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SUMM.ARY 

A double cantilever beam (DCB) testing procedure is being developed 

to measure the fracture toughness of mild steel. The high ratio of toughness 

to yield strength for this material, coupled with the need for small specimen~, 

e1>tablishes severe limitations on the methods for measuring plane strain · 

crack toughness. The DCB specimen is most efficient from a size view

point; and has the added advantage of providing data for both fracture initiati~n 

and arrest. 

Because of the inherent difficulties in measuring the fracture tough

ness of mild steel, basic information needed for designing DCB specimens 

can best be obtained from tests on other materials. V'ork to date has con

centrated on epoxy ·and 7075-T651 aluminum, from which specimens can be 

inexpensively prepared and for which plane strain crack propagation can be 

obtained in small specimens. From these studies the effects of different 

design parameters on the crack propagation direction and on crack arrest 

capability of the specimen have been determined. Specimen shapes have 

been developed in which the load required to initiate rapid fracture is inde

pendent of the crack length, a feature which makes fracture toughness testing 

both easier and more reliable. 

The information obtained from tests on epoxy and 7075-T651 is now 

being applied to the specific problem of developing the optimum procedure 

for testing A 302 B steel. 
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INTRODUCTION 

The first phase in this project is the development of a fracture 

toughness test for mild steel. Because the program involves the testing 

of irradiated samples, a major requirement is that the specimens be as 

small as possible. The double cantilever beam (DCB) type design, in 

addition to offering the possibility of small specimen sizes, has the advan

tage that unstable crack propagation may be initiated without the fracture's 

extending completely through the specimen. One consequence of this 

fracture arrest capability is that several fracture toughness measurements 

may be obtained from a single specimen, and the small specimen size re

quirement may, therefore, be somewhat relaxed. More important, how

ever, is the fact that fracture toughness for crack arrest as well as for the 

initiation of rapid fracture can be evaluated. Fracture arrest data are 

particularly important for materials like mild steel. In a welded structure, 

the onset of rapid fracture would be expected to occur in a weld region (since 

this is the most likely location for a large flaw) and a desigll criterion should 

be based on the ability of the mild steel base metal to arrest the expanding 

crack. 

Although the DCB specimen is not at present as completely charac

terized as other test specimens, the advantages which it offers were felt to 

justify the investment in developing an optimum test procedure. Work to 

date has been concentrated on two materials, epoxy and 707S-T651 aluminum, 

in order to obtain information about the DCB specimen which could be trans

ferred to the specific problem of devising a test procedure for mild steel. 

DESCRIPTION OF THE DCB SPECIMEN 

To illustrate the general f~atures of the DCB design, a specimen 

developed for testing 7075-T651 aluminum is shown in Fig. 1. Fig. 2 indi

cates the notation used for specifying specimen dimensions. The load, P, 

applied through pins inserted in the loading holes, causes the crack to extend 

along the median plane of the sample. The deflection (~) is measured 

across the opposing surfaces of the rectangular cut-out. A V -shaped wing 

enables a starting crack to be produced at the beginning of .a test, obviating 

the need for pre-cracking by fatigue. The side grooves are used to promote 

plane strain at the crack front and to assist in maintaining the crack within 

the desired plane. 
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CONTROL OF CRACK PROPAGATION DIRECTION 

The taper angle (-€)} and the groove depth act together in cc;mtrolling 

the crack propagation direction. With small angles and shallow grooves 

the crack veers out of the median plane commonly breaking off an arm of 

the specimen. For an isotropic material (epoxy), a taper angle of ..Q. = 40° 

was sufficient to cause the crack to run straight in the absence of side 

grooves. ·with the 7075-T651 aluminum the testing direction was a critical 

factor. Cracks propagated parallel to the rolling direction ran straight with 

no side grooves and constant beam height of h.= 1. 0 inch. ·when 0. 5 inch 

plate was tested perpendicular to the rolling direction using a specimen with 
0 

-& = 25 , side grooves giving (b /b) = 0. 8 were needed to control the crack 
n 

direction. With a smaller taper angle deeper grooves were required; with 

less deep grooves a larger taper angle was required. 

CONSTANT COMPLIANCE CHANGE 

The specimen taper may be designed so that the load at the onset of 

rapid fracture is independent of the crack length. For a given crack length, 

~· the deflection S and the load P are related by a proportionality constant 

C, the specimen compliance 

~=PC (1) 

the crack extension force )1., is defined by 

(2) 

Rapid fracture occurs when the crack extension force attains a critical value 

which, for plane strain conditions at the crack front, is denoted as ~ • 

Evaluation of the plane strain fracture toughness ~ requires a meastremettt 

of the load P corresponding to the onset of rapid fr~cture and a knowledge i· 

of dC/da. fi-t general, dC/da depends on the crack len.gth, and its evaluatio~ 
by experimental calibration involves obtaining an analytic expression for an · 

emperical curve. In addition, the crack length a at the onset of rapid frac~ · 

ture must be accurately determined in each test. If a sample is designed, 

however, so that dC/da is constant, the critical load P at the onset of rapid 

fracture is likewise· independent of the crack length, ana measurement of the 

- 2 -
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crack length in an individual test is no longer required. Moreover, because · 

C varies linearly with .!• an experimental calibration of a given specimen 

is easier and more reliable. 

If the DCB specimen is treated analytically as a pair of cantilever 

beams, elementary beam deflection theory can be used to obtain the expressiC?n 

dC 
da 

where E is Young's modulus, and !!_ is the beam height at a distance .! 
from the point of load application. Eq. 3 can be used in designing constant 

compliance change specimens. The expression (Eq. 3) proved to be in good' 

agreement with experiment. The samples shown in Fig. 1 were designed 

with a linear taper approximating the contour defined by 

(4) 

With this design the variation in the load P was within ten percent with · 

crack lengths in the range 1. 3 to 3 or mortf inches. VTith a specimen machin~d 
more accurately .to the shape defined by Eq~. (4) the variation was within five :. 

percent and showed no systematic deviation, suggesting that the fluctuation w~s 

traceable to the material rather than to the specimen design. 

CRACK ARREST CAPABILITY 

As has been indicated, the· crack arrest capability of the DCB specime~ 

is one of its principal advantages. The possibility of obtaining crack arrests. 

depends both on the material being tested and on the design of the specimen. .· 

In testing epoxy, cracks were propagated in jumps of 1/8 inch or less, but in 

ear:Iy·tests ~>n 7075-T651 aluminum the first application of the load commonly. 

produced crack.s which extended completely through the specimen. The high· 

strain rate sensitivity of tnild steel suggests that crack instability here may 

be an even greater problem. These considerations pointed out the need for 

some method of evaluating the crack arrest capability of a given specimen 

design. 

A measure of the ·crack arrest capability is the rate at which the crack 

extension force (jz) decreases as a crack propagates. For a constant compliance 

- 3 -
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change specimen the following expression (which is ·derived in the appendix) 
can be obtained. 

(5~ 

In this expression J.t. is the crack extension force to initiate unstable 
propagation of a craJ:R with an initial length a

1
. /1. is the available crack 

extension . force when the crack has extended-to a le~gth a under fixed-grip 
conditions. Fig. 3, obtained from Eq. (5), shows the value of A I Jt. as 
a function of the crack length, a, for different initial crack lengths~ ~g. 3 
indicates that the shorter the initial crack length the more rapid is the drop 
in the available ft., and hence the greater is the crack stability. This result 
was exploited in testing 7075-T651 aluminum by moving the apex of .the 
V -shaped wing to a position directly in line with the loading holes (as may 
be seen in Fig. 1 ). With this arrangement crack arrests were consistently 
obtained. Moreover, a starting crack, induced by fatigue was not needed, 
even though the load required a crack in the saw-cut wing was almost twice 
that required to propagate an existing crack. 

A prediction, implicit in Eq. (5) is that the crack stability is 
independent of th~ specimen shape provided that .the condition of constant 
compliance change is satisfied. Experience with different specimens, how
ever, indicated that by decreasing the taper angle the crack arrest capability 
was enhanced. This behavior suggested that a lack of rigidity of the testing 
arrangement is a significant factor. The crack does not propagate with a 
constant value of the deflection S. , but rather under constant displacement D 
which is the sum of b and an elastic extension in the testing machine. 
Defining the compliance of the testing machine eM by 

e P = D-b 
M 

the following expression (derived in the appendix) can be obtained 

Ac 
2 

[ 1 + 

a- a 
1 >] . 1 

b. a 
= 

al 1 +eM -
el 

- 4 -
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where C is the specimen compliance at the initial crack length a
1

. For 

a perfect\y rigid machine (CM = 0) the above expression reduces to Eq. 6. 
However, if the machine compliance is large enough to be a significant 
factor, it can be seen that specimens with higher values of C (i.e., 

specimens with lo:wer taper angles) should possess greater crlck stability 

in agreement with experimental observation. Because of the need to provide 
maximum crack arrest capability for testing mild steel, provisions are · 
being made for a very rigid testing arrangement. 

CURRENT STATUS OF TEST DEVELOPMENT 

One factor which up to this point has been ignored is the length of the 

specimen. When the crack front approaches the end of the sample, the 

compliance increases rapidly with increasing a, and Eq. (3) ceases to give 
an accurate approximation of dC/da. This excessive increase in compliance 

is produced by a hinging action of the end portion of the specimen. The re

quirement that the end of the specimen be rigid places a lower limit on the 
length, and restricts the range of crack lengths over which fracture toughnesl:! 
measurements can be readily or reliably obtained. At the present time, ' 

epoxy specimens four inches long have proved successful. With specimens 
of this size straight cracks could be propagated over a range of crack lengths 

of 1-1/2 inches or more. In this range several crack arrests were obtained, 

and the condition of constant compliance change was maintained. 

A possible method for reducing the specimen size is the use of an 
attachment which restricts the bending of the uncracked portion of the sample~ 
Measurements could then be made with the crack front closer to the end of 
the sample. If the attachment were used also to modify the specimen com
pliance, the height requirement to obtain constant compliance change could 
be reduced. Tests will be conducted to study the feasibility of using attach

ments. 

Fracture toughness testing of mild steel is expected to introduce new 
problems, the main source of which is the high value of fracture toughness 
relative to the yield strength. A large specimen width, b, will have to be 
employed to obtain plane strain conditions at the crack front, or, alternatively, 

the tests may have to be conducted at low temperatures. Rigid specimens with 
deep side grooves will be required to prevent plastic bending. The requirem¢nt 
of rigid specimens combined with the strain rate sensitivity of mild steel will,. 

make crack arrest more difficult. It is felt, however, that the understandin!J 

of the effect of design variables obtained from tests on epoxy and aluminum, ) 

provide the basis for systematic approac;:h to the design of a fracture toughnes.s 

test for mild steel. Vlork on mild steel is now under way. 

- 5 -
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APPENDIX 

The crack arrest capability of a specimen design is determined by 

the rate at which the crack extension force, Jt,, decr~ases as the crack 

extends. If the specimen compliance is known as a function of the crack 
length, the crack arrest capability can be assessed analytically. The 
derivation for a constant compliance change specimen is given below. 

At a crack length !.' measured from the line of action of the load, 
the specimen compliance, C , is given by 

a 

c = ra 
a Jo ( .2f) da 

da 

Consider a sample with constant compliance change dC/da = 
Then 

c = c + c• (a - a ) 
a o o 

(1) 

C' for a > a . 
0 

(Z) 

Where C is the specimen compliance when the crack length is a • It is 
• 0 . 0 

conventent to wr1te 

c = c• (a -·~ 0 0 
(3) 

so that the deviation from constant compliance change for a < a is 
accounted for by shifting the origin from which the crack length rs measured. 

(In practice a corresponds to the length of the straight portion of the speci
men needed to

0
accomodate the loading holes, and C < C'a • In this case 

clll is a positive number smaller than a • ) 
0 0 

0 

The crack exten~ion ~orce is given by 

dC 
da 

or .in terms of the displacement b , 

,!;.: L 
Zb 

n 

1 dC -
CZ da 

- 6 -
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For a crack length at 

and at a2, a2 > a1: 

~ = 2 

a a >a · 1' 1 0. 

~2 
2b 

n 

~ 2 
2 

2b 
n 

C' -c 2 
2 

Combining Eqs. (6) and (7) leads to 

0- til ~2 = -£: ~2 cl 2 

Upon making the substitutions 

and, 

= 

Eq. (8) becomes 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

When ~ = A
1 

unstable propagation of a crack of length a, is initiated. 
When the crack ~as extended by an amount t.a to a position a

2 
under fixed 

grip conditions (,S
1 

= &
2

) the available crack extension force ~a is gjven 
by Eq. (11) as 

=1-1+ a l a -d.. 
'- 1 -

(12) 

- 7 -
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Taking c( = 0 does not alter the general behavior predicted by Eq. (12) 
and for typic~l sample designs leads only .to a slight underestimation of 
the crack arrest capability. Hence, it is convenient·to write Eq. (12) as 

-4c 
A a 

= (13) 

Under normal testing ccnditions the fixed grip assumption £
1 

= ~2 
is not· rigorously satisfied. The testing apparatus suffers an elastic 
displacement, which may be related to the applied load by defining a 
testing machine compliance C . The crack propagates with a constant 
displacement :C which is the s~ of the specimen displacement 5 and the 
machine deflection PCM. For a crack of length a 

r = ~l + P
1

CM (14) 

and for a crack of length a
2

, 

{ 15) 

Combining Eqs. (14) and (15) gives 

or, 

and, 

pl cz + eM 
= 

p2 cl + eM 
{16) 

From Eq. (3) 

pl fi - = 
p2 .b.2 

(17) 

- 8 -
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Combining Eqs. (16) and (17) and substituting the proper expression for 
c

1 
and c

2 
(Eqs. (9) and (10)) leads to 

= (18) 

Using the same interpretation as in obtaining Eq. (13) gives 

= ( 19) 

- 9 -
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