow-bend is there a 
reasonable correlation between K~c/E and W/A, Fig. 5. 
The experimental points for the V-notched and pre- 
cracked impact, Figs. 2 and 3, and the V-notched slow- 
bend tests, Fig. 4, lie well away from the predicted 
line and t he r e  is  no obvious c o r r e l a t i o n  between K~c//E 
and energy.  

In Fig.  5 the exper imenta l  poin ts  tend to follow the 
pred ic ted  l ine  even though s e ve r a l  a l loys  and a range  
of s t rength  l eve l s  a r e  involved.  Deviat ion f rom the l ine  
occurs  only at the higher  W/A and KIc l eve ls ,  where  
the spe c i me ns  have shear  l ips  of apprec iab le  s ize  and 
the W/A value  includes  a marked  contr ibut ion  f rom the 
energy a b s o r b e d  in shea r  l ip  fo rma t ion .  

Also included in" Fig.  5 a r e  points  for the two tough- 
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Fig.  3---K~jE vs  W/A fo r  p r e c r a c k e d  s p e c i m e n s  t e s t e d  in i m -  
pact .  Eac~a point  r e p r e s e n t s  the  a v e r a g e  v a l u e s  of t h r e e  t e s t s  
fo r  W/A and  t h r e e  t e s t s  fo r  Klc. 

hess levels of the D6AC steel and the two aluminum 
alloys. The W/A values in this case came from tests  
on standard-size precracked Charpy specimens while 
the KIc values were obtained using compact tension 
specimens; The ranges covered by the valid Ktc 
values are  indicated on the plot. The KIc value used 
for the lower toughness condition of the D6AC steel is 
the average of twenty tests ,  and that for the higher 
toughness level is the average of two tests .  The KIc 
values for the two aluminum alloys each represent  the 
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for  W/A and  t h r e e  t e s t s  for  Kic. 
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Fig.  5--K~c/E v s  W/A for  p r e c r a c k e d  s p e c i m e n s  t e s t e d  in s l o w -  
bend.  

average of nine tests.  The closeness of these part icu- 
lar  experimental points to the predicted line indicates 
that it is possible to obtain excellent agreement be- 
tween W/A and KIc when the Charpy specimen has 
small shear lips and valid values of KIc are used. 

In Fig. 6 the KIc values given by the load-deflection 
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Fig. 6--Klc determined from slow-bend load-deflection curves 
vs Klc calculated from W/A values for precracked specimens 
tested in slow-bend. 

cu rves  a r e  compared  with the cor responding  va lues  
de r ived  f rom W//A. The W//A f igures  came f rom the 
s low-bend  t e s t s  on p r e c r a c k e d  spec imens  and a r e  used 
in the re la t ion  K~c = E(W/A)/2(1 - v 2) to give KIc. F or  
th i s  purpose  v is  a s s u m e d  to be 0.3, and va lues  of 
E = 29 • 106 psi  a r e  used  for  the s tee l s ,  E = 10.5 x 106 
ps i  for  the a l u m i n u m  a l loys ,  and E = 16.5 x 108 ps i  for 
the t i t an ium a l loys .  The l a t t e r  value of E = 16.5 is 
only approx imate ,  for  the value of E for t i t an ium a l loys  
can vary  quite ma rked ly ,  being dependent on compos i -  
t ion and heat t r e a t m e n t ,  and the exact va lues  for the 
p r e sen t  a l loys  a r e  not known. 

The r e su l t s  of Fig .  6 follow the same t r e n d  as  that 
shown in Fig.  5. The expe r imen ta l  points  l ie  close to 
the 45 deg l ine  over  much of the range- - ind ica t ing  good 
a g r e e m e n t  between the va lues  de te rmined  by the two 
m e t h o d s - a n d  deviate  to the r ight  of the l ine  at  the 
h igher  toughness  l eve l s .  The plot a lso  inc ludes  points  
r e p r e s e n t i n g  the a v e r a g e  val id KIc values  for  the D6AC 
steel  and the a l u m i n u m  al loys ,  together  with the c o r r e -  
sponding ranges ,  and it can be seen that the va lues  de-  
r ived  f rom the Charpy W/A r e su l t s  ag ree  well  with 
those  obtained us ing  the ASTM recommended  p rac t i ce .  

DISCUSSION 

Impact  Resul t s  

The s tandard  impact  t es t  on V-notched s p e c i m e n s  
is  a s imple  one to run  on a rout ine  level ,  but Fig .  2 
shows that it i s  difficult  to re la te  the r e s u l t s  to KIc in 
the case  of the a l loys  s tudied in the p r e s e n t  p r o g r a m .  
A poss ib le  explanat ion for  the lack of a c o r r e l a t i o n  in 
the case  of the T i - 6 - 2 - 4 - 6  al loy comes  f rom the knowl-  
edge that the m i c r o s t r u c t u r e  of the a l loy cons i s ted  of 
a mix tu re  of the a and/3 phases ,  and that the r e l a t ive  
amoun t s  and morpho log ies  of the individual  phases  
va r i ed  marked ly  with p r i o r  t he rma l  and m e c h a n i c a l  
h i s to ry .  Relat ive  to the effect of the s t r a i n  r a t e  of 
s low-bend,  the fast  s t r a i n  ra te  of the impac t  t e s t  may 
a l t e r  the p rope r t i e s  of one phase more  than those  of the 
other ;  thus the d i f ferent  m i c r o s t r u c t u r e s  may have 
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Fig. 7--Examples of microstructures observed in Ti-6-2-4-6 
alloy. (a) ce-fl forged; (b)/3 forged. Magnification 825 times. 

been s t r a i n  ra te  sens i t ive  to d i f fe rent  degrees ,  leading 
to s c a t t e r  in the r e s u l t s  when compar ing  impact  with 
s low-bend .  

Fig .  2 may be ref lec t ing  th is  kind of behavior ,  for  
the T i - 6 - 2 - 4 - 6  exper imenta l  points  can be divided 
roughly into two groups:  the lower  group,  r e p r e s e n t i n g  
a-/3 p r o c e s s e d  m a t e r i a l ,  having m i c r o s t r u c t u r e s  s i m -  
i l a r  to that  of Fig.  7(a), and the upper  group, r e p r e -  
s e n t i n g / 3 - p r o c e s s e d  m a t e r i a l ,  having m i c r o s t r u c t u r e s  
l ike that of F ig .  7(b). In a case  l ike th is  it is  quite pos -  
s ib le  that a much be t t e r  c o r r e l a t i on  between impact  
energy and Klc would be obtained if the l a t t e r  were  
d e t e r m i n e d  at  the same  s t r a i n  r a t e  as  that exper ienced  
in the impac t  t e s t .  

Slow-Bend Resu l t s  

In F ig .  5 the exper imenta l  data for  the p r ec r acked  
s low-bend  spe c i me ns  follow the p red ic ted  l ine  quite 
c lose ly .  Th i s  pred ic ted  l ine r e p r e s e n t s  a r e la t ionsh ip  
between W/A and KIc that was der ived  by a s suming  that  
all  the energy  abso rbed  in the p r e c r a c k e d  spec imen  is  
used  to propagate  the crack ,  and that  the extension r e -  
s i s t ance  r e m a i n s  constant  as  the c rack  p r o g r e s s e s  
through the m a t e r i a l .  It is  known that  these  a s s u m p -  
t ions  a r e  not n e c e s s a r i l y  va l id - -pa r t i cu la r ly  the one 
concern ing  cons tant  c rack  extens ion  r e s i s t a n c e  2,3,~3-~5- 
but,  n e v e r t h e l e s s ;  the expe r imen ta l  r e s u l t s  suggest  

M E T A L L U R G I C A L  T R A N S A C T I O N S  



that p rec racked  spec imens  tes ted  in s low-bend  may 
fo rm the bas i s  of an acceptab le  sc reen ing  t e s t  for  the 
h igh- s t r eng th  a l loys  s tudied.  

The va lues  of KIc used  in the p re sen t  compar i son  of 
Klc and W/A were  de t e rmined  f rom the s low-bend  
load-def lec t ion  cu rves  and would not be cons ide red  
val id  by p re sen t  ASTM s tandards .  Although the spec i -  
men  s ize is  close to m i n i m u m  r e q u i r e m e n t s ,  the fa-  
t igue crack depth and the way it was in t roduced would 
not be acceptable .  In addit ion,  the design of the s low- 
bend machine  did not allow the use  of a compl iance  
gage in the spec imen  notch and this  would lead to 
some loss  of sens i t iv i ty  in detect ing f i rs t  c rack  
growth. 

In spite of these  drawbacks ,  the r e su l t s  f rom the 
D6AC steel  and the a l u m i n u m  al loys  in Fig.  6 show that 
the load-def lect ion cu rves  of the s low-bend t e s t s  give 
Klc values  that a re  qui te  close to the val id  ones .  A l -  
though this  a g r e e m e n t  does not n e c e s s a r i l y  mean  that 
the s low-bend KIc va lues  for  al l  the a l l o y s a r e  co r rec t ,  
the overa l l  genera l  a g r e e m e n t  of the expe r imen ta l  data 
with the predic ted  l ine  in Fig.  5 suggests  that  our  KIc 
values  a r e  r easonab le .  Probably  the high s t reng th  
levels  of the a l loys  used  in the p resen t  work were  suf-  
f icient  to allow good approx imat ions  of KIc to be ob-  
ta ined  using the C h a r p y - s i z e  spec imens .  

F l a t - F r a c t u r e  Energy 

In F igs .  5 and 6 the exper imenta l  points  devia te  f rom 
the s t ra ight  l ine at  the h igher  W/A and KIc l eve l s .  In 
the high toughness  range  the broken tes t  spec i me ns  
have shear  l ips  that a r e  of apprec iab le  s ize ,  and,  p a r -  
t i cu l a r l y  in the case of the 4340 s teel ,  the re  is  a p l a s -  
t ic  hinge formed opposi te  the notch. The p las t i c  flow 
a s s o c i a t e d  with the shea r  l ips  and hinge accoun t s  for  a 
p ropor t ion  of the energy  absorbed  by the spec imen  and 
the W/A values  tend to be too high re la t ive  to the KIc 
l eve l s .  

In cases  l ike th is  it  i s  poss ib le  to obtain an e s t ima te  
of the energy a s soc ia t ed  with flat f r ac tu re  by t es t ing  a 
second spec imen  having a different  th ickness - -a  ha l f -  
s ize  one, for example--and employing a method re la ted  
to that of Har tbower  and O r n e r .  ~6 Using two spec imens  
of different  t h i cknesses ,  Fig.  8, the a r e a s  of flat f r a c -  
t u r e  on each a r e  m e a s u r e d  using a p l a n i m e t e r  on photo- 
graphs  taken at a known magnif ica t ion.  If (W/A)F i s  
des ignated as  the energy pe r  unit  a r e a  of flat f r ac tu re ,  
and (W/A)s as  the energy  pe r  unit  a r ea  of non- f l a t  f r a c -  
t u re ,  whether  it  is  shea r  l ip or  hinge,  then for  the 
thick spec imen:  

W = (W/A)F "AF + (W/A)s "As 
where  W is  the total  energy  needed to b reak  the p r e -  
c racked  spec imen,  AF is  the m e a s u r e d  a r e a  of flat 
f r ac tu re ,  and A S is  the r ema in ing  a r ea  of f r a c t u r e .  

S imi la r ly ,  for the thin spec imen:  

W' = (W/A)F. A'F + (W/A) S �9 A~ 
Solving the s imul t aneous  equat ions for  (W/A)F gives:  

W.A~ - W'. A S 
(W/A)F ~ AF'A~ A'F.A~ 
If we make the a s s u m p t i o n  that the fatigue c rack  is  

the same  depth in both spec imens ,  and that the shea r  
l ip s ize  and shape ~s a l so  independent  of th ickness ,  the 
above express ion  becomes  that used by Har tbower  and 
Orner:~6,~7 
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(W/A)F _ W -  W' _ W -  W' 
AF -- A'F A - A' 

where A and A'  a r e  the net c r o s s - s e c t i o n a l  a r e a s  of 
the two s p e c i m e n s .  In p rac t i ce ,  s l ight  va r i a t i ons  in the 
s ize  and shape of both the fat igue c rack  and the shear  
l ips do exis t ,  so th is  s i m p l e r  form was not used  in the 
p r e se n t  work.  

The method for  de t e rmin ing  (W//A)F must  give only 
an approx imate  value,  of course ,  but the r e su l t s  sug-  
gest  it  may be useful .  Fig.  9 compare s  the Klc values  
obtained f rom the Charpy load-def lec t ion  cu rves  or the 
compact  t ens ion  spec imens  with the KIc va lues  der ived  
f rom (W/A)F. The exper imen ta l  data came f rom the 
T i - 6 - 4  a l loy and the two s t ee l s ,  and each point on the 
plot i s  the r e su l t  of tes t ing th ree  s t a n d a r d - s i z e  spec i -  
mens  and th ree  subs ize  ones .  The use  of f l a t - f r a c tu r e  
energy r a t h e r  than m e a s u r e d  energy does not make 
much di f ference  in the case of the T i - 6 - 4  or the D6AC, 
for the spec imens  had f r ac tu r e  faces  that were  a lmos t  
comple te ly  flat;  however,  when (W/A)F values  a r e  used  
for the 4340 steel  the points  l ie  c lose  to the l ine  up to 
KIc va lues  of about 90, a level  at which the c o r r e s p o n d -  
ing m e a s u r e d  (W/A) values l ie well  to the r ight  of the 
l ine ,  F ig .  5. 

Other  techniques  for  e l imina t ing  shea r  lip con t r ibu-  

, , L , ,  I, 

(a) ,:, !(b) 

Fig. 8--D6AC steel. Fracture faces of precracked Charpy 
specimens broken in slow-bend. (a) Standard-size, 0.394 in. 
thick; (b) 0.3 in. thick. 
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Fig. 9--KI c determined from slow-bend load-deflection curves 
vs Klc calculated from (W/A)F values for precraeked speci- 
mens tested in slow-bend. 
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t i o n s  h a v e  b e e n  u s e d  in  t he  past.  6'13'16'18-22 O n e  m e t h o d  

i n v o l v e s  t h e  i n t r o d u c t i o n  of a c a r b u r i z e d  o r  n i t r i d e d  
b r i t t l e  b o u n d a r y  l a y e r  i n t o  t h e  s p e c i m e n  t o  s u p p r e s s  
t h e  f o r m a t i o n  of s h e a r  l i p s ,  2'16'18-2~ a n o t h e r  m e t h o d  
u s e s  s i d e  g r o o v e s  to  f o r c e  t h e  c r a c k  to  fo l low a f i a t  
f r a c t u r e  p a t h ,  6'~3'2"'22 a n d  in  a t  l e a s t  one  i n s t a n c e  s u r -  
f a c e  e m b r i t t l e m e n t  h a s  b e e n  c o m b i n e d  w i t h  t h e  u s e  of 
s p e c i m e n s  of d i f f e r e n t  t h i c k n e s s e s ,  x6 T h e s e  m e t h o d s  
h a v e  t h e  d i s a d v a n t a g e  of m a k i n g  a c h a n g e  in  t h e  s t r e s s  
f i e l d  in  f r o n t  of t h e  c r a c k  ( s i d e  g r o o v e s )  3'23 o r  of  
c h a n g i n g  t h e  m a t e r i a l  i t s e l f  ( n i t r i d i n g ) .  T h e  s p e c i m e n  
d i f f e r e n c e  t e c h n i q u e  w a s  u s e d  in t h e  p r e s e n t  w o r k  b e -  
c a u s e  i t  d o e s  no t  i n v o l v e  a n y  s u c h  c h a n g e s  to  t h e  
s p e c i m e n .  

T h e  r e s u l t s  of F i g .  9 e m p h a s i z e  t h e  u s e f u l n e s s  of 
s l o w - b e n d  t e s t s  on  p r e c r a c k e d  C h a r p y  s p e c i m e n s .  
T h e y  c a n n o t  b e  u s e d  f o r  d e t e r m i n i n g  v a l i d  K I c  v a l u e s ,  
bu t  t h e  c o r r e l a t i o n  a p p a r e n t  b e t w e e n  KIc  a n d  ( W / A )  o r  
(W//A)F, c o m b i n e d  w i t h  t h e  s i m p l i c i t y  of t h e  t e s t  a n d  
i t s  e c o n o m i c a l  u s e  of m a t e r i a l ,  m a k e  i t s  c o n s i d e r a t i o n  
f o r  a l l o y  d e v e l o p m e n t  o r  s c r e e n i n g  p u r p o s e s  w o r t h -  
w h i l e .  A l t h o u g h  i t  w o u l d  b e  n e c e s s a r y  to  r u n  e x t e n s i v e  
c o r r e l a t i o n  s t u d i e s  f o r  v a r i o u s  m a t e r i a l s  b e f o r e  o n e  
c o u l d  b e  s u r e  t h a t  t h e  C h a r p y  e n e r g y  c o u l d  b e  u s e d  to  
e s t i m a t e  K l c  w i t h  a n y  d e g r e e  of c o n f i d e n c e ,  t h e  t e c h -  
n i q u e  m a y  b e  a p p l i c a b l e  w h e r e  i t  i s  no t  f e a s i b l e  to  e m -  
p l o y  v a l i d  t e s t i n g  m e t h o d s .  

In  d e r i v i n g  t h e  r e l a t i o n s h i p  b e t w e e n  W//A a n d  K ~ c / / E ,  
u s e d  a s  a b a s i s  f o r  p l o t t i n g  t h e  e x p e r i m e n t a l  r e s u l t s ,  
i t  w a s  a s s u m e d  t h a t  t h e  c r a c k  e x t e n s i o n  r e s i s t a n c e  
r e m a i n s  c o n s t a n t  a s  t h e  c r a c k  p r o p a g a t e s  t h r o u g h  t h e  
s p e c i m e n  a n d  t h a t  t h e  f r a c t u r e  i s  f o r m e d  u n d e r  p l a n e  
s t r a i n  c o n d i t i o n s .  T h e  o b s e r v e d  c o r r e l a t i o n  b e t w e e n  
e n e r g y  a n d  K ~ c / / E  in  i t s e l f  s u g g e s t s  t h a t  t h e s e  m u s t  b e  
r e a s o n a b l e  a s s u m p t i o n s  to  m a k e  f o r  t h e  p r e c r a c k e d  
s l o w - b e n d  s p e c i m e n s  of t h e  m a t e r i a l s  s t u d i e d ,  bu t  
t h e r e  i s  a d d i t i o n a l  e v i d e n c e  f r o m  P e l l i n i  a n d  J u d y  '5 
t h a t  s u c h  a r e l a t i o n s h i p  b e t w e e n  W//A a n d  K I c  w o u l d  no t  
b e  u n e x p e c t e d .  

P e l l i n i  a n d  J u d y  c l a s s i f y  m a t e r i a l s  a c c o r d i n g  to  t h e  
s h a p e  of t h e i r  f r a c t u r e  e x t e n s i o n  r e s i s t a n c e  c u r v e s  
(R c u r v e s ) ,  w h i c h  i n d i c a t e  t h e  r a t e  a t  w h i c h  t h e  r e -  
s i s t a n c e  to  f r a c t u r e  i n c r e a s e s  a s  t h e  c r a c k  m o v e s  
a w a y  f r o m  t h e  i n i t i a l  c r a c k  t i p .  T h e  s h a p e  of t h e  R 
c u r v e  f o r  a p a r t i c u l a r  m a t e r i a l  i s  l i n k e d  t o  t h e  r a t e  a t  
w h i c h  t h e  t r a n s i t i o n  o c c u r s  f r o m  t h e  i n i t i a l  p l a n e  
s t r a i n  f r a c t u r e  m o d e  to  t h e  f i n a l  p l a n e  s t r e s s  o r  m i x e d  
m o d e  t h a t  i s  c h a r a c t e r i s t i c  of t h e  m a t e r i a l  a n d  s e c t i o n  
t h i c k n e s s .  H i g h - s t r e n g t h  s t e e l s ,  s u c h  a s  D 6 A C  a n d  
4340 ,  a n d  t i t a n i u m  a l l o y s ,  o t h e r  t h a n  t h e  l o w e s t -  
s t r e n g t h  o n e s ,  a p p a r e n t l y  h a v e  R c u r v e s  t h a t  r i s e  a t  
o n l y  a m o d e r a t e  r a t e  w i t h  i n c r e a s i n g  c r a c k  l e n g t h ;  c o n -  
s e q u e n t l y ,  s l a n t  f r a c t u r e  i s  no t  d e v e l o p e d  t o  a n y  g r e a t  
e x t e n t  in  t h e  C h a r p y  s p e c i m e n - - p a r t i c u l a r l y  in  t h e  p r e -  
c r a c k e d  C h a r p y  s p e c i m e n - - a n d  t h e  f r a c t u r e  i s  e s s e n -  
t i a l l y  of t h e  p l a n e  s t r a i n  t y p e .  

In  e f f ec t ,  t h e  f r a c t u r e  p a t h  in  t h e  C h a r p y  s p e c i m e n  
i s  t oo  s h o r t  to  a l l o w  t h e  fu l l  d e v e l o p m e n t  of a p l a n e  
s t r e s s  f r a c t u r e  m o d e ,  a n d  t h e  s p e c i m e n  r e p r e s e n t s  a 
p s e u d o - p l a n e - s t r a i n  c o n f i g u r a t i o n .  H e n c e  t h e  
m e a s u r e d  e n e r g y  a p p r o x i m a t e s  t h a t  f o r  p l a n e  s t r a i n  
f r a c t u r e ,  a n d  i t  c o r r e i a t e s  w e l l  w i t h  K I c .  On t h i s  
b a s i s ,  i t  c an  b e  i n f e r r e d  t h a t  p r e c r a c k e d  C h a r p y  s p e c -  
i m e n s  s h o u l d  p r o v e  u s e f u l  f o r  e s t i m a t i n g  K i c  in  o t h e r  
m a t e r i a l s  w h e r e  t h e  f r a c t u r e  e x t e n s i o n  r e s i s t a n c e  

e i t h e r  d o e s  no t  i n c r e a s e ,  o r  i n c r e a s e s  on ly  s l o w l y  a s  
t h e  c r a c k  g r o w s  a n d  t h e  s t r e s s  s t a t e  c h a n g e s .  

S U M M A R Y  

To  e x a m i n e  t h e  f e a s i b i l i t y  of  u s i n g  s i m p l e  e x p e r i -  
m e n t a l  t e s t i n g  t e c h n i q u e s  t o  e s t i m a t e  KIc  i n  h i g h -  
s t r e n g t h  t i t a n i u m  a l l o y s ,  i m p a c t  a n d  s l o w - b e n d  t e s t s  
w e r e  m a d e  on  e i t h e r  V - n o t c h e d  o r  f a t i g u e - p r e c r a c k e d  
C h a r p y  s p e c i m e n s .  

No s i m p l e  c o r r e l a t i o n  b e t w e e n  K Ic  a n d  i m p a c t  e n -  
e r g y  w a s  e v i d e n t  f o r  t h e  a l l o y s  s t u d i e d ,  bu t  p r o m i s i n g  
r e s u l t s  c a m e  f r o m  s l o w - b e n d  t e s t s  on  p r e c r a c k e d  
s p e c i m e n s ,  w h e r e  t h e  m e a s u r e d  e n e r g i e s  g a v e  good  
i n d i c a t i o n s  of t h e  K Ic  l e v e l s  f o r  s p e c i m e n s  h a v i n g  f r a c -  
t u r e  f a c e s  t h a t  w e r e  m o s t l y  f l a t .  In  t h e  m a t e r i a l s  of 
h i g h e r  t o u g h n e s s ,  w h e r e  t h e  s h e a r  l i p s  w e r e  of a n  a p -  
p r e c i a b l e  s i z e ,  j u s t  a s  r e a s o n a b l e  a r e l a t i o n s h i p  b e -  
t w e e n  e n e r g y  a n d  K Ic  cou ld  b e  o b t a i n e d  if f l a t - f r a c t u r e  
e n e r g i e s  w e r e  u s e d .  
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