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equivalent results when compared with the multiple-specimen
test method and possesses distinct advantages over that method
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ABSTRACT 

‘ U

The elastic-plastic fracture toughness
parameter JIc has been determined for HY ~~ 

U

HY 130, 10 Ni steel, l7-4pH steel, and titanium
alloys Ti-6A1-2Cb-lTa-O .8Mo , Ti—7A1-2Cb-lTa,
and Ti-6A1-24V . Tests were carried out at room
temperature by use of a mult iple-specimen test
method and a newly developed single-specimen
computer interactive test procedure. J1 is
shown to be an effective parameter in describ-
ing fracture toughness on the basis of both
crack initiation and crack-growth resistance.
The computer interactive test procedure is
shown to produce equivalent results when com-
pared with the multiple-spec imen test method
and possesses distinct advantages over that
method .

ADM IN I STRAT IV1~ INFORMATION

This study was sponsored b~’ the Nava l Sea Systems Command

(SEA 05522) and was performed under the Surface Ship Block ,

Wor k Unit  l-2$O3-l6~~. The program manaqer is Dr. H. U. Vander-

veldt , Naval Sea Systems Command (SEA O~~~2 2) ,  and the block

princ iple is Mr.  R. J. Wol fe , David W . Tay lor Naval  Ship U

Research and Development Center ~Code 2~ ).

INT RODU CTION

The use of linear elast ic fracture mechanics for the pre-

diction of fracture of flawed structures has been shown to he

a useful engineering tool for design and material selection .

The development of a standard test method for plane strain

fracture toughness indicates that the concepts of LEFM* have

been reconciled with empirical results to allow for the reliable

measurement of a mat erial property. The use of LEFM is limited ,

however , to cases of cracked bodies with small-scale yielding .
To overcome this , increasing effort has been directed to the

formulation of a fracture criterion which would be applicable

The definitions of abbreviations appear on paqe v. $ 1

1
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for cases of both small- and large-scale plasticity. The path

independent J-integral developed in 1968 has emerged as the

most promising elastic-plastic fracture concept.

The purpose of this investigation was to evaluate the

elastic—plastic fracture toughness parameter, J1~ , of several

Navy structural alloys. Further , methods for determining 
~Ic

were refined . The organization of this report includes an

initial review of the concepts of LEFM. The J—integra l will

then be introduced in a discussion of elastic-plastic fracture

mechanics. A review of the 
~ic 

data base for structural alloys

will be presented . Finally, test results for seven Navy alloys

will be developed and test procedures will be detailed .

BACKGROUND

LINEAR ELASTIC FRACTURE MECHANICS

Classical characterization of the mechanical properties of

engineering materials has involved the use of parameters from a

simple tensile test ~yield stress , ultimate tensile strength ,

elongat ion, and reduction of area ’ as the basic properties con-

trolling strength failures of load-bearing structures . Design-

ers have used the material, y ie ld strength as t he pr incipal

design parameter attcmptinq to keep stresses throughout the

structure at or below a chosen fraction of the yield stress of

the material being used . Considerable ductility is required of

engineering materials to blunt local excursions of stress above

yield stress such as those seen at fillets or rivet holes.

As materials with increased yield strengths were developed

and as stresses were increased, catastrophic failures of an

apparently brittle nature were found to occur well before general
I— 1~~

yielding conditions were present. Careful examination of

~A complete listing of references is given on page 27.

2
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present,  and an assessment of the b id :  l i k e  lv  seen hv he cL ’~

ponent. Utilizing the appropriate st r ess i n t i ’ns i l S l ~cl  l O l l ,

one can assess the maximum allowable c rack  i , ‘e f o l  ‘ .i~~-h

of f law which might exist for each c , ind  i d a t  o ~:, i t  or i , i i  I c r  a

g iven app lication.
Combination of LEFM theory wi th  fl O i ’~1~’;; t i~~~ct  i’:e I c C  I I , C ~ ‘ods

has reduced the number of c a t a s t rophi c  L i i  l u res  u’. s t  i u c t  a 1 ’ : ~ t 0

which it has been app lied . Design and l u a t  ci’  i a l  5l~~~’s i t  1 c I t  I O n S

based on LEFM concepts have becn recent  lv ado~’t ed by t h e  Al l l e r i c , I a

Society of Mechanical Eng ineers as p ar t  o f  t h e  ASMF b o i ler  ari d

preasure  vessel code , 12 by the ~~ie r l c~i n A s s o c i a t i o n  ci S t a t e

Highway and Transpor ta t ion  O f f i c i a ls , 1 ’  and by t he  U n i t e d  S t a te s

Air  Force~~~ among others .

ELAST IC- PLASTIC F RACTURE MECHANICS
Although LEFM is being u t i l i zed  more commonly , i t  suffers

from l imita t ions  of app l i c ab i l i t y .  F u l l y  c o n st r a i n e d  p l a st i ci t ~ ’

requires that  LEFM be used for h i g h - s t r e n g t h  materials or for

- 
very thick sections in a s t r u c t u r e .  For this reason no v a l i d

K10 data have been obtained for common Navy s t r u c t u r a l  a l l o y s .

U It is in address ing th i s  l i m i t a t i o n, t h e n ,  that  the e l a s t i c —

plastic fracture toughness parameter 
~~~ 

has come to bear .
In 1968 , Hutchinson 15 and Rice and Rosengren~~~ developed

a s ingu la r i t y  solution for  stresses and s t r a i n s  near  a p lanar .

two-dimensional  crack in a power hardening elast ic-pla s t i c

m a t e r i a l.  This solution can be w r i t t e n  in a form s i m i l a r  to U

that of the elastic solutions (Equation (l’j):

Na- . J I —
_________ 

i r t t ~ i-i ‘
~________  = 

~~~l
I

N
r / 3

J _j__.
= j I \ N + l  E~

U \a1I r /  
1) -

S
5

5-
-
- - ~~~~~~~~~~~~~~~~~~ ~~~~~~~

-
~~~~~~ -:~

-- -5---- ----5— —



where = equivalent stress at unit strain

N = equivalent stress at unit strain

‘N = function of N given approximately by Shih17

10.5 if’0. i~ + N -

* * - - - 15 -S1..E1 . -
~ functions of o given by Hutchinson which are

~ on the order of unity

In this expression, the following power law hardening stress

strain relat ionship in the nonlinear reg ion is assumed to apply:

~~~~~~ (~~p)
N (7 )

This is an asymptotic solut ion to a nonlinear elastic or deform-

ation plasticity model. Nonetheless , this idealized material

has many properties similar to strain hardening elastic—plastic

materials of engineering importance.
In the special case of N- 1, an elastic material is modelled

and the J
1 

singularity reduces to the elastic singularity of

Equation (1) (for plane strain), with :

i~~ i~
2 

(8)

where E is the e l a s t i c  modulus , and ~ is the Poisson ’ s r a t i o .

Thus, the LEFM singu la r i t y  g iven by Equat ion (1) is in fact  a

special case of the more general .Hutchinson , Rice—Rosengren

singularity of Equation ( 6 ) .  This suggests that  the J1 param-

eter is the more general  and more wi de ly app licable f r a c t u r e

parameter than the LIEFM parameter K
1
.

To evaluate J1 as a function of the specific crack geo-

metries and applied loadings of interest requires using the

definition of J1 as a path independent integral given by Rice .
’
~
8

[ Wdy - T1 ds (9 ’~J 1’ ~x U

1’

6

__________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 5-, -5~



where ~ - any ¼’OIit out  suruotmcl  i uq t he c ’t ~t ¼ ’K t p

W = at i’~t n t’ I t t ’ l ’ t~ \~ deiis I t  ~ — Lt ~ I

‘1’ -~ t 51¼ ’ t I ¼1U V t ’ s ’ C Ot a I OI1c~ 1’ ~ t t~ 1i t h at  ‘
~~
‘ ii

u = d t  sp Lat ’ement ~‘ec t ot in  C he’ d t t  c ’~’ C i et t t  c C  ‘U
1, I

da - an t ” 1 etment e t at  ¼ ’ 1 ‘‘ii~~ t h a t  one~ ~~
‘

The coord m a t  os tot ’  thiS deC tn t t t on  a t e  kt t ’5 t ’t b~’~t ttt C’ i q t t i  t’ -

Theoret. ica 1 ly . ~qu5t t  ion ‘) ‘1 can be’ ~~~e ’ct w t t i ~ t t t t t C et e’ emtttu t

et o ther  unmet’ tea I met hods C 0 c t t ’Ve (o p  etlup ii tea t t’~p t a t  01114 ci I t ’  I l i i i

J a~ a funet  ton  cC app i ted load and ~‘t ae1~ s~e’omt ’t y tot st  I I t t ’

t nra 1 con I iej urat  t O I l S  - I I I  j~ t at ’ C t Cc’ • t it t s has I tot  ye ’  C bee’it e1o~ t’
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where ay3 is the yield stress, w is specimen width , and a is
specimen crack length. Other results similarly obtained by

Bucci, et al,~
9 and Begley, et al,21 have shown that J1 depends

linearly on a displacement or nominal strain variable.

In review, what has been suggested by various authors and

detailed above is that fracture mechanics can be extended into

the elastic-plastic regime byusing the HRR singularity solu-

tion for stress and strain near a sharp crack in a nonlinear

elastic solid. The fracture parameter called J1 has been

shown to be analogous to K1 and in fact contains the linear

elastic solution as a special case. From a physical stand-

point, Begley and Landes22 have suggested that when J1 reaches

a critical value for the material (
~~ic~ ’ elastic-plastic crack

extension occurs. Again , this is a close analog to the linear

elastic case where K1 is measured at a maximum of 2 percent

crack extension under monotonic loading.11

Just as in the case of LEFM, the applicability of the J1
parameter is limited . In the first place, J1 is applicable as

a fracture criterion only when the HRR singularity of Equation

(6) prescribes the stress and strain conditions at the crack

tip. Very close to the crack tip (as depicted in Figure 5’i a

fracture process zone containing large strains , decohesion

zones, voids, and other noncontinuum fracture processes exist.

These processes are poorly understood , but because the J1
annular region completely surrounds this zone, the J1 singu-

larity dominates . If this fracture process zone was to grow

large compared to the dimensions of the body , J 1 would not be

an applicable fracture parameter. Long before this would

happen though, J1 would fail as a fracture parameter. If the

plastic zone extends across the entire specimen and the material

strain hardening is low, a transition will take place between

the HRR singularity to stress and strain fields defined by

rigid plastic nonhardening slip line field theory . In this

case, no single fracture parameter would suffiCe.

8
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Joyce and McClintock23 investigated two geometries and
- found the following relationship limits the distance from the

U crack tip to the nearest boundary :

/~~l \ ! ‘
~1cb > 21 _ 1N (12’t

I
N
a
YS

where b is the distance from the crack tip to the nearest bound-

ary and o
~~
, N, a- and I are as defined previously . Similarly,

Paris has suggested that the specimen thickness satisfy the

following relation for a test to be valid :

J
B > (25 to 240) ~i~’ (13 )

ys

Very l i t t le  data is available to validate either relationsh ip.
Landes and Begley22 and Paris25 have pointed out that any

crack extension implies material unloading in the vicinity of
the crack front which violates assumptions of the J—integral

analysis which produced Equation (6). J
10 

is defined for the

first increment of crack extension , but it is obtained by extra-

polating back from a J--~\a res istance curve  for which crack
- ‘ 

. extension is the abcissa. Logsdon26 has compared K10 values

obtained from 
~ I 

with  ASTM-E399 K1~ 
values and has shown that

close agreement is obtained . Until a test method for J1~ deter-

mination is developed which does not require extrapolation from

a J—e~a resistance curve , the role of unloading due to crack

extension is open to question .

SUMMARY OF PUBLISHED DATA

Because the development of an elastic-p lastic fracture

criterion is of great importance to the pressure vessel and

power generation industries , much of the published 3-integral

data reflects interest in materials commonly used in these

industries . In their initial paper evaluating the 3-integral

as a fracture criterion , Begley and Landes22 reported test

F results for ASTM A533B Class 2 pressure vessel stee l and an a

9
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intermediate strength Ni-Cr—Mo-V rotor steel. Table 1 presents

the mechanical properties and J1~ values for these materials
and others which will be discussed throughout this section.

Three specimen types including 20 mm (0.79 inch) bend bars ,

25 mm (1 inch) (1TCT), and 50 nun (2 inch ) t~2TCT) thick com-

pact tension specimens of A553B steel were tested . The A~~~5B
steel was tested at room temperature while the rotor steel was

tested at 200 F (93 C). the start of upper shelf Ki~ 
behavior .

The values of 3Ic reported were determined from the maximum

load, a practice which was subsequently found to overestimate

~10 
Experiments with the same Ni—Cr-Mo-V rotor steel using

several specimen types were then carried out by Landes and

Begiey27 to evaluate the effects of different plastic slip-

line fields. Again , ~~~~~~~~ was evaluated at maximum load and the

range of results is included in Table 1. ASTM A216 WCC grade

cast steel of relatively low strength and high toughness was

then evaluated by Landes and Begley2d to establish a J~~ test-

ing procedure and evaluate the equivalence of and Kic
values over a range of temperatures. In this effort , curves of

versus crack extension (ia) were constructed for multi ple

specimen tests to allow examination of alternate 
~~~ 

measure-

ment points. The test results for six different specimen qe’o-

metries taken at the intersection of the best fit line of the ’
crack extension points to the crack opening stretch line

(J = 2cvflow~
a) resulted in a narrow range of values shown

in Table 1.

Logsdon26 prov ided a comprehensive evaluation of the

elastic-plastic fracture of rotor forging steels. The steels U

investigated included ASTM A2471 Ni-Cr-Mo-V . ASTM A)469 Ni-Mo-V ,

ASTM A470 Cr-Mo—V , AISI 140’S modified 12-Cr rotor forging steel ,

and ASTM A2l7 2 1/4 Cr-i Mo cast steel. This work is important

because 1TCT specimens were removed from heats of these steels

for which corresponding K10 values had been obtained . The

Landes—Begley resistance curve technique was employed and tests

were carried out over a temperature range from 10-214 C ( l 8 — 1 4 ~ i-’)

L 
10
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above the maximum temperature where valid K10 values were

generated with 1TCT specimens to the temperature where 0 percent

brittle fracture first occurred in Charpy V—notch test results.

Logsdon showed that Kic evaluated from results corresponded

closely with valid Ki~ 
results obtained specimens as large as

8TCT.

TABLE 1 - SUMMARY OF PUBLISHED
3Ic TEST DATA

— —  ~~~~~~~~~ . T,’qt
~longa- J

Ma terial Refer- 1’S UI’S : ion •~ RI. T em p e rat u r e  1’-’ Cc’iunents 
ence MJ’a MPa -r MPa -m

tS’(~~ A5335 Ck2 — _2L_ 4~J ___ .24 - - ~~~—J.~Q 11,~~1~ i~j ete r i a 1  
-

Ni— Cr—Mo —V Steel 22 917 102 ’ 
- 

14’ ‘0 14 9— 173
Ni—Cr— Mo — V Steel 27 917 1021 

- 1*~ 121 17 7—1 87
A 2 l 6~~ C Cast Steel 244 303 ‘- 10 Ii~ ~4 1 21 289—31 6 ITt’T--4’IV T specimen .

________________ 
Ofl 1)’

l i—Cr—Mo—V Steel 2t~ ‘HI  10 . 1  I € . u~ “i~ . 7 (01 106
121 123

N i — M o — V  Stee l 1€ ‘-, ‘-Itt 7 .1  11 .8 u~1.5 149 140
Cr— Mo-V Steel ~~ u 2 t ~ 414 I ‘ . I 4~~~9 14’3 81
A S I  40 3 P~3D 12 Cr 2u ’ t~81 821 1u ~ .0 4$ 6  . 0(7 *47

_______ 14” 70
2 1/4 C r— lMo Cast .‘u ’ 419 6 7 ;  1 ? ( ,  42 .8 - 4t~ Ifl .’
Steel 14 140
Ti—bAI —4V 29 868 ‘ill  

- 13 .’s 3’4 . 5 14 3 . 4 — 4 3
Al 2024—T 351 30 338 492 21 .5 14 .5 24 16 B — 2 .3’ cm
A t 7005—I’ €351 30 358 408 12 .6 .“4 .0 24 22 Center plate

__________ B — 2 .24 cm
Ni -Cr-Mo —V Steel 31 770 893 10 .i~ ,1. 1 14~ 106 CT specimens

only , fa t ique U

precracked

A l h0€1 -T *011 31 27€ 324 14 3 2 24 ii’ Fatigue pre-

- — - ---- - - -  - — -  cracked 
1W 130 .12 986 1048 21 .0 t sP 14 215 

~ —

Yoder and Griffis29 evaluated the elastic-plastic fracture

toughness of Ti-6A1-4V with 3-point bend bars of two different

thicknesses and crack lengths. Again the Landes-Begley resist-

ance curve was employed , and results are shown in Table 1.

Subsequently, Griff is and Yoder’S° evaluated the J1 of two

aluminim alloys, 2024-T35l and 7005-T6351. The results shown in

Table 1 are derived from the multi ple specimen resistance curve

technique using ‘S-point bend bars.

11
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Begley and Logsdon’S1 evaluated of ASTM A1471 Ni-Cr-Mo-V
rotor steel and Al 6061 T6. Various specimen geometries and

root radii were evaluated , and the results shown in Table 1

cover only tests employing fatigue cracks. This is the first

attempt to show empirically that J1~ provides a convenient

engineering technique to predict fracture behavior of engineer-

ing technique to predict fracture behavior of engineering struc-

tures containing notch-like defects of finite-root radius.

Most recently, Kamath and Harrison32 evaluated ductile
crack extension criteria in HY 130 steel. Both J1 and COD were

evaluated, and results of test methods and computational methods

are reported. Table 1 includes their test results developed

by using single—edge notch cantilever beam specimens and employ-

ing the multiple-specimen test method .

J10 TESTING

MATERIALS

Seven alloys were evaluated in the test program reported

herein. These included HY ~0, HY l~0, 10 Ni-Co-Cr-Mo and l7—4Pu

steels, and titanium alloys Ti—bA1-2Cb- lTa-0.8Mo, Ti-7A1-2Cb-

lTa, and Ti-6A1-4V . The chemi.,’.tl composition and tensile mech-

anical properties of these mater ials .ire presented in Tables 2

and 3, respectively. All materials were supp l.ie’d in the form

of rolled plate.

TAB LE 2 - CHEMICAL COMPOS ITION OF TEST ALLOYS

M a t . I s a t .~’ns1. I c l ~ .1 . ? I~L.I N~ I c~1~~~l v i  l s ’ t ’ l t s L s , T A I  ~~~~~ t..1s~~~çh~~~ts.~.k ~‘~ 5j~~ s t t  ,~sn ~~~~~~~ P.I~~~.l~ t

H’y ‘4” art  C’ - 155 0 - 11 10 009 ~Q - “ 1 7 , 15 1, S .  ~~ 0 .  0t~ S o.’t’ S
NY I~~s’ ~?ltS 4 0 _ t i  O.7(’ Io.oO ’llo .41 6 . & \ ’  O L. 2j~’ . ’’ O s ’4’ 0, CX’~ t’ . S1.’ 0 , 021 0 s”2 (‘ (X’S
It.) N ,  st.. 1 r25 ’ 0 , 1 . ’ 0 , 1 1  0.007 lO OT 10 It ’ I . 9 g ~ I sxr t s s st’~ 7 ~“ s ’ SC’.
1T-4P14 L INt’’ 0,C~ T 0 ,20  0.02 ’ k” ,Sl 4 . 1 ’  t~

, ggl 0.011 0 . 1 7 (‘ .51  ‘, ‘.

I kt~1t~ 44~_& 2XS £t l~ 5 ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~‘~ flt~

sat.it.al ~~“4ei
__ . - ~ J.~~~ .!~~~~~, 

,~i4 ~~~- ~rI4_~L .~. 4  it
‘ t — f ’k t — 2 t’b I T .  ‘S4 PSo (‘.0,’ 0 01 1, 0 .06  5 , 5 1 ‘1 0 . 9~~~S, ’4’ ,‘ . ‘~ 4 (‘ St’S.’

‘r . TA I—20b — Ifs ras ’ 0.010 o.o0~? I, ’ . - 6.’ .‘. .‘.‘ 1, t ’ . t ’ 41  S

‘ . -t ’A1

~~

V

~~

?(5J ’ 
—— 

0 . 0 7 1  4’ SI . ’ ~‘ ISP . 1 5  
- - - — 

0 . 1”  
- 
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U TABLE 3 - TENSILE MECHANICAL PROPERTIES
OF TEST ALLOYS (TRANSVERS E ORIENT ATION )

0.2% YS tTFS Elong- Reduction
Alloy (Code) Heat Treatn~ent MPA MPa t ion ~ in of Area

______________ ___________________ 
(ksi) (k s i)  2 in. 

__________

iiy 80 900 C, 1 hr, W/Q 51414 679 27’ 66
(E FI)  690 C, 1 hr. W/Q (79 ’) (99 ’) ________ _________

HY l’~0 830 C. 1.5 hr. W/Q 937 978 ’ 21 55
(FKS) 6~0 C1 1.5 hr , W/Q 1136) (1)42) ________ _________

10 ~~ 885 C. 1 hr w/Q 1300 11452 19 69
St•el 815 C; 1 hr .  w/Q ( 180) (211)
( EZC~1 5i~0 C. 5 hr. W/Q ______ ____ ________  ________

i7-4PH 1O40 C , 1 hr, A/C 883 972 11 64
(ENU ) 590 C, 4 hr , A/C ( 128) (14 1)
Ti-6A1-2Cb- As received 700 792 13 23
lTa-0 .8Mo Hot rolled ( 101) (115)
( FSS ’) 

_________________  ______ ____ ________ _________

Ti-7A1-2Cb-lTa 1090 C . 1 hr .  A/C 665 741 10 23
(F AR ) _________________  

(96 ’) ( 108)
Ti—6A1-14V - 

- 822 934 11 16
( FGU) 

_________________  

(119) (136) 
________ _________

TEST PROCEDURES

Modified compact tension specimens were produced from each

material according to Figure )4• This specimen allows for clip

gage placement on the load line. In all cases, the crack plane

was placed in the T-L orientation . All specimens were fatigue

precracked as per ASTM E399-74 to a total “notch~ depth of

38 mm (1.5 inch), that is a/w = 0.75, where a is the crack

length and w is the specimen width. All elastic-plastic frac-

ture toughness tests were carried out at room temperature with

a displacement controlled test machine. Maximum cross-head

speed was 0.25 mm/mm . The multiple-specimen test procedure

was as suggested by Landes and Begley.28 The specific steps

in this test sequence and data analysis are as follows:

1. For each material, at least four individual specimens

were loaded to different crack opening displacement values,

and corresponding load-displacement plots were produced .

2. Individual specimens were then unloaded , and the cracks

were marked by heat tinting. For steels , the heat tinting was

accomplished by placing specimens in a furnace at 370 C for

13
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1/2 hour followed by air cooling. Titanium alloys were heated
to 760 C for a similar period followed by air cooling. Speci-
mens were then pulled apart at liquid nitrogen temperature to
minimize plasticity effects during separation .

3. Crack extension was measured with a travelling stage

microscope over nine evenly spaced points , including the center

line of each specimen and excluding the points at each side of

the specimen.
4. values were calculated from the load point displace-

ment curve for each specimen according to the relation J 1=2A/Bb ;

where A is the area under the curve to the point of unloading ;

B is the specimen thickness; and b is the uncracked ligament
- measured from the end of the crack .

5. For each alloy tested , a plot of versus crack

extension (Aa ) was constructed . A least squares straight line

was fit to all data with ~‘~a greater than ~I~
2°’fIow~

0
~
05 nun

where aflow (ays+~UTS’)/2. J1~ was taken as the intersection of
the above line and the crack opening stretch line J1 2aflOW ~a.

6. Validity analysis was carried out according to the

criterion:

J
I

B ’~~4O—‘ ys

Single specimen tests utilized a computer interactive test

procedure uniquely developed for J1~ evaluation . The key

requirement for carrying out a single specimen test for is

the ability to accurately measure crack length at a series of

points along a load-displacement record . In this program , com-

pliance measurements were taken during short unloadinqs along

the load-displacement record to estimate crack lenqth and crack

advance. A schematic of the computer inter.~..’tive test system U

employed for this purpose is shown in Fiqure t )~ Analog siquals

from the cl ip gage and load transducer are digitized and read
by the computer approximately once per second . These data p .

‘4
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are stored on tape and plotted as a real time load versus COD
plot. During the test, several unloadings on the order of 10

percent of the maximum load are carried out. For each unload- 
U

ing the area under the load-displacement curve is computed and

a linear regression fit of the slope of the unloading line is

used to estimate the present crack length and crack extension

from the following compliance expression :

= 1.000196-4.06319 ULL+ll.242 ULL -106.043 ULL
3

4
+ 464.355 ULL -650.677 ULL

5

where

I 
U

ULL = 
j  BE~ t i.,
I I~~ + 1
~ (l— ~ )P/ 

-

and ~,/p is the specimen load line compliance. A unique J1
versus ~a pair is obtained for each unloading and , in turn ,

stored on magnetic tape. At the conclusion of test, a plot of

J1 versus ~a from the compliance estimate was produced and J1~
was estimated by the criteria outlined in the multiple specimen

test method . single-specimen tests were performed with HY 130.

10 Ni steel, l7-4PH steel, as well as titanium alloys Ti-7A1--

2Cb-lTa and Ti—6Al-4V .

RESULTS AND DISCUSSION
U Specific 

~~~ 
values for multiple- and single-specimen tests

are reported in Table 4 including a summary of specimen validity

calculations and equivalent Ri~ 
calcuLations from Equation ~~~“ .

The versus crack extension resistance curves for H? ~0.

H? 130, 10 Ni steel, 17—4 PH steel, and titanium alloys Ti-hAl-
2Cb-lTa-0.SMo, Ti-7A1-2Cb-lTa, and Ti-bAl-4V are presented in

Figures 6-12, respectively . Each of these figures shows the
U 

blunting line and least squares linear regression fit of indivi- p
U dual data points. The intersection of these two lines defines

15 
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the critical for initiation of crack extension . Figure l~
presents a typical load-displacement curve for single-spec imen

tests ~,HY 1130’) showing periodic unloadings to develop crack

extension estimates.

TABLE 4 - SUMMARY OF J1~ TEST RESULTS

T 4o~~ 
Eq K I ç

KPa .m IC “s’S M Pa.m ~ 2M~% t e r L a 1  
~in-lb~/ in 2 ) Specimen 

- 
mm ~in .)_  j ksi~~~in . )  

-Spec imen Thickness Spec une~~,_ Specimen
____________ — ~~ 1tip 1e Single  nun sin .)  Mu 1ti~ 1e Sin~ le ~~4~~

1e Singli

~EF I ~ L 14 t”))  
_____ 

(0. 990 ) ~. 0.2 14) ( 122) 
_____

18~ 205 25. 1 - 7. ’~ ~ 5’T 202 213
_________ __~jL~t’0~ (11~4~ (0.990 ) 

— — ~~~~~ ~o.~~5) ( i ~4~ j~~~4
10 N i  S tee l  UP ’ 1~ 8 25.2 4 . 2  161 174
4 E ~c) 

______ 7~~
) (0.994 ) ~o.14 ) (0 .17)  ( l4h) ( 1 )

17-4PH 10~ 
- 112 25.14 14.6 4.8 15’~ 157

__________ ________ 
6141) (1.000 ) (0.l~~) (0.19) (l~9~ (143 )

Ti-6A1-2C~ -- 10~ - �S. 14 
- 

6.2 - 117 -

lTa-0 .5~Mo ( t’s l ~4~ (1.000 ’) (0.2 14 ’) ( l0~ ’)
~F5S)
Ti-7A1-2Cb-lTa 71 73 25.8 - 4.~ 9’~I, FA R) (405) ~ 419~ ~1.0l5) (0. 17 ) ~o . l7)  ~7) ~~b)
Ti-6A1-4V 39 25.4 1.9 71 75
~F0U) ~~ 225) L 2721 (1.001) t,0.07) ~~~~ h5) 1171)

Figure 114 is a compilation of multiple-specimen data for
the four steels tested . The data suggest the dual analysis
available with J1~ testing. The superior fracture toughness

of y 130 in comparison with 17-L4PH of similar yield strength

and 10 Ni steel is obvious . The slopes of the J-.\a resistance

curves decrease monotonically with increasing yield strength.

%Then considering H? ~O, the combination of low and high
J-~a slope implies that H? ~0 is less resistant to crack initia-

tion but is more resistant to crack extension beyond 1 nun t h a n
any of the steels tested .

Lacking other valid f r a c t u r e  toughness values for these
steels , the data presented in ‘rable 14 provide the best descrip-
tion of their fracture toughness properties. The H? l~~ data p

lb
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presented suggest that 6T (150 mm) compact tension specimen

tests would be required to produce valid plane strain

results.

The multiple-specimen J-~a data for the three titanium

alloys is presented in Figure 15. This figure points up the

wide variation in fracture toughness values with similar J-~ a

resistance curve slopes. The data shows that for this class of

alloys, J1~ clearly discriminates on the basis of crack initia—

tion. The calculated K value for Ti-6Al--4V indicates thatIc
this material , possessing an acicular alpha microstructure with

evidence of prior beta grain boundaries , is on the lower bound

of published valid K
1 

data for the al1oy .~~
4

Analysis of multiple- and single-specimen test data shows

that both test methods produce equivalent 
~~~ 

values. The data

in Table 4 shows that the from single—specimen tests runs

from 3 to 21 percent higher than from multiple-specimen

tests. With the exception of Ti-7Al-2Cb-lTa, the single speci- U

men method consistently produces higher J-~a resistance curve

slopes. This results from the fact that considerable crack

front curvature existed with all materials except Ti-7A1-2Cb—

ITa. When cracks tunnel , the compliance—calculated crack

length is smaller than the average of nine measured points
across the specimen. At this time, there is a question regard-

ing the best method to characterize actual crack extension . 
U

Final 9—point average crack length measurements shown on Figures

7, 8, 9, and 11 suggest equivalence between single- and multiple-
specimen tests when identical crack length measurements are used . —

The single—specimen test method is preferable to the

mul t ip le—specimen method for several reasons. The single speci-

men method produces a 
~Ic 

and a J-~a resistance curve for each

test. When several specimens are available, the multiplicity

of values allows for statistical analysis of material van-

ability. The single—specimen method allows for J1~ tests to be

carried out in various environments and over ranges of tempera- p
tures. The large number of data points allows for better

17
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analysis of the slope and shape of the J-~\a resistance curve.

Lastly , this method is more likely to be applicable in quality

assurance testing of Navy structural alloys.

CONCI~US IONS
1. fracture toughness values have been measured ter

H? 80, H? 130, 10 Ni steel, l7-14PH steel, Ti-hAl-2Cb-lTa-0.~ Mo ,

Ti—7Al--2Cb-lTa. and Ti-6Al-4V . These data prov ide valid char-

acterization of fracture toughness properties in the elastic-

plastic regime.

2. J1 
is seen as an e f f e c t i ve  paramet er in describing

fracture toughness and distinguishes between toughness at crack

i n i t i a t i o n  and res istance to cra ck e x t e n s i on .

~~ . In the case of Ti-bAl-4V , was shown to predict

valid plane strain fracture toughness values .

4. A computer interactive single-specimen test method

has been developed and shown to be equivalent to the multi ple-

specimen method . The advantages of the sinqie-specimen method

include more efficient use of available material , greater

detail in test data , multi plicity ef values for analysis

of material variability , and potent ial to test over a range of

environments and temperatures .
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