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	 INTRODUCTION

The need for rapid and inexpensive fracture tests to estimate
las
59	 plane strain fracture toughness levels is discussed in a recent NMAB

report (1). Such "screening tests" would be especially useful in alloy

development and quality control where large numbers of tests must be

made and where the amount of test maxerial may be limited. Of the

various screening tests that have been proposed the simplest are those

requiring only a measurement of maximum load and the initial dimensions

of the specimen. Three such tests have been in use for several years,

namely, the double sharp edge notch and center cracked sheet specimens

described in ASTM E 338-68 (2) and the sharply notched cylindrical

specimen described in an ASTM Proposed Test Method (3). The fracture

toughness index derived from these tests is the ratio of their notch

strength to the smooth specimen tensile yield strength, where the

notch strength is based on the maximum load divided by the net area

of the specimen. Results from tests on sharply notched or cracked

l Research Engineer, NASA Lewis Research Center, Cleveland, Ohio 44135

2Chief, Fracture Branch, NASA Lewis Research Center, Cleveland, Ohio
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sheet specimens were not intended to correlate with KIc but to serve

as an index of mixed mode fracture toughness. The circumferentially

notched cylindrical specimen provides !sigh constraint to plastic flow

and as might be expected notch strength of these specimens does

correlate with the plane strain fracture toughness providing the

cylindrical specimen size is sufficient.

An important disadvantage of the notched cylindrical tension

specimen is the sensitivity of its notched strength to bending stresses

which arise from eccentricity of loading. Unless precision machined

fixtures are used the eccentricity will vary from test to test and

this variation can result in a substantial contribution to the data

scatter (4). Fatigue cracking of notched cylinders is seldom attempted

because of the great difficulty in producing cracks which are concen-

tric with the specimen axis. If the material is highly directional

in its mechanical properties, circular fatigue cracks cannon be pro-

duced. In contrast, the notch bend specimen has none of these dis-

advantages and should be less expensive to machine.

The ASTM E 399-74 K Ic test method (5) requires that the specimen

strength ratios be reported for tests on both bend and compact specimens.

These are designated as Rsb for the bend specimen and R sc for the com-

pact specimen. These nominal strength ratios are analogous to the

strength ratios for notched cylindr.cal tension specimen and may

correlate with K Ic . However, we are not aware that such correlations

have been attempted.

In this paper we report strength ratios derived from slow bend
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tests on 0.25 inch thick precracked Charpy specimens of steels, aluminum

alioys and a titanium a1loy for which valid KIc values have been estab-

lished. The strength ratios are used to develop calibration curves

typical of those that could be useful in estimating K I c for the purposes

of alloy development or quality control, It should be noted that A/A

information for these same specimens is given in another paper.

MATERIALS AND PROCEDURE

The alloys investigated are listed in Table I which gives their

KIc values determined at room temperature in accordance with AS TM E

399-74 using bend specimens. These values represent the ave. •age of

three determinations for each crack plane orientation indicated. Three

precracked Charpy specimens (Fig. Al of Appendix A) were prepared for

each alloy condition with their crack plane orientations corresponding

to those of the KIc specimens., In all but one rase, the Charpy blanks

were cut from the broken K Ic specimens, The one exception was

2124=851 and in this case, the Charpy blanks were removed from a near

surface slice of the three inch plate	 Deta i ls of fatigue cracking

and testing have beeen described previous l y (6).

The maximum load values were determined from the load indicator

of the tensile machine. Load was converted to the nominal strength N

by the following relation based on bending of an elastic beam:

(7N= 3P ax S
^ (w=-a-)2

where Pmax is the maximum load, S is th- s pan, B the thickness, W the

specimen width, and a the crack length,

3
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RESULTS AND DISCUSSION

The following section describes relations observed between slow

bend precracked Charpy strength ratios and 3 dimer% onless plane strain

toughness parameter as compared with that expected on the basis of linear

elastic behavior. Included is a limited amount of information on the

thickness effect. In addition, a previously described (6) statistical

analysis was used to illustrate how precracked Charpy strength ratios

might be employed to estimate plane strain fracture toughness for the

purpose of alloy development or quality control. We wish to emphasize

that this statistical analysis is presented only as an example and to

provide a relative measure of the performance of the precracked Charpy

strength ratio in estimating plane strain toughness -for the alloys

investigated. Working relationships between Charpy strength ratios and

toughness should be established for specific applications and the

statistical analysis should be appropriate to the application.

Relations between Strength Ratios and Toughness

Specimen strength ratios can be based on either the ultimate

tensile strength or the tensile yield strength. It has been common

practice to select the tensile yield strength because of its generally

accepted significance in certain fracture mechanics calculations

However, for the present purpoees we based the strength ratios on the

ultimate tensile strength because in this way the Green and Hundy limit

(7) can be used for an upper bound on the data. We found that neither

data correlations nor K Ic estimates were improved by using the tensile
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yield strength as a base. Plots of p 2 N /e ut versus the average value

of the dimensionless toughness parameter Kjc/dujW determined from

triplicate KIc tests, are shown in Figures 1 through 5. Also shown in

these figures is the theoretical 	 elation between the Charpy strength

ratio and the toughness parameter that would be expected for linear

elastic b?havior. (see Appendix A for derivation of this relation).

This elastic line is terminated at the Green and Hundy limit which

represents the maximum bending moment for a specimen of a nonstrain-

hardening rigid plastic material containing a deep sharp notch (see

Appendix B). The scatter of strength ratios among replicate tests of

the precracked Charpy specimens is quite small and in most cases

completely encompassed by the plotted points. Where the scatter exceeded

the extent of Oe points the range is indicated by a vertical line.

The strength ratios follow the trend of the elastic line at low and

intermediate values of the toughness parameter but at higher values of

toughness the strength ratios should gradually lose sensitivity to

changes in toughness. This complete range of behavior is seen only

for the 18Ni maraging steel, Fig. 2, but could be expected for the

other alloys if sufficiently tough conditions had been tested. For

the materials tested the theoretical elastic relation represented the

data suprisingly well provided the strength ratios were sufficiently

less than the Green and Hundy limit. This behavior might lead to the

speculation that the elastic line would be useful as a means for

estimating KIc directly from the strength ratios. However attractive

this idea may seem, we wish to emphasize that both the elastic line

5
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and the Green and Hundy limit represent idealized material behavior.

For real materials the correspondence between their behavior and that

established by linear elastic fracture mechanics will depend on the

thickness of the Charpy specimen and the material crack growth resis-

tance characteristics. Furthermore, the toughness level above which

the strength ratios lose useful sensitivity to changes in toughness

will not be usefully set by the Green and Hurdy limit but must be

determined by conducting a sufficient number of KIc and precracked

Charpy tests at very high toughness levels where unfortunately the

size requirements are most severe.

Thickness Effect

The difference between the observed precracked Charpy strength

ratios and those calculated assuming linear elastic behavior will

depend on the combined effects of plastic zone deve'-)pment and

cracking. Plastic zone development tends to raise the notch strength

while cracking acts to reduce it. If the bend specimens are suffi-

ciently thin, plastic flow will dominate the deformation and the

strength ratios will lie above the elastic line at intermediate values

of toughness.	 Increasing the thickness can result in a balance

between the strengthening effect of plasticity and the weakening

effect of cracking so that the strength ratios lie on the elastic

line even though the specimens may be subject to large scale yielding.

6



These behaviors are illustrated in Fig. 6* which combines the strength

ratio data for Charpy specimens of 18 Ni maraging steel (see Fig. 2)

with that obtained by Srawley (8) for the same plate of material using

standard KIc specimens of two thicknesses. Precracked Charpy data

for 4340 steel (fig. 1) has been added to this figure. The strength

ratios for the 0.25 inch thick Charpy specimens lie above the elastic

line at intermediate values of the dimensionless toughness parameter

but fall well below this line as the Green and Hundy limit is approached.

The data for the 1.8 inch thick specimens falls on the elastic line

as might be expected :ante the Pmax/PQ ratio for these specimens was

very close tc unity at all the toughness levels investigated. However,

it will be noted that the strength ratios for the 0.5 inch thick speci-

mens fall on the elastic line even though the specimens did not meet

the validity requirements of ASTM E 399-74 and exhibited pronounced

she-.r lip development.

Estimation of KIc from Strength Ratios

Linear regression analysis was used to establish "calibration

lines" relating6 

N/out 

to Kic/ 6 uW fo r 4340 steel, 18 Ni maraging

*Th:* a/W values for the precracked Charpy specimens and the KIc

bend specimens are not the same. Therefore, the strength ratios plotted

in Fig. 6 have been normalized with respect to the relative crack

length of the KIc specimens (a/W = 0.5)
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steel and the various aluminium a l loys	 The 95 percent confidence

bands were determined for these l ines	 T h i s i nfo rmat , or and the corre-

lation coefficients are shown in Figs. 7 to 9: We judged there was

insufficient data to permit a meaningful statistical treatment of the

results for ix75 aluminum and the titanium alloy, For the purpose

of the regression analysis it was necessary to make a se l ection of

a cut-off point in terms of the dimension l ess toughness parameter in

order to confine the ana l ys i s to the range of toughness where the

strength ratio data are strong ly dependent on the changes in toughness.

'The cut-off was selected at the intersection of the Green and Hundy

limit with the line representing linear elastic behavior (KIc/Gutw

1.2). This resulted in excluding data for the 700 and 725 F aged

conditions for the 18Ni maraging steel but included all the data for

the 4340 and the various aluminum alloys.

The correlation coefficients are designated by the R values shown

in Figs. 7 to 9. These are all quite high as might be expected from

the overall distribut i on of data about the calibration l ines	 However,

it should be noted that for certain a ll oy corditions, namely the highest

strength levels in the 18Ni maraging steel and the two toughest condi-

tions of 7X75 aluminum, substantial changes in the d , mens , onless tough-

ness parameter were not accompanied by significant changes ,n the cor-

responding strength ratios	 The lack of corre l at i on in the case of

the aluminum alloy may be associated with d i fferences in the testing

direction between the two toughest conditions and in the case of the

steel associated with a comp l ex aging reaction that occurs in the

18 Ni maraging steels. If the dimensionless toughness parameter is
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estimated from a single value of the precracked Charpy strength rati),

its true value will lie within the confidence bands 95 out of 100

times. For 4340 steel these bands are quite narrow and define limits

of about ± 10 percent of the value determined by the calibration line.

This would represent ± 5 percent change in K Ic , For both the 18 Ni

maraging steel and the various aluminum alloys, the confidence bands

are relatively broad. For example, at their extremes they define

limits on the toughness parameter of about 33 percent of the value

determined from the calibration line. This would represent a ± 18

percent change in KIc . It is interesting to note that the position

of the confidence ban& with respect to the calibration lines in Figs.

7 to 9 is essentially the same as observed when the calibration

lines were based on the W/A values rather than strength ratios (6).

GENERAL COMMENTS

When W/A values are to be derived from a precracked Charpy slow

bend test, the amount of instrumentation and record analysis required

is for practical purposes equal to that necessary for an ASTM E-339

KIc test. The use of strength ratios rather than W/A va l ues greatly

simplifies the procedure and reduces the cost. However, a price must

be paid for these advantages. The range of toughness values over

which a useful relation between Charpy strength ratio and K Ic can be

established is limited by excessive plasticity in the bend specimen

at high tougf—ess levels. The effect of this plasticity is to cause

a gradual loss in sensitivity of the Charpy strength ratio to changes

9
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If the toughness range is suitably restricted to avoid this

effect we found that the strength ratios could be used to estimate

KIc with the same confidence as obtained using W/A values derived from

the same specimen. However, at the present time this restriction can

only be established arbitrarily by inspection of the data over a wide

range of toughness values. We did not find a similar limitation on

the toughness level when investigating relations between W/A values

and plane strain fracture toughness for the same materials as reported

in this paper. On the otherhand, we did encounter metal conditions

where neither the W/A values nor the strength ratios correlated with

changes in KIc.

The required confidence for estimation of K Ic from Charpy slow

bend tests will depend on the application and it is not now possible

for us to makt judgements in this respect. However, we do believe

that in some circumstances precracked Charpy slow bend strength

ratios derived rrom test methods standardized as to specimen size and

test procedure can serve as useful indices of plane strain fracture

toughness. These circumstances should be better defined by further

research. Based on the information available at this time, it appears

that certain factors will tend to reduce the confidence with which

KIc can be estimated. These include situations where the calibration

relations are based on a mixture of alloy types from the same alloy

class, where variations in crack orientation with respect to the fiber

are included in the sample and where complex metallurgical changes

are influencing the variations in fracture toughness.

10
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APPENOI X A

LINEAR ELASTIC RELATION BETWEEN THE NOMINAL STRENGTH RATIO FOR A CRACKED

BEND SPECIMEN AND THE PLANE STRAIN FRACTPRE TOUGHNESS OF THAT SPECIMEN

The relation between the nominal stress 0—n in a cracked three

point bend specimen and the crack tip stress intensity factor w:ll

depend on the width of the specimen and the relative crack length.

An appropriate expression for the stress intensity factor obtained

from Srawley and Gross (10) is:

kg (;,V -a)31Z .y
PS

— — — —[A-1]

where K is the stress intensity factor and Y is a function of a/W. The

other terms are defined in Fig A-1.

The net stress in the specimen is given by

3 PS	 — — — — fA.,Zjn	 ,^ Q (w_a)

Solving Eq. (2) for P and substituting in Eq. (1) gives

[A -3]
n (w- a)

Squaring and rearranging terms

2	 2	 a Y2

w	 36
C	 1

Dividing Eq. (4) by the ultimate tensile strength 
ut 

squared and sub-

stituting the nominal strengthG" 
N  

based on maximum load for 6-n and

K Ic for K gives the desired relation,

^f
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For the precracked Charpy specimen we use'' (1 - a/W) = 0.60 and Y =

3.69 giving:

V N ^ _
	 /( 2

"^ 2	 L

but	 Gut Ire!

CAt]

APPENDIX B

LIMITING NOMINAL STRESS FOR THREE POINT LOADED NOTCH BEND SPECIMENS

Slip line field theory has been used by Green and Hundy (7) to

calculate yield point loads from the tensile yield strength for flow

bend tests on standard V notch Charpy specimens (ASTM E-23 Type A).

The theory assumes a non-strain hardening rigid plastic material,

plane strain derormatior and a notch sufficiently deep that the

deformation cannot reach the surface (a/W ;; 1 0.30). With the exception

of the last condition these assump tions are not complete., realized

in tests on engineering mater i als using specimens of commonly encoun-

tered proportions	 However, Greer. and Hundy obtained surprisingly

good agreement between calculated and experimentally determined

yield loads for s l ow bend tests on V notch Charpy specimens of a mild

steel which has a definite yield point. Green (11) found good agree-

ment between the theoretical yield loads and those measured for V

notched annealed copper specimens with small width to thickness ratios

(W/B = 0.078) subjected to pure bending (four point loading). In a

12



more recent paper MClintock (12) suggested that plastic instability

(maximum) loads for notched specimens might be approximated using slip

line field theory if the ultimate tensile strength but is used in the

calculation rather than the tensile yield strength.

We used the theoretical results of Green and Hundy for three

point bending of V notch Charpy bars to determine an upper bound

on the notch strength of our precracked Charpy specimens from the

ultimate tensile strength, Green and Hundy give the following ex pres-

sion for the load per unit net" area of the Charpy bend specimen:

P/B(W-a) = 0.484 k -------------------- ( B-1 )

where k is the maximum shearing stress (see Fig. A-1 for other

symbols).

Eq. (B-1) may be rewritten in terms of the moment applied to our

precracked Charpy specimen as follows:

4 M/1.5B(W-a) = 0.484 k--------------- ( B- 2)

The nominal stress in a notch bend specimen is

G-n = 6M/B(W-a) 2 --------------------- ( B - 3 )

Combining Eq, (B-2) with Eq. (B-3) and substituting Cr/2 for k gives
ut

the desired expression for the notch strength

Tmax = 2.31 Tut --------------- ( B - 4)

Eq. (B-4) was used to establish an upper bound on the specimen strength

ratios obtained from the precracked Charpy specimens.

We rea'ize that our specimen proportions and material characteristics

do not conform at all well to the assumptions made in the slip line ield

analysis of the notched bend specimen. However, as can be seen from

13
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Fig. 2 the limit established by Eq. ( B-4) appears to be a reasonable

upper bound on the data for the maraging steel. Whether or not it

woula serve as well for other materials cannot be determined without

additional tests.
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Figure 1. - Strength ratios from 0.25 inch thick precracked Charpy slow
bend specimens as a function of a dimensionless plane strain fracture
toughness parameter for 4340 steel.
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Figure 2. - Strength ratios from 0.25 inch thick precracked Charpy slow bend speci-
mens as a function of a dimensionless plane strain fracture toughness parameter
for 18 Ni maraging (250 grade) steel.
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Figure 1 - Strength ratios from 0.25 inch thick precracked Charpy slow bend
specimens as a function of a dimensionless plane strain fracture toughness
parameter for various aluminum alloys.
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Figure 4. - Strength ratios `,.om 0.25 thick thick precracked Charpy slow
bend specimens as a function of a dimensionless plane strain fracture
toughness parameter for 7X75 aluminum alloys.
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Figure S, - Strength ratios from 0.25 inch thick precracked Charpy slow
bend i^imens as a function of a dimensionless plane strain fracture

r toughness parameter for a beta titanium alloy.
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Figure 6. - Strength ratios for several sizes of cracked slow bend

specimens as a function of a dimensionless plane strain fracture
toughness parameter.
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Figure 7. - Correlation coefficient R. calibration line and
95 percent confidence bands for 4340 steel.
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Figure 9.	 - Correlation coefficient R, calibration line and 95 percent
confidence bands for various aluminum alloys.
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