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INTERNATIONAL
Standard Test Method for
Plane-Strain Fracture Toughness of Metallic Materials
This standard is issued under the fixed designation E 399; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.
This standard has been approved for use by agencies of the Department of Defense.

1. Scope

1.1 This test method covers the determination of the planeYPes are listed as follows:

strain fracture toughnes,() of metallic materials by tests
using a variety of fatigue-cracked specimens having a thick-
ness of 0.063 in. (1.6 mm) or greafelThe details of the
various specimen and test configurations are shown in Annex
Al-Annex A7 and Annex A9.

Note 1—Plane-strain fracture toughness tests of thinner materials that
are sufficiently brittle (see 7.1) can be made with other types of specimens
(1).2 There is no standard test method for testing such thin materials.

1.2 This test method also covers the determination of the
specimen strength rati®,, where x refers to the specific
specimen configuration being tested. This strength ratio is a
function of the maximum load the specimen can sustain, its
initial dimensions and the yield strength of the material.

1.3 Measured values of plane-strain fracture toughness
stated in inch-pound units are to be regarded as standard.

1.4 This test method is divided into two main parts. The first
part gives general information concerning the recommenda-
tions and requirements foK,. testing. The second part is
composed of annexes that give the displacement gage design,
fatigue cracking procedures, and special requirements for the
various specimen configurations covered by this method. In
addition, an annex is provided for the specific procedures to be
followed in rapid-load plane-strain fracture toughness tests.

* This test method is under the jurisdiction of ASTM Committee E-8 on Fatigue
and Fracture and is the direct responsibility of Subcommittee E08.07 on Lin-
ear—Elastic Fracture.

Current edition approved Nov. 30, 1990. Published April 1991. Originally
published as E 399 — 70 T. Last previous edition E 399 — 83.

2 For additional information relating to the fracture toughness testing of alumi-
inum alloys, see Method B 645.

3 The boldface numbers in parentheses refer to the list of references at the end of
this test method.
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1.5 Special requirements for the various specimen configu- 3.1.2.2 Discussior—See also definitions ofcrack-

rations appear in the following order: extension resistance, crack-tip plane strainandmode
Bend Specimen SE(B) Annex A3 3.1.2.3 Discussion—In this test method, mode 1 is assumed.
Comsp:ct Sdpecimen (;(T) A - Annex A4 3.1.3 crack plane orientatior-an identification of the plane
Arc-Shaped Tension Specimen A(T, Annex A5 . . f . :
Disk-Shaped Compact Specimen DC(T) Annex AG fand Q|rect_|on _of a frgcture in relation to product geometry. Tr_ns
Arc-Shaped Bend Specimen A(B) Annex A9 identification is designated by a hyphenated code with the first

letter(s) representing the direction normal to the crack plane
nd the second letter(s) designating the expected direction of
crack propagation.
_ 3.1.3.1 Discussion—The fracture toughness of a material
usually depends on the orientation and direction of propagation
of the crack in relation to the anisotropy of the material, which
depends, in turn, on the principal directions of mechanical
working or grain flow. The orientation of the crack plane
2.1 ASTM Standards: _ _ _ should be identified wherever possible in accordance with the
E 8 Test Methods for Tension Testing of Metallic Materfals following systemg11). In addition, the product form should be

E 337 Test Method for Measuring Humidity with & Psy- iqentified (for example, straight-rolled plate, cross-rolled plate,
chrometer (the Measurement of Wet- and Dry-Bulb Tem-pancake forging, etc.).

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is th
responsibility of the user of this standard to establish appro
priate safety and health practices and determine the applica
bility of regulatory limitations prior to use.

2. Referenced Documents

peratures) ) ) 3.1.3.2 Discussior—For rectangular sections, the reference
E 338 Test Method of Sharp-Notch Tension Testing Ofgjrections are identified as in Fig. 1 and Fig. 2, which give
High-Strength Sheet Materidls examples for a rolled plate. The same system would be useful
E 616 Terminology Relating to Fracture Testing for sheet, extrusions, and forgings with nonsymmetrical grain
flow.

3. Terminology

3.1 Definitions—Terminology E 616 is applicable to this L o . . .
test method. direction of principal deformation (maximum grain
3.1.1 stress-intensity factor, KK,, K,, K [FL™3)—the T - g(.)w);[. ¢ least deformati q
magnitude of the ideal-crack-tip stress field (a stress-field. — irection of least detormation, an

. ) ) . ; S = third orthogonal direction.
singularity) for a particular mode in a homogeneous, linear 3.1.3.3 Discussior—Using a two letter code, the first letter

elastic body. : o
3.1.1.1 Discussior—Values ofK for modes 1, 2, and 3 are designates thelirection nor_mal to the crack plane, a_nd the
. . second letter thexpected direction of crack propagatiofor
given by: . .
example, in Fig. 1 th&—-L specimen has a fracture plane whose
Ky = limit [ o(2mr)*/ 2], (1)  normal is in the width direction of a plate and an expected
r.o direction of crack propagation coincident with the direction of

maximum grain flow or longitudinal direction of the plate.

— imi 1/2
Kz = fimit [, (2mr)"77], and 3.1.3.4 Discussior—For specimens that are tilted in respect

r-o to two of the reference axes, Fig. 2, the orientation is identified
Kg = limit [ 7, [, (2mr)"/ ], by a three-letter code. The cotleTS for example, means that
o the crack plane is perpendicular to the direction of principal

deformation I direction), and the expected fracture direction
wherer = a distance directly forward from the crack tip to a location is intermediate betweel and S. The codeTS—L means the
where the significant stress is calculated. crack plane is perpendicular to a direction intermediate be-
3.1.1.2 Discussior—In this test method, mode 1 is assumed.tweenT andS, and the expected fracture direction is in the
3.1.2 plane-strain fracture toughnessthe crack-extension direction.
resistance under conditions of crack-tip plane strain. 3.1.3.5 Discussior—For certain cylindrical sections where
3.1.2.1 Discussion—For example, in mode 1 for slow rates the direction of principal deformation is parallel to the longi-
of loading and negligible plastic-zone adjustment, plane-straifudinal axis of the cylinder, the reference directions are
fracture toughness is the value of stress-intensity factor desigdentified as in Fig. 3, which gives examples for a drawn bar.
natedK, . [FL™*?] as measured using the operational procedurerhe same system would be useful for extrusions or forged parts
(and satisfying all of the validity requirements) specified in thishaving circular cross section.
test method, which provides for the measurement of crack-
extension resistance at the start of crack extension and provides
operational definitions of crack-tip sharpness, start of crack
extension, and crack-tip plane strain. R

direction of maximum grain flow,
radial direction, and

C = circumferential or tangential direction.

4. Summary of Test Method
4 Annual Book of ASTM Standardéol 03.01. 4.1 This test method involves testing of notched specimens
5 Annual Book of ASTM Standardgol 11.03. that have been precracked in fatigue by loading either in
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FIG. 2 Crack Plane Orientation Code for Rectangular Sections
Where Specimens are Tilted with Respect to the Reference
Directions

tension or three-point bending. Load versus displacemenklG. 3 Crack Plane Orientation Code for Bar and Hollow Cylinder
across the notch at the specimen edge is recorded autographi-

cally. The load corresponding to a 2 % apparent increment of

crack extension is established by a specified deviation from thg. Significance and Use

linear portion of the record. ThK, value is calculated from
this load by equations that have been established on the basg
of elastic stress analysis of specimens of the types described
this method. The validity of the determination of tkg value

5.1 The property,. determined by this test method char-
Sterizes the resistance of a material to fracture in a neutral
8hvironment in the presence of a sharp crack under severe
. _ tensile constraint, such that the state of stress near the crack
by this test met_h_od depends_, upen the gstabhshmeqt of flont approaches tritensile plane strain, and the crack-tip plastic
sharp-crackcondition at the tip of the fatigue crack, in a yagion is small compared with the crack size and specimen
specimen of adequate size. To establish a suitable crack-tymensions in the constraint direction kg, value is believed
condition, the stress intensity level at which the fatiguey, rgpresent a lower limiting value of fracture toughness. This
precracking of the specimen is conducted is limited t0 &/51ye may be used to estimate the relation between failure
relatively low value. stress and defect size for a material in service wherein the

4.2 The specimen size required for testing purposes ineonditions of high constraint described above would be ex-
creases as the square of the ratio of toughness to yield strengtkcted. Background information concerning the basis for
of the material; therefore a range of proportional specimens idevelopment of this test method in terms of linear elastic
provided. fracture mechanics may be found in Rét3 and (2).
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5.1.1 TheK,. value of a given material is a function of 6.3 Displacement Gage-The displacement gage output
testing speed and temperature. Furthermore, cyclic loads caall indicate the relative displacement of two precisely located
cause crack extension & values less than thK,. value. gage positions spanning the crack starter notch mouth. Exact
Crack extension under cyclic or sustained load will be in-and positive positioning of the gage on the specimen is
creased by the presence of an aggressive environment. Theessential, yet the gage must be released without damage when
fore, application ofK,. in the design of service components the specimen breaks. A recommended design for a self-
should be made with awareness to the difference that may existipporting, releasable gage is shown in Fig. 4 and described in

between the laboratory tests and field conditions. Annex Al. The strain gage bridge arrangement is also shown in
5.1.2 Plane-strain crack toughness testing is unusual in th&tig. 4.
there can be no advance assurance that a \glidwvill be 6.3.1 The specimen must be provided with a pair of accu-

determined in a particular test. Therefore it is essential that allately machined knife edges that support the gage arms and
of the criteria concerning validity of results be carefully serve as the displacement reference points. These knife edges
considered as described herein. can be machined integral with the specimen as shown in Fig. 4
5.1.3 Clearly it will not be possible to determiig. if any  and Fig. 5 or they may be separate pieces fixed to the specimen.
dimension of the available stock of a material is insufficient toA suggested design for such attachable knife edges is shown in
provide a specimen of the required size. In such a case tHeig. 6. This design is based on a knife edge spacing of 0.2 in.
specimen strength ratio determined by this method will often(5.1 mm). The effective gage length is established by the points
have useful significance. However, this ratio, unlig, is not  of contact between the screw and the hole threads. For the
a concept of linear elastic fracture mechanics, but can be design shown, the major diameter of the screw has been used
useful comparative measure of the toughness of materials whemn setting this gage length. A No. 2 screw will permit the use of
the specimens are of the same form and size, and that sizeastachable knife edges for specimens hawhig> 1 in. (25
insufficient to provide a valiK,. determination, but sufficient mm).
that the maximum load results from pronounced crack propa- 6.3.2 Each gage shall be checked for linearity using an
gation rather than plastic instability. extensometer calibrator or other suitable device; the resettabil-
5.1.3.1 The strength ratio for center-cracked plate speciity of the calibrator at each displacement interval should be
mens tested in uniaxial tension may be determined by Testithin + 0.000020 in. (0.00050 mm). Readings shall be taken
Method E 338. at ten equally spaced intervals over the working range of the
5.2 This test method can serve the following purposes: gage (see Annex Al). This calibration procedure should be
5.2.1 In research and development to establish, in quantitggerformed three times, removing and reinstalling the gage in
tive terms, significant to service performance, the effects ofhe calibration fixture between each run. The required linearity
metallurgical variables such as composition or heat treatmenshall correspond to a maximum deviation of + 0.0001 in.
or of fabricating operations such as welding or forming, on thg(0.0025 mm) of the individual displacement readings from a
fracture toughness of new or existing materials. least-squares-best-fit straight line through the data. The abso-
5.2.2 In service evaluation, to establish the suitability of alute accuracy, as such, is not important in this application, since
material for a specific application for which the stress condithe method is concerned with relative changes in displacement
tions are prescribed and for which maximum flaw sizes can beather than absolute values (see 9.1).
established with confidence. 6.3.3 Itis not the intent of this method to exclude the use of
5.2.3 For specifications of acceptance and manufacturingther types of gages or gage-fixing devices provided the gage
quality control, but only when there is a sound basis forused meets the requirements listed below and provided the
specification of minimumK,, values, and then only if the gage length does not exceed those limits given in the annex
dimensions of the product are sufficient to provide specimengppropriate to the specimen being tested.
of the size required for vali&,. determination. The specifica- , ) , , )
tion of K, values in relation to a particular application should 7+ SPecimen Size, Configurations, and Preparation
signify that a fracture control study has been conducted on the 7.1 Specimen Size
component in relation to the expected history of loading and 7.1.1 In order for a result to be considered valid according
environment, and in relation to the sensitivity and reliability of to this method it is required that both the specimen thickness,
the crack detection procedures that are to be applied prior tB, and the crack lengtfa, exceed 2.5K, /oy <)?, Whereo g is

service and subsequently during the anticipated life. the 0.2 % offset yield strength of the material for the tempera-
ture and loading rate of the teft, 5, 6)
6. Apparatus 7.1.2 The initial selection of a size of specimen from which

6.1 Loading—Specimens should be loaded in a testingvalid values ofK,. will be obtained may be based on an
machine that has provision for autographic recording of theestimated value o, for the material. It is recommended that
load applied to the specimen. the value oK. be overestimated, so that a conservatively large

6.2 Fixtures—Fixtures suitable for loading the specimen specimen will be employed for the initial tests. After a vaid
configurations covered by this method are shown in theesult is obtained with the conservative-size initial specimen,
appropriate annex. These fixtures are so designed as to mirthe specimen size may be reduced to an appropriateasaed
mize the frictional contributions to the measured load. B > 2.5 K,Joys)? for subsequent testing.
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c
FOIL RESISTANCE RECORDER
STRAIN GAGE *

l

CETICNAL
INTEGRAL-MACHINED

KNP E EDGE
\ Jl N

500 OHM GAGES WILL
PROVIDE GREATER
SENSITIVITY THAN
120 OHM GAGES

Note— Gage details are given in the Annex.

FIG. 4 Double—Cantilever Clip-In Displacement Gage Showing Mounting by Means of Integral Knife Edges
(Gage Design Details are Given in Annex Al)

/—— SPECIMEN
|
——ATTACHABLE

KNIFE EDGE

07
N g P
06 KNIFE_EDGE WIDTH =
oS | NOTECLIP GAGE ARM WIDTH(MiN)
N et gl 7\\
. ! j\
45'€9$60 . )
8 <¢<90 [E—— f
_________ | | screw Hp.ia.
__________ ! .
9 /ﬂ ,
¥ C o 4

- ‘ C NOTE2
3

0.250
NOTE 2 0.200

4_._—"_
\g 0.06 ¢ NOTCH \é 125 o 3
0.05 ; - i |

Note 1—Dimensions in inches. Note 1—Dimensions are in inches.

Note 2— Gage length shown corresponds to clip gage spacer block Note 2—Effective gage length =@+ Screw Thread Diametes W/2
dimensions shown in Annex Al, but other gage lengths may be usegrhis will always be greater than the gage length specified in A1.1.)
provided they are appropriate to the specimen (see 6.3.3). Note 3—Dimension shown corresponds to clip gage spacer block

Note 3—For starter notch configurations see Fig. 7. dimension in Annex Al.
Metric Equivalents
in. 0.050 0.060 0.200 0.250 in. 0.032 0.06 0.07 0.100 0.125
mm 1.3 15 5.1 6.4 mm 0.81 15 1.8 2.54 3.18
FIG. 5 Example of Integral Knife Edge Design FIG. 6 Example of Attachable Knife Edge Design

7.1.3 Alternatively, the ratio of yield strength to Young's
modulus can be used for selecting a specimen size that will badequate for all but the toughest materials:
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0.0050 to 0.0057
0.0057 to 0.0062
0.0062 to 0.0065
0.0065 to 0.0068
0.0068 to 0.0071
0.0071 to 0.0075
0.0075 to 0.0080
0.0080 to 0.0085
0.0085 to 0.0100
0.0100 or greater

When it has been established that Z&.os)? is substan-
tially less than the minimum recommended thickness given i
the preceding table, then a correspondingly smaller specim
can be used. On the other hand, if the form of the availabl

A8y E 399 - 90 (1997)

Minimum Recommended
Thickness and
Crack Length

in. mm

3 75

2> 63

2 50

1% a4

1v> 38

1Ya 32

1 25
Ya 20
Y2 12>
Ya 6%2

A6, Disk-Shaped Compact Specimen DC (T); and Annex A9,
Arc-Shaped Bend Specimen A(B).

7.2.1 Standard SpecimensThe crack length,a (crack
starter notch plus fatigue crack) is nominally equal to the
thicknessB, and is between 0.45 and 0.55 times the widlth,
The ratioW/Bis nominally equal to two.

7.2.2 Alternative Specimensin certain cases it may be
desirable to use specimens haviiB ratios other than two.
Alternative proportions for bend specimens ares W/B < 4.
For the other specimen configurations alternative specimens
may have 2= W/B = 4. These alternative specimens shall have
the same crack length-to-width ratio as the standard specimens.
At should be appreciated th&t . values obtained using alter-

tive specimen proportions may not agree with those obtained
élsing the standard specimefib).

material is such that it is not possible to obtain a specimen with /-3 Specimen Preparatiea The dimensional tolerances

both crack length and thickness greater than K{/¢ys)?,

and surface finishes shown on the specimen drawings given in

then |t is not possib|e to make a Valiﬂlc measurement AnneX A3'Annex A6 and AnneX Ag Sha” be fO”OWed in
according to this method.
7.2 Specimen ConfigurationsThe configurations of the 7.3.1 Fatigue Crack Starter Noteh-Three forms of fatigue
various specimens are shown in the following annexes: Annegrack starter notches are shown in Fig. 7. To facilitate fatigue
A3, Bend Specimen SE (B); Annex A4, Compact Specimen Gracking at low stress intensity levels, the root radius for a
(T); Annex A5, Arc-Shaped Tension Specimen A (T); Annex straight-through slot terminating in a V-notch should be 0.003

= FATIGUE CRACK, NOTE 1

specimen preparation.

<

e———45W TO.55W
CHEVRON NOTCH

FATIGUE CRACK, NOTE 2 &4

™

f~<< 90°

A

[e———45W TO .55 W ——————=

STRAIGHT THROUGH NOTC

FATIGUE CRACK,NOTE 384
§D< %

re———45W TO.556 W—]

SLOT ENDING IN DRILLED HOLE

(a) Starter Notches and Fatigue Cracks

Note 1—For a chevron crack starter notch the fatigue crack shall
emerge on both surfaces of the specimen.

Note 2—Fatigue crack extension on each surface of the specimen con-
taining a straight-through notch shall be at least 0.025 W or 0.050 in. (1.3
mm), whichever is larger.

Note 3—Fatigue crack extension on each surface of the specimen from
the stress raiser tipping the hole shall be at least 0.5 D or 0.050 in. (1.3
mm), whichever is larger.

Note 4—Crack starter notch shall be perpendicular to the specimen sur-

faces and to the intended direction of crack propagation within =2°.
Note 5—Notch width N need not be less than %16 in. (1.6 mm).

—¢ t.005W

(b) Detail of Chevron Notch
Note 1—A = C within 0.010 W

Note 2—Cutter tip angle 90° max

Note 3—Radius at chevron notch bottom 0.010 in.
(0.25 mm) max

FIG. 7 Crack Starter Notch and Fatigue Crack Configurations
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in. (0.08 mm) or less. If a chevron form of notch is used, the 8.2.3 Measure the widthyV, as described in the annex
root radius may be 0.010 in. (0.25 mm) or less. In the case adippropriate to the specimen type being tested.
a slot tipped with a hole it will be necessary to provide a sharp 8.2.4 The plane of the crack shall be parallel to both the
stress raiser at the end of the hole. Care should be taken specimen width and thickness direction withirl0° (7).
ensure that this stress raiser is so located that the crack planeg8.3 Loading Rate—For conventional (static) testing load the
orientation requirements (8.2.4) can be met. specimen at a rate such that the rate of increase of stress

7.3.2 Fatigue Cracking—Fatigue cracking shall be con- intensity is within the range from 30 000 to 150 000 psi -
ducted in accordance with the procedures outlined in Annein.*?min (0.55 to 2.75 MPa-ff#/s). The loading rates corre-
A2. Fatigue cycling shall be continued until the fatigue cracksponding to these stress intensity rates are given in the
will satisfy the requirements stated in the following two appropriate annex for the specimen being tested. For rapid-load
sections. testing the loading rates are given in Annex A7.

7.3.2.1 The crack length (total length of the crack starter 8.4 Test Record-Make a test record consisting of an
configurationplusthe fatigue crack) shall be between 0.45 andautographic plot of the output of the load-sensing transducer
0.55W. versus the output of the displacement gage. The initial slope of

7.3.2.2 For a straight-through crack starter terminating in ahe linear portion shall be between 0.7 and 1.5. It is conven-
V-notch (see Fig. 7), the length of the fatigue crack on eachional to plot the load along the vertical axis, as in an ordinary
surface of the specimen shall not be less than 2.5 %/ afr  tension test record. Select a combination of load-sensing
0.050 in. (1.3 mm) min, and for a crack starter tipped with atransducer and autographic recorder so that the IBgdsee
drilled hole (see Fig. 7), the fatigue crack extension from then.1), can be determined from the test record with an accuracy
stress raiser tipping the hole shall not be less thanDD&  of +1 %. With any given equipment, the accuracy of readout
0.050 in. on both surfaces of the specimen, wherés the  will be greater the larger the scale of the test record.
diameter of the hole (1.3 mm), min. For a chevron notch crack 8.4.1 Continue the test until the specimen can sustain no
starter (see Fig. 7), the fatigue crack shall emerge from theurther increase in load. In some cases the range of the chart
chevron on both surfaces of the specimen. will not be sufficient to include all of the test record up to
maximum load,P,,. In any case, read the maximum load

8. General Procedure . ) :
) from the dial of the testing machine (or other accurate
8.1 Number of Tests-It is recommended that at least three indicator) and record it on the chart.

replicate tests be made for each material condition.
8.2 Specimen Measurementpecimen dimensions shall g cgjculation and Interpretation of Results
conform to the tolerances shown in the appropriate annex. _ i
Three fundamental measurements are necessary for the calcu®-1 Intérpretation of Test Record and Calculation gfIn

lation of K., namely, the thickness, the crack lengtha, and order to estgblish that a valid,. has .b_een determinedz it is
the width. W. necessary first to calculate a conditional resHlg, which

8.2.1 Measure the thicknesB. to the nearest 0.001 in. involves a construction on the test record, and then to deter-

(0.025 mm) or to 0.1 %, whichever is larger, at not less tharmine whether this result is consistent with the size and yield
three equally spaced positions along the line of intended cracgifé"dth of the specimen according to 7.1. The procedure is as
extension from the fatigue crack tip to the unnotched side of°!loWs:

the specimen. The average of these three measurements should-1-1 Draw the secant li®Ps, shown in Fig. 7 through the
be recorded aB. origin of the test record with slop&(v)s = 0.95 P/),, where

8.2.2 Measure the crack length, after fracture to the (PN), is the slope of the tangeﬁ;Ato the in_itial linear part of
nearest 0.5 % at the following three positions: at the center dihe record (Note 2). The loak, is then defined as follows: if
the crack front, and midway between the center of the crack'® load at every point on the record which preceBgss
front, and the end of the crack front on each surface of théoWer thanPg, thenPg is Pq (Fig. 8 Type I); if, however, there
specimen. Use the average of these three measurements as'th& maximum load precedings which exceeds it, then this
crack length to calculatié,,. The following requirements shall Maximum load isPq (Fig. 8 Types Il and I11).
apply to the fatigue crack frontl) The difference between any  Nore 2—Slight nonlinearity often occurs at the very beginning of a
two of the three crack length measurements shall not excea#écord and should be ignored. However, it is important to establish the
10 % of the average2j For a chevron notch starter (see Fig. initial slope of the record with high precision and therefore it is advisable
7), the fatigue crack shall emerge from the chevron on botf® minim_ize this nonlinearity by_a preliminary Ioading and unloading with
surfaces of the specimen, neither surface crack length Sha{ne maximum load not prodl_Jcmg a stress intensity level exceeding that
differ from the average length by more than 10 %, and theUSEd in the final stage of fatigue cracking.
difference between these two surface measurements shall not9.1.2 Calculate the rati®,,,/Po, WhereP,,,, is the maxi-
exceed 10 % of the average crack leng8). For a straight- mum load the specimen was able to sustain (see 8.4). If this
through starter notch (see Fig. 7) no part of the crack front shallatio does not exceed 1.10, proceed to calculktg as
be closer to the machined starter notch than 2¥8/%r 0.050 described in the annex appropriate to the specimen being
in. (1.3 mm) minimum, nor shall the surface crack lengthtested. IfP,,,/P5 does exceed 1.10, then the test is not a valid
measurements differ from the average crack length by mor¥, test because it is then possible thgj bears no relation to
than 15 %, and the differences between these two measurk;.. In this case proceed to calculate the specimen strength
ments shall not exceed 10 % of the average crack length. ratio.
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FIG. 8 Principal Types of Load-Displacement Records
9.1.3 Calculate 2.3{y/oys)* Wherea is the 0.2 % offset ‘
yield strength in tension (see Test Methods E 8). If this quantity NOTCH
is less than both the specimen thickness and the crack length,
thenKg, is equal toK,.. Otherwise, the test is not a valkj, L

test. Expressions for calculations K are given in the annex
appropriate to the specimen being tested.

9.1.4 If the test result fails to meet the requirements in 9.1.2 o— 8 —of
orin 9.1.3, or both, it will be necessary to use a larger specimen
to determineK,.. The dimensions of the larger specimen can be

estimated on the basis &f, but generally will be at least 1.5 S
times those of the specimen that failed to yield a vadid I
value. t - - -

9.1.5 Calculate the specimen-strength r&ipaccording to U

the annex appropriate to the specimen being tested.
9.2 Fracture Appearance-The appearance of the fracture

is valuable supplementary information and shall be noted for
each specimen. Common types of fracture appearance are
E OR 1
<

shown in Fig. 9. For fractures of Types (a) or (b), measure the
average widthf, of the central flat fracture area, and note and
record the proportion of oblique fracture per unit thickness
(B-f)/B. Make this measurement at a location midway between
the crack tip and the unnotched edge of the specimen. Report
fractures of Type (c) as full oblique fractures.

OR

AN

b

10

FRACTION PREDOMINANT FuLL
10. Report 0BLIQUE 0BLIQUE QBLIQUE
10.1 The specimen configuration code as shown with the FIG. 9 Common Types of Fracture Appearance

specimen drawing in the appropriate annex shall be reported.

In addition, this code shall be followed with loading code (T

for tension and B for bending) and the code for crack planeglesignated as follows: C(T)(S-T). The first letter indicates
orientation (see Section 5). These latter two codes shouldompact specimen. The second letter indicates the loading was
appear in separate parentheses. For example, a test redglibsion and the first of the last two letters indicates that the
obtained using the compact specimen (see Annex A4) might beormal to the crack plane is in the direction of principal
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deformation and the second of these letters indicates th@ABLE 1 Estimates of Precision for K. Measurements for Three

intended direction of crack propagation is in the direction of Specimen Types

least deformation. o _ %1591 4340 18Ni Mar 4340
10.2 In addition, the following information should be re- 0ye=353 0y0=1640 0ye=1902 oye= 1419

ported for each specimen tested.

10.2.1 The form of the product tested; for example, forging, (51M§i ) (22”;? ) (22/'6P§ ) (Zg/'eps )
. . Sl Sl Sl Sl

plate, casting etc. B Bend Specimens

10.2.2 ThicknessB. Grand mean, X458 35.9 482 (43.9) 56.9 (51.8) 86.7 (78.9)

10.2.3 Width (depth)Wv. Standard deviati (220.2) 2.08 (1.89) 2.24 (2.04) 3.67 (3.34

10.2.3.1 Offset of the loading holeX, for the arc-shaped — gag - co e Gagy Ceowen zea@on seT(n
tension specimen. a Compact Specimens

10.2.3.2 Outer and inner radii, and r,, for arc-shaped  Grand Mean, X** éi'i) 50.0 (45.5) 58.2(53.0) 87.3(79.4)
specimens. _ o Standard deviation, 124 140(127) 180 (164) 196 (178)

10.2.4 Fatigue precracking conditions in terms of: shB (1.13) ' '

10.2.4.1 Maximum stress intensity,(max), and number of A’C'tensgggsec'mens
cycles for terminal fatigue crack extension over a length at oys = 1320 MPa
least 2.5 % of the overall length of notch plus crack, and (192 ksi)

; i i . X/W=0 X/W=05
10.2.4.2 The stress intensity range for terminal crack exten Grand mean, 48 1134 (1023) 918 (1017)

sion. Standard deviation, 3.85 (3.50) 2.59 (2.36)

10.2.5 Crack length measurements: SAB

10.2.5.1 At center of crack front; A Units of grand mean and standard deviation are MPa ms- (ksi in.» ).

10.2.5.2 Midway between the center and the end of the BThe standard deviation has been pooled for all laboratories testing a given

sy alloy. For data on which this Table was based, see Refs (8, 9) for the bend
crack front on each Slde’ and at each surface. specimen, Ref (9) for the compact specimen, and Ref (18) for the arc-tension

10.2.6 Test temperature. specimen.
10.2.7 Relative humidity as determined by Test Method
E 337.
10.2.8 Loading rate in terms & (change in stress intensity all of the results reported for the bend, compact and arc-shaped
factor per unit time)2). specimens met all the validity requirements. Statistical analysis
10.2.9 Load-displacement record and associated calcul4l7, 18) was used to exclude data that were judged to be
tions. influenced by deviations from the validity requirements.
10.2.10 Fracture appearance. 11.2 Precision—The precision of &, determination de-
10.2.11 Yield strength (offset=0.2 %) as determined byPends in part on errors in the load and in the various required
Methods E 8. measurements of specimen dimensions including crack length.
10.2.12K,; or, K followed by the parenthetical statement The method specifies a precision for each of these quantities
“invalid according to section(s) ..... of ASTM Test Method and, based on this information coupled with teletermina-
E 399.” tion, a theoretical precision has been develo|g8). This
10.2.13 R, wherex refers to the specimen configuration as analysis shows that precision decreases with increasing relative
given in the appropriate annex. crack length and is somewhat higher for the compact than for
10.2.14 P,,/Po. the bend specimen. In actual practice, the precision Kf.a

10.3 It is desirable to list the information required in 10.1 measurement will depend to an unknown extent on the
and 10.2 in the form of a table. A suggested form for such &haracteristics and analysis of the test record. It is possible to

table is given in Fig. 10. derive useful information concerning the precision oKa
o ) measurement from the interlaboratory test programs. The
11. Precision and Bias results of these interlaboratory programs for the bend, compact

11.1 Information on the precision &f. measurements may and arc-shaped specimen are given in Table 1 for tests on
be obtained from the results of several interlaboratory proseveral high strength alloys. These particular alloys were
grams. Such programs, incorporating selected high strengithosen because they are known to be producible with very
alloys, have been reported for the bend specirf&m), the  uniform composition and microstructure. Thus the contribution
compact specimerf9), and arc-shaped specimém8). The  of material variability to the measurements Kf. was mini-
results of these programs are summarized in this sectiomized. It should be understood that the measures of precision
Interlaboratory programs of a more restrictive nature were alstisted in Table 1 apply to alloys which do not exhibit strong
completed for beryllium and for dynamic plane strain fracturetransitional fracture behavior with changes in temperature or
measurements on a strain rate sensitive steel. Summaries of tstgain rate. When temperature and strain rate variations induce
results from these two interlaboratory programs are presentddrge changes in toughness, increased scatt& imeasure-
in Annex A7 and Annex A8 because certain special proceduresients may be noted. For example, within or below the
are involved. No interlaboratory program was conducted fottransition range of a structural steel, the initial advance from
the disk-shaped specimen, but some data comparing resulfse fatigue crack will be controlled by the abrupt fracture of
from that specimen design with those from other specimefocal elements at the crack tip, accompanied by rapid transfer
designs are given in Annex A6. It should be mentioned that noof load to adjacent regions which may then exhibit cleavage
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K. DATA SHEET
Ic
q HI” : (3AMPLE)

MATERTAL/FORM HEAT TREAT
SPECIMEN I.D. _ SPECIMEN TYPE .
e
DATE
L A A— DATE REPORT
PARTICULARS DATA REF. PARAGRAFH FRACTURE TEST DATA REF. PARAGRAPH
® Crack Plane Orientation - | 9.2 _ ® Crack tengths -
@ Material 0.2% Offset Yield — At Center of Crack Front (a,) 8.2.2
Strength, Uys, per E8 7.1.1 B
— At Right of Cenmter (ap) | 8.2.2 _
@ Thickness, B 8.2.1 ] — At left of Center (a3) 8.2.2
® Depth (Width), W _ - 8.2.2 — At Right of Surface (ag) | 8.2.2
for - SE(B)___ o _3.6.1 (Aunex 3) — At Left Surface (as) 8.2.2
for - C(1) - 4.4.1 (Annex 4) — Crack Plane Symmetry 8.2.4
for - DO(T)__ 6-4.1.2(Annex 6) | — Loading Rate (ksi vin./min.) | 8.3 ]
oArc Shaped Speaimen - — Test Temperature __ 10.2.6
— Width, W . 5.4.1 (Annex 5) | — Relative Humidity ] _ 10.2.7 .
— Loading Hole Offset, X__ 1 5.4.1 (Annex 5) — Load-Displacement Record 8.4 & 9.1
— Outer and Inner Radii, 5.4.1 (Anncx 5)
Ty &5y
FATIGUE PRECRACKING DATA RLF. PARACRAPH CALCULATION OF K & Ryy DATA REF. PARAGRAPH
® K P
mE cgogozin® (0.00032m% ) A2.3.3 ® Prax/Pq < 11 9.1.2
2 | | A2 . .
oK 0.6 — Ky SE(B) _ _ . 3.5.3 {Annex 3)
. A2.3.3 ) -
. Kmx coe KQ— . - - — KQ (1) 4.5.3  (Anuex 4)
0. - A2.4.1 d A2.4.2
maxX Te_ _ L okl an R — Kq A(T) 5.5.3 (Annex 5)
o at Temperature h )
~ Koerg [ 728 6 &g (123 A2.4.4 e - 8202 (e
xr1| Tys (T2)f © KQ AR ® Valid Kye 9.1.3 -
© Crack Length - Starter Sfot — Rgy 9.1.5
plus Fatigue -
— a = 0.500 _ P [\72.3.2 and Figure 4
— Kpax, 8K
— Cycles for last 2.5%
of man

FIG. 10 Suggested Form of Table for Reporting Information Listed in 10.1 and 10.2

fracture. Under these circumstances, a specimen size effect11.3 Bias—There is no accepted “standard” value for the
may be observed in which both the mean and the standanlane strain fracture toughness of any material. In the absence
deviation of K, values tend to increase with decreasingof such a true value, any statement concerning bias is not
specimen size. meaningful.

ANNEXES
(Mandatory Information)

Al. DESIGN FOR DOUBLE-CANTILEVER DISPLACEMENT GAGE

Al.1 The gage consists of two cantilever beams and &#eams and spacer block are given in Fig. A1.1 and Fig. A1.2.
spacer block which are clamped together with a single nut anBior these particular dimensions the linear range (working
bolt, as shown in Fig. 4. Electrical-resistance strain gages amange) is from 0.15 to 0.30 in. (3.8 to 7.6 mm) and the
cemented to the tension and compression surfaces of eachcommended gage length is from 0.20 to 0.25 in. (5.1 to 6.3
beam, and are connected as a Wheatstone bridge incorporatingn). The clip gage can be altered to adapt it to a different gage
a suitable balancing resistor. The material for the gage beaniength by substituting a spacer block of appropriate height. As
should have a high ratio of yield strength to elastic modulusdiscussed in 6.3.2 the required precision of the gage corre-
and titanium alloy 13V-11Cr-3Al in the solution treated con- sponds to a maximum deviation ¢f0.0001 in. (0.0025 mm)
dition has been found very satisfactory for this purpose. If eof the displacement readings from a least-squares-best-fit
material of different modulus is substituted, the spring constanstraight line through the data. Further details concerning
of the assembly will change correspondingly, but the othedesign, construction and use of these gages are given in Ref
characteristics will not be affected. Detailed dimensions for th€10).

10



A8y E 399 - 90 (1997)

1.628

1.620

T

8/64 DRILL FOR
6-32 NC SCREW

0,041
0.039 0.020 r
— 6.010
N |
oA
L
— e |
“C TN
~ /
0.021
\ 0.019
\T |go,9|
0.02%
Note 1—Dimensions are in inches.
Metric Equivalents
in. mm in. mm
0.004 0.10 0.060 1.52
0.006 0.15 0.065 1.65
0.010 0.25 Yoa 3.6
0.019 0.48 0.186 4.72
0.020 0.51 0.188 4.78
0.021 0.53 0.370 9.40
0.025 0.64 0.373 9.47
0.030 0.76 0.375 9.52
0.039 0.99 1.620 41.15
0.041 1.04 1.625 41.28

FIG. Al.1 Beams for Double-Cantilever Displacement Gage

11
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/2

0.378
5/64 DRILL 0.37¢
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| o190
ciss |
1 0.093

SR
T T AJ
1 t
l R
[ ! 0.19%
0.500 { | 0.208
4 n I | ! 0.402
0.490 : : 1 e
| [ L
il ,
L |
—T UNDERCUT
0.050
0.045 45° CHAMFER
X 1/32 DEEP
T 'lf 0.168
: 1 | oiee
I )
: T§ o378
I | 0.37%
1 dl
p! 4

]
9/64 DRILL ron__/

6 —32 NC SCREW

Note 1—%s4-in. diameter holes are for strain gage leads.
Note 2—Dimensions are in inches.

Metric Equivalents

in. mm in. mm
Va2 0.80 0.195 4.95
0.045 1.14 0.205 5.21
0.050 1.27 0.373 9.47
Yoa 2.00 0.375 9.52
0.087 2.21 0.376 9.55
0.093 2.36 0.378 9.60
0.125 3.18 0.400 10.16
Yoa 3.60 0.402 10.21
0.186 4.72 0.490 12.45
0.188 4.78 2 12.70
0.190 4.83 0.500 12.70

FIG. A1.2 Aluminum-Alloy Spacer Block for Double-Cantilever
Displacement Gage

A2. FATIGUE PRECRACKING OF K. FRACTURE TOUGHNESS SPECIMENS

A2.1 Introduction present test method. The purpose of this annex is to provide
A2.1.1 Experience has shown that it is impractical to obtair'pu'd"’lnCe on the prodgchon of s_aUsfactory fatlgue_ precracks,
and to state the associated requirements for a Vglidest.

a reproducibly sharp, narrow machm_ed notch _that will simulate A2.1.2 Afatigue precrack is produced by cyclically loading
a natural crack well enough to provide a satisfactdry test . . X g .
the notched specimen with a ratio of minimum to maximum

result. The most effective artifice for this purpose is a NAIMOW, s hetween — 1 and + 0.1 for a number of cycles usually

notch from which extends a comparatively short fatigue CraCkbetween about Toand 16 depending on specimen size, notch
called the precrack. The dimensions of the notch and thgreparation, and stress intensity level. The maximum stress
precr-a.ck, and .the sharpness of the precrack, must meet certaiiensity in the terminal (2.5 %) stage of fatigue crack growth
conditions which can be readily met with most engineeringmyst not exceed 60 % of th¢,. value of the material. Some
materials since the fatigue cracking process can be closelyaction of the total number of cycles required to produce the
controlled when careful attention is given to the knownfatigue precrack is consumed in initiation of the crack at the
contributory factors. However, there are some materials thatotch root; the remainder accounts for growth of the crack to
are too brittle to be fatigue cracked since they fracture as sootie required length. If the total number of cycles is excessive,
as the fatigue crack initiates; these are outside the scope of thiee reason is usually that the number of cycles required for

12
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initiation is excessive rather than that the subsequent rate afack, that is 0.012%. During the final stage of fatigue crack
crack growth is low. There are several ways of promoting earlyextension, for at least this distance, the ratio of maximum stress
crack initiation: () by providing a very sharp notch tip2by intensity of the fatigue cycle to the Young’s modulus of the
using a chevron notch (Fig. 7)3) by statically preloading the material,K,,,,,/E shall not exceed 0.002ff¢ (0.00032 n?).
specimen in such a way that the notch tip is compressed in Burthermore K., must not exceed 60 % of thi, value
direction normal to the intended crack plane but withoutdetermined in the subsequent tesk§ is to qualify as a valid
allowing the nominal compressive stress to exceed the yiel&, result.
strength of the material4f by using a negative fatigue load .
ratio. A2.4 Precracking Procedure
) A2.4.1 Fatigue precracking can be conducted under either
A2.2 Equipment load control or displacement control provided that the appro-
A2.2.1 The equipment for fatigue cracking shall be suchpriate K calibration is known with requisite accuracy for the
that the stress distribution is uniform through the specimerspecimen and fixture (A2.2.1). If the load cycle is maintained
thickness; otherwise the crack will not grow uniformly. The constant, the maximuri and theK range will increase with
stress distribution shall also be symmetrical about the plane afrack length; if the displacement cycle is maintained constant,
the prospective crack; otherwise the crack will deviate undulythe reverse will happen. The initial value of the maximum
from that plane and the test result will be significantly affectedfatigue load or displacement should be calculated fromkthe
(7). calibration and the specimen and notch dimensions. It is
A2.2.2 TheK calibration for the specimen, as loaded by thesuggested that this load be selected so that the maximum stress
equipment, shall be known with an error of not more than 5 %intensity factor in the initial portion of the fatigue cycle does
TheK calibration is the relation of the stress intensity fadfor not exceed 80 % of the estimatéq, value of the material.
to either the load or to some prescribed displacement and thdigher K values may result in undesirably high crack growth
specimen dimensior(4). The fixtures recommended in the test rates. The minimum is then selected so that the stress ratio is
method (see appropriate annex) are also suitable for fatigugetween — 1 and + 0.1. The more negative the stress ratio, the
cracking, andK calibrations for specimens loaded through faster the fatigue precrack will be completed, but this advan-
these fixtures are given in the annexes of this test method. thge is offset by the need for more elaborate fixtures than are
different fixtures are used, the appropritealibration should required when the stress ratio is positive.
be determined experimentally with these fixtur@9. The A2.4.2 The specimen shall be accurately located in the
advantage of experiment#l calibration, as compared with loading fixture and secured as required so that the boundary
numerical methods of analysis, is that accurate modeling of theonditions correspond to the applicaldecalibration. Fatigue
boundary conditions with the actual fixtures is assured. It iycling is then begun, usually with a sinusoidal waveform and
important to bear in mind that if the fatigue cycle involves near to the highest practical frequency. There is no known
reversal of load, th& calibration can be very sensitive to the marked frequency effect on fatigue precrack formation up to at
distribution of clamping forces necessary to grip the specimerieast 100 Hz in the absence of adverse environments. The
) ) specimen should be carefully monitored until crack initiation is
A2.3 Specimen Requirements observed on one side. If crack initiation is not observed on the
A2.3.1 The fatigue precracking shall be conducted with theother side before appreciable growth is observed on the first,
specimen fully heat treated to the condition in which it is to bethen fatigue cycling should be stopped to try to determine the
tested. cause and remedy for the unsymmetrical behavior. Sometimes,
A2.3.2 The combination of starter notch and fatigue pre-simply turning the specimen around in relation to the fixture
crack must conform to the requirements shown in Fig. 7. Thewill solve the problem. When the most advanced crack trace
nominal crack length is equal to 0¥80and is the total length has almost reached the first scribed line corresponding to
of the starter notch slgilusfatigue crack. To facilitate fatigue 97.5% of the final crack length, the maximum load or
precracking at a low level of stress intensity, the notch roodisplacement, as appropriate, shall be reduced so that the
radius of a straight-across notch should be no more than 0.0G8rminal value ofK,,,, is unlikely to exceed 60 % of the
in. (0.08 mm). If a chevron notch is used (Fig. 7), the notchestimated minimum value d{,, of the material, and also the
root radius can be as much as 0.01 in. (0.25 mm) because of therminal value oiK,,,/E will not exceed 0.002 i (0.00032
compound stress intensification at the point of the chevronmy. ). The minimum setting is then adjusted so that the stress
Early crack initiation can also be promoted by precompressiomatio is between — 1 and + 0.1. Fatigue cycling is then contin-
of the notch tip region, as stated in A2.1.2. ued until the surface traces on both sides of the specimen
A2.3.3 Itis advisable to mark two pencil lines on each sideindicate that the overall length of notch plus crack will meet the
of the specimen normal to the anticipated paths of the surfaceequirements of 7.3.2.1, 7.3.2.2, and Fig. 7 of this test method.
traces of the fatigue crack. The line most distant from the notch A2.4.3 When fatigue cracking is conducted at a temperature
tip should indicate the minimum required length of fatigueT, and testing at a different temperatufg, K., must not
crack, and the other the terminal part of that length equal to nagxceed 0.6y s /oys)Kq, Whereoys andoysg, are the yield
less than 2.5 % of the overall length of notch plus fatiguestrengths at the respective temperaturgsind T,.

13
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A3. SPECIAL REQUIREMENTS FOR THE TESTING OF BEND SPECIMENS

A3.1 Specimen knife edges to maintain registry between knife edges and gage
A3.1.1 The standard bend specimen is a single edgedrooves. In the case of attachable knife edges, seat the gage

notched and fatigue cracked beam loaded in three-point ben§€fore the knife edge positioning screws are tightened.

ing with a support spar§, nominally equal to four times the ~ A3.4.2.1 Load the_ specimen at a rate such that the rate of

width, W. The general proportions of this specimen configu-increase of stress intensity is within the range 30 to 150

ration are shown in Fig. A3.1. ksi-in¥?min (0.55 to 2.75 MPa-/f/s), corresponding to a
A3.1.2 Alternative specimens may have<l W/B < 4. loading rate for the standar@ & 0.5W) 1-in. (25.4-mm) thick

These specimens shall also have a nominal support span eq&Recimen between 4000 and 20 000 Ibf/min (0.30 to 1.5 kN/s).
to AW. A3.4.3 For details concerning recording of the test record

see 8.4.
A3.2 Specimen Preparation

A3.2.1 For generally applicable specifications concerning®3-5 Calculations
specimen size and preparation see Section 7. A3.5.1 Interpretation of Test RecordFor general require-

A3.2.2 Itis desirable to fatigue crack the bend specimen irments and procedures in interpretation of the test record see
the same fixtures in which it will be tested so that tke 9.1.
calibration is accurately known. However, bend specimens are A3.5.2 Validity Requirements-For a description of the
sometimes cracked in cantilever bending because this methadlidity requirements in terms of limitations d?},,,/Po and
permits ease of reversed loading. If tie calibration for the specimen size requirements, see 9.1.2 and 9.1.3.
three-point bending is used in cantilever bending, the bending A3.5.3 Calculation of kK,—For the bend specimen calculate
moments for a givei value will be underestimate@). While K, in units of ksi-in*? (MPa-nt’) as follows (Note A3.1):
fatigue cracking in cantilever bending can yield satisfactory

- /2).
results, it should be emphasized that the crack tip stress field Ko = (PoSBW/ 5 f@W) (A1)
can be distorted and the fatigue crack orientation changed by where:
excessive clamping forces. 3@W)/71.99— (@W)(1 — a/W) (A3.2)
X (2.15— 3.9/W + 2.7a%WP
A3.3 Apparatus W) — ( 21/2 )]
A3.3.1 Bend Test Fixture-The general principles of the 2(1 + 2a/W)(1 — alW)

bend test fixture are illustrated in Fig. A3.2. This fixture is where:

designed to minimize frictional effect_s by allowing the support Po = load as determined in 9.1.1, kibf (kN), _

rollers to rotate and move apart slightly as the specimen isg~ - specimen thickness as determined in 8.2.1, in. (cm),
loaded, thus permitting rolling contact. Thus, the supports = span as determined in A3.4.2, in. (cm),

rollers are allowed limited motion along plane surfaces parallelyy specimen depth (width) as determined in A3.4.1, in.
to the notched side of the specimen, but are initially positively (cm), and
positioned against stops that set the span length and are held @8 = crack length as determined in 8.2.2, in. (cm).

place by low-tension springs (such as rubber bands).

A3.3.2 Displacement Gage-For generally applicable de-
tails concerning the displacement gage see 6.3. For the benc
specimen the displacements will be essentially independent of To facilitate calculation oK, values off(a/W)are tabulated

Note A3.1—This expression is considered to be accurate within
.5 % over the entire range afW from 0 to 1 for anS/W = 4 (12).

the gage length up to a gage lengthvaR2. in the following table for specific values afW.
Bend Specimens

A3.4 Procedure aw fla/W) a/w fa/W)
A3.4.1 Measuremert-For a bend specimen measure the g-jgg 352 8-282 g-gg
width (depth),\/v, and the crack I_engt!a, from the notched side 0.450 235 0510 575
of the specimen to the opposite side and to the crack front,  o.465 2.39 0.515 2.79
respective|y 0.470 2.43 0.520 2.84
A3.4.1.1 F | . . . 0.475 2.46 0.525 2.89
4.1.1 For general requirements concerning specimen g, 2.50 0.530 504
measurement see 8.2. 0.485 2.54 0.535 2.99
A3.4.2 Bend Specimen TestirgSet up the test fixture so g-jgg 3-22 g-gjg g-gg
that the line of action of the applied load shall pass midway ' ' 0.550 o

between the support roll centers within 1 % of the distance ) )
between these centers (for example, within 0.04 in. (1.0 mm) A3.5.4 Calculation of R;—For the bend specimen calculate
for a 4-in. (100-mm) span). Measure the span to within 0.5 o/ghe specimen strength ratio (which is dimensionless and has the
of nominal length. Locate the specimen with the crack tipS@Me value in any consistent system of units):
midway between the rolls to within 1 % of the span, and square 6PV

to the roll axes within 2°. Seat the displacement gage on the Ron = B(W — &)’ovs (A3.3)

14
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where: in Fig. 5. If attachable knife edges are used, they must be reversed or inset
P.ax = Maximum load that the specimen was able to to provide the same measurement point location.
sustain, A3.5.5.1 To facilitate the calculation of crack mouth open-
B = thickness of specimen as determined in 8.2.1, ing compliances, values af (a/W) are given in the following
W = width (depth) of specimen, as determined in table for specific values of a/W:
A3.4.1, _ . aw qlaw) aw qla/w)
a = crack length as determined in 8.2.2, and 0.450 679 0.500 592
oys = Yield strength in tension (offset = 0.2 %) (see Test 0.455 6.97 0.505 9.17
Methods E 8). 0.460 7.16 0.510 9.43
A3.5.5 Calculation of Crack Mouth Opening Compliance 8:333 122 82;3 ‘;;;3
Using Crack Length Measurement§or bend specimens, 0.475 7.77 0.525 10.27
calculate the crack mouth opening compliangg/P, in units 0.480 7.98 0530 10.57
of m/N (in./Ib) as follows (see Note A3.2): P e O A
_ ’ 0.495 8.67 0.545 11.53
VilP = (SE'BW)q(aW) (A3.4) 0.550 11.87
where: A3.5.6 Calculation of Crack Lengths Using Crack Mouth
q@w) = 6(¢’=12/V\0[0-76 - 3-286/\/\/) + (3-872(3/ Opening Compliance MeasurementSor bend specimens,
W)~ - 2.04@/W)° + 0.66/(1 —a/W)7], and calculate the normalized crack length as follows (see Note
A3.3):
where:
V,, = crack mouth opening displacement, m (in.), a/W = 0.9997— 3.98J + 2.982J% — 3.214)° + 51.52)* — 113.0°
P = applied load, kN (kibf), (A3.5)
E' = Effective Young’'s Modulus ( = E for plane stress, Pa where:
si); = E/(1 -v?) for plane strain, Pa (psi)), ; ,
v = Posons Rafio, and =) U'= 11{L+ [EBV/PaWIS]:)
S B, W, anda are as defined in A3.5.3. Note A3.3—This expression fits the equation in A3.5.5 within

+0.01 % ofWfor 0.3= a/W = 0.9(24). This expression is valid only for
Note A3.2—This expression is considered to be accurate to withincrack mouth displacements measured at the location of the integral knife
+1.0 % for anya/W (23). This expression is valid only for crack mouth edges shown in Fig. 5. If attachable knife edges are used, they must be
displacements measured at the location of the integral knife edges showaversed or inset to provide the same measurement point location.

]2\5/ /—A ¢ l@ &
A 5 A~ A
—T o il
6 @/7 NOTE 4% i, -§I

| 4 .
Lt . IW > B
| (%m}’}’ %M]IN.) W
B=?i 010w

Note 1—A surfaces shall be perpendicular and parallel as applicable within WODIR.
Note 2—Crack starter notch shall be perpendicular to specimen surfaces towifiin
Note 3—Integral or attachable knife edges for clip gage attachment may be used (see Fig. 5 and Fig. 6).
Note 4—For starter notch and fatigue crack configurations see Fig. 7.
FIG. A3.1 Bend Specimen SE (B)—Standard Proportions and Tolerances
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Note 1—Roller pins and specimen contact surface of loading ram must be parallel to each other withil0.002
Note 2—0.10 in. = 2.54 mm, 0.15 in. = 3.81 mm.
FIG. A3.2 Bend Test Fixture Design

A4. SPECIAL REQUIREMENTS FOR THE TESTING OF COMPACT SPECIMENS

A4.1 Specimen mm) andW / B= 4 forB =< 0.5in. (12.7 mm). Ifa 280 000-psi
A4.1.1 The standard compact specimen is a single edgél%o-_MPa) yield strength maraging steel i_s used forthe_: clevis

notched and fatigue cracked plate loaded in tension. Th@nd pins, adequate strength will be obtained for testing the

general proportions of this specimen configuration are showgP€cimen sizes andy¢/E ratios given in 7.1.3. If lower-

in Fig. A4.1. strength grip material is used, or if substantially larger speci-
A4.1.2 Alternative specimens may have2W/B < 4 but ~ Mens are required at a giver/E ratio than those shown in
with no change in other proportions. 7.1.3, then heavier grips will be required. As indicated in Fig.
A4.2 the clevis corners may be cut off sufficiently to accom-
A4.2 Specimen Preparation modate sea;ing of the clip gage in specimens less than 0.375 in.
A4.2.1 For generally applicable specifications concerning(g'5 mm) thick. ) ) o
specimen size and preparation see Section 7. A4.3._1.2 Careful attention should be given to ac_hl_evmg as
good alignment as possible through careful machining of all
A4.3 Apparatus auxiliary gripping fixtures.

A4.3.1 Tension Testing ClevisA loading clevis suitable for .A4'3'2 Displacement _GageFor generally applicable de-
Otfauls concerning the displacement gage see 6.3. For the

testing compact specimens is shown in Fig. A4.2. Both ends . : - i ;
the specimen are held in such a clevis and loaded through pmgompact specimen the displacements will be essentially inde-
péndent of the gage length up to M2

in order to allow rotation of the specimen during testing. In

order to provide rolling contact between the loading pins and

the clevis holes, these holes are provided with small flats on tha4-4 Procedure

loading surface$4). Other clevis designs may be used if it can A4.4.1 Measuremert-For a compact specimen measure

be demonstrated that they will accomplish the same result abe width, W, and the crack lengthg, from the plane of the

the design shown. centerline of the loading holes (the notched edge is a conve-
A4.3.1.1 The critical tolerances and suggested proportionsient reference line but the distance from the centerline of the

of the clevis and pins are given in Fig. A4.2. These proportion$oles to the notched edge must be subtracted to deteMdine

are based on specimens havitg B = 2 forB>0.5in. (12.7 anda). Measure the width\, to the nearest 0.001 in. (0.025

16
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Note 1—A surfaces shall be perpendicular and parallel as applicable to within QVODIR.
Note 2—The intersection of the crack starter notch tips with the two specimen surfaces shall be equally distant from the top and bottom edges of the
specimen within 0.00%V.
Note 3—Integral or attachable knife edges for clip gage attachment to the crack mouth may be used (see Fig. 5 and Fig. 6).
Note 4—For starter notch and fatigue crack configuration see Fig. 7.
FIG. A4.1 Compact Specimen C (T) Standard Proportions and Tolerances

mm) or 0.1 %, whichever is larger, at not less than three A4.5.2 For a description of the validity requirements in

positions near the notch location, and record the average valugerms of limitations orP,,,,/Po and the specimen size require-
A4.4.1.1 For general requirements concerning specimements see 9.1.2 and 9.1.3.

measurement see 8.2. A4.5.3 Calculation of I%—For the compact specimen cal-

A4.4.2 Compact Specimen TestirgVhen assembling the culateK, in units of ksi-in*’? (MPa-nt’?) from the following
loading train (clevises and their attachments to the tens"%xpression (Note A4.1)

machine) care should be taken to minimize eccentricity of

loading due to misalignments external to the clevises. To obtain Ko = (Po/BW ?)f(a/W) (Ad.1)
satisfactory alignment keep the centerline of the upper and \ypere:

lower loading rods coincident within 0.03 in. (0.76 mm) during

the test and center the specimen with respect to the clevis (2 + a/W)(0.886+ 4.68/W (A4.2)
opening within 0.03 in. (0.76 mm). —13.32%W + 14.72%W° — 5.6aYW)
A4.4.2.1 Load the compact specimen at such a rate that the fa/w) = 1 - aW)?/?

rate of increase of stress intensity is within the range 30 to 150
ksi-in¥4min (0.55 to 2.75 MPa-I/s) corresponding to a where:

loading rate for a standardMB =2) 1-in. thick specimen Pq load as determined in 9.1.1, kibf (kN),

between 4500 and 22 500 Ibf/min (0.34 to 1.7 kN/s). B = specimen thickness as determined in 8.2.1, in. (cm),
A4.4.2.2 For details concerning recording of the test record, W = specimen width, as determined in A4.4.1, in. (cm),
see 8.4. and o _
a = crack length as determined in 8.2.2 and A4.4.1, in.
A4.5 Calculations (cm).
A4.5.1 For general requirements and procedures in interpre- Nore A4.1—This expression is considered to be accurate within
tation of the test record see 9.1. +0.5 % over the range af/W from 0.2 to 1(12) (13)
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LOADING FLAT APPLICABLE, TO WITHIN 0.002 in TIR.

Note 1—Pin diameter = 0.2¥%V ( + 0.000W/—0.005W). For specimens withr, s> 200 ksi (1379 MPa) the holes in the specimen and in the clevis may
be 0.3W (+ 0.005W/-0.000W) and the pin diameter 0.28& ( + 0.000W/-0.005W).
Note 2—0.002 in. = 0.051 mm.
Note 3—Corners of the clevis may be removed if necessary to accommodate the clip gage.
FIG. A4.2 Tension Testing Clevis Design

A4.5.3.1 To facilitate calculation dq, values off (a/W) a crack length as determined in 8.2.2 and A4.4.1, and

are tabulated below for specific values of a/W. Ovs yield strength in tension (offset = 0.2 %) (see Test
Compact Specimens Methods E 8).
o far o e A4.5.5 Calculation of Crack Mouth Opening Compliance
0.455 8.46 0.505 981 Using Crack Length Measurement$or compact specimens,
0.460 8.58 0.510 9.96 calculate the crack mouth opening compliangg/P, in units
0.465 8.70 0.515 10.12 H .
0.470 083 0520 10,26 of m/N (in./Ib) as follows (see Note A4.2):
0.475 8.96 0.525 10.45 V, /P = (1/E'B)-q(alW) (A4.4)
0.480 9.09 0.530 10.63
0.485 9.23 0.535 10.80 where:
0.490 9.37 0.540 10.98
0.495 9.51 0.545 11.17 q(a/W) = [19.75/(1 -a/W)?|[0.5 + 0.1926/W) + 1.3858/
0.550 11.36 W)? - 2.9196/W)° + 1.8426/W)?], and
A4.5.4 Calculation of R-—For the compact specimen cal- | hare-
culate the specimen §trength rati_o (which is dimensi_onlgss ang/ = crack mouth opening displacement, m (in.),
has the same value in any consistent system of units): P = applied load, kN (kibf),
2P,(2W + @) " = Effective Young’'s Moduls ( = E forplane stress, Pa
= BW - aPov (A4.3) (psi); = E/(1 -v) for plane strain, Pa (psi)),
v = Poisson’s Ratio, and
where: _ _ B, W, anda are as defined in A4.5.3.
Pmax = maximum load that the specimen was able to _ o _ o
sustain Note A4.2—This expression is considered to be accurate to within
B — thickne,ss of specimen as determined in 8.2.1 +1.0 % for anya/W = 0.2 (25). This expression is valid only for crack
W = width of the specimen as determined in A.4 4 :’L mouth displacements measured at the location of the integral knife edges

shown in Fig. 5. If attachable knife edges are used, they must be reversed
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or inset to provide the same measurement point location. A4.5.6 Calculation of Crack Lengths Using Crack Mouth

A4.5.5.1 To facilitate the calculation of crack mouth open-Opening Compliance MeasuremestSor compact specimens,
ing Comp“ancesy values mf(a/v\o are given in the fo"owing calculate the normalized crack Iength as follows (See Note

table for specific values /W A4.3):

aw q(a/w) a/w a(a/v) a/W = 1.000— 4.500 + 13.151% — 172.551°

0.450 44.16 0.500 54.71 + 879.944)* — 1514.671U° (A4.5)

0.455 45.09 0.505 55.94

8.420 46.8: 8.510 5;.2; where:

465 47. 515 58.5 _ , 1/

0.470 48.02 0.520 59.88 U = U1+ EBV./P) 2]

0.475 49.06 0.525 61.28 . . ) . . -

0.480 50.12 0.530 62.73 Note A4.3—This expression fits the equation in A4.5.5 within

0.485 51.22 0.535 64.22 +0.01 % ofWfor 0.2 = a/W = 0.8(25). This expression is valid only for

0.490 52.35 0.540 65.76 crack mouth displacements measured at the location of the integral knife

0.495 53.51 0.545 67.35 edges shown in Fig. 5. If attachable knife edges are used, they must be
0.550 69.00 reversed or inset to provide the same measurement point location.

A5. SPECIAL REQUIREMENTS FOR THE TESTING OF THE ARC-SHAPED TENSION SPECIMEN

A5.1 Specimen flats on the loading surfac@). Other clevis designs may be

A5.1.1 The arc-shaped tension specimen is a single edggsed if it can be demo_nstrated that they will accomplish the
notched and fatigue cracked ring segment loaded in tensio§@me result as the design shown. .
The general proportions of two designs of the specimen are A5.3.1.1 The critical tolerances and suggested proportions
shown in Fig. A5.1. The value of the radius ratigr, is not of the clevis an_d pins are given in AS5.2. Thes_e proportions are
specified, so that specimens can be taken from any cylindricased on specimens haviigB = 2 for B> 0.5 in. (12.7 mm)
geometery. However, it should be noted that specimens witRnd W/B =4 for B=< 0.5 in. (12.7 mm). If a 280 000-psi
r,/r, =0 (that is, from a solid cylinder) do not make the best(1930jMPa) yield strength maraging steel is used for thg clevis
possible use of the test material because the definitiiwas ~ and pins, adequate strength will be obtained for testing the
chosen to accommodate hollow cylinders. The disk-shape@Pecimen sizes andyg/E ratios given in 7.1.3. If lower-
specimen should be used for tests on solid cylinders (see Annétrength grip material is used, or if substantially larger speci-
AB). mens are required at a giver/E ratio than those shown in

A5.1.2 The arc-shaped tension specimen is intended té-1-3, then hegwer grips will be required. As .|nd|cated in Fig.
measure the fracture toughness so that the normal to the craf¥e-2, the clevis corners may be cut off sufficiently to accom-
plane is in the circumferential direction and the direction ofModate seating of the clip gage in specimens less than 0.375 in.
crack propagation is in the radial direction. This is @R~ (9:5 mm) thick. _ _ o
orientation as defined in 5.1.3. For other orientations, a bend A5-3.1.2 Careful attention should be given to achieving as
(Annex A3) or a compact (Annex A4) specimen should bedood alignment as possible through careful machining of all
used. auxiliary gripping fixtures.

A5.1.3 The specimen witt/W= 0.5 (Fig. A5.1a) repre-  A5.3.2 Displacement Gage-For generally applicable de-
sents a half ring segment. The specimen witW=0 (Fig.  tails concerning the displacement gage see 6.3.

A5.1b) represents the smallest specimen of this configuration A5.3.2.1 An alternative means of measuring the displace-
that can be cut from a ring. ment is allowed for the specimen with/W=0.5. Conical

A5.1.4 Alternative specimens may haves2W/B = 4 but center-punch-type indentations are provided on the inner sur-
with no change in other proportions. The use of alternativdace of the specimen at mid-thickness and in the plane of the
specimen proportions can be advantageous because in mag§nter line of the loading holes as shown in Fig. A5.1a. The
cases it is possible to test ring segments with no machining dpad-point displacement of the specimen is measured at these

the inner and outer radii, that is, with no change/in points using a displacement gage fitted with points and meeting
the requirements described in 6.4.1.
A5.2 Specimen Preparation A5.3.2.2 The displacements will be essentially independent
A5.2.1 For generally applicable specifications concerningf the gage length for the arc-shaped specimen provided the
specimen size and preparation see Section 7. gage length is equal to or less tha2.
A5.3 Apparatus A5.4 Procedure

A5.3.1 Tension Testing ClevisA loading clevis suitable for A5.4.1 Measurement-Before testing an arc-shaped speci-
testing arc-shaped tension specimens is shown in Fig. A5.2nen, measurer{ —r,) to the nearest 0.001 in. (0.025 mm) or
Both ends of the specimen are held in such a clevis and loadd¢d 0.1 %, whichever is greater at mid-thickness positions on
through pins, in order to allow rotation of the specimen duringboth sides of and immediately adjacent to the crack starter
testing. In order to provide rolling contact between the loadingnotch mouth. Record the average of these two readind¥. as
pins and the clevis holes, these holes are provided with smalllso measure rg —r,) at four positions, two as close as
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possible to the loading holes and two at approximately one-hafiire: (L) for the specimen with aX/W = 0.5 between 2800 and
the circumferential distance between the loading holes and thi4 000 Ibf/min (0.2 to 1.0 kN/s) an@) for the specimen with
crack plane. If any of these four measurements differ fildm an X/\W=0 between 4500 and 22 500 Ibf/min (0.34 to 1.7
by more than 10 %, the specimen should be discarded dfN/s).

reworked. Next, measure to the nearest 0.001 in. (0.025 mm) or A5.4.2.2 For details concerning recording of the test record
to 0.1%, whichever is greater, the distance between theee 8.4.

loading hole centers and the outside surface of the specimen at

the notch plane. This measurement should be made on bof.5 Calculations

sides of the specimen by referencing the loading holes. A5.5.1 For general requirements and procedures in interpre-
SubtractW from the average of these two measurements anehtion of the test record see 9.1.

record the result aX. Measure within 5 % the outer radius,; A5.5.2 For a description of the validity requirements in
if this is not possible, determine the average value08s terms of limitations orP,,,,/P, and the specimen size require-
follows (see Note A5.1): Measure within 5 % the lendthpf ~ ments see 9.1.2 and 9.1.3.

the chord of the outer surface, which chord passes through the A5.5.3 Calculation of Ko—For the arc-shaped specimen
loading hole centers (see Fig. A5.3). Using this measuremengalculateK, in units of ksi-in*’? (MPa-nt’?) from the follow-
calculate: ing expression (Note A5.2):

2 = /2
. L WX (A5.1) Ko = (Po/BW/?)[3X/W +21.9 + 1.1a/W]
(W + X) 2 X [1+ 0.251 — a/W)*(1 — r,/r,)f(@W) (A5.3)
Thenr,/r, =1 -Wr,, where:

Note A5.1—A 10 % variation of the ratio,/r, will affect the value of f(a/W) = [(alw)llzl(l - a/VV)S/Z] X [3.74 - 6.3@/
the stress intensity factor by 1 % or less, providing that the relative crack W+ 6.326/W)? - 2.43@/W)?]
lengtha/Wis not less than 0.3. However, the stress analysis is based on the
assumption that the specimens are to be cut from stock of uniformwhere:
axisymmetric cross section. If inspection shows that the stock deviatedP,
from axisymmetry by more than 10 %, it should be reworked to within this B
tolerance. X

load as determined in 9.1.1, kibf (kN),
specimen thickness as determined in 8.2.1, in. (cm),
loading hole offset as determined in A5.4.1, in.

A5.4.1.1 After fracture, measure the crack length in accor- (cm), ) ) , )

dance with 8.2.2, but a special procedure is necessary for th specimen width as determined in AS.4.1, in. (cm),
arc-shaped tension specimen due to its curvature. Thus, cracklendgth as determinedin 8.2.2 andA5.4.1.1, in.
length measurementy, made from a reference point adjacent rdr, = gg?ig'o??nner to outer radii as determined in A5.4.1
to the crack mouth to a point on the crack front will be greater "2 T
than the corresponding distance from the virtual point of Note A5.2—The accuracy of this expression for all values gf, is
intersection between the crack plane and the inside circumfegonsidered to be as followst)(+1 % for 0.45= a/W = 0.55 andX/W of
ence of the specimen (see Fig. A5.3). The ereprmay be 0or0.5,@) =1.5% for 0.2= a/W = 1 andX/Wof 0 or 0.5, and3) =3 %

computed from the following expression: for0.2=aW=1and 0= XW = 1 (14).
A5.5.3.1 To facilitate calculation oKq, values off (a/W)

2711/2 i A o
e=r, - [rlz _ g?] (A5.2)  are tabulated in the following table for specific valuesat.

_ ] aw faw) aw faw)

where g is the distance across the crack mouth at the 0.450 3.23 0.500 3.73
reference points for measurement of the crack length. It should 8-;‘23 gg; 8-2‘1’3 g-;g
be noted thag may be equal tiN (Fig. 7) or larger tharN if 0.465 337 0515 391
machined knife edges are used to hold the clip gage (for  0.470 3.42 0.520 3.97
exampleg = 0.25in. (6.4 mm) as in Fig. 5). If the relative error 8-3;3 gg; 8-2;3 3-28
e/m < 0.01, then recordn as the crack length; otherwise 0.485 357 0535 417
should be subtracted fromn and the result recorded as the 0.490 3.62 0.540 4.24
crack Iength 0.495 3.68 0.545 4.31
: 0.550 4.38

A5.4.2 Arc-Shaped Tension Specimen TestiWhen as- ) )
sembling the loading train (clevises and their attachments to A5-5.4 Calculation of R.—For the arc-shaped tension
the tension machine) care should be taken to minimize ecce$Pecimen calculate the specimen strength ratio (which is
tricity of loading due to misalignments external to the clevisesdimensionless and has the same value in any consistent system

To obtain satisfactory alignment keep the centerline of thef units) as follows:

upper and lower loading rods coincident within 0.03 in. (0.76 2Pna(3X + 2W + a)
mm) during the test and center the specimen with respect to the " T BW-a® Oys
clevis opening within 0.03 in. (0.76 mm).

A5.4.2.1 Load the arc-shaped specimen at such a rate tha¥here:
the rate of increase of stress intensity is within the range 30 td max
150 ksi-in¥?/min (0.55 to 2.75 MPa-Mf/s). The correspond-
ing loading rates for a standard/(B = 2) 1-in. thick specimen B

(A5.4)

= maximum load that the specimen was able to
sustain,
thickness of the specimen as determined in 8.2.1,
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X = loading hole offset as determined in A5.4.1, aw  p@W)  qaW) paW) gaW)
W = width of the specimen as determined in A5.4.1, 0.450 4.79 4.56 8.10 451
a = crack length as determined in 8.2.2 and A5.4.1.1, 0.455 4.90 4.59 8.27 4.55
and 0.460 5.01 4.62 8.44 4.58
oys = yield strength in tension (offset=0.2 %) (see 8:238 géé ijgg 2;33 f{jgé
Methods E 8). 0.475 5.35 4.71 8.98 4.68
A5.5.5 Calculation of Crack Mouth Opening Compliance 0.480 547 474 9.17 471
. . 0.485 5.60 4.77 9.37 4.74
Using Crack Length Measurement§or arc-shaped tension 0.490 573 4.80 057 477
specimens, calculate the crack mouth opening compliance, 0.495 5.86 4.82 9.78 4.81
; ; : . 0.500 6.00 4.85 10.00 4.84
Vm/P,. in un|t§ of m/lﬂ (|r.1./lb) as follows (see Note A5.3): for the 0205 614 g 1022 g
specimen withX/W= 0: 0510 6.29 491 10.45 4.90
_ ’ 0.515 6.44 4.94 10.69 4.93
Vif/P = [py(&/W)/E'B]-[0.431 — 1y/rp) + g(@W)]  (A5.5) 0.520 6.60 497 10.94 496
. 0.525 6.76 5.00 11.19 4.99
where: ) 0.530 6.93 5.02 11.45 5.02
p.(a/W) = (1 +aW)/(1-a/W) , 0.535 7.10 5.05 11.72 5.05
a/W) = 0.542 +13.13 -12.316 +6.576 0.540 7.28 5.08 12.00 5.08
ql( ) 3 HIVV) e/VV) e/ 0.545 7.46 511 12.29 5.11
0.550 7.65 5.14 1259 5.14

or, for the specimen witiX/W = 0.5,

V, /P = [p(@W)/E'B].[0.451 — r,fr,) + qaW)]  (A5.6) A5.5.6 Calculation of Crack Lengths Using Crack Mouth

Opening Compliance MeasurementBor arc-shaped speci-

where: mens, calculate the normalized crack length as follows (see
pA/W) = (2 +a/W)/(1 - a/Wj , Note A5.4):
GaW) = 8\',)3392;(112'63&/\/\/) = 9.838@/W)” + 4.66@/ for the specimen wittkX/W = 0:
' a/W = 0.989— 3.463) — 0.171U° + 24.354J° — 72.80%)* + 84.379)°
where: (A5.7)
V,, = crack mouth opening displacement, m (in.),
P = applied load, kN (klbf), where: y
E' = Effective Young's Modulus ( = E for plane stress, Pa U = 11+ [(E'BV,/P)(1 + 0.101(1 -,/r,))]"%}
(psi); = E/(1 —v?) for plane strain, Pa (psi), or, for the specimen witi/W = 0.5:

Poisson’s Ratio, and
X, B, W, a, and ¢,/r,) are as defined in A5.5.3.

Note A5.3—These expressions are considered to be accurate to within
+1.4 % X/W=0) or +1.6 % X/W=0.5) for 0.2< a/W= 0.8 and (,/r,) where:
= 0.4 (25). These expressions are valid only for crack mouth displace-U = 1/{1 + [(E'BV,/P)(1 + 0.108(1 —,/r,))]*'3
ments measured at the location of the integral knife edges comparable to
that shown in Fig. 5. If attachable knife edges are used, they must be Note A5.4—This expression fits the equations in A5.5.5 within
reversed or inset to provide the same measurement point location. +0.003V for 0.2 = a/W= 0.8, (,/r,) = 0.4, andX/W=0 orX/W= 0.5

A5.5.5.1 To facilitate the calculation of crack mouth open-(25)- This expression is valid only for crack mouth displacements

ing compliances, values gb,(a/W), p,(aW), q,(a/M), and measured at the location of the integral knife edges comparable to that
’ 1 ’ 2 ’ 1 ’

. . . o shown in Fig. 5. If attachable knife edges are used, they must be reversed
27\(/3/\/\1) are given in the following table for specific values of or inset to provide the same measurement point location.

<
1

a/W = 0.986— 4.082) — 5.0650J% + 86.819J)° — 313.338)*
+ 429.101° (A5.8)
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Note 1—For starter notch and fatigue crack configurations see Fig. 7.
Note 2—Alternative displacementgage reference points (see A5.4.1.1 for calculation of (a)).
Note 3—Axis of holes to be tangent to inner radius within 0.005
Note 4—A surfaces to be perpendicular and parallel as applicable to within @MODIR. D surfaces to be perpendicular or parallel as applicable to
A surfaces to within 0.02V TIR (see A5.4.1).
FIG. A5.1 Arc-Shaped Specimen Designs A (T) Standard Proportions and Tolerances
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050w A — SURFACES MUST BE j—.5w¢ 005w
LOADING FLAT FLAT, IN-LINE, & PERPENDICULAR, AS
APPLICABLE, TO WITHIN 0.002 in LLR.

Note 1—Pin diameter = 0.2%V (+ 0.000W/-0.005W). For specimens withr, s> 200 ksi (1379 MPa) the holes in the specimen and in the clevis may
be 0.3W (+ 0.005W/-0.000W) and the pin diameter 0.288& (+ 0.000W/-0.005W).
Note 2—0.002 in. = 0.051 mm.
Note 3—Corners of the clevis may be removed if necessary to accommodate the clip gage.
FIG. A5.2 Tension Testing Clevis Design

FIG. A5.3 Measurement of Outer Radius ( r,) and Crack Length for
the Arc-Shaped Specimen (see A5.4.1)
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A6. SPECIAL REQUIREMENTS FOR THE TESTING OF THE DISK-SHAPED COMPACT SPECIMEN

A6.1 Specimen mm) andW/B =4 for B < 0.5 in. (12.7 mm). If a 280 000-psi
AB6.1.1 The standard disk-shaped compact specimen is (@930-MPa) yield strength maraging steel is used for the clevis

single edge-notched and fatigue cracked disk segment load&fd Pins, adequate strength will be obtained for testing the
in tension (16). The general proportions of this specimen SPecimen sizes andyg/E ratios given in 7.1.3. If lower-

configuration are shown in Fig. A6.1. strength grip material is used, or if substantially larger speci-
AB6.1.2 Alternative specimens may have 2B < 4 but ~Mens are required at a givens/E ratio than those shown in
with no change in other proportions. 7.1.3, then heavier grips will be required. As indicated in Fig.
A6.2 the clevis corners may be cut off sufficiently to accom-
A6.2 Specimen Preparation modate seating of the clip gage in specimens less than 0.375 in.
A6.2.1 For generally applicable specifications concerning9-5 mm) thick. _ _ o
specimen size and preparation see Section 7. A6.3.1.2 Careful attention should be given to achieving as
good alignment as possible through careful machining of all
A6.3 Apparatus auxiliary gripping fixtures.

A6.3.1 Tension Testing ClevisA loading clevis suitable for ~ A6.3.2 Displacement Gage-For generally applicable de-
testing disk-shaped compact specimens is shown in Fig. A.#ails concerning the displacement gage see 6.3. For the
Both ends of the specimen are held in such a clevis and loadéisk-shaped compact specimen the displacements will be
through pins in order to allow rotation of the specimen duringessentially independent of the gage length up to @55
testing. In order to provide rolling contact between the loading
pins and clevis holes, these holes are provided with small flatd6-4 Procedure
on the loading surface@). Other clevis designs may be used A6.4.1 Measuremenrt-The analysis assumes the specimen
if it can be demonstrated that they will accomplish the samavas machined from a circular blank and therefore measure-
result as the design shown. ments of circularity as well as widtiWy, and crack lengtha,

A6.3.1.1 The critical tolerances and suggested proportionmust be made for this specimen.
of the clevis and pins are given in Fig. A6.2. These proportions A6.4.1.1 The specimen blank should be checked for circu-
are based on specimens havigB = 2 for B > 0.5 in. (12.7 larity before specimen machining. Measure the radius at eight

-25W * .005W DIA « <
Kz HOLES > >
©0 (o]
SR S ———
n
'\ 8
+ ; - — —
D /) 2 6
NOTE 275w '(B b ] AZA
5 +005wW *
¢
ersw ||
'\ +.005W
+ 2 —
n
J 8 T — /A
*1
2
n
5
2
‘ \___/ + ! \S/A\
f——— O ———>—t—C — Pt B ————]
\ W
tt————— Wt 005 W ——— P c=.25W L .015W 8—7 + oI0W

Note 1—A surfaces shall be perpendicular and parallel as applicable to within OVODIR.
Note 2—The intersection of the crack starter notch tips on each surface of the specimen shall be equally distant withinf@@08e centerline
of the loading holes.
Note 3—Integral or attachable knife edges for clip gage attachment to the crack mouth may be used (see Fig. 5 and Fig. 6).
Note 4—For starter notch and fatigue crack configuration see Fig. 7.
Note 5—For circularity requirements, see A6.4.1.1.
FIG. A6.1 Disk-Shaped Compact Specimen DC(T) Standard Proportions and Tolerances
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050w A— SURFACES MUST BE fe—.5wt.005w -+
LOADING FLAT FLAT, IN-LINE, & PERPENDICULAR, AS
APPLICABLE, TO WITHIN 0.002 in LLR.

Note 1— Pin diameter = 0.24V (+ 0.000W/-0.005W). For specimens witlr, g > 200 ksi (1379 MPa) the holes in the specimen and in the clevis
may be 0.3W (+ 0.005W/-0.000W) and the pin diameter 0.28& (+ 0.000W/-0.005W).
Note 2—0.002 in. = 0.051 mm.
Note 3—Corners of the clevis may be removed if necessary to accommodate the clip gage.
FIG. A6.2 Tension Testing Clevis Design

equally spaced points around the circumference of the speciange 30 to 150 ksi-if¥min (0.55 to 2.75 MPa-if/s),

men blank. One of these points should lie in the intended notchorresponding to a loading rate for a standaidg = 2) 1-in.

plane. Average these readings to obtain the radiu#f, any  thick specimen of 4500 to 22 500 Ibf/min (0.34 to 1.7 kN/s),

measurement differs from by more than 5 %, machine the respectively.

blank to the required circularity. Otherwise,= 2r = 1.38\. A6.4.2.2 For details concerning recording of the test record
A6.4.1.2 Measure the widthyV, and the crack lengtha, see 8.4.

from the plane of the centerline of the loading holes (the

notched edge is a convenient reference line but the distand6.5 Calculations

from the centerline of the holes to the notched edge must be A6.5.1 For general requirements and procedures in interpre-

subtracted to determin& anda). Measure the depthy, to the  tation of the test record see 9.1.

nearest 0.001 in. (0.025 mm) or 0.1 %, whichever is larger, at A6.5.2 For a description of validity requirements in terms of

not less than three positions near the notch location, and recofighitations onP,,,,/P, and the specimen size requirements see

the average value. 9.1.2 and 9.1.3.
A6.4.1.3 For general requirements concerning specimen A6.5.3 Calculation of Ko—For the disk-shaped compact
measurement see 8.2. specimen calculaté, in units of ksi-in*? (MPa-ni'?) from the

A6.4.2 Disk-Shaped Compact Specimen TestiWghen as-  following expression (Note A6.1):
sembling the loading train (clevises and their attachments to

the tension machine) care should be taken to minimize eccen- Ko = (P/BW/?) f (@/W) (A6.1)
tricity of loading due to misalignments external to the clevises. Where:
To obtain satisfactory alignmen'_[ kgep thg c_enterlin_e of the (2 + aW)(0.76 + 4.8/W — 11.58a/W)? (A6.2)
upper and lower loading rods coincident within 0.03 in. (0.76 s .
mm) during the test and center the specimen with respect to the f (aw) — —11A3W)” ~ 4.08aW)
clevis opening within 0.03 in. (0.76 mm). (11— aw)®/2

A6.4.2.1 Load the disk-shaped compact specimen at such & ore:

rate that the rate of increase of stress intensity is within the
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load as determined in 9.1.1, kibf (kN), E' = Effective Young's Modulus ( = E for plane stress, Pa

specimen thickness as determined in 8.2.1, in. (cm), (psi); = E/(1 —v?) for plane strain, Pa (psi),

specimen width as determined in A6.4.1.2, in. (cm), v = Poisson’s Ratio, and

and B, W, anda are as defined in A6.5.3.

crack length as determined in 8.2.2 and A6.4.1.2, in. ) . ) -

(cm). Note A6.2—This expression is considered to be accurate to within

+1.0 % fora/W= 0.2(25). This expression is valid only for crack mouth

Note A6.1—This expression is considered accurate to withh3 % displacements measured at the location of the integral knife edges shown
over the range of/W from 0.2 to 1.0(19). in Fig. 5. If attachable knife edges are used, they must be reversed or inset

A6.5.3.1 To facilitate calculation dKq, values off (a/W)

are tabulated in the following table for specific values of a/Ww: A6.5.5.1 To facilitate the calculation of crack mouth open-
aw Haw) aw Haw) ing compliances, values a@f (a/W) are given in the following

to provide the same measurement point location.

table for specific values of a/W:

0.450 8.71 0.500 10.17
0.455 8.84 0.505 10.34 aw aaw aw aaw)
0.460 8.97 0.510 10.51 0.450 43.4 0.500 55.1
0.465 9.11 0.515 10.68 0.455 44.4 0.505 56.5
0.470 9.25 0.520 10.86 0.460 45.5 0.510 57.9
0.475 9.40 0.525 11.05 0.465 46.6 0.515 59.4
0.480 9.55 0.530 11.24 0.470 47.7 0.520 60.9
0.485 9.70 0.535 11.43 0.475 48.8 0.525 62.5
0.490 9.85 0.540 11.63 0.480 50.0 0.530 64.1
0.495 10.01 0.545 11.83 0.485 51.2 0.535 65.8
0.550 12.04 0.490 52.5 0.540 67.6
. ) 0.495 53.8 0.545 69.4
A6.5.4 Calculation of Rys—For the disk-shaped compact 0.550 7.12

specimen calculate the specimen strength ratio (which is
dimensionless and has the same value in any consistent setrg) ;
units) as follows:

where:

Pmax

mgw

Ovs

A6.5.5 Calculation of Crack Mouth Opening Compliance
Using Crack Length Measurement§or disk-shaped compact
specimens, calculate the crack mouth opening complianc

6.5.6 For disk-shaped compact specimens, calculate the
malized crack length as follows (see Note A6.3):

a/W = 1.000— 4.459J + 2.068J° — 13.041° + 167.621* — 481.4)°

_ 2P (2W + @) (A6.3) (AB.5)

4 BW — a)oys
where:

U = 1[1+(EBV, /P
maximum load that the specimen was able to [L+( /P

sustain, Note A6.3—This expression fits the equation in A6.5.5 within
thickness of the specimen as determined in 8.2.1, +0.01 % ofW for a/W = 0.2 (25). This expression is valid only for crack
specimen width as determined in A6.4.1.2 mouth displacements measured at the location of the integral knife edges

2 shown in Fig. 5. If attachable knife edges are used, they must be reversed

crack length as determined in 8.2.2 and A6.4.1.2,>" : . -
or inset to provide the same measurement point location.

and

yield strength in tension (offset = 0.2 %) (see Test pg g precision and Bias (see also Section 11)

Methods E 8).
) A6.6.1 There has been no round-robin test program for the

disk-shaped specimen. However, the results of two testing
grograms(lG) designed to compare the results of the disk-

V._./ P, in units of m/N (in./Ib) as follows (see Note A6.2): shaped specimen with those of the compact specimen and the

where:

, arc-shaped specimen are summarized in Table A6.1. Based on
Vi/P = (LE'B)q(a/W) (A6.4)  the results in Table A6.1 and the geometric similarity of the
specimens, there is no reason to suspect that the precision for

q@W) = [19.75/(1 —-a/W)?][0.469 — 0.056&/W) + 1.86@/ the disk-shaped specimen would differ from that for the

where:

Vim
P

W)2 - 2.06@/W)3 + 0.7896/W)%], and compact specimen. The arc-tension specimen has been shown
(18) to have essentially the same grand mean and standard
deviation as the compact specimen.

crack mouth opening displacement, m (in.),

applied load, kN (klbf), Note A6.4—Units of mean and standard deviation are MPa (ksi

in.3,
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TABLE A6.1 Results of K|, Tests on Disk-Shaped Specimens,
Compact Specimens, and Arc-Shaped Specimens

Laboratory 1 Laboratory 2
Ni-Cr-Mo Steel Ni-Cr-Mo Steel
oys=1320 MPa oys=1290 MPa
(192 ksi) (187 ksi)
Disk Arc Disk Compact
Mean, X 109.4 109.2 114.7 116.4
(99.5) (99.4) (104.4) (105.9)
Standard 439 (3.99) 3.76 (3.42) 1.86 (1.69) 3.57 (3.24)

deviation, S

A7. SPECIAL REQUIREMENTS FOR RAPID-LOAD PLANE-STRAIN FRACTURE TOUGHNESS K, (t) TESTING

A7.1 Scope for steels tested at various temperatures and loading rates are

A7.1.1 This annex covers the determination of plane-straiseduired for correlation with small-scale production control
fracture toughnes(,) properties of metallic materials under t€sts (such as the Charpy V-notch test) for setting material
conditions where the loading rates exceed those for conversPecifications and fracture-safe design procedures.
tional (static) testing [150 000 psi-#ff/min (2.75 MPa.-rH%

s). A7.4 Terminology
_ A7.4.1 Definitions
A7.2 Summary of Requirements A7.4.1.1 The definitions given in Terminology E 616 are

A7.2.1 Special requirements are necessary for plane-straipplicable to this test method.
fracture toughness testing at loading rates exceeding those ofA7.4.1.2 Stress-Intensity FacterSee Section 5 of this test
conventional (static) plane-strain fracture toughness testingnethod.
This description of these requirements does not include impact A7.4.1.3 Plane-Strain Fracture ToughnessSee Section 5
or quasi-impact testing (free-falling or swinging masses)0f this test method.
Conventional fracture toughness test specimens are prepared aé\7.4.1.4 Rapid Loae—In fracture testing, any load that
described in this method, tested under rapid-load conditiongesults in an average stress-intensity factor rate in excess of
and a fracture toughness value is calculated. Load-deflectiod50 000 psi-irt/Zmin (2.75 MPa - iH{?s);
load-time, and deflection-time curves are recorded for each A7.4.1.5 Stress-Intensity Factor Rate, L™ T )—In
test. The load-deflection curves resulting from these tests aféacture testing, a change in stress-intensity fadtoper unit
analyzed to ensure that the initial linear portion of thetime.
load-displacement record is sufficiently well defined tRaf A7.4.1.6 Crack-Plane Orientatior-See 5.1.3 of this test
can be determined unambiguously. In addition, a test tipe ( method.
restricted to not less than one ms is determined. This test time A7.4.2 Description of Terms Specific to This Method
and an optionally calculated average stress intensity factor rate A7.4.2.1 Rapid-Load Plane-Strain Fracture Toughnesg, K
K characterize the rapid load test. The yield strength of théFL™>)—The crack extension resistance under conditions of
material must be determined or estimated for the loading timérack-tip plane strain at average loading rates exceeding
of the fracture test and is used in the analysis of the fracture ted60 000 psi-in/%min (2.75 MPa-1H{%s). The timef, to reach
data. All of the criteria for stati,. determination apply to the Pq, in milliseconds is indicated in the bracket} (
rapid-load plane-strain fracture toughness test. The rapid-load
plane-strain fracture toughness property is denotetgly ) A7-> Apparatus

where the time to reach the load correspondingan ms is A7.5.1 Loading—Generally, hydraulic machines with
indicated in the brackets ( ). rapid-acting servo controlled valves are used. Depending on
o the compliance of the loading system and the pump capacity,
A7.3 Significance and Use an accumulator may be required.
A7.3.1 The significance of the conventional (statk), A7.5.2 Fixtures—The fixtures used for static plane-strain

properties applies also to the case of rapid loading. Théracture toughness tests are generally suitable for rapid-load
plane-strain fracture toughness of certain materials is sensitiiests. However, consideration should be given to the possibility
to the loading rate and substantial decreases in toughness midnat the toughness of the fixture material may be reduced by
be noted as the loading rate increases. Generally, such materapid loading.

als also show a pronounced dependenc& gfon test tem- A7.5.3 Load and Displacement Transducet3he trans-
perature. For example, the loading rate sensitivity of structuratiucers used for static plane-strain fracture toughness tests are
grade steels has required the development of a lower boynd Kgenerally suitable for rapid-load tests. However, these trans-
curve, given in Appendix G of Division Il of the ASME Boiler ducers must have response characteristics that will ensure that
and Pressure Vessel Code, for the fracture-safe design afertial effects will not contaminate the load and displacement
heavy-wall nuclear pressure vessels. Additionaly,values signals.
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Note A7.1—While not required, the resonant frequencies of these Note A7.3—The test data may be directly recorded if the recording
transducers may be determined by suitably exciting them and observindevices have sufficient frequency response. Generally, it is advantageous
the wave characteristic on an oscilloscope. If ringing (high frequencyto use a storage device that will capture the data and permit playing it out
oscillation) is observed within the time period required to reachRge  at a sufficiently slow speed that a pen recorder can be used in producing
load, the stiffness of the transducers should be increased or their ma#ise required records. Such storage devices are commonly available in the
reduced. Load cells are quite stiff and should provide no problem at théorm of digital storage oscilloscopes having pen recorder outputs. Sepa-
minimum loading time of 1 ms. The displacement transducer might beaate storage instruments are also available. In general these digital storage
cause for concern depending on its design. The cantilever beam displacdevices have performance characteristics that are more than adequate to
ment gage described in Annex Al has been used successfully at loadimgpture, store, and replay the transducer signals feol mstest. For
times slightly lower than 1 m&0). The resonant frequency of this gage example, calculations show that for a typical fracture test such as
when mounted in a specimen in a conventional manner and excited bgescribed if20)the crack mouth displacement resolution would be about
tapping is about 3300 Hz. The free-arm resonant frequency is about 750.030 mils/sample (0.76 um/sample) and the load resolution would be
Hz. Other gages of the same type but having different dimensions shoulabout 160 Ibf/sample (712 N/sample). It should be possible to obtain at
operate satisfactorily if their free arm resonance is at least 750 Hz. Thieast 1000 simultaneous samples of load and displacement during such a
following equation may be used to estimate the free-arm resonartest. A digital storage scope capable of at least this performance would

frequency of such a gage: have the following characteristics: maximum digitizing rate 1 MHz,
2Eq]L/2 maximum sensitivitg- 100 mV, resolution 0.025 %, and memory of 4096
f = 0.162{ 49} (A7.1) words by 12 bits. It may be necessary to amplify the output of the clip
pl gage moderately and possibly that of the load cell depending on its
capacity in terms of the range required. The above values of resolution are
where _ based on a total noise figure of about 50 V.
f = resonant frequency in hertz,
b= arm thickness in inches, _ A7.7 Calculation and Interpretation of Results
E = elastic modulus of the arms in pound-force per square inch, . . .
g = gravitational acceleration 386 ir?/s A7.7.1 Special requirements are placed on the analysis of
p = density of the arm material in pounds per cubic inch, and the load versus displacement record. These take into account
| =

length of the uniform thickness section of the arms in inches. the fact that experienc@0) has shown load versus displace-

The coefficient becomes 51.7 if Sl units are used wieiein metresE  ment records from rapid-load fracture toughness tests are not
@s i_n megapascalg is 9.804 m/3, p is kilograms per cubic metres, and | always as smooth in the linear range as those obtained from
IS In metres. static tests. The special requirements of this annex are designed

A7.5.4 Signal Conditioners-Amplification or filtering of  to ensure that an unambiguous valuePgfcan be determined.
the transducer signals may be necessary. Such signal condi-A7.7.1.1 The test time must be determined from the load
tioning units should have a frequency response from dc to afersus time record.
least 20¢ (kHz) wheret is the test time in milliseconds as  A7.7.2 The additional analysis of the load versus displace-
defined in A7.7.3. As described in A7.6.2, conventional me-ment record is illustrated in Fig. A7.1. The procedure is as
chanical recording devices may not have sufficient frequencyollows: Construct the straight lin@A best representing the
response to permit direct plotting of the load versus time andhitial portion of the test record which ideally should be linear
the displacement versus time signals. but may not be smooth (also see Note 2). Then construct the

A7.6 Procedure

A7.6.1 Loading Rate-The rate of loading is optional with
the investigator but the time to reach the load corresponding to
Ko shall not be less than 1 ms. Use a preload to eliminate Py —
ringing in the load or displacement transducers associated with
clearances in the load train being suddenly taken up by the start
of rapid loading.

A7.6.2 For each test conducted, a load versus time, a
displacement versus time, and a load versus displacement
record shall be obtained. The time scale of these records shall
be accurately determined since the time is used to characterize
the test. Examine the time-dependent records for the presence
of ringing before reaching thie, load. Such ringing can result
from inertial effects as described in Note A7.1. The special
record analysis procedure described in A7.7.3 may be helpful
in assessing the magnitude of such effects.

LOAD, P

Note A7.2—It should be recognized that some materials may exhibit a
burst of crack extension at loads less tianthat is sufficiently abrupt to
produce ringing in the displacement transducer signal. Such an abrupt
advance of the crack may be associated with material inhomogeneities i
local to the fatigue crack tip. If the ringing is severe it may not be possible o i
to unambiguously determine a value f&. The presence of such bursts DISPLACEMENT, v
of crack extension should be recorded for those tests having analyzable FIG. A7.1 Special Requirements for Analysis of Load Versus
load versus displacement records. Displacement Records (5 % Secant Line Not Shown)
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line OP5 as described in 9.1.1 (Fig. 8) and deternmiye Draw  with the time to reach the yield load in the tension test
a vertical line atvp passing througtiP, and defineP, at the  approximately equal to the timtedefined in A7.7.3.

point of intersection of this line with the [IN®A. Determine A7.7.6 Inthe absence of, values as defined in A7.7.5 the
5 % of P, and construct two lineBC and DE parallel toOA  dynamic yield strengtlry 5 of certain steels may be estimated
with BC passing througl®, + 0.05P,, andDE passing through using the following equation@1) (22)

Pq (P, 0.05P,). Draw a horizontal line a® = 0.5P. For the A
test to be valid the recorded load versus displacement curve up Oyp = Oys + T.Log,s 2 X 100) B (A7.2)
to Po must lie within the envelope described by these parallel *
lines for the portion of the record with = 0.5 P, where:
A7.7.3 The test time in milliseconds is determined from ©ovs = the 0.2% offset room temperature static yield
the record of load versus time as indicated in Fig. A7.2. strength,

the loading time in milliseconds (see A7.7.3), and

Construct the best straight lin@A through the most linear :
the temperature of the rapid-load toughness test.

portion of the recordt is then determined from the point of TX_
intersection of this line with the time axis to the time YNitS: ,

corresponding t®. This timet is shown in the brackets () It oys is in pound force per square inch, thén= 174 000,
following K,.. An average stress intensity rake may be B:27'.2.k3|

calculated by dividingKy, or K, by t with the result being If oys is in megapascals, thew=1 198 §GOB =187.4 MPa
expressed in ksi-if%/s or MPa-r{Zs. It should be recognized !f the test temperatur& is measured in °F, then

that minor errors in determining the loading time are not T,= (T + 460) (A7.3)
significant because significant changes in the toughness requirejf the test temperatur& is measured ifK, then

a change of several orders of magnitude in loading rate. T —18%T (A7.4)

A7.7.4 The 0.2 % offset tensile yield strengthg is used in o .
Note A7.4—The equation in A7.7.6 has been found useful only in

determining the specimen size requirements for a valid test aesstimating the low temperature dynamic yield strength of constructional

described_ in 9.1.3. If the rapid load yaluel% is valid using steels having room temperature yield strengths below 70 ksi.
a static yield strength value determined at a temperature at or

above that of the rapid-load test, no further yield strengthA7.8 Report
considerations are necessary. A7.8.1 The report must include the following additional
A7.7.5 If the test is invalid using such a yield strength, ainformation:
tension test should be conducted on the test material at the A7.8.1.1 The test time written in () aftét, or K.
temperature and loading time of the rapid-load toughness test A7.8.1.2 The method by which the value &f used in
A7.7.5 was obtained.
A7.8.1.3 Indications of ringing, that occur befoR, is
reached, in the load versus time or displacement versus time
records.

A7.9 Precision and Bias

A7.9.1 Bias—There is no accepted “standard” value for the
plane-strain fracture toughness of any material. In the absence
of such a true value, any statement concerning bias is not
meaningful.

A7.9.2 Precision—Eighteen valid values df,(t) at - 60°F
(-51°C) were reported20), with o being determined by
extrapolation of dynamic tensile yield strength values obtained
at strain rates from 0.01 to 1.0/s and temperatures from room
to — 40°F. No statistical analysis of the dynamic tensile yield
strength data was made. The rapid-load plane-strain fracture
toughness tests represented b&tkl(B) and compacC (T)
specimens tested in three thicknesses by seven laboratories.

LOAD, P

“/— —PRELOAD Not all laboratories tested all the thicknesses. Statistical tests
: for outliers and for the differences between means indicated
© O}- t -~ that the data should be pooled. Considering all the valid data
TIME , SECONDS the grand mearX =55.64 ksi-in‘? (61.20 MPa-n{?), the
FIG. A7.2 Determination of Test Time From Load Versus Time standard deviatio=7.90 ksi-in'* (8.69 MPa-n"?) and the
Record coefficient of variation is 14 % of the average.
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A8. SPECIAL REQUIREMENTS FOR THE TESTING OF BERYLLIUM

A8.1 Scope Fatigue cracking of SE(B) specimens has been successfully
A8.1.1 This annex describes the special requirements fdaccomplished in cantilever bendiig6, 29) There the expres-
determination of the plane strain fracture toughness of hotion for three-point bending given in A3.5 was used as a
pressed beryllium. With a few exceptions, the provisions ofconservative approximation df; for the case of cantilever
Test Method E 399 are applicable to the fracture toughnes@ending. A more recent approximatiof80), obtained by
testing of beryllium. However, certain modifications to speci-Curve-fitting the compliance calibration data {@) for a

men preparation and record analysis, as described in thi@ntilever bend specimen withW =2, is

annex, arise because of beryllium’s potential toxicity, inherent K, = (PLBWF/ ) f (a/W) (A8.1)
brittleness associated with cleavage fracture, high elastic

modulus, nonlinear elastic behavior in the hot-pressed material}"’(g‘/?re:

and very high fatigue crack growth raté6, 27) W) = 0-3226 + 30-31&'(/3}/\/) ~ 59.905¢/
W)“ + 68.889&/W)°, and
Note A8.1—Inhalation of dust or fumes from metallic beryllium,
beryllium oxide, or soluble beryllium compounds can result in systemic where:
disease. Machining and testing of beryllium require special precautionsP = maximum CyCIiC load, kN (k|bf),
and an industrial hygienist familiar with OSHA Standards should be | = S/2 = gne-half span, cm (in.), and

consulted before a beryllium test program is started. S B, W, anda are as defined in A3.5.3 or Ad.5.3.

A8.2 Specimen Size, Configuration and Preparation Note A8.2—This expression is considered to be accurate to within
A8.2.1 Specimen SizeFor hot-pressed material, the speci- =5 % fora/W = 0.6 (7).

men thickness shall be 13 mm (0.5 in.) or larger to avoid Tq facilitate calculation oK for loading of SE(B) speci-

displacement record. the following table for specific values a@fiW.
A8.2.2 Specimen ConfiguratiearThe bend SE(B) or the W faw) AW faw)
compact C(T) specimen may be used. A straight through notch 0450 612 0500 012
(Fig. 7) shall be employed to provide sufficient fatigue crack 0.455 821 0.505 923
extension in the required reversed loading. 0.460 8.30 0.510 9.35
A8.2.3 Specimen Preparation g ac o P P
A8.2.3.1 Machining—Beryllium is not difficult to machine, 0.475 8.59 0.525 9.70
but machining damage is often encountered in beryllium and 0.480 8.70 0.530 9.82
tensile specimens are sometimes etched to remove the dam- 8:223 g:gg 8223 18:3:
aged layer. However, experience has shown that such a 0.495 9.01 0.545 10.21
procedure is not necessary in the preparation of beryllium 0.550 10.34
fracture toughness specimefsy). When using cantilever bending, excessive clamping forces

AB8.2.3.2 Fatigue Cracking—Fatigue cracking should be il produce cracks at the specimen edges which will invali-
accomplished with a compression load 2 to 3 times that ijate the test.

tension (-3 <R< - 2). The rate of fatigue crack growth will
decrease with crack extension under this type of loading, and kg 3 Testing and Record Analyses

will be necessary to increase the tension portion of the cycle to d d displ il be relativelv | d
develop sufficiently long cracks. Generally that will require A8.3.1 Loads and displacements will be relatively low, an

that the last 2.5 % of the crack growth be accomplished athe production of a satisfactory test record will require high

greater than 60 % of the anticipate, value. To avoid gain_ in the clip gage circuit. It is an advantage to use a
breaking the specimen, values K, greater than 80 % of relatively slow loading rate corresponding to about 0.18 MPa

the anticipateck,. should not be used. As a guidelirié, at m*?s (10 ksi in¥?min) in order to provide an opportunity to

room temperature and in normal laboratory environments ma n!oad the ;pecimen if the recordif‘g gain cpntrols are not
be assumed to be between 10 and 11 MRa(@and 10 ksi djusted to give the slope range specified by this method. When

in./2). Fatigue crack progress should be followed on both side& nonlinear elastic portion of the load-displacement record is
of the specimen. It has proven helpful to use a dye solutiofgncountered, an initial slope should be established by drawing

(such as those used for penetrant inspection) to define the cra@kStrgight line betwee(? t\;voh points on tlhe dloa((jj—defleﬁtion
tips because the crack opening is relatively small for thig€Ccord. one point at 20 % of the maximum load and another at

high'mOdulus metal. 80 % of maximum load.

Fatigue cracking of compact specimens in tension- - _ .
compression loading is especially difficult. Special gripping”8-4 Precision and Bias (see also Section 11)
arrangements are required which are beyond the scope of thisA8.4.1 Hot pressed beryllium from two suppliers was tested
method. One such arrangement, however, is described in Ref six laboratories in accordance with the procedures of this
(28). Annex with the following results:
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Batch 1 Batch 2 A8.4.2 The tensile elongation of beryllium depends on
Oys = 236.6 Oys =197.2 temperature and strain rate, but the magnitude of such vari-
MPa MPa - .
(34.3 ksi) (28.6 ksi) ability on K. is not known. However, the results of the
Grand mean, X 10.68 (9.72) 10.44 (9.50) interlaboratory prograr(B81) did not appear to be influenced by
prandard devia- 0.93 (0.89) 0.78 (0.71) loading rates which varied from 0.20 to 2.7 MP&#s (11 to

. - 143 ksi in*?/min).
Note A8.3—Units of grand mean and standard deviation are MPa
m*2(ksi in.*?)

A9. SPECIAL REQUIREMENTS FOR TESTING ARC-SHAPED BEND SPECIMENS

A9.1 Specimen A9.3 Apparatus

A9.1.1 The arc-shaped bend specin{@g) is a single-edge A9.3.1 Bend Test Fixture-The bend test fixture in Annex
notched and fatigue cracked ring segment loaded in bendind\3 is suitable for the arc-shaped bend specimen as well.
The general proportions of the standard specimen are shown inA9.3.2 Displacement Gage-For generally applicable de-
Fig. A9.1. The value of the radius ratig/r, is limited to the tails concerning the displacement gage, see 6.3.
range of 0.6 to 1.0 when the specimen is loaded with a
span-to-width ratiosS/Wof 4, and from 0.4 to 1.0 when the A9-4 Procedure
specimen is loaded with a span-to-width raB6/\ of 3. For A9.4.1 Measurement-Before testing an arc-shaped bend
cylinders with radius ratios of less than these limits, thesample, measure{-r,) to the nearest 0.025 mm (0.001 in.)
arc-shaped tension-loaded specimen or the disk-shaped speai-to 0.1 %, whichever is greater, at mid-thickness positions on
men should be used. both sides of and immediately adjacent to the crack starter
A9.1.2 The arc-shaped bend specimen is intended to meaotch mouth. Record the average of these two readiny¥. as
sure the fracture toughness so that the normal to the crack pla#dso measure r; —r;) at four positions, two as close as
is in the circumferential direction and the direction of crackpossible to the intersection of the inside radius and the
propagation is in the radial direction. This is the C-R orienta-machined flat surfaces, and two at approximately one half the
tion as defined in 5.1.3. For other orientations, a bend (Annegircumferential distance between the machined flat surfaces
A3) or a compact (Annex A4) specimen should be used.  and the crack plane. If any of these four measurements differ
A9.1.3 Alternative specimens may have 2W/B < 4 but  from W by more than 10 % discard or rework the specimen.
with no change in other proportions. The use of the alternativélext, measure to the nearest 0.025 mm (0.001 in.) or to the
specimen proportions for the arc-shaped bend specimen can bearest 0.1 %, whichever is greater, the distance in the crack
advantageous because in many cases it is possible to test ripane between the chord that connects the two machined flat
segments with no machining of the inner or outer radii, that issurfaces and the outer radius of the specimen. This measure-

with no change inw. ment should be on both sides of the specimen referencing each
) . flat machined surface. Subtraé! from the average of these
A9.2 Specimen Preparation two measurements and record the resulZakleasure within
A9.2.1 For generally applicable specifications concernings % the distanced) across the crack mouth at the reference
specimen size and preparation, see Section 7. points for the measurement of the crack mouth opening

A
12,3/ \‘ W 1 0.005W 4 /

3 .1
125 T T [}":"t
- ) Z=0.10W = 0.005W 8 = W/2 +0.01H

Note 1—A surfaces shall be perpendicular and parallel as applicable within QATR.
Note 2—Crack starter notch shall be perpendicular to specimen surfaces totwithdegrees.
Note 3—Integral or attachable knife edges for clip gage attachment shall be used (see Fig. 5 and Fig. 6).
Note 4—TFor starter notch and fatigue crack configuration see Fig. 7.
FIG. A9.1 Arc-Shaped Bend Specimen A(B)—Standard Proportions and Tolerances
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displacement (For examplg=0.25 in. in Fig. 5). It should be e=r,— (12— g%4)*/? (A9.2)
noted thag may be equal to the notch widthXor larger than ¢4 relative errore/m< 0.01, then recordn as the crack

Nif machlned.k_nlfe_ e_dges are u'_sed. Measure within 5 % th‘iaength; otherwise should be subtracted from and the result
outer radiusy,; if this is not possible, determine the average ..o.qed as the crack length

: ithi 0
ol ot 2l (s lole A9.1) Measure W 8% 08 A0.4.2 Arc-Shaped Bend Specimen Tesiget up e et
gth, L, ’ ' fixture such that the spafs, is nominally equal to four times

established by the flat machined surfaces (see Fig. A9.2). Usm<%r three times) the widthW. Further adjust the fixture such

this measurement, calculate that the line of action of the applied load shall pass midway
r, = [LE8(W + 2)]-[(W + 2)/2] (A9.1)  between the support roll centers within 1 % of the distance
Thenr,/r, = 1 — Wir,. between these centers. Measure the span to within 0.5 %.
Note A9.1—A 10 % variation of the ratio,/r, will affect the value of Locate th-e §peC|men with the crack tip mldway between the
the stress intensity factor by 1.2 % or less plrof/iding that the relative cracﬁoIIS tO.WI.thm 1% of the ;pan and perpendicular to Fhe roll
lengtha/Wis not less than 0.3. However, the stress analysis is based on tH&X€S Within 2°. Seat the displacement gage on the knife edges
assumption that the specimens are to be cut from stock of a uniforff0 Maintain registry between knife edges and gage grooves. In
axisymmetric cross section. If inspection shows that the stock deviatee case of attachable knife edges, seat the gage before the
from axisymmetry by more than 10 % it should be reworked to be withinknife edge positioning screws are tightened,
this tolerance. A9.4.2.1 Load the specimen at a rate such that the rate of
A9.4.1.1 After fracture, measure the crack length in accorincrease of the stress intensity factor is within the range 0.55 to
dance with 8.2.2. An additional special procedure is necessa.75 MPa m- /s (30 to 150 ksi in. /min). The corresponding
for the arc-shaped specimen due to its curvature. Thus a lengtbading rates for a standar®(B =2) 25 mm (1 in.) thick
measurementn, made from a reference point adjacent to thespecimen are between 0.3 and 2.4 kN/s (4500 and 32000
crack mouth to a point on the crack front will be greater thanlbf/min) for the S= 3W specimen, and between 0.2 and 1.7
the corresponding distance from the virtual point of interseckN/s (3200 and 23000 Ibf/min) for th&= 4W specimen.
tion between the crack plane and the inside circumference of A9.4.3 For details concerning the recording of the test
the specimen (see Fig. A9.2). The errgrmay be computed record, see 8.4.
from the following expression:

A9.5 Calculations

t : | A9.5.1 Interpretation of Test RecordFor general require-
ments and procedures for interpretations of the test record, see
9.1.3.

A9.5.2 Validity Requirements-For a description of the
validity requirements in terms of limitations d?yax/Pq and
the specimen size requirements, see 9.1.2 and 9.1.3.

A9.5.3 Calculation of Ky—For the arc-shaped bend speci-
men, calculat&Kq, in units of MPa ni’? (ksi in.*?) as follows
(Note A9.2):

For specimens witls= 4W.

Ko = [PoSBWP/ 21 + (1 — ry/rp)hy(@W)]f,(@W)  (A9.3)

where:
hy(@/W) = 0.29 - 0.664/W) + 0.37@/W)?, and
f(a/W) = [0.677 + 1.078/W) - 1.43@/W) + 0.669@/

W)3/(1 - a/W)z .

For specimens witts = 3W.

Ko = [PoSBWP/ 2|1 + (1 — ry/r)hy(@W)]f@W)  (A9.4)
m where:
hy(a/W) = 0.20 - 0.324/W) + 0.126/W)?,
f,(a/W) = [0.644 + 1.11&/W) - 1.49@/W)? + 0.73@/
W)¥/(1 - a/W)*?, and
where
P = load as determined in 9.1.1, kN (klbf),
B = specimen thickness as determined in 8.2.1, cm (in.),
S = span as determined in A9.4.2, cm (in.),
W = specimen depth (width) as determined in A9.4.1, cm

(in.),

FIG. A9.2 Measurement of Outer Radius ( r,) and Crack Length for = crack length as determined in 8.2.2, cm (in.),

the Arc-Shaped Bend Specimen (see A9.4.1.1)

QD
|
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r, = inner radius as determined in A9.4.1, cm (in.), and a/w hy(a/W) fi(a/w) hy(a/W) f(a/W)
r, = outer radius as determined in A9.4.1, cm (in.). 0.450 0.0679 2.29 0.0803 2.23
0.455 0.0663 2.32 0.0792 2.26
Note A9.2—These expressions are considered to be accurate to within  0.460 0.0647 2.36 0.0782 2.29
+1.0 % for 0.2< a/W = 1.0 and 0.6= r,/r,= 1.0 for S= 4W and within 8-232 8-82ié g-ig 8-8%1 ;gg
1.5% for 0.2= a/W = 1.0 and 0.4= r,/r,= 1.0 for S= 3W (32). 0.475 0.0600 547 0.0751 540
. . 0.480 0.0584 2.50 0.0740 2.44
_A9.5_.3.1 To faC|!|tate calculation d( values off (a/W) are 0.485 0.0569 2ea 0.0730 548
given in the following table for specific values af\W: 0.490 0.0554 2.58 0.0720 2.52
0.495 0.0540 2.62 0.0710 255
0.500 0.0525 2.66 0.0700 2.60
0.505 0.0511 271 0.0690 2.64
0.510 0.0496 2.75 0.0680 2.68
0.515 0.0482 2.80 0.0670 2.72
0.520 0.0468 2.84 0.0660 2.77
0.525 0.0455 2.89 0.0651 2.82
0.530 0.0441 2.94 0.0641 2.86
0.535 0.0428 2.99 0.0631 291
0.540 0.0415 3.04 0.0622 2.96
0.545 0.0402 3.09 0.0612 3.01
0.550 0.0389 3.14 0.0603 3.06
REFERENCES
(2) Brown, W. F., Jr., and Srawley, J. E., “Plane Strain Crack Toughnes$16) Underwood, J. H., Newman, J. C., Jr., and Seeley, R. R., “A Proposed
Testing of High Strength Metallic MaterialsASTM STP 4101966. Standard Round Compact Specimen for Plane Strain Fracture Tough-
(2) Srawley, J. E.. “Plane Strain Fracture ToughneBsatture, Vol 4, Ch. ness Testing,"Journal of Testing and Evaluatiorvol 8, No. 6,
2, p. 45-68. November 1980, p. 308-313.
(3) “Fracture Toughness Testing and Its ApplicationaSTM STP 381  (17) McCabe, D. E., “Evaluation of the Compact Tension Specimen for
April 1965. Plane Strain Fracture Toughness of High Strength Materidtst-

(4) Jones, M. H., Bubsey, R. T., and Brown, W. F., Jr., “Clevis Design for _ hal of Materials Vol 7, No. 4, December 1972, p. 449. .
Compact Tension Specimens Usedip Testing,”Materials Research ~ (18) Underwood, J. H., and Kendall, D. P., “Cooperative Plane Strain

and StandardsASTM, Vol 9, No. 5, May 1969. Fracture Toughness Tests with C-Shaped Specimelwyfnal of

(5) Wessel, E. T., “State of the Art of the WOL Specimen kqg Fracture Testing and Evaluationvol 6, No. 5, September 1978, p. 296.
Toughness Testing Engineering Fracture Mechanicd/l 1, No. 1, (19) Newman, J. C., Jr., “Stress Intensity Factors and Crack Opening
January 1968. Displacements for Round Compact Specimemstérnational Jour-

(6) Srawley, J. E., Jones, M. H., and Brown, W. F., Jr., “Determination of __ nal of Fracture Vol 17, No. 6, December 1981, pp. 567-578.

Plane Strain Fracture Toughnesblaterials Research and Standards (20) Shoemaker, A. K., and Seeley, R. R., “Summary Report of Round-
ASTM, Vol 7, No. 6, June 1967, p. 262. Robin Testing by the ASTM Task Group E24.01.06 on Rapid

Loading Plane-Strain Fracture Toughnd§s Testing,” Journal of
Testing and EvaluatignJTEVA Vol 11, No. 4, July 1983 pp.
261-272.

(21) Madison, R. B., and Irwin, G. R., “Dynami€. Testing of Structural
Steel, "Journal of the Structural DivisioPASCE, Vol 100, No. ST 7,
Proceedings paper 10653, July 1974, p. 1331.

(22) Irwin, G. R., Krafft, J. M., Paris, P., and Wells, A. A., “Basic Aspects

of Crack Growth and FractureNRL Report 6598Naval Research

Laboratory, November 1967.

(7) Fisher, D. M., and Repko, A. J., “Note on Inclination of Fatigue Cracks
in Plane Strain Fracture Toughness Test Specimévisferials Re-
search and Standard&STM, Vol 9, No. 4, April 1969.

(8) Heyer, R. H., and McCabe, D. E., “Evaluation of a Test Method for
Plane-Strain Fracture Toughness Using a Bend Specil&TM STP
463 1970, p. 22.

(9) McCabe, D. E., “Evaluation of the Compact Tension Specimen for
Determining Plane-Strain Fracture Toughness of High Strength Mate-

rials,” Journal of Materials Vol 7, No. 4, Decembe“r 1972, p. 449. (23) Tada, H., Paris, P. C., and Irwin, G. RTffe Stress Analysis of Cracks
(10) Fisher, D. M., Bubsey, R. T., and Srawley, J. E., “Design and Use of " j154hqok' Del Research Corporation, Hellertown, PA, 1973.

a Displacement Gage for Crack Extension MeasuremeMASA (54 \wy s X., “Crack Length Calculation Formula for Three-Point Bend
TN-D-3724 Nat. Aeronautics and Space Administration, 1966. Specimens,"International Journal of FractureVol 24, 1984, pp.

(11) Goode, R. J., “Identification of Fracture Plane Orientatidvigterials R33-R35.

Research and Standard&STM, Vol 12, No. 9, September 1972. (35 Kapp, J. A., “Improved Wide Range Expressions for Displacements
(12 Srawley, J. E., “Wide Range Stress Intensity Factor Expressions for — and Inverse Displacements for Standard Fracture Mechanics Speci-

ASTM E399 Standard Fracture Toughness Speciméntginational mens,” Journal of Testing and Evaluation, JTEVA, Vol 19, No. 1,
Journal of Fracture Vol 12, June 1976, p. 475. January 1991, pp. 45-54.

(13 Newman, J. C., “Stress Analysis of Compact Specimens Including26) Jones, M. H., Bubsey, R. T., and Brown, W. F. Jr., “Crack Toughness
the Effects of Pin Loading, ASTM STP 5601974, p. 105. Evaluation of Hot Pressed and Forged Berylliudgurnal of Testing

(14) Kapp, J. A., Newman, J. C., Jr., and Underwood, J. H., “A Wide and Evaluation JTEVA, Vol 1, No. 2, March 1973, pp. 100-109.
Range Stress Intensity Factor Expression for the C-Shaped Speqi27) Lemon, D. D., and Brown, W. F.,, Jr.,“ Fracture Toughness of Hot

men,” Journal of Testing and Evaluatioivol 8, No. 6, November Pressed Be,Journal of Testing and Evaluatipd TEVA, Vol 13, No.
1980, pp. 314-317. 2, March 1985, p. 152.

(15) Jones, M. H., and Brown, W. F., Jr. “The Influence of Crack Length(28) Shabbits, W. O., and Logsdon, W. A., “S-200 Grade Beryllium
and Thickness in Plane Strain Fracture Toughness Tes&[M STP Fracture Toughness Propertiedgurnal of Testing and Evaluation
463 1970, p. 63. JTEVA, Vol 1, No. 2, March 1973, pp. 110-118.

33



Ay 39990 (1997)

ulf

(29) Conrad, H., Sargent, G. A., and Brown, W. F., Jr., “A Joint Fracture NSG3013, Oct. 1977, ASTM Research Report No. RR:E24-1005.
Toughness Evaluation of Hot Pressed Berylliu¢gryllium Confer-  (32) Underwood, J. H.,” Proposed Standard Arc-Bend Chord-Support

ence The Royal Society, London, 1977, Paper 21. Fracture Toughness Specimens and K Expressiodgyrnal of
(30) Baratta, F. I., Private Communication, 21 Nov 1989. ASTM Research Testing and EvaluatignJTEVA, Vol 17, No. 4, July 1989, pp.
Report RR:E24-1015. 230-233.

(31) Conrad, H., and Sargent, G. A., “To Establish a Standard ASTM(33) Orange, T. W., “Some Effects of Experimental Error in Fracture
Method for Fracture Toughness Testing of Beryllium,” NASA Grant Testing,” Fracture AnalysisASTM STP 560, 1974, pp. 122-133.

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org).

34



