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ABSTRACT

The elastic-plastic fracture toughness
parameter JIc has been determined for HY 80,
HY 130, 10 Ni steel, 17-4PH steel, and titanium
alloys Ti-6Al1-2Cb-1Ta-0.8Mo, Ti-TAl-2Cb-1Ta,
and Ti-6Al-4V. Tests were carried out at room
temperature by use of a multiple-specimen test
method and a newly developed single-specimen
computer interactive test procedure. Jr 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-specimen test method
and possesses distinct advantages over that
method.
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veldt, Naval Sea Systems Command (SEA 03522), and the block
principle is Mr. R. J. Wolfe, David W. Taylor Naval Ship

Research and Development Center (Code 28).

INTRODUCT ION

The use of linear elastic fracture mechanics for the pre-
diction of fracture of flawed structures has been shown to be
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 material 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 page v.




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, J;., of several
Navy structural alloys. Further, methods for determining Jj.
were refined. The organization of this report includes an
initial review of the concepts of LEFM. The J-integral will
then be introduced in a discussion of elastic-plastic fracture
mechanics. A review of the Jjc 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,
elongation, and reduction of area) as the basic properties con-
trolling strength failures of load-bearing structures. Design-
ers have used the material yield strength as the principal
design parameter attempting 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

~A%

yielding conditions were present.l Careful examination of

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




failures showed generally that rapid crack extension occurrved
from a preexisting flaw or detect (often a weld flaw Oor tatigue
crack emanating from a region of high local stress). 1In such
cases, the distribution of tensile load across a region contain-
ing a preexisting flaw resulted in elevated tensile stress
adjacent to the crack tip. 1In cases where catastrophic rapid
crack extension occurred, the elevated tensile stress at the
crack tip caused the materials fracture toughness orv resistance
to crack extension to be exceeded and failure resulted.

The first step in characterizing the resistance of materials
to crack extension is to establish the nature of the stress
elevation at a crack tip subjected to a tensile load. The

stresses and strains near a planar, two-diemensional crack in a

~

large elastic body can be expressed by the tfollowing equation:

Ky |
\'i_j oyl L B (@)

Ky :
€5 4 m— K., (6) (1)
1 ‘ y._\u ) o By
where S” \c‘\ and l-:.” \:1\ are functions of 0 as given by williams 4

which are on the order ot unity, and the origin ot coordinates
is taken at the equivalent crack tip as shown in Figure 1. The
1 Jr terms establish the order of the singularity but ave
independent of the type of crack present, the details of the
loading applied, and other geometric details of the cracked body.
Ky 1 these expressions depends on the specific crack and body
geometry and the specific loading applied to the body. The Ky
term, therefore, sets the stress and strain intensity covre-
sponding to the particular crack geometry and contiguration.
This term is called the stress intensity factor. Stress inten-
sity factor relationships can ‘l‘z- obtained through analytical
and experimental techn '\ques(\‘:‘ and are tabulated in handbooks
by Tada, Paris, Irw’m.q and sihw for many crack contiguration

of interest.,




The elastic stresses and strains defined in BEquation (1)

approach infinity near the crack tip. This is not physically
realizable since the material near the tip vields plastically.
Analytical estimates given the size of the plastic zone near a
crack tip as t”ollows:\)

A

1 K . 3
B W o |l for plane strain (2)
v -
. O Qe
vs
)
1 1N
e A for plane stress (3)
\ s
- i \YYS

where -31‘\_ is the distance from the crack tip to the furthest
extent of the plastic zone, and Tn is the 0.2 percent offset
tensile yield stress. It is a pr:\‘ep( of LEFM that as long as
the plastic zone is small compared to the distance from the
crack tip to the boundary of the specimen or structural com-
ponent, the elastic singularity “dominates" and fracture
initiates (for Mode 1 opening) when Ky reaches a matevials
constant, Ky., regardless of the detailas of the fracture mecha
nism within the plastic zone. Recommended pract i\‘r‘“ tor Ry

determination requires:

»
" hl\‘ h o\
a,p > 8.5 — &
(%)
v's
4 hY
(Kyo \ S \
WS 5.0 L 5) v
8 X
ys
where a is the crack length; B is the specimen thickness: and W
1s the specimen width. By comparison with BEquations () and (%),

this in effect requires the principal specimen dimensions to be
on the order of 50 times the size Of the plastic zone.
Application of LEFM in design or materials selection

involves knowledge of the plane strain fracture toughness

property, KIC' the geometry Of cracks present or likely to be (3




ponent. Utilizing the appropriate stress intensity functi

of flaw which might exist for each candidate material for

given application.

Combination of LEFM theory with nondestructive test methoc

has reduced the number of catastrophic faillures in structures

present, and an assessment of the loads likely seen by the

one can assess the maximum allowable crack size for each tyi

o

1o

to

which it has been applied. Design and material specifications

based on LEFM concepts have been recently adopted by the American

Society of Mechanical Engineers as part of the ASME boiler

1
pressure vessel code, e

and

by the American Association of State

Highway and Transportation Officials,lﬂ and by the United States

Air Forcel among others.

ELASTIC~-PLASTIC FRACTURE MECHANICS

Although LEFM is being utilized more commonly, it suffers

from limitations of applicability. Fully constrained plasticity

requires that LEFM be used for high-strength materials or for

very thick sections in a structure. For this reason no valid

K data have been obtained for common Navy structural alloys.

Ic

It is in addressing this limitation, then, that the elastic-

plastic fracture toughness parameter J has come to bear.

15 e 16
In 1968, Hutchinson - and Rice and Rosengren

developed

a singularity solution for stresses and strains near a planar,

two-dimensional crack in a power hardening elastic-plastic

material. This solution can be written in a form similar to

that of the elastic solutions (Equation (1)):
N

Uij(r'G) e JI N+1 s* (a)
———= = |7TT 150
i 4 1N
J . T
€, . \ I N+1 \
1J\rlﬂ (EITEE) E;jkﬁ
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where 51 = equivalent stress at unit strain

N = equivalent stress at unit strain
Iy = function of N given approximately by Shih17
= 10.3¥0.13 + N - 4.8N
LI . : I [ e
Sij'Eij = functions of § given by Hutchinson which are

on the order of unity

In this expression, the following power law hardening stress

strain relationship in the nonlinear region is assumed to apply:

7 =a ()Y (7)
This is an asymptotic solution 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 Jg singularity reduces to the elastic singularity of

Equation (1) (for plane strain), with:
1-v
RSP e R (8)

where E is the elastic modulus, and p is the Poisson's ratio.
Thus, the LEFM singularity given by Equation (1) is in fact a
special case of the more general Hutchinson, Rice-Rosengren

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

eter is the more general and more widely applicable fr;cture
parameter than the LEFM parameter KI.

To evaluate J; as a function of the specific crack geo-
metries and applied loadings of interest requires using the

18

definition of JI as a path independent integral given by Rice.

By s f wdy - T, %41 as (9)
1 X




where 1° - any contour surrounding the crack tip

L3
W = strain enerqgy density . j{ o4 d'i)

O

‘Pi - traction vector along I' such that T‘ u“n‘

Wy displacement vector in the divection of L

ds an element ot arc length along v

The coordinates for this definition are described in Pigure .

Theoretically, Equation (9) can be used with tinite element

or other numerical methods to develop empivical equations giving

JI as a function of applied load and crack geometry tor struc:
tural configurations. 1In practice, this has not yet been done
due to the high costs of deriving the many solutions rvequived,
However, Bucci, g&_ﬂl,‘q have shown that for a rigid plastic

material, J  could be evaluated trom the tollowing expression:

1
apr
s \
J - sk RIS L10)
1 B\ aaa)
where § crack tip opening displacement
specimen thickness
1 plastic limit load
L)
a crack length
s 1 for contigurations with one crvack tip
« 2 tor contiguration with two crack tips

For example, the solution tor the compact tension specimen can

be developed by utilizing the limit load expression ot Merkle
20 . ; . :

Corten. \ This yields the tollowing expression atter sinplita

cat ion:

Vo a
J 1.20 o, 1 = pRenihe- | § (1)
. ys l Vs iad




where Tys is the yield stress, W is specimen width, and a is

specimen crack length. Other results similarly obtained by

2l have shown that J_ depends

Bucci, et al,19 and Begley, et al, I

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 J_ has been

I
shown to be analogous to KI and in fact contains the linear
elastic solution as a special case. From a physical stand-
22

point, Begley and Landes have suggested that when J. reaches

I
a critical value for the material (JIC), elastic-plastic crack

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

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

Ic 11

crack extension under monotonic loading.
Just as in the case of LEFM, the applicability of the JI

parameter is limited. In the first place, J, is applicable as

a fracture criterion only when the HRR singuiarity of Equation
(6) prescribes the stress and strain conditions at the crack
tip. Very close to the crack tip (as depicted in Figure 3) a
fracture process zone containing large strains, decohesion
zones, voids, and other noncontinuum fracture processes exist.
These processes are poorly understood, but because the J

I
annular region completely surrounds this zone, the J_ singu-

I
larity dominates. If this fracture process zone was to grow
large compared to the dimensions of the body, Jg would not be
an applicable fracture parameter. Long before this would

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

I
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. 1In this

case, no single fracture parameter would suffice.




Joyce and Mcclint:oc:kg3 investigated two geometries and

found the following relationship limits the distance from the
crack tip to the nearest boundary:

E1 % JIc
b > 2| — . (12)
Uys NOYS

where b is the distance from the crack tip to the nearest bound-
Ty and IN are as defined previously. Similarly,

ary and 51. N,
Paris2 has suggested that the specimen thickness satisfy the

following relation for a J & test to be valid:

I
Jic
B > (25 to 40) —= (13)
Tys
Very little data is available to validate either relationship.

e2 angd Parisz5 have pointed out that any

Landes and Begley
crack extension implies material unloading in the vicinity of
the crack front which violates assumptions of the J~integral
analysis which produced Equation (6). Jio is defined for the
first increment of crack extension, but it is obtained by extra-
polating back from a J-Aa resistance curve for which crack
extension is the abcissa. Logsdon26 has compared KIc values
obtained from J_. with ASTM-E399 KIc values and has shown that

I
close agreement is obtained. Until a test method for JIc deter-
mination is developed which does not require extrapolation from
a J-Aa resistance curve, the role of unloading due to crack

extension is open to question.

SUMMARY OF PUBLISHED JIc DATA

Because the development of an elastic-plastic fracture
criterion is of great importance to the pressure vessel and
power generation industries, much of the published J-integral
data reflects interest in materials commonly used in these
industries. In their initial paper evaluating the J-integral

as a fracture criterion, Begley and Lande522 reported test

results for ASTM A533B Class 2 pressure vessel steel and an (]




intermediate strength Ni-Cr-Mo-V rotor steel. Table 1 presents
the mechanical properties and JIC 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 mm (2 inch) (2TCT) thick com-
pact tension specimens of A533B steel were tested. The AH33%B
steel was tested at room temperature while the rotor steel was
tested at 200 F (93 C), the start of upper shelf Kie behavior.
The values of JIc reported were determined from the maximum
load, a practice which was subsequently found to overestimate

J, . Experiments with the same Ni~Cr-Mo-V rotor steel using

Ic
several specimen types were then carried out by Landes and
Begley27 to evaluate the effects of different plastic slip-

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

Ic
range of results is included in Table 1. ASTM A216 WCC grade
cast steel of relatively low strength and high toughness was

e to establish a J test-

Ic

ing procedure and evaluate the equivalence of Jie and Ko

values over a range of temperatures. 1In this effort, curves of

then evaluated by Landes and Begley

J, versus crack extension (Aa) were constructed for multiple

specimen tests to allow examination of alternate JIc measure-
ment points. The test results for six different specimen geo-
metries taken at the intersection of the best fit line of the
crack extension points to the crack opening stretch line

(J = 20g1,,42) resulted in a narrow range of J . values shown
in Table 1.

Logsdon26 provided a comprehensive evaluation of the
elastic-plastic fracture of rotor forging steels. The steels
investigated included ASTM A471 Ni-Cr-Mo-V, ASTM A469 Ni-Mo-v,
ASTM A4T70 Cr-Mo-V, AISI 403 modified 12-Cr rotor forging steel,
and ASTM A217 2 1/4 Cr-1 Mo cast steel. This work is important
because 1TCT specimens were removed from heats of these steels

for which corresponding K values had been obtained. The

Ic
Landes-Begley resistance curve technique was employed and tests

were carried out over a temperature range from 10-24 ¢ (18-43% F)

Qi g s S

AR

it ddnadiid



above the maximum temperature where valid KIc values were 5
generated with 1TCT specimens to the temperature where 0 percent

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

Logsdon showed that K

o evaluated from J . results corresponded

L I
closely with valid KIc results obtained specimens as large as
8TCT. :
TABLE 1 - SUMMARY OF PUBLISHED
J TEST T
Ic DATA
1c Test
. longa- J
Material Refer-| YS| UTS | o o | RA |Temperature Ic Comments
ence [MPal MPa R R e s
CL2 22 l483 ,__L__ﬁr_ 24 ]165-180]HssT material =~ |
Ni-Cr-Mo-V Steel 22 forzjior ) 16 | 1 93 [149-173 B AT
Ni-Cr-Mo-V Steel 27 |917]1021 _"gg_jh-"_‘4<7»A351»__“F111:g§1‘ R S
A216WCC Cast Steel | 28 [303] 510 16 |36 | 120 289-315|ITCT-4TCT specimens
Cew’ NENGW (TR S, W __‘,-Jﬁ“.l)'_w__,,,__- i
rx-Cr-no—v Steel 26 (9311023 16.6] 56.7 65 105
i SR0-0e W e Riae -_J;F_.Lz_l..,,__ TR R SR s e
Ni-Mo-V Steel | 26 [590] 7.1 [ __1,1.-.8+5¢'_-5_» 149 ‘,.*Jﬂ_o__-‘_, D
Cr-Mo-V Steel | 26 le26] 784 17.1]46.9] 149 &2 | 000 1
AISI 403 MOD 12 Cr | 26 [682] 821 16.8[48.5 200 83
— ———— — e 4 — —*A-f«%r~~»+.4-rl.4~q~.r. "‘P‘"Z'o"“"‘"" — e
2 1/4 Cr-1Mo Cast 26 [a19] 573 17.6[{42.8 -46 162
ST e RS SR SN NS S TRV T SRR L AN
Ti-6Al-4V ] 20 [sse] 923 13.sf30.5] 24 33-43 [ R
AL 2024-T 351 ] 30 1338} 492 L,,:LL,J"__,“J_-_'L TR SO 0 S 0 B T L= s
Al 7005-T 6351 30 [3s8] 408 12.5]29.0 24 2 Center plate
| it S ISR et B = 2,24 cm Sy
Ni-Cr-Mo-V Steel 31 770] 893 20.6]61.1 149 105 CT specimens 1
only, fatigue
ERSCTRERER OIS ERERD ), IO ST, SURRN TN ISR I | S SRS
Al 6061-T 651 31 |276| 32a | 14 |32 24 16 Fatigue pre- |
O ettt Shifhciar Moty L 1 oy cracked
HY 130 32 986 [1048 | 21.0|68 24 215 g = U
B(W-a)
29

Yoder and Griffis evaluated the elastic-plastic fracture

toughness of Ti-6Al1-4V 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.

50 evaluated the JIc of two
aluminim alloys, 2024-T351 and 7005-T6351. The results shown in

Table 1 are derived from the multiple specimen resistance curve

Subsequently, Griffis and Yoder

technique using 3-point bend bars. ]

11




evaluated . of ASTM A471 Ni-Cr-Mo-V
Various specimen geometries and
and the results shown in Table 1

This is the first

Begley and Logsdon31
rotor steel and Al 6061 T6.
root radii were evaluated,
cover only tests employing fatigue cracks.
attempt to show empirically that JIC 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.
evaluated ductile

Most recently, Kamath and Harrison

crack extension criteria in HY 130 steel.
evaluated, and results of test methods and computational methods

are reported.

Table 1 includes their J

I

ae

Both JI and COD were

- test results developed

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

ing the multiple-specimen test method.

MATERIALS

J

Ic

TEST ING

Seven alloys were evaluated in the test program reported

herein.

These included HY 80, HY 130,

10 Ni-Co-Cr-Mo and 17-4PH

steels, and titanium alloys Ti-6Al1-2Cb-1Ta-0.8Mo, Ti-7Al-2Cb-
The chemical composition and tensile mech-

1Ta,

and Ti-6Al1-4v.

anical properties of these materials are presented in Tables 2

and 3,

of rolled plate.

respectively.

All materials were supplied in the form

TABLE 2 - CHEMICAL COMPOSITION OF TEST ALLOYS

| _Material [Code) ﬁL_J?L—J_:L_IiLlnLLs;-l el vl s levlralo T [eoln
Steels, Chemical Composition  Weight Percent)

MY 50 (EFT) 0.158(0.29  0.00910.31| 2.99| 1.9 0.44 | 0.016]{0.020 0.18
HY 130 (FKS) 0.11 {0.76 [0.005[0.%1] 5.00) 0.4 0.5% | 0.043]0.004 0.022}0.021}0.02}0.00¢
10 Ni Steel (EZC) 0.12 ]0.11  J0.007 J0.07]10.26] 1.99] 1.007 0.00% 7.7% o«ooj
17-4pPn (ENU) 0.0%710.20 10.02%10.57| 4.2811%, 0.01110.2710.0113. %

Titanium Alloys, Chemical Composition (Weight Percent)
| _Material - - N WMQ-J -8,
ITL-6A1-2Ch-1Ta-0. M0 [0.02 | 0.014 0.9 |0.00%2
(FBS)
IT{-TAL-2CDb- ITa (FAR) [0.010] 0.0057 0.0%2}0.00%2
IT1-6A1-4v (FOU) [2021 0.012 0.15 [0.00%1[3.9%
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TABLE 3 - TENSILE MECHANICAL PROPERTIES
OF TEST ALLOYS (TRANSVERSE ORIENTATION)

0.2% YS| UTS Elong- Reduction
Alloy (Code) Heat Treatment MPA MPa (tion ¥ in| of Area
(ksi) }(ksi) 2 in. %
HY B8O 280 €, % hr, w;o 45741; 679 &1 66
(EFI) 0 c, 1 hr, W/Q 79)
HY 130 830 ¢, 1.5 hr, w/Q| 937 78 21 55
(FKsS) 630 c, 1.5 hr, w/Q| (136) |(142)
0 N1 885 ¢, 1 hr, wW/Q 1300 1452 19 69
Steel 815 ¢, 1 hr, w/Q (180) [(211)
‘EZC) ?10 C, 5 hr, W/Q
T-4PH 0c, 1 hr, A/C 883 972 11 ok
(ENU) 590 ¢, 4 nr, a/c (128) [(141)
Ti-6Al1-2Cb- As received 700 792 13 23
lTa—()).BMo Hot rolled (101) [(115)
(FBS
Ti-TAl-2Cb-1Tal 1090 ¢, 1 hr, A/C 665 741 10 25
FAR) (96) |(108)
Ti-6Al-4v - 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- i1
ture toughness tests were carried out at room temperature with
a displacement controlled test machine. Maximum cross-head
speed was 0.25 mm/min. 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 ligquid 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. Jy values were calculated from the load point displace-
ment curve for each specimen according to the relation JI=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 JI versus crack
extension (pa) was constructed. A least squares straight line
was fit to all data with Aa greater than JI/2nflow+O.05 mm
where ogq 0 = (oygtours)/2. Jpc was taken as the intersection of
the above line and the crack opening stretch line JI:2°flowAa'

€. Vvalidity analysis was carried out according to the
criterion:

JI
B> 40 —
ys

Single specimen tests utilized a computer interactive test
procedure uniquely developed for Jie evaluation. The key
requirement for carrying out a single specimen test for JIc 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 unloadings along
the load-displacement record to estimate crack length and crack

advance. A schematic of the computer interactive test system

employed for this purpose is shown in Figure 5. Analog signals
from the clip gage and load transducer are digitized and read
by the computer approximately once per second. These data

14
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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-
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:

3

& - i e_
w = 1.000196-4.06319 ULL+11.2H2 U 106.043 UL

LL
I 5 (14)
+ L6h.355 U *-650.677 U,
where
= 1
LL BE& \
((1‘v )P) s

and %/P is the specimen load line compliance.

U

14 A unique JI

versus Aa pair is obtained for each unloading and, in turn,
stored on magnetic tape. At the conclusion of test, a plot of
JI versus pa from the compliance estimate was produced and JIc
was estimated by the criteria outlined in the multiple specimen
test method. Single-specimen tests were performed with HY 130,
10 Ni steel, 17-4PH steel, as well as titanium alloys Ti-7Al-

2Cb-1Ta and Ti-6Al-4v.

RESULTS AND DISCUSSION

Specific JIc values for multiple- and single-specimen tests
are reported in Table 4 including a summary of specimen validity
calculations and equivalent K, calculations from Equation (8).
The JI versus crack extension resistance curves for HY 80,
HY 130, 10 Ni steel, 17-4PH steel, and titanium alloys Ti-6Al-
2Cb-1Ta~0.8Mo, Ti-7Al-2Cb-1Ta, and Ti-6Al-4V are presented in
Figures 6-12, respectively. Each of these figures shows the
blunting line and least squares linear regression fit of indivi-
dual data points. The intersection of these two lines defines

15




the critical J

T for initiation of crack extension.

Figure 13

presents a typical load-displacement curve for single-specimen

tests (HY 130) showing periodic unloadings to develop crack
extension estimates.

TABLE 4 - SUMMARY OF J

TEST RESULTS

Ic
Jic Eq K1
W B KPa-m , 4o J1 /ays Mpa;gé;Q
. (in-1b/in“) Specimen mm (in.) (ksi,/ in.)
Specimen Thickness Specimen Specimen
Multiple/Single/mm (in.) [Multiple|Single[Multiple|Singl
HY 30 3l - 25.1 6.0 - 134 -
(EF1) (469) (0.990) (0.24) (122)
HY 130 186 208 25.1 7.9 8.9 202 21%
(FKS) (1060) (1184 (0.990) | (0.31)](0.35 (184) (194
10 N1 Steel 118 138 25.2 30 i 10l 174
(E2C) (673) [ 788)] (0.994) (0.14)(0.17 (146) | (158)
17-4PH 106 112 25.4 TR 4.8 15% 157
(ENU) (607) | ( 641)] (1.000) (0.18) [(0.19)] (139) | (143)
Ti-0A1-2Cb- 108 - 5.4 0.2 - 117 -
1Ta-0.8Mo0 (614) (1.000) (0.24) (108)
(FBS )
Ti-TAl-2Cb-1Ta 71 TS 25.8 0.3 IR 96 Qz
(FAR) (405) ((419)] (1.015) {O.1T) IO AT ( OF) (88
Ti-0Al-4v 39 48 25.4 1.9 2.3 L T8
(FGU) (225) ( 272)| (1.001) (0.07)](0.0 ¢ 68) | (TL)
Figure 14 is a compilation of multiple-specimen data for

the four steels tested. The data suggest the dual analysis

available with Jie testing. The superior fracture toughness
of HY 130 in comparison with 17-4PH of similar yield strength
and 10 Ni steel is obvious. The slopes of the J-)a resistance
curves decrease monotonically with increasing yield strength.

When considering HY 80, the combination of low J and high

Ic
J-Aa slope implies that HY 80 is less resistant to crack initia-
tion but is more resistant to crack extension beyond 1 mm than
any of the steels tested.

Lacking other valid fracture toughness values for these

steels, the data presented in Table 4 provide the best descrip-
130 data

tion of their fracture tcughness properties. The HY




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

tests would be required to produce valid plane strain Kie
results.

The multiple-specimen J-Aa 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-Aa
resistance curve slopes. The data shows that for this class of

alloys, J clearly discriminates on the basis of crack initia-

tion. Théccalculated K . value for Ti-6Al-4V indicates that
this material, possessing an acicular alpha microstructure with
evidence of prior beta grain boundaries, is on the lower bound
of published valid K _ data for the ALl o

Analysis of multiple- and single-specimen test data shows
that both test methods produce equivalent Jrc values. The data
in Table 4 shows that the JIc from single-specimen tests runs

from 3 to 21 percent higher than J - from multiple-specimen

tests. With the exception of Ti—Til-QCb—lTa, the single speci-
men method consistently produces higher J-Aa resistance curve
slopes. This results from the fact that considerable crack
front curvature existed with all materials except Ti~7Al-2Cb-
1Ta. 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- ! 4
ing the best method to characterize actual crack extension. \
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
multiple-specimen method for several reasons. The single speci-
men method produces a JIc and a J-Aa resistance curve for each
test. When several specimens are available, the multiplicity
of JIc values allows for statistical analysis of material vari-
ability. The single-specimen method allows for JIc tests to be
carried out in various environments and over ranges of tempera- ¢

tures. The large number of data points allows for better

17




analysis of the slope and shape of the J-Aa resistance curve.
Lastly, this method is more likely to be applicable in quality

assurance testing of Navy structural alloys.

CONCLUS IONS
1. JIc fracture toughness values have been measured for
HY 80, HY 130, 10 Ni steel, 17-4PH steel, Ti-0Al-2Cb-1Ta-0.8Mo,
Ti-7Al-2Cb-1Ta, and Ti-6Al-4v. These data provide valid char-
acterization of fracture toughness properties in the elastic-
plastic regime.

2. JI is seen as an effective parameter in describing

fracture toughness and distinguishes between toughness at crack
initiation and resistance to crack extension.

3. In the case of Ti-6Al-4v, U - was shown to predict

valid plane strain fracture toughnes; values.

4. A computer interactive single-specimen test method
has been developed and shown to be equivalent to the multiple-
specimen method. The advantages of the single-specimen method
include more efficient use of available material, greater

detail in test data, multiplicity of J & values for analysis

I
of material variability, and potential to test over a range of

environments and temperatures.
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