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1. Scope Sections
1:1 This test method covers the detmnahon (_:;f the plane- Practical Applications 51
strain fracture toughness (K;.) of metallic materials by tests Apparatus 6
using a variety of fatigue-cracked specimens having a thick- '69;11&"9 F'mtrésa Do i—:m .
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ness of 0.0§3 . (1.6 mm) or gre:ater. The dctm!s of the Displacement Measurements 8.3
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Specimen Size Estimates 7.1
Note |—Plane-strain fracture toughness tests of thinner materials that Standard and Altemative Specimen Configu- 72
are sufficiently brttle (see 7.1) can be made with other types of specimens rations .
3 : . . : Forms of Fatigue Crack Starter Notch 7.3.1
(1).” There is no standard test method for testing such thin materials. Fatigue Cracking Annex A2
1.2 This test method also covers the determination of the MC"aCk Em;:;’; Bﬂvgf;! Starter 7322
. .. : easuremaen ore Tasting
specimen strength ratio R_,x where x re_fers to the spec_lﬁc Thickness a2 1
specimen configuration being tested. This strength ratio is a Width 8.2.3
function of the maximum load the specimen can sustain, its Starter N_I?‘“:i‘ Root Radius 7.3.1
initial dimensions and the yield strength of the material. i Hate -
1.3 Measured values of plane-strain fracture toughness Test Record 8.4
stated in inch-pound units are to be regarded as standard. ”9&““’:’:‘9"‘3 after Testing 822
1.4 This test method is divided into two main parts. The first Crack Pl Angle >y
part gives general information concerning the recommenda- Calculation and Interpretation of Results 9
tions and requirements for K;. testing. The second part is mﬁﬁaﬁ?ﬁ Record - o
co:inposed of annexes that give the digplacem:cnt gage design, Vakdity Requirements on Specmer Size o1
fatigue cracking procedures, and special requirements for the Crack Plane Orientation Designations 9.2
EP pecial req
various specimen configurations covered by this method. In F raciure Appearance Descriptions ?63
addition, an annex is provided for Fhe specific procedures to be pm' Ho",?am Bias 11
followed 1 rapid-load plane-strain fracture toughness tests. Special Requirements for Rapid Load K9 Annex A7
P P
Tests

General information and requirements common to all specimen
types are listed as follows:

Sections
Referenced Dacuments 2
Terminology 3
Stress-Intensity Factor | 3.1.1.2
Plane-Strain Fracture Toughness 3.1.2.3
Summary of Test Method 4
Significance and Use 5
Precautions 51.1-6.1.3

! This test method is under the jurisdiction of ASTM Commitiee E-8 on Fatigue
and Fracture and 1 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,

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

* 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-
rations appear in the following order:

Bend Specimen SE(B) Annex A3
Compact Specimen C{T) Annex A4
Arc-Shaped Tension Specimen A(7) Annex A5
Disk-Shaped Compact Specimen DC{(T) Annex A6
Arc-Shaped Bend Specimen A(B) Annex A9

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
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

2.1 ASTM Standards:
E 8 Test Methods for Tension Testing of Metallic Materials*

* Annual Book of ASTM Standards, Vol 03.01.
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E 337 Test Method for Measuring Humidity with a Psy-
chrometer (the Measurement of Wet- and Dry-Bulb Tem-
peratures)°

E 338 Test Method of Sharp-Notch Tension Testing of
High-Strength Sheet Materials*

E 616 Terminology Relating to Fracture Testing*

3. Terminology

3.1 Definitions—Terminology E 616 is applicable to this
test method.

3.1.1 stress-intensity factor, K, K,, K,, K5 [FL™*]—the
magnitude of the ideal-crack-tip stress field (a stress-field
singularity) for a particular mode in a homogeneous, hinear-
elastic body.

3.1.1.1 Discussion—Values of K for modes 1, 2, and 3 are
given by:

K, = limit [o,(27r)' /%], (1)
r—0
K, = limit [7,, (2wr)t /%), and
r—=»0

K, = limit (1, [w,, (2%r)' /),
r—»Q

where r = a distance directly forward from the crack tip to
a location where the significant stress is calculated.

3.1.1.2 Discussion—In this test method, mode 1 is assumed.

3.1.2 plane-strain fracture toughness—the crack-extension
resistance under conditions of crack-tip plane strain.

3.1.2.1 Discussion—For example, in mode 1 for slow rates
of loading and negligible plastic-zone adjustment, plane-strain
fracture toughness is the value of stress-intensity factor desig-

* Annual Book of ASTM Standards, Vol 11.03.

nated K;_ [FL~>?] as measured using the operational procedure
(and satisfying all of the validity requirements) specified in this
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.

3.1.2.2 Discussion—See also definitions of crack-
extension resistance, crack-tip plane strain, and mode.

3.1.2.3 Discussion—In this test method, mode 1 1s assumed.

3.1.3 crack plane orientation—an identification of the plane
and direction of a fracture in relation to product geometry. This
identification is designated by a hyphenated code with the first
letter(s) representing the direction normal to the crack plane
and the second letter(s) designating the expected direction of
crack propagation.

3.1.3.1 Discussion—The fracture toughness of a matenal
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
should be identified wherever possible in accordance with the
following systems (11). In addition, the product form should be
identified (for example, straight-rolled plate, cross-rolled plate,
pancake forging, etc.).

3.1.3.2 Discussion—For rectangular sections, the reference
directions are identified as in Fig. 1 and Fig. 2, which give
examples for a rolled plate. The same system would be useful
for sheet, extrusions, and forgings with nonsymmetrical grain
flow.

L = direction of principal deformation (maximum grain
flow),

T = direction of least deformation, and

S = third orthogonal direction.

FIG. 1 Crack Plane Orientation Code for Rectangular Sections
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™~ L = direction of maximum grain flow,
R = radial direction, and
C = circumferential or tangential direction.

FIG. 2 Crack Plane Orientation Code for Rectangular Sections
Where Specimens are Tilted with Respect to the Reference
Directions

3.1.3.3 Discussion—Using a two letter code, the first letter
designates the direction normal to the crack plane, and the
second letter the expected direction of crack propagation. For
example, 1n Fig. 1 the 7-L specimen has a fracture plane whose
normal 1s in the width direction of a plate and an expected
direction of crack propagation coincident with the direction of
maximum grain flow or longitudinal direction of the plate.

3.1.3.4 Discussion—For specimens that are tilted in respect
to two of the reference axes, Fig. 2, the orientation is identified
by a three-letter code. The code LTS, for example, means that
the crack plane 1s perpendicular to the direction of principal
deformation (L direction), and the expected fracture direction
1s intermediate between T and S. The code TS-L means the
crack plane 1s perpendicular to a direction intermediate be-
tween 1 and S, and the expected fracture direction is in the L
direction.

3.1.3.5 Discussion—For certain cylindrical sections where
the direction of principal deformation is parallel to the longi-
tudinal axis of the cylinder, the reference directions are
identified as in Fig, 3, which gives examples for a drawn bar.

The same system would be useful for extrusions or forged parts
having circular cross section.

FIG. 3 Crack Plane Orientation Code for Bar and Hollow Cylinder
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4. Summary of Test Method

4.1 This test method involves testing of notched specimens
that have been precracked in fatigue by loading either in
tension or three-point bending. Load versus displacement
across the notch at the specimen edge is recorded autographi-
cally. The load comesponding to a 2 % apparent increment of
crack extension is established by a specified deviation from the
linear portion of the record. The Kj_ value is calculated from
tas load by equations that have been established on the basis
of elastic stress analysis of specimens of the types described in
this method. The validity of the determination of the K,_ value
by this test method depends upon the establishment of a
sharp-crack condition al the tip of the fatigue crack, in a
specunen of adequate size. To establish a suitable crack-tip
condition, the stress intensity level at which the fatigue
precracking of the specimen is conducted is limited to a
relatively low value.

4.2 The specimen size required for testing purposes in-
creases as the square of the ratio of toughness to yield strength

of the material; therefore a range of proportional specimens is
provided.

S. Significance and Use

5.1 The property K. determined by this test method char-
actenzes the resistance of a material to fracture in a neutral
environment in the presence of a sharp crack under severe
tensile constraint, such that the state of stress near the crack
tront approaches tritensile plane strain, and the crack-tip plastic
region is small compared with the crack size and specimen
dimensions in the constraint direction. A K. value is believed
to represent a lower limiting value of fracture toughness. This
value may be used to estimate the relation between failure
stress and defect size for a material in service wherein the
conditions of high constraint described above would be ex-
pected. Background information concerning the basis for
development of this test method in terms of linear elastic
fracture mechanics may be found in Refs (1) and (2).

5.1.1 The K;. value of a given material is a function of
testing speed and temperature. Furthermore, cyclic loads can
cause crack extension at K values less than the K. value.
Crack extension under cyclic or sustaincd load will be in-
creased by the presence of an aggressive environment. There-
fore, application of Kj_ in the design of service components
should be made with awareness to the difference that may exist
between the laboratory tests and field conditions.

5.1.2 Plane-strain crack toughness testing is unusual in that
there can be no advance assurance that a valid K,  will be
determined 1n a particular test. Therefore it is essential that all
of the criteria concerning validity of results be carefully
considered as described herein.

5.1.3 Clearly it will not be possible to determinc K. if any
dimension of the available stock of a material is insufficient to
provide a specimen of the required size. In such a case the
specimen strength ratio determined by this method will often
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have useful significance. However, this ratio, unlike K|, 1s not
a concept of linear elastic fracture mechanics, but can be a
useful comparative measure of the toughness of materals when
the specimens are of the same form and size, and that size 1s
insufficient to provide a valid K. determination, but sufficient
that the maximum load results from pronounced crack propa-
gation rather than plastic instability.

5.1.3.1 The strength ratio for center-cracked plate speci-
mens tested in uniaxial tension may be determined by Test
Method E 338.

5.2 This test method can serve the following purposes:

5.2.1 In research and development to establish, 1n quantita-
tive terms, significant to service performance, the effects of
metallurgical variables such as composition or heat treatment,
or of fabricating operations such as welding or forming, on the
fracture toughness of new or existing matenals.

5.2.2 In service evaluation, to establish the suitability of a
material for a specific application for which the stress condi-
tions are prescribed and for which maximum flaw sizes can be
established with confidence.

5.2.3 For specifications of acceptance and manufacturing
quality control, but only when there is a sound basis for
specification of minimum K, values, and then only if the
dimensions of the product are sufficient to provide specumens
of the size required for valid K. determination. The specifica-
tion of K,_ values in relation to a particular application should
signify that a fracture control study has been conducted on the
component in relation to the expected history of loading and
environment, and in relation to the sensitivity and rehability of
the crack detection procedures that are to be applied prior to
service and subsequently during the anticipated life.

FOIL RESISTANCE

STRAIN GAGE *

O~ TIONAL
INTEGRAL-~MACHINED

KNIFE EDGE

6. Apparatus

6.1 Loading—Specimens should be loaded in a testing
machine that has provision for autographic recording of the
load applied to the specimen.

6.2 Fixtures—Fixtures suitable for loading the specimen
configurations covered by this method are shown in the

appropriate annex. These fixtures are so designed as to mm-
mize the frictional contributions to the measured load.

6.3 Displacement Gage—The displacement gage output
shall indicate the relative displacement of two precisely located
gage positions spanning the crack starter notch mouth. Exact
and positive positioning of the gage on the specimen is
essential, yet the gage must be released without damage when
the specimen breaks. A recommended design for a self-
supporting, releasable gage is shown in Fig. 4 and described in
Annex Al. The strain gage bridge arrangement is also shown 1n
Fig. 4.

6.3.1 The specimen must be provided with a pair of accu-
rately machined knife edges that support the gage arms and
serve as the displacement reference points. These knife edges
can be machined integral with the specimen as shown in Fig. 4
and Fig. 5 or they may be separate pieces fixed to the specimen.
A suggested design for such attachable knife edges is shown 1n
Fig. 6. This design is based on a knife edge spacing of 0.2 .
(5.1 mm). The effective gage length is established by the points
of contact between the screw and the hole threads. For the
design shown, the major diameter of the screw has been used
in setting this gage length. A No. 2 screw will permit the use of
attachable knife edges for specimens having W > 1 1n. (25
mm).

. 4‘

20 %

* 500 OMM GAGES WILL

PROVIDE GREATER
SENSITIVITY THAN

120 OHM GAGES

Nore— 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 Glven In Annex A1)
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NOTE 3

450260
0 9290

% N
\("-2504-1 6.08

0.200

AN

NOTE 2

Note 1—Dimensions in inches,

Note 2— Gage length shown corresponds to clip gage spacer block
dimensions shown in Annex Al, but other gage lengths may be used
provided they are appropnate to the specimen (see 6.3.3).

Nore 3—For starter notch configurations see Fig. 7.

in. "0.050 0.060 0.200 0.250
mm 1.3 15 5.1 6.4

FIG. 5 Example of Integral Knife Edge Design

R

6.3.2 Each gage shall be checked for linearity using an
extensometer calibrator or other suitable device; the resettabil-
ity of the calibrator at each displacement interval should be
within + 0.000020 in. (0.00050 mm). Readings shall be taken
at ten equally spaced intervals over the working range of the
gage (see Annex Al). This calibration procedure should be
performed three times, removing and reinstalling the gage in
the calibration fixture between cach run. The required linearity
shall correspond to a maximum dewiation of + 0.0001 in.
(0.0025 mm) of the individual displacement readings from a
least-squares-best-fit straight line through the data. The abso-
lute accuracy, as such, is not important in this application, since

SPECIMEN

ATTACHABLE
KNIFE EDGE

WIKNIFE EDGE WIDTH =
CLIP GAGE ARM WIDFH{MIN)

Note 1—Diumensions are i inches.
Note 2—Effective gage length = 2C + Screw Thread Diameter < W/2.
(This will always be greater than the gage length specified in Al.l1.)

Note 3—Dimension shown corresponds to clip gage spacer block
dumension in Annex Al.

Metric Equivalents e
in. 0.032 0.06 0.07 0.100 0.125
mm 0.81 1.5 1.8 2.54 3.18

F1G. 6 Example of Attachable Knife Edge Design
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the method is concerned with relative changes in displacement
rather than absolute values (see 9.1).

6.3.3 It is not the intent of this method to exclude the use of
other types of gages or gage-fixing devices provided the page
used meets the requirements listed below and provided the

gage length does not excced those limits given in the annex
appropnate to the specimen being tested.

7. Specimen Size, Configurations, and Preparation
1.1 Specimen Size:

1.1.1 In order for a result to be considered valid according
to this mcthod it is required that both the specimen thickness,
B, and the crack length, a, exceed 2.5 (K /oys)?, where o'y is
the 0.2 % offset yield strength of the material for the tempera-
ture and loading rate of the test (1, §, 6).

7.1.2 The imtial selection of a size of specimen from which
valid values of KX;. will be obtained may be based on an
estimated value of K;. for the material. It is recommended that
the value of K| _be overestimated, so that a conservatively large
specimen will be employed for the initial tests. After a valid K.
result is obtained with the conservative-size initial specimen,
the specimen size may be reduced to an appropnate size [a and
B > 2.5 (K;Joys)?] for subsequent testing.

7.1.3 Alternatively, the ratio of yield strength to Young’s
modulus can be used for selecting a specimen size that will be
adequate for all but the toughest materials:

Minimum Recommended

Thickness and
Crack Length
oys/E n. mm

0.0050 10 0.0057 3 76
0.0057 to 0.0062 2Va 63
0.0062 to 0.0065 2 50
0.0065 to 0.0068 1% 44
0.0068 to 0.0071 1Ve 38
0.0071 to 0.0075 1Va 32
0.0076 to 0.0080 { 25
0.0080 to 0.0085 Y 20
0.0085 to 0.0100 Va 1212
0.0100 or greater Va 6%

When it has been established that 2.5 (K; Joyg)? is substan-
tially less than the minimum recommended thickness given in
the preceding table, then a correspondingly smaller specimen
can be used. On the other hand, if the form of the available
material 1s such that 1t is not possible to obtain a specimen with
both crack length and thickness greater than 2.5 (K Joys)?,
then 1t is not possible to make a valid K,. measurement
according to this method.

1.2 Specimen Configurations—The conhgurations of the
various specimens are shown in the following annexes: Annex
A3, Bend Specimen SE (B); Annex A4, Compact Specimen C
(T); Annex AS, Arc-Shaped Tension Specimen A (T); Annex
A6, Disk-Shaped Compact Specimen DC (T); and Annex A9,
Arc-Shaped Bend Specimen A(B).

1.2.1 Standard Specimens—The crack length, a (crack
starter notch plus fatigue crack) is nominally equal to the
thickness, B, and is between 0.45 and 0.55 times the width, W.
The ratio W/B is nominally equal to two.

7.2.2 Alternative Specimens—In certain cases it may be
desirable to use specimens having W/B ratios other than two.
Alternative proportions for bend specimens are 1 = W/B =< 4.
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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.
It should be appreciated that K. values obtained using aiter-
native specimen proportions may not agree with those obtained
using the standard specimens (15).

7.3 Specimen Preparation—The dimensional tolerances
and surface finishes shown on the specimen drawings given 1n
Annex A3-Annex A6 and Annex A9 shall be followed 1n
specimen preparation.

7.3.1 Fatigue Crack Starter Notch—Three forms of fatigue
crack starter notches are shown in Fig. 7. To facilitate fatigue
cracking at low stress intensity levels, the root radius for a
straight-through slot terminating in a V-notch should be 0.003
in. (0.08 mm) or less. If a chevron form of notch is used, the
root radius may be 0.010 in. (0.25 mm) or less. In the case of
a slot tipped with a hole it will be necessary to provide a sharp
stress raiser at the end of the hole. Care should be taken to
ensure that this stress raiser is so located that the crack plane
orientation requirements (8.2.4) can be met.

7.3.2 Fatigue Cracking—Fatigue cracking shall be con-
ducted in accordance with the procedures outlined in Annex

4-‘ I‘HJIGUE CRACK, NOTE 1
N< X
L——ASW 10.55W |
CHEVRON NOTCH

-i I-m:oue CRACK. NOTE 2 & 4

ASW-TO .55W
STRAIGHT THROUGH NOITCH

FATIGUE CRACK, NOTE 38 &4

4
O{Tﬁ

SLOT ENDING IN DRILLED HOLE
(&) Starter Notches and Fatigus Cracks

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

Note 2—Fatigue crack extansion on each surface of the specimen con-
talning 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
min), 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 Yas in. (1.6 mm).

A2. Fatigue cycling shall be continued until the fatigue crack
will satisfy the requirements stated in the following two

sections.
7.3.2.1 The crack length (total length of the crack starter

configuration plus the fatigue crack) shall be between 0.45 and
0.55 W.

7.3.2.2 For a straight-through crack starter terminating in a
V-notch (see Fig. 7), the length of the fatigue crack on cach
surface of the specimen shall not be less than 2.5 % of W or
0.050 in. (1.3 mm) min, and for a crack starter tipped with a
drilled hole (see Fig. 7), the fatigue crack extension from the
stress raiser tipping the hole shall not be less than 0.5 D or
0.050 in. on both surfaces of the specimen, where D is the
diameter of the bole (1.3 mm), min. For a chevron notch crack
starter (see Fig. 7), the fatigue crack shall emerge from the
chevron on both surfaces of the specimen.

8. General Procedure

8.1 Number of Tests—It is recommended that at least three
replicate tests be made for each material condition.

8.2 Specimen Measurement—Specimen dimensions shall
conform to the tolerances shown in the appropnate annex.

(b) Detail of Chevron Notch

Note 1—A = C within 0.010 W

Note 2—Cutter tip angle 80° max

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

FIG. 7 Crack Starter Notch and Fatigue Crack Configurations

Copyright by the American Society For Testing & Materials
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Three fundamental measurements are necessary for the calcu-
lation of K; ., namely, the thickness, B, the crack length, a, and
the width, W.

8.2.1 Measure the thickness, B, to the nearest 0.001 in.
(0.025 mm) or to 0.1 %, whichever is larger, at not less than
three equally spaced positions along the line of intended crack
extenston from the fatigue crack tip to the unnotched side of
the specimen. The average of these three measurements should
be recorded as B.

8.2.2 Measure the crack length, g, after fracture to the
nearest 0.5 % at the following three positions: at the center of
the crack front, and midway between the center of the crack
front, and the end of the crack front on each surface of the
specimen. Use the average of these three measurements as the
crack length to calculate K,. The following requirements shall
apply to the fatigue crack front: (/) The difference between any
two of the three crack length measurements shall not exceed
10 % of the average. (2) For a chevron notch starter (see Fig.
7), the fatigue crack shall emerge from the chevron on both
surfaces of the specimen, neither surface crack length shall
differ from the average length by more than 10 %, and the
difference between these two surface measurements shall not
exceed 10 % of the average crack length. (3) For a straight-
through starter notch (see Fig. 7) no part of the crack front shall
be closer to the machined starter notch than 2.5 % W or 0.050
in. (1.3 mm) minimum, nor shall the surface crack length
measurements differ from the average crack length by more
than 15 %, and the differences between these two measure-
ments shall not exceed 10 % of the average crack length.

8.2.3 Measure the width, W, as described in the annex
appropriate to the specimen type being tested.

8.2.4 The plane of the crack shall be parallel to both the
specimen width and thickness direction withun +10° (7).

8.3 Loading Rate-—For conventional (static) testing load the
specimen at a rate such that the rate of increase of stress
mtensity 1s withun the range from 30 000 to 150 000 psi -
in."*/min (0.55 to 2.75 MPa-m'/%/s). The loading rates corre-
sponding to these stress intensity rates are given in the
appropriate annex for the specimen being tested. For rapid-load
testing the loading rates are given in Annex A7.

8.4 Test Record—Make a test record consisting of an
autographic plot of the output of the load-sensing transducer
versus the output of the displacement gage. The initial slope of
the linear portion shall be between 0.7 and 1.5. It is conven-
tonal to plot the load along the vertical axis, as in an ordinary
tension test record. Select a combination of load-sensing
transducer and autographic recorder so that the load, P, (see
9.1), can be determined from the test record with an accuracy
of *1 %. With any given equipment, the accuracy of readout
will be greater the larger the scale of the test record.

8.4.1 Continue the test until the specimen can sustain no
further increase 1n load. In some cases the range of the chart
will not be sufficient to include all of the test record up to
maxymum load, P_... In any case, read the maximum load

from the dial of the testing machine (or other accurate
indicator) and record it on the chart.

9. Calculation and Interpretation of Results
9.1 Interpretation of Test Record and Calculation of K, —In
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order to establish that a valid K;_. has been determined, it is
necessary first to calculate a conditional result, K,;, which
mvolves a construction on the test record, and then to deter-
mine whether this result is consistent with the size and yield
strength of the specimen according to 7.1. The procedure is as
follows:

9.1.1 Draw the secant line OP5, shown in Fig. 7 through the
origin of the test record with slope (P/v)s = 0.95 (P/v),, where
(P/), is the slope of the tangent OA to the initial linear part of
the record (Note 2). The load P, is then defined as follows: if
the load at every point on the record which precedes Pg is
lower than Ps, then Py is P, (Fig. 8 Type I); if, however, there
1s a maximum load preceding P which exceeds it, then this
maximum load is P, (Fig. 8 Types II and III).

Note 2—Slight nonlinearity often occurs at the very beginning of a
record and should be ignored. However, it is important to establish the
initial slope of the record with high precision and therefore it is advisable
to minimize this nonlineanty by a preliminary loading and unloading with
the maximum load not producing a stress intensity level exceeding that
used 1n the final stage of fatigue cracking.

9.1.2 Calculate the ratio P /P, where P,.,. is the maxi-
mum load the specimen was able to sustain (see 8.4). If this
rauo does not exceed 1.10, proceed to calculate K, as
described in the annex appropriate to the specimen being
tested. If P ,./P, does exceed 1.10, then the test 1s not a vahid
K, test because 1t is then possible that K, bears no relation to
K,.- In this case proceed to calculate the specimen strength
ratio.

9.1.3 Calculate 2.5 (Ky/oys)* where oyg is the 0.2 % offset
yield strength in tension (see Test Methods E 8). If this quantity
1s less than both the specimen thickness and the crack length,
then K, is equal to K. Otherwise, the test is not a valid K;_
test. Expressions for calculations of 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
or in 9.1.3, or both, it will be necessary to use a larger specimen
to determine K. The dimensions of the larger specimen can be
estimated on the basis of K, but gencrally will be at least 1.5
times those of the specimen that failed to yield a valid K.
value.

9.1.5 Calculate the specimen-strength ratio R, according to
the annex appropriate to the specimen being tested.

9.2 Fracture Appearance—The appearance of the fracture
1s valuable supplementary information and shall be noted for
each specimen. Common types of fracture appearance are
shown in Fig. 9. For fractures of Types (a) or (b), measure the
average width, £, of the central flat fracture area, and note and
record the proportion of oblique fracture per unit thickness
(B-H/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.

10. Report

10.1 The specimen configuration code as shown with the
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 plane
onentation (sec Section 5). These latter two codes should
appear in separate parentheses, For example, a test result
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FIG. 8 Principal Types of Load-Displacement Records

obtained using the compact specimen (see Annex A4) might be
designated as follows: C(T)(S-T). The first letter indicates
compact specimen. The second letter indicates the loading was
tension and the first of the last two letters indicates that the

normal to the crack plane is in the direction of principal

e
|

NSNS
SN

FIG. 9 Common Types of Fracture Appearance
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deformation and the second of these letters indicates the
intended direction of crack propagation is in the direction of
least deformation.

10.2 In addition, the following information should be re-
ported for each specimen tested.

10.2.1 The form of the product tested; for example, forging,
plate, casting etc.

10.2.2 Thickness, B.

10.2.3 Width (depth), W.

10.2.3.1 Offset of the loading holes, X, for the arc-shaped
tension specimen.

10.2.3.2 Outer and inner radii, », and r,, for arc-shaped
specimens.

10.2.4 Fatigue precracking conditions in terms of:

10.2.4.1 Maximum stress intensity, K (max), and number of

cycles for terminal fatigue crack extension over a length at
least 2.5 % of the overall length of notch plus crack, and

10.2.4.2 The stress intensity range for terminal crack exten-
510N,

10.2.5 Crack length measurements:

10.2.5.1 At center of crack front,

10.2.5.2 Midway between the center and the end of the
crack front on each side; and at each surface.

10.2.6 Test temperature.

10.2.7 Relative humidity as determined by Test Method
E 337.

10.2.8 Loading rate in terms of K; (change in stress intensity
factor per unit time) (2).

10.2.9 Load-displacement record and associated calcula-
tions.

10.2.10 Fracture appearance.
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10.2.11 Yield strength (offset = 0.2 %) as determined by
Methods E 8.

10.2.12 K, ; or, K, followed by the parenthetical statement
“invalid according to section(s) ..... of ASTM Test Method
E 399."

10.2.13 R,, where x refers to the specimen configuration as
given 1n the appropriate annex.

10.2.14 P, /P,.

10.3 It is desirable to List the information required in 10.1

and 10.2 1n the form of a table. A suggested form for such a
table 1s given in Fig. 10.

11. Precision and Bias

11.1 Information on the precision of K. measurements may
be obtained from the results of several interlaboratory pro-
grams. Such programs, incorporating selected high strength
alloys, have been reported for the bend specimen (8, 9), the
compact specimen (9), and arc-shaped specimen (18). The
results of these programs arc summanized in this section.
Interlaboratory programs of a more restrictive nature were also
completed for beryllium and for dynamic plane strain fracture
measurements on a strain rate sensitive steel. Summaries of the
results from these two interlaboratory programs are presented
in Annex A7 and Annex A8 because certain special procedures
are mvolved. No interlaboratory program was conducted for
the disk-shaped specimen, but some data comparing results
from that specimen design with those from other specimen
designs are given in Annex A6. It should be mentioned that not
all of the results reported for the bend, compact and arc-shaped
specimens met all the validity requirements. Statistical analysis

(17, 18) was used to exclude data that were judged to be
influenced by deviations from the validity requirements.

11.2 Precision—The precision of a K;. determination de-
pends in part on errors in the load and in the various required
measurements of specimen dimensions including crack length.
The method specifies a precision for each of these quantities
and, based on this information coupled with the K determina-
tion, a theoretical precision has been developed (33). This
analysis shows that precision decreases with increasing relative
crack length and is somewhat higher for the compact than for
the bend specimen. In actual practice, the precision of a K.
measurement will depend to an unknown extent on the
charactenistics and analysis of the test record. It is possible to
dertve useful information concerning the precision of a K.
measurement from the interlaboratory test programs. The
results of these interlaboratory programs for the bend, compact
and arc-shaped specimen are given in Table 1 for tests on
several high strength alloys. These particular alloys were
chosen because they are known to be producible with very
uniform composition and microstructure, Thus the contribution
of matenal variability to the measurements of K;. was mini-
mized. It should be understood that the measures of precision
histed 1n Table 1 apply to alloys which do not exhibit strong
transitional fracture behavior with changes in temperature or
strain rate. When temperature and strain rate variations induce
large changes in toughness, increased scatter in K;. measure-
ments may be noted. For example, within or below the
transition range of a structural steel, the imtial advance from
the fatigue crack will be controlled by the abrupt fracture of
local elements at the crack tp, accompanied by rapid transfer
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TABLE 1 Estimates of Precision for K,. Measurements for Three

Specimen Typeos
i 4340  18NiMar 4340
Oyve =353 aye=16840 0Oye= 192 oy e= 1419
MPa MPa MPa MPa
51.0 ks 238 ksi 276 206 ksi
Bend Specimens
Grand mean, J°\F 35.9 48.2 (43.9) 56.9(51.8) 86.7 (78.9)
(32.7)
Standard deviation, 206  2.08(1.89) 224(2.04) 3.67(3.34)
SAE 1.87
i Compact imens
Grand Mean, X7 35.6 50.0 (45.5) 582 (53.0) 87.3 (79.4)
(32.4)
Standard daviation, 1.24 1.40 (1.27) 1.80(1.64) 1.96 (1.78)
it {1.13)
Arc-tension specimens
4335V
Fyg = 1320 MP&
~ (192 ksi)
) XW =0 XW = 0.5
Grand mean, X*-f 112.4 (102.3) 111.8 (101.7)
s;;mm deviation, 3.85 (3.50) 2.59 (2.36)

A Units of grand mean and standard deviation are MPa mw (ksi in.«).

8 The standard deviation has been pooled for all laboratories testing a given
alioy. For data on which this Table was based, see Refs (8, 8) for the bend
specimen, Ref (8) for the compact specimen, and Ref {18) for the arc-lension

specimen.

of load to adjacent regions which may then exhibit cleavage
fracture. Under these circumstances, a specimen size eflect
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may be observed in which both the mean and the standard
deviation of K;. values tend to increase with decreasing
specimen size.

11.3 Bias—There is no accepted *“‘standard™ value tor the
plane strain fracture toughness of any material. In the absence
of such a true value, any statement concerning bias i1s not

meaningful.

ANNEXES

(Mandatory Information)

Al. DESIGN FOR DOUBLE-CANTILEVER DISPLACEMENT GAGE

Al.1 The gage consists of two cantilever beams and a
spacer block which are clamped together with a single nut and
bolt, as shown in Fig. 4. Electrical-resistance strain gages are
cemented to the tension and compression surfaces of each
beam, and are connected as a Wheatstone bridge incorporating
a suitable balancing resistor. The matenal for the gage beams
should have a high ratio of yield strength to elastic modulus,
and titanium alloy 13V-11Cr-3Al in the solution treated con-
dition has been found very satisfactory for this purpose. If a
material of different modulus is substituted, the spring constant
of the assembly will change correspondingly, but the other
characteristics will not be affected. Detailed dimensions for the
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beams and spacer block are given in Fig. Al.1 and Fig. Al.2.
For these particular dimensions the linear range (working
range) is from 0.15 to 0.30 in. (3.8 to 7.6 mm) and the
recommended gage length is from 0.20 to 0.25 in. (5.1 to 6.3
mm). The clip gage can be altered to adapt it to a different gage
length by substituting a spacer block of appropriate height. As
discussed in 6.3.2 the rcquired precision of the gage corre-
sponds to a maximum deviation of £0.0001 in. (0.0025 mm)
of the displacement readings from a least-squares-best-fit
straight line through the data. Further details concering
design, construction and use of these gages are given in Ref
(10).
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0.37%
0.370
Nore 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 Y64 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 0.47
0.030 0.76 0.375 9.52
0.039 Q.99 1.620 41.156
0.041 1.04 1.625 41.28

FIG. Al1.1 Beams for Double-Cantilever Displacement Gage

A2. FATIGUE PRECRACKING OF K,. FRACTURE TOUGHNESS SPECIMENS

A2.1 Introduction

A2.1.1 Experience has shown that it is impractical to obtain
a reproducibly sharp, narrow machined notch that will simulate
a natural crack well enough to provide a satisfactory K. test
result. The most effective artifice for this purpose is a narrow
notch from which extends a comparatively short fatigue crack,
called the precrack. The dimensions of the notch and the
precrack, and the sharpncss of the precrack, must meet certain
conditions which can be readily met with most engineering
materials since the fatigue cracking process can be closely
controlled when careful attention is given to the known
contributory factors. However, there are some materials that
are too brittle to be fatigue cracked since they fracture as soon
as the fatigue crack initiates; these are outside the scope of the
present test method. The purpose of this annex is to provide
guwdance on the production of satisfactory fatigue precracks,
and to state the associated requirements for a valid K. test.

A2.1.2 A fatigue precrack is produced by cyclically loading
the notched specimen with a ratio of minimum to maximum

stress between — 1 and + 0.1 for a number of cycles usually
between about 10* and 10° depending on specimen size, notch
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preparation, and stress intensity level. The maximum stress
intensity in the terminal (2.5 %) stage of fatigue crack growth
must not exceed 60 % of the K;_ value of the material. Some
fraction of the total number of cycles required to produce the
fatigue precrack is consumed in initiation of the crack at the
notch root; the remainder accounts for growth of the crack to
the required length. If the total number of cycles is excessive,
the reason 1s usually that the number of cycles required for
Iitiation is excessive rather than that the subsequent rate of
crack growth is low. There are several ways of promoting early
crack imtiation: (1) by providing a very sharp notch tip; (2) by
using a chevron notch (Fig. 7); (3) by statically preloading the
specunen In such a way that the notch tip is compressed in a
direction normal to the intended crack plane but without
allowing the nominal compressive stress to exceed the yield

strength of the matenal; (4) by using a negative fatigue load
ratio.

A2.2 Equipment

A2.2.1 The equipment for fatigue cracking shall be such
that the stress distribution is uniform through the specimen
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Nomre 1—¥s+-in. diameter holes are for strain gage leads.
Nome 2—Dimensions are in inches.

Metric Equivalents

i, mm in. mm
a0 0.80 0.195 4.95
0.045 1.14 0.205 5.21
0.050 1.27 0.373 0.47
Sha 2.00 0.375 9.52
0.087 2.21 0.376 9.55
0.003 2.38 0.378 9.60
0.1256 3.18 0.400 10.16
Yoo 3.60 0.402 10.21
0.186 4.72 0.490 12.45
0.188 4.78 % 12.70
0.180 4.83 0.500 12.70

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

thickness; otherwise the crack will not grow uniformly. The
stress distribution shall also be symmetrical about the plane of
the prospective crack; otherwisc the crack will deviate unduly
from that plane and the test result will be significantly atfected
(7).

A2.2.2 The K calibration for the specimen, as loaded by the
equipment, shall be known with an error of not more than 5 %.
The K calibration is the relation of the stress intensity factor K
to either the load or to some prescribed displacement and the
specimen dimensions (1). The fixtures recommended 1n the test
method (see appropriate annex) are also suitable for fatigue
cracking, and K calibrations for specimens loaded through
these fixtures are given in the annexes of this test method. If
different fixtures are used, the appropriate K calibration should
be determined experimentally with these fixtures (7). The
advantage of experimental K calibration, as compared with
numerical methods of analysis, is that accurate modeling of the
boundary conditions with the actual fixtures 1s assurcd. It i1s
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important to bear in mind that if the fatigue cycle involves
reversal of load, the K calibration can be very sensitive to the
distribution of clamping forces necessary to grip the specimen.

A2.3 Specimen Requirements

A2.3.1 The fatigue precracking shall be conducted with the
specimen fully heat treated to the condition in which it is to be
tested.

A232 The combination of starter notch and fatigue pre-
crack must conform to the requirements shown in Fig. 7. The
nominal crack length is equal to 0.50W and is the total length
of the starter notch slot plus fatigue crack. To facilitate fatigue
precracking at a low level of stress intensity, the notch root
radius of a straight-across notch should be no more than 0.003
in. (0.08 mm). If a chevron notch is used (Fig. 7), the notch
root radius can be as much as 0.01 in. (0.25 mm) because of the
compound stress intensification at the point of the chevron.
Early crack initiation can also be promoted by precompression
of the notch tip region, as stated in A2.1.2.

A2.3.3 It is advisable to mark two pencil lines on each side
of the specimen normal to the anticipated paths of the surface
traces of the fatigue crack. The line most distant from the notch
tip should indicate the minimum required length of fatigue
crack, and the other the terminal part of that length equal to not
less than 2.5 % of the overall length of notch plus fatigue
crack, that is 0.0125W. During the final stage of fatigue crack
extension, for at least this distance, the ratio of maximum stress
intensity of the fatigue cycle to the Young’s modulus of the
material, K. /E shall not exceed 0.002in."? (0.00032 m"?).
Furthermore, K., must not exceed 60 % of the K, value
determined in the subsequent test if K, is to qualify as a valid
K. result.

A2.4 Precracking Procedure

A2.4.1 Fatigue precracking can be conducted under either
load control or displacement control provided that the appro-
priate K calibration is known with requisite accuracy for the
specimen and fixture (A2.2.1). If the load cycle is maintained
constant, the maximum K and the K range will increase with
crack length; if the displacement cycle is maintained constant,
the reverse will happen. The initial value of the maximum
fatigue load or displacement should be calculated from the X
calibration and the specimen and notch dimensions. It is
suggested that this load be selected so that the maximum stress
intcnsity factor in the initial portion of the fatigue cycle does
not exceed 80 % of the estimated K;. value of the matenal.
Higher K values may result in undesirably high crack growth
rates. The minimum is then selected so that the stress ratio is
between — 1 and + 0.1. The more negative the stress ratio, the
faster the fatigue precrack will be completed, but this advan-
tage is offset by the need for more elaborate fixtures than are
required when the stress ratio is positive.

A2.4.2 The specimen shall be accurately located in the
loading fixture and secured as required so that the boundary
conditions correspond to the applicable K calibration. Fatigue
cycling is then begun, usually with a sinusoidal waveform and
near to the highest practical frequency. There is no known
marked frequency effect on fatigue precrack formation up to at
least 100 Hz in the absence of adverse environments. The
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specumen should be carefully monitored until crack initiation is
observed on one side. If crack imtiation is not observed on the
other side before appreciable growth is observed on the first,
then fatigue cychng should be stopped to try to determine the
cause and remedy for the unsymmetrical behavior. Sometimes,
simply turning the specimen around in relation to the fixture
will solve the problem. When the most advanced crack trace
has almost reached the first scribed line corresponding to
97.5% of the final crack length, the maximum load or
displacement, as appropriate, shall be reduced so that the
terrnal value of XK., 1s unlikely to exceed 60 % of the

estimated mimimum value of K,  of the matenal, and also the
terminal value of XK, /E will not exceed 0.002 in.1.(0.00032
ms:). The mimimum setting is then adjusted so that the stress
ratio i1s between — 1 and + 0.1. Fatigue cycling is then contin-
ued until the surface traces on both sides of the specimen
indicate that the overall length of notch plus crack will meet the
requirements of 7.3.2.1, 7.3.2.2, and Fig. 7 of this test method.

A2.4.3 When fatigue cracking is conducted at a temperature
T, and testing at a different temperature 7,, K ., must not
exceed 0.6 (oyg /ays )Kp, where oyg and oyg arc the yield
strengths at the respective temperatures 7, and 7.

A3. SPECIAL REQUIREMENTS FOR THE TESTING OF BEND SPECIMENS

A3.1 Specimen

A3.1.1 The standard bend specimen is a single edge-
notched and fatigue cracked beam loaded in three-point bend-
ing with a support span, 5, nominally equal to four times the
width, W. The general proportions of this specimen configu-
ration are shown in Fig. A3.1.

A3.1.2 Alternative specimens may have 1 < W/B = 4.

These specumens shall also have a nominal support span equal
to 4W.

Al.2 Specimen Preparation

A3.2.1 For generally applicable specifications concerning
specimen si1z¢ and preparation sce Section 7.

A3.2.2 It is desirable to fatigue crack the bend specimen in
the same fixtures in which it will be tested so that the K
cahibration is accurately known. However, bend specimens are
sometimes cracked in cantilever bending because this method
permits ease of reversed loading. If the K calibration for
three-point bending 1s used 1n cantilever bending, the bending
moments for a given K value will be underestimated (7). While
fatngue cracking in cantilever bending can yield satisfactory
results, it should be emphasized that the crack tip stress field

can be distorted and the fatigue crack orientation changed by
excessive clamping forces.

A3.3 Apparatus

A3.3.1 Bend Test Fixture—The general principles of the
bend test fixture are illustrated in Fig. A3.2. This fixture 1s

designed to minumize frictional effects by allowing the support
rollers to rotate and move apart slightly as the specimen is
loaded, thus permitting rolling contact. Thus, the support
rollers are allowed limited motion along plane surfaces parallel
to the notched side of the specimen, but are initially positively
positioned against stops that set the span length and are held in
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 bend
specimen the displacements will be essentially independent of
the gage length up to a gage length of W72,

A3.4 Procedure

A3.4.1 Measurement—For a bend specimen measure the
width (depth), W, and the crack length, a, from the notched side
of the specimen to the opposite side and to the crack front,
respectively.

A3.4.1.1 For general requuements concerning specimen
measurement see 8.2.

A3.4.2 Bend Specimen Testing—Set up the test fixture so
that the hine of action of the applied load shall pass midway
between the support roll centers within 1 % of the distance
between these centers (for example, within 0.04 in. (1.0 mm)
for a 4-in. (100-mm) span). Measure the span to within 0.5 %
of nominal length. Locate the specimen with the crack tip
midway between the rolls to within 1 % of the span, and square
to the roll axes within 2°. Seat the displacement gage on the
knife edges to maintain registry between knife edges and gage

§ A

"Tg"w

Nom: 1-—A surfaces shall be perpendicular and parallel as applicable within 0.001 W TIR.
Nore 2—Crack starter notch shall be perpendicular to specimen surfaces to within+ 2°,

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

13
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FIXTURE
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RUBBER BANDS
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ROLLER PIN DETAIL

Note 1—Roller pins and specimen contact surface of loading ram must be parallel to each other within (0.002 W.

Nore 2—0.10 in. = 2.54 mm, (.15 in. = 3.8]1 mm.
FIG. A3.2 Bend Test Fixture Design

grooves. In the case of attachable knifc cdges, seat the gage B
before the knife edge positioning screws are tightened. S
A3.4.2.1 Load the specimen at a rate such that the rate of 14
increase of stress intensity is within the range 30 to 150
ksi-in."“/min (0.55 to 2.75 MPa-m'%/s), corresponding to a @
loading rate for the standard (B = 0.5 W) 1-in. (25.4-mm) thick
specumen between 4000 and 20 000 1bf/min (0.30 to 1.5 kN/s).
A3.4.3 For details concerning recording of the test record

see 8.4.
A3.5 Calculations

specimen thickness as determined in 8.2.1, m. (cm),
span as determined 1n A3.4.2, in. (cm),

specimen depth (width) as determined in A3.4.1, 1n.
(cm), and

crack length as determined in 8.2.2, in. (cm).

it

Nore A3.1—This expression is considered to be accurate within
+0.5 % over the entire range of a/W from 0 to 1 for an /W = 4 (12).

To facilitate calculation of K, values of f{a/W) are tabulated
in the following table for specific values of a/W.

_ . Bend Specimens
A3.5.1 Interpretation of Test Record—For general require- a/W Ha/W) a/W f{a/W)
ments and procedures 1n interpretation of the test record see 0.450 5 20 0.500 2 66
9.1. 0.455 2.32 0.505 2.70
A3.5.2 Validity Requirements—For a description of the g':g ‘zg g'gzg g;g
validity requirements in terms of limitations on P, /P, and 0.470 243 0.520 2.84
the specimen size requirements, see 9.1.2 and 9.1.3. 0.475 2.46 0.525 2.89
A3.5.3 Calculation of Ko—For the bend specimen calculate g'm g‘: g'ggg g%
: . . o 172 12 . . :
K, 1n umits of ksi-in.”* (MPa-m ™) as follows (Note A3.1): 0.490 2 58 0.540 3.04
0.495 2.62 0.545 3.09
Ky = (PySIBW/%).flal W) (A3.1) 0.550 3.14
where: A3.5.4 Calculation of R,,—For the bend specimen calculate
3@W)' /199 — (@W)1 — a/W) (A32)  the specimen strength ratio (which is dimensionless and has the
X (2.15 — 3.93a/W + 2.7aWH)] same value in any consistent system of units).
falW) = —————————————=
21 + 2a/WK1 — a/W)*/ " LA (A3.3)
® B(W — a)uys '
where:
P, = load as determined in 9.1.1, kibf (kN), where:
14
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maximum load that the specimen was able to
sustatn,

thickness of specimen as determined in 8.2.1,
width (depth) of specimen, as determined in
A34.1,

crack length as determined in 8.2.2, and

yield strength in tension (offset = 0.2 %) (see Test
Methods E 8).

1

Pmax
B

14

a

(I

Oys

A3.5.5 Calculation of Crack Mouth Opening Compliance
Using Crack Length Measurements—For bend specimens,

calculate the crack mouth opening compliance, V, /P, in units
of m/N (in/lb) as follows (see Note A3.2):

VP = (S/IE'BW)-g(a/W) (A3.4)

where:

ga/W) = 6(a/W)[0.76 — 2.28(a/W) + (3.87(a/

W) — 2.04(@/W)® + 0.66/(1 — a/W)?], and

where:

crack mouth opening displacement, m (in.),

apphied load, kN (klbf),

Eftective Young’s Modulus ( = E for plane stress, Pa
(psi); = E/(1 - v?) for plane strain, Pa (psi)),

v = Poisson’s Ratio, and

S, B, W, and a are as defined 1n A3.5.3.

B
| I |

EF

Note A3.2—This expression is considered to be accurate to within
+1.0 % for any /W (23). This expression is valid only for crack 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 or inset

to provide the same measurement point location.

A3.5.5.1 To facilitate the calculation of crack mouth open-

ing compliances, values of ¢ (a/W) are given in the following
table for specific values of a/W-

a/W K a/W) a/w KaW)
0.450 8.79 0.500 8.92
0.455 6.97 0.505 9.17
0.460 7.16 0.510 9.43
0.465 7.36 0.515 9.70
0.470 7.56 0.520 9 98
0.475 7.77 0.525 10.27
0.480 7.98 0.530 10.57
0.485 8.21 0.535 10.88
0.490 8.44 0.540 11.19
0.495 8.67 0.545 11.53

0.550 11.87

A3.5.6 Calculation of Crack Lengths Using Crack Mouth
Opening Compliance Measurements—For bend specimens,

calculate the normalized crack length as follows (see Note
A3.3):

alW = 09997 — 3.95U + 2.982U% — 3.2140° + 51.52U0* — 113.00°
(A3.5)

where:

U = 1/(1+[(E'BV_JP)Y4W/S))w)

Nore A3.3—This expression fits the equation in A3.5.5 within
*0.01 % of Wtor 0.3 < a/W = 0.9 (24). Thas cxpression is valid only for
crack mouth displacements measured at the location of the integral knife
edges shown in Fig. 5. If attachable knife edges arc used, they must be
reversed or inset to provide the same measurement point location.

A4. SPECIAL REQUIREMENTS FOR THE TESTING OF COMPACT SPECIMENS

A4.1 Specimen

A4.1.1 The standard compact specimen is a single edge-
notched and fatigue cracked plate loaded in tension. The

general proportions of this specimen configuration are shown
in Fig. A4.1.

A4.1.2 Alternative specimens may have 2 < W/B = 4 but
with no change in other proportions.

A4.2 Specimen Preparation

A4.2.1 For generally applicable specifications concerning
speciumen size and preparation see Section 7.

A4.3 Apparatus

A4.3.1 Tension Testing Clevis—A loading clevis suitable for
testing compact specimens is shown in Fig. A4.2. Both ends of
the specimen are held in such a clevis and loaded through pins,
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 the
loading surfaces (4). Other clevis designs may be used if it can
be demonstrated that they will accomplish the same result as
the design shown.

Ad4.3.1.1 The cntical tolerances and suggested proportions
of the clevis and pins are given in Fig. A4.2. These proportions
are based on specimens having W/B = 2for B> 0.5in. (12.7
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mm) and W/B= 4 for B =< 0.5 in. (12.7 mm). If a
280 000-psi (1930-MPa) yield strength maraging steel is used
for the clevis and pins, adequate strength will be obtained for
testing the specumen sizes and oy /E ratios given in 7.1.3. If
lower-strength grip material is used, or if substantially larger
specumens are required at a given ¢'y¢/E ratio than those shown
in 7.1.3, then heavier grips will be required. As indicated in
Fig. A4.2 the clevis corners may be cut off sufficiently to
accommodate scating of the clip gage in specimens less than
0.375 1n. (9.5 mm) thick.

A4.3.1.2 Careful attention should be given to achieving as
good alignment as possible through careful machining of all
auxiliary gripping fixtures.

A4.3.2 Displacement Gage—For generally applicable de-
talls concerming the displacement gage see 6.3. For the
compact specumen the displacements will be essentially inde-
pendent of the gage length up to 1.2 W.

A4.4 Procedure

A4.4.1 Measurement—For a compact specimen measure
the wadth, W, and the crack length, a, from the plane of the
centerline of the loading holes (the notched edge is a conve-
nient reference line but the distance from the centerlinc of the
holes to the notched edge must be subtracted to determine W
and aq). Mecasure the width, W, to the nearest 0.001 in. (0.025
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Note 1—A surfaces shall be perpendicular and parallel as applicable to within 0.002 W TIR.
Note 2—The intersection of the crack starter notch tips with the two specimen surfaces shall be equally distant from the top and boltom edges of the

specimen within 0.003 W.
Note 3—Integral or attachable knife edges for clip gage attachment to the crack mouth may be used (sce Fig. 5 and Fig. 6).

Note 4—For starter notch and fatigue crack configuration sec Fig. 7.
FI1G. Ad4.1 Compact Specimen C (T) Standard Proportions and Tolerances

mm) or 0.1 %, whichever is larger, at not less than three K, = (P/BW' /%).faW) (Ad.1)
positions near the notch location, and record the average value. where:

A4.4.1.1 For general requircments conceming specimen
measurement see 3.2. (2 + a/W)(0.886 + 4.64a/W (A4.2)

A4.4.2 Compact Specimen Testing—When assembling the —13324W2 + 14.722° /WP — 5.6a"IW")
loading train (clevises and their attachments to the tensile flalW) = (1 — aWy/?
machine) care should be taken to minimize eccentricity of
loading due to misalignments external to the clevises. To obtan where:
satisfactory alignment keep the centerline of the upper and Py
lower loading rods coincident within 0.03 in. (0.76 mun) during B
the test and center the specimen with respect to the clevis 4

load as determined in 9.1.1, klbf (kN),
specimen thickness as determined in 8.2.1, in. (cm),
specimen width, as determined in A4.4.1, in. (cm),

il

I

opening within 0.03 in. (0.76 mm). and L .
A4.4.2.1 Load the compact specimen at such a rate thatthe ¢ 7~ crack length as determined in 8.2.2 and A4.4.1, 1n.
rate of increase of stress intensity is within the range 30 to 150 (cm).
ksi-in."*/min (0.55 to 2.75 MPa-m'//s) corresponding to 2 Nome A4.1—This expression is considered to be accurate within
loading rate for a standard (W/B = 2) l-in. thick specimen  *0.5 % over the range of &/W from 0.2 to 1 (12) (13).
between 4500 and 22 500 Ibf/min (0.34 to 1.7 kN/s). A4.53.1 To facilitate calculation of K, values of f (a/W)
Q
A4.4.22 For details concerning recording of the testrecord, . tabulated below for specific values of a/W.
see 8.4.
Compact Specimens
A4.5 Calculations ' a/w flaW) aw fa/W)
. . 0.450 8.34 0.500 9.66
A4.5.1 For general requircments and procedures 1n imterpre- 0.455 8.46 0.505 9.81
tation of the test record see 9.1. g'-‘:g o5 i 13'?3
A4.5.2 For a description of the validity requirements in 0.470 8.3 0.520 10.29
terms of limitations on P,,,/P, and the specimen size require- 0.475 8.96 0.525 10.45
ments see 9.1.2 and 9.1.3. g-:gg g-gg g'g :gﬁ
Ad.53 Calculation of K, —For the compact specimen cal- 0.490 997 0.540 10.98
culate K, in units of ksiin."”? (MPa-m'*) from the following 0.495 9.51 0.545 1.17
0.550 11.36

expression (Note A4.1)

16
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LOADING FLAT

A — SURFACES MUST BE
FLAT, IN-LINE, & PERPENDICULAR, AS
APPLICABLE, TO WITHIN 0.002 in TLR.

;I.OADING ROD THD.
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D
(MIN)
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!
|
L

N S e R sk w—

NOTE 3

| 25w |a—5w+.015Ww—] 25w

je—.5W.005W

Nome I1—Pin diameter = 0.24 W ( + 0.000 W/=0.005 W). For specimens with oyg> 200 ksi (1379 MPa) the holes in the specimen and in the clevis
may be 0.3 W ( +0.005 W/—0.000 W) and the pin diameter 0.288 W ( + 0.000 W/-0.005 W).

Note 2—0.002 in. = 0.051 mm.

Note 3—Corners of the clevis may be removed if necessary to accommaodate the clip gage.
FIG. A4.2 Tension Testing Clevis Design

A4.54 Cualculation of R,—For the compact specimen cal-
culate the specimen strength ratio (which is dimensionless and
has the same value in any consistent system of units).

R = 2P . (2W + a) Ad3
*  B(W — a) ays (A43)
where
P_,, = maximum load that the specimen was able to
sustain,

B = thickness of spccimen as determined 1n 8.2.1,
w = width of the specimen as determined in A4.4.1,
a = crack length as determined in 8.2.2 and A4.4.1, and
oys = yicld strength in tension (offset = 0.2 %) (see Test

Methods E 8).
A4.5.5 Calculation of Crack Mouth Opening Compliance
Using Crack Length Measurements—For compact specimens,

calculate the crack mouth opening compliance, V, /P, in units
of m/N (in./lb) as follows (see Note A4.2).

VP = (1/E'B)-q(alW) (A4.4)

where:

ga/W) = [19.75/(1 — a/W)°1[0.5 + 0.192(a/W) + 1.385(a/
W) - 2.919(a/W)* + 1.842(a/W)*], and

where:

V= crack mouth opening displacement, m (in.),

Copyright by the American Society For Testing & Materials
Thu Aug 21 09:30:53 2003

P
El‘

H

applied load, kN (kibf),

Effective Young’s Modulus ( = E for plane stress, Pa
(ps1); = E/(1 - v %} for plane strain, Pa (psi)),

v = Poisson’s Ratio, and

B, W, and g are as defined 1n A4.5.3.

§

Note A4.2--This expression is considered to be accurate to within
+1.0 % for any /W = 0.2 (25). This ¢xpression is valid only for crack
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
or inset to provide the same measurement point location.

A4.5.5.1 To facilitate the calculation of crack mouth open-
ing compliances, values of ¢ (/W) are given in the following
table for specific values of &/W:

A4.5.6 Calculation of Crack Lengths Using Crack Mouth
Opening Compliance Measurements—JIor compact specimens,

17

a/W Ka/W) aw K a/W)
0.450 44 16 0.500 54.71
0.455 45.09 0.505 55.94
0.460 46.04 0.510 57.22
0.465 47.02 0.515 58.53
0.470 48.02 0.520 59.88
0.475 49.06 0.525 61.28
0.480 50.12 0.530 62.73
0.485 51.22 0.535 64.22
0.490 $2.35 0.540 65.76
0.495 53.51 0.545 67.35

0.550 69.00
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calculate the normalized crack length as follows (see Note
A4.3):

adW = 1.000 — 45000 + 13.15707% — 172551 0°

+ 879.944U* — 1514.6710° (A4.5)

where:

= 1/[1 + (E'BV_/P)%}

Nots A4.3—This expression fits the equation in A4.5.5 within
+0.01 % of W for 0.2 = /W < (.8 (25). This expression is valid only for
crack 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 or wnset o provide the same measurement point location.

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

AS5.1 Specimen

A5.1.1 The arc-shaped tension specimen is a single edge-
notched and fatugue cracked ring segment loaded in tension.
The general proportions of two designs of the specimen are
shown in Fig. A5.1. The value of the radius ratio r,/r, is not
specified, so that specimens can be taken from any cylindrical
geometery. However, it should be noted that specimens with
ri/r, = O (that is, from a solid cylinder) do not make the best
possible use of the test material because the definition of W was
chosen to accommodate hollow cylinders. The disk-shaped
specimen should be used for tests on solid cylinders (see Annex
AD).

A5.1.2 The arc-shaped tension specimen is intended to
measure the fracture toughness so that the normal to the crack
plane 1s in the circumferential direction and the direction of
crack propagation 1s in the radial direction. This is the C-R
onentation as defined in 5.1.3. For other orientations, a bend
(Annex A3) or a compact (Annex A4) specimen should be
used.

NOTES
1&2

25w 005w
DIAMETER
2 HOLES

.25wt.{|)1-—v:& B=.

(a) X/W = 0.5

Note 1-—For starter notch and fatigue crack configurations sce Fig. 7.

A5.1.3 The specimen with X/W = 0.5 (Fig. A5.1a) repre-
sents a half nng segment. The specimen with XYW = O (Fig.
A5.1b) represents the smallest specimen of this configuration
that can be cut from a ring.

A5.1.4 Alternative specimens may have 2 = W/B =< 4 but
with no change in other proportions. The use of alternative
specimen proportions can be advantageous because in many

cases 1t 1s possible to test ring segments with no machining of
the mner and outer radii, that is, with no change in W.

AS.2 Specimen Preparation

AS5.2.1 For generally applicable specifications concerning
specimen size and preparation see Section 7.

A5.3 Apparatus

A5.3.1 Tension Testing Clevis—A loading clevis suitable for
testing arc-shaped tension specimens is shown in Fig. A5.2.
Both ends of the specimen are held 1n such a clevis and loaded
through pans, in order to allow rotation of the specimen dunng

20W ¥ 005w
DIAMETER

) l:g s ’“x
25wt 01w :.50wi.0tw

(®) X/W =0

Note 2—Alternative displacementgage reference points (see A5.4.1.1 for calculation of (a)).

Nore 3—Axis of holes to be tangent to inner radius within 0.005W.

Norte 4—A surfaces to be perpendicular and parallel as applicable to within 0.002 W TIR. D surfaces to be perpendicular or parallel as applicable to

A surfaces to within 0.02 W TIR (see AS5.4.1).

FiG. A5.1 Arc-Shaped Specimen Deasigns A (T) Standard Proportions and Tolerances
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_____ P IR
R:05t 08
25W+.005W BSW
l
26W . 025w 63( 63_/_
l . AVY — -—-
N A ' |
e~ NOIE 3
025W —o] 25w |e—5we.015Ww—] 25w
050w A — SURFACES MUST BE jo—.5we.005wW
LOADING FLAI FLAT, IN-LINE, & PERFENDICULAR, AS

APPLICABLE, TO WITHIN 0.002 in LIR.

Note 1—Pin diameter = 0.24 W (+ 0.000 W/—-0.005 W). For spccimens with aoyg> 200 ksi (1379 MPa) the holes in the specimen and in the clevis may
be 0.3 W (+ 0.005 W/-0.000 W) and the pin diameter 0.288 W (+ 0.000 W/-0.005 W),

Note 2—0.002 in. = 0.051 mum.

Notme 3—Corners of the clevis may be removed if necessary o accommodate the clip gage.
FIG. A5.2 Tension Testing Clavis Design

testing. In order to provide rolling contact between the loading
pins and the clevis holes, these holes are provided with small
flats on the loading surface (4). Other clevis designs may be
used if it can be demonstrated that they will accomplish the
same result as the design shown.

A5.3.1.1 The critical tolerances and suggested proportions
of the clevis and pins are given in A3.2. These proportions are
based on specimens having W/B = 2 for B> 0.5 1n. (12.7 mm)
and W/B = 4 for B= 0.5 in. (12.7 mm). If a 280 0GO-ps
(1930-MPa) yield strength maraging steel 1s used for the clevis
and pins, adequate strength will be obtained for testing the
specimen sizes and oyg/E ratios given in 7.1.3. If lower-
strength grip material is used, or if substantially larger speci-
mens are required at a given oyg/F ratio than those shown in
7.1.3, then heavier grips will be required. As ndicated m Fig.
AS5.2, the clevis corners may be cut off sutficiently to accom-
modate scating of the clip gage in specimens less than 0.375 1n.
(9.5 mm) thick.

A5.3.1.2 Careful attention should be given to achieving as
good alignment as possible through careful machining of all
auxiltary gripping fixtures.

AS5.3.2 Displacement Gage—For generally applicable de-
tails concerning the displacement gage sce 6.3.

A5.3.2.1 An alternative means of measunng the dispiace-
ment is allowed for the specimen with X/W = 0.5. Comcal
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center-punch-type indentations are provided on the inner sur-
face of the specimen at mid-thickness and in the plane of the
center line of the loading holes as shown in Fig. AS.la. The
load-point displacement of the specimen is measured at these
points using a displacement gage fitted with points and meeting
the requirements described in 6.4.1.

AS5.3.2.2 The displacements will be essentially independent
of the gage length for the arc-shaped specimen provided the
gage length is equal to or less than W/2.

AS5.4 Procedure

AS.4.1 Measurement—Before testing an arc-shaped speci-
men, mcasure (r; — r,) to the nearest 0.001 1n. (0.025 mm) or
to 0.1 %, whichever is greater at wid-thickness positions on
both sides of and immediately adjacent to the crack starter
notch mouth. Record the average of these two readings as W.
Also measure (ry —r,) at four positions, two as close as
possible to the loading holes and two at approximately one-halt
the circumferential distance between the loading holes and the
crack plane. If any of these four measurements differ from W
by more than 10 %, the specimen should be discarded or
reworked. Next, measure to the nearest 0.001 in. (0.025 mm) or
to 0.1 %, whichever is greater, the distance between the
loading hole centers and the outside surface of the specimen at
the notch plane. This measurement should be made on both
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sides of the specimen by referencing the loading holes.
Subtract W from the average of these two measurements and
record the result as X. Measure within 5 % the outer radius, r,;
if this is not possible, determine the average value of r, as
tollows (see Note AS.1): Measure within 5 % the length, L, of
the chord of the outer surface, which chord passes through the
loading hole centers (see Fig. A5.3). Using this measurement,
calculate:

. (W + X)
nEIWAx) T 2

,I‘hen rllrz — ]. — erz.

Note AS5.1--A 10 % variation of the ratio r,/r, will affect the value of
the stress intensity factor by 1 % or less, providing that the relative crack
length a/W is not less than 0.3. However, the stress analysis is based on the
assumption that the specimens are to be cut from stock of uniform,
axisymuetric cross section. If inspection shows that the stock deviates
from axisymmetry by more than 10 %, it should be reworked to within this
tolerance.

AS5.4.1.1 After fracture, measure the crack length in accor-
dance with 8.2.2, but a special procedure is necessary for the
arc-shaped tension specimen due to its curvature. Thus, a
length measurement, m2, made from a reference point adjacent
to the crack mouth to a point on the crack front will be greater
than the corresponding distance from the virtual point of
intersection between the crack plane and the inside circumfer-
ence of the specimen (see Fig. A5.3). The error, ¢, may be
computed from the following expression:

21172
€=r — ["12 — —-] (AS.2)

(A5.1)

|

where g is the distance across the crack mouth at the
reference points for measurement of the crack length. It should
be noted that g may be equal to N (Fig. 7) or larger than N if
machined kmife edges are used to hold the clip gage (for
example, g = 0.25 in. (6.4 mm) as in Fig. 5). If the relative
error e/m < 0.01, then record m as the crack length; otherwise
e should be subtracted from m and the result recorded as the

crack length.
AS5.4.2 Arc-Shaped Tension Specimen Testing—When as-

sembling the loading train (clevises and their attachments to

n ]
4

the tension machine) care should be taken to minimize eccen-
tricity of loading due to misalignments cxternal to the clevises.
To obtain satisfactory alignment keep the centerline of the
upper and lower loading rods coincident within 0.03 in. (0.76
mm) during the test and center the specimen with respect to the
clevis opening within 0.03 in. (0.76 mm).

A5.4.2.1 Load the arc-shaped specimen at such a rate that
the rate of increase of stress intensity is within the range 30 to
150 ksi-in.'*/min (0.55 to 2.75 MPa-m"'%/s). The correspond-
ing loading rates for a standard (W/B = 2) 1-in. thick specimen
are: (1) for the specimen with an XYW = 0.5 between 2800 and
14 000 1b#/min (0.2 to 1.0 kN/s) and (2) for the specimen with
an X/W = 0 between 4500 and 22 500 lbf/min (0.34 to 1.7
KIN/s).

AS.4.2.2 For details concerning recording of the test record
see 8.4.

AS.S Calculations

A5.5.1 For general requirements and procedures in interpre-
tation of the test record see 9.1.

AS5.5.2 For a description of the validity requirements in
terms of limitations on P, /P, and the specimen size require-
ments see 9.1.2 and 9.1.3.

AS5.5.3 Calculation of K,—For the arc-shaped specimen
calculate K, in units of ksi-in."”* (MPa-m'") from the follow-
ing expression (Note A5.2):

K, = (P/BW'/H[3XIW + 1.9 + 1.1a/W]
X [1 + 0.25(1 — a/W)*( — rir)falW) (A5.3)

where:
f(@W) = [(aW)"*1(1 — a/W)**] X [3.74 — 6.30a/
W + 6.32(a/W)? — 2.43(a/W)°]

where:

P, = load as determined in 9.1.1, kibf (kN),

B = specimen thickness as determined in 8.2.1, in. (cm),

X = loading hole offset as determined in A5.4.1, in.
(cm),

W = specimen width as determined in A5.4.1, in. (cm),

7 = crack length as determined in 8.2.2 and A5.4.1.1, 1n.

(cm), and
r,/r, = ratio of inner to outer radii as determined in A5.4.1.

Note AS.2-—The accuracy of this expression for all values of r,/r, is
considered to be as follows: () *1 % for 0.45 < /W = 0.55 and XYW of
0or0.5, 2 *15%for02=<a/W=<1andXWofQor05,and(3) +3 %

for02 =ad/W=]and 0= X/W=1(14).

A5.5.3.1 To facilitate calculation of K, values of f (/W)
are tabulated in the following table for specific values of a/W:

a/w f(a/W) aw Ha/W)
0.450 3.23 0.500 3.75
0.455 3.27 0.505 3.79
0.460 3.32 0.510 3.85
0.465 3.37 0.515 3.91
0.470 3.42 0.520 3.97
0.475 3.47 0.525 4.03
0.480 3.52 0.530 4.10
0.485 3.57 0.535 4.17
0.490 3.62 0.540 4.24
0.495 3.68 0.545 4.31

.- 0.550 4.38

A5.5.4 Calculation of R,,—For the arc-shaped tension

FIG. A5.3 Measurement of Quter Radius (r,) and Crack Length for \ ~S10
specimen calculate the specimen strength rato (which is

the Arc-Shaped Specimen (see A5.4.1)

20
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dimensionless and has the same value in any consistent system
of units) as follows:

2P, ..(3X + 2W + a)

R = TBW Fom .

where:

P_.. = maximum load that the specimen was able to
sustain,

B = thickness of the specimen as determined in 8.2.1,

X = Joading hole offset as determined in A54.1,

W = width of the specimen as determined 1n A5.4.1,

a = crack length as determined in 8.2.2 and A5.4.1.1,
and

oys = yicld strength in tension (offset = 0.2 %) (see
Methods E 8).

AS.5.5 Calculation of Crack Mouth Opening Compliance
Using Crack Length Measurements—For arc-shaped tension
specimens, calculate the crack mouth opening compliance,

V. /P, in units of m/N (in/Ib) as follows (see Note A5.3): for the
specimen with XYW = (:

V/P = [p((a/WYE'BL[043(1 — ry/r)) + qi(a/W)]  (AS.S)
where:
p@w) = (1 +aW)(Ql - alWy’
g (@W) = 0.542 + 13.137(a/W) — 12.316(@/W)* + 6.576(a/

W) 3
or, for the specimen with XYW = 0.5,

V /P = [p(WWYE'B]{0.45(1 — ri/ry) + gy(aW)]  (AS5.6)

where:

p(a'W) = (2+a/W)/(1 - a/W)*

g,(a’W) = 0.399 + 12.63(a/W) — 9.838(a/W)* + 4.66(a/
W), and

where:

V_ = crack mouth opening displacement, m (in.),

P = applied load, kN (klbf),

E' = Effective Young’s Modulus ( = E for plane stress, Pa

(ps1); = E/A(1 — v%) for plane strain, Pa (psi),
v = Poisson’s Rano, and

X, B, W, a, and (ry/r,) are as defined in A5.5.3.

Nom AS5.3—These expressions are considered to be accurate to within
+1.4% (XYW =0) or £1.6 % (XYW = 0.5) for 0.2 = a/W = 0.8 and
(r,/r,) = 04 (25). These expressions are valid only for crack mouth
displacements measured at the location of the integral knife edges
comparable to that shown in Fig. 5. If attachable knife edges arc used, they

must be reversed or inset to provide the same measurement point location.

A5.5.5.1 To facilitate the calculation of crack mouth open-

ing compliances, values of p,(a/W), p,(a/W), q(&/W), and

g,(a/W) are given in the following table for specific values of
a/'W:

¥W piaw)  qlaw) p.(aW) qlaWw)
0.450 479 4.56 B.10 451
0.455 4.90 4.59 B.27 4 .55
0.460 5.01 4.62 8.44 4.58
0.465 5.12 4.65 8.61 4.61
0.470 5.23 4.68 8.79 4.65
0.475 5.35 4.71 8.98 4.68
0.480 5.47 474 9.17 4.71
0.485 5.60 4.77 9.37 4.74
0.490 5.73 4.80 9.57 4.77
0.495 5.86 4.82 9.78 4.81
0.500 6.00 4.85 10.00 4.84
0.505 6.14 4.88 10.22 4.87
0.510 6.29 4.91 10.45 4.90
0.515 6.44 4.94 10.69 4.93
0.520 6.60 4.97 10.94 4.96
0.525 6.76 5.00 11.19 4.99
0.530 6.03 5.02 11.45 5.02
0.535 7.10 5.05 11.72 5.05
0.540 7.28 5.08 12.00 5.08
0.545 7.46 5.11 12.29 5.11
0.550 7.65 5.14 12.59 5.14

A5.5.6 Calculation of Crack Lengths Using Crack Mouth
Opening Compliance Measurements—For arc-shaped speci-

mens, calculate the normalized crack length as follows (see
Note AS5.4):

for the specimen with XYW = O:

alW = 0.989 — 3.463U — 0.171U% + 2435417 — 72.805U* + 8437507
(A5.7)

where:
U = {1+ [(E'BV./P)X1+0.101(1 - ri/ry))}'")

or, for the specimen with X/W = (0.5:

alW = 0.986 — 4.082U — 5.0650U° + 86.819U° — 313.338L"
+ 429.1010° (AS.8)

where:

U = 1/{1+[(E'BV /P)1 +0.108(1 - ry/r,))]'*)

Nore A5.4—This expression fits the equations in AS5.5.5 within
+0.003W for 0.2 < o/W < 0.8, (r,/r,) 2 04, and XYW =0 or X/W= 0.5
(25). This expression is valid only for crack mouth displacements
measured at the location of the integral knife edges comparable to that
shown in Fig. §. If attachable knife edges are used, they must be reversed
or inset to provide the same measurement point location.

A6. SPECIAL REQUIREMENTS FOR THE TESTING OF THE DISK-SHAPED COMPACT SPECIMEN

A6.1 Specimen

A6.1.1 The standard disk-shaped compact specimen is a
single edge-notched and fatigue cracked disk segment loaded
in tension (16). The general proportions of this specimen
configuration are shown in Fig. A6.1.

A6.1.2 Alternative specimens may have 2 < W/B < 4 but
with no change in other proportions.
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A6.2 Specimen Preparation

A6.2.1 For generally applicable specifications concerning
specimen size and preparation see Scction 7.

A6.3 Apparatus

A6.3.1 Tension Testing Clevis—A loading clevis suitable for
testing disk-shaped compact specimens is shown in Fig. AG.2.
Both ends of the specimen are held in such a clevis and loaded
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Note 1—A surfaces shall be perpendicular and parallel as applicable to within 0.002 W TIR.
Note 2—The iatersection of the crack starter notch tips on each surface of the specimen shall be equally distant within 0.005 W from the centetline

of the loading holes.

Note 3—Integral or attachable knife edges for clip gage attachment to the crack mouth may be used (see Fig. S and Fig. 6).

Nore 4—For starter notch and fatigue crack configuration see Fig. 7.
Nore 5—For circularity requirements, see A6.4.1.1.

FIG. A6.1 Disk-Shaped Compact Specimen DC(T) Standard Proportions and Tolerances

through pins in order to allow rotation of the specimen during
testing. In order to provide rolling contact between the loading
pins and clevis holes, these holes are provided with small flats
on the loading surfaces (4). Other clevis designs may be used
if it can be demonstrated that they will accomplish the same
result as the design shown.

A6.3.1.1 The cntical tolerances and suggested proportions
of the clevis and pins are given in Fig. A6.2. These proportions
are based on specimens having W/B = 2 for B > 0.5 in. (12.7
mm) and W/B = 4 for B < 0.5 in. (12.7 mm). If a 280 000-psi
(1930-MPa) yield strength maraging steel is used for the clevis
and pins, adequate strength will be obtained for testing the
specimen sizes and ayg/E ratios given in 7.1.3. If lower-
strength grip matenal is used, or if substantially larger speci-
mens are required at a given oy¢/E ratio than those shown in
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-
modate seating of the clip gage in specimens less than 0.375 in.
(9.5 mm) thack.

A6.3.1.2 Careful attention should be given to achieving as
good alignment as possible through careful machining of all
auxiliary gripping fixtures.

A6.3.2 Displacement Gage—For generally applicable de-
talls concerning the displacement gage see 6.3. For the
disk-shaped compact specimen the displacements will be
essentially independent of the gage length up to 0.55 W.

A6.4 Procedure
A6.4.1 Measurement—The analysis assumes thc specimen
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was machined from a circular blank and therefore measure-
ments of circularity as well as width, W, and crack length, a,
must be made for this specimen.

A64.1.1 The specimen blank should be checked for circu-
larity before specimen machining. Measure the radius at eight
equally spaced points around the circumference of the speci-
men blank. One of these points should lie in the intended notch
plane. Average these readings to obtain the radius, r. If any
measurement differs from r by more than 5 %, machine the
blank to the required circularity. Otherwise, D = 2r = 1.35W.

A6.4.1.2 Measure the width, W, and the crack length, a,
from the plane of the centerline of the loading holes (the
notched edge is a convenient reference line but the distance
from the centerline of the holes to the notched edge must be
subtracted to determine W and a). Measure the depth, W, to the
nearest 0.001 in. (0.025 mm) or 0.1 %, whichever is larger, at
not less than thrce positions near the notch location, and record
the average value.

A6.4.1.3 For genecral requirements concerning specimen
measurcment see 8.2.

A6.4.2 Disk-Shaped Compact Specimen Testing—When as-
sembling the loading train (clevises and their attachments (o

the tension machine) care should be taken to minimize eccen-
tricity of loading due to misalignments external to the clevises.
To obtain satisfactory alignment keep the centerline of the
upper and lower loading rods coincident within 0.03 in. (0.76
mm) during the test and center the specimen with respect (o the
clevis opening within (.03 in. (0.76 mm).
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Note 1— Pin diameter = (.24 W (+ 0.000 W/-0.005 W). For specimens with oy > 200 ksi (1379 MPa) the holes in the specimen and in the clevis
may be 0.3 W (+ 0.005 W/-0.000 W) and the pin diameter 0.288 W (+ 0.000 W/-0.005 W).
Nore 2—0.002 in. = 0.05]1 mm.

Note 3—Comers of the clevis may be removed if necessary to accommodate the clip gage.
| FIG. A6.2 Tension Testing Clevis Design

A6.4.2.1 Load the disk-shaped compact specimen at such a where:
rate that the rate of incrcasc of stress intensity 1s within the P,
range 30 to 150 ksiin.!?/min (0.55 to 2.75 MPam'?%/s), B

corresponding to a loading rate for a standard (W/B = 2) 1-1n. W

load as determined in 9.1.1, klbf (kN),
specimen thickness as determined in 8.2.1, 1n. (cm),
specimen width as determined 1n A6.4.1.2, in. (cm),

i

thick specimen of 4500 to 22 500 1bf/min (0.34 to 1.7 kIN/s), and

respectively. a = crack length as determined in 8.2.2 and A6.4.1.2, 1n.
A6.4.2.2 For details concerning recording of the test record (cm).

see 8.4.

Note A6.1—This expression is considered accurate to within £0.3 %
over the range of o/W from 0.2 to 1.0 (19).

A6.5.3.1 To facilitate calculation of X, values of f (a/W)

are tabulated in the following table for specific values of a/W:
A6.5.2 For a description of validity requirements in terms of aW

A6.5 Calculations

A6.5.1 For general requirements and procedures in interpre-
tation of the test record see 9.1.

Ha/W) aw fla/w)
limitations on P, /P, and the specimen size requircments sce 0.450 8.71 0.500 1017
9.1.2 and 9.1.3. 0.455 8.84 0.505 10.34
A6.5.3 Calculation of K y—For the disk-shaped compact 0.460 8.97 0.510 10.51
specimen calculate K, in units of ksi-in.'”* (MPa-m') from the g o o o20 1088
following expression (Note A6.1): 0.475 9.40 0.525 11.05
0.480 9.55 0.530 11.24
Ky = (P/BW' /%) f (alW) (A6.1) 0.485 9.70 0.535 11.43
: 0.490 9.85 0.540 11.63
where: 0.495 10.01 0.545 11.83
2 + alW)(0.76 + 4 8a/W — 11.58(a/W)? (A6.2) 0.550 12.04

I = + 11.43(a/W)’ — 4.08(a/W)* A6.5.4 Calculation of R,y —For the disk-shaped compact

flalW) = "“"_m"}"i_ specimen calculate the specimen strength ratio (which 1s

23
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dimensionless and has the same value in any consistent set of 0.475 48.8 0.525 . 62.5
units) as follows: | 0.480 50.0 0.530 64.1
0.485 51.2 0.535 65.8
R = 2P, (ZW + a) (A63) 0.490 52.5 0.540 67.6
T BW - af axs | S e T
where: | | A6.5.6 For disk-shaped compact specimens, calculate the
Prax = maximum load that the specimen was able to normalized crack length as follows (see Note A6.3):
sustain,
B = thicknss of the specimen as determined in 8.2.1, @/ = 1000 = 44590 + 20661 ~ 13,0107 + 167.6270" - 48141/
W = gpecumen width as determined in A6.4.1.2,
a = crack length as determined in 8.2.2 and A64.1.2, where:
and S U = U1+ (E'BV,/P)"?]
Oys = Yyleld strength n tension (offset = 0.2 %) (see Test | | |
Methods E 8). Nore A6.3—-This expression fits the equation in A6.5.5 within

*+0.01 % of W for a/W = 0.2 (25). This expression is valid only for crack
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
or mset to provide the same measurement point location.

A6.6 Precision and Bias (see also Section 11)

A6.6.1 There has been no round-robin test program for the
where: disk-shaped specimen. However, the results of two testing
q(a/W) = [19.75/(1 - a/W)*1[0.469 — 0.056(a/W) + 1.86(c/ programs (16) designed to compare the results of the disk-
W)* - 2.06(w/W) + 0.789(@/W)"], and shaped specimen with those of the compact specimen and the

arc-shaped specimen arec summarized in Table A6.1. Based on

A6.5.5 Calculation of Crack Mouth Opening Compliance
Using Crack Length Measurements—For disk-shaped compact

specimens, calculate the crack mouth opening compliance,
V,./ P, in units of m/N (in./lb) as follows (see Note A6.2):

V. /P = (1/E'B)q(a/W) (A6.4)

thch crack mouth opening displacement, m (in.) the results 1n Table A6.1 and the geometric similarity of the
P = applied load kp}g (k]%f) P ' e specimens, there is no reason to suspect that the precision for
E' = Effective Young’s Modulus ( = E for plane stress, Pa the disk-shaped specimen would differ from that for the

compact specimen. The arc-tension specimen has been shown
(18) to have essentially the same grand mean and standard

B, W, and a are as defined in A6.5.3. deviation as the compact specimen.

Note A6.2—This expression is considered to be accurate to within Note A64—Units of mean and standard deviation are MPa myi(ksi

*+1.0 % for o/W = 0.2 (25). This expression is valid only for crack mouth in.'").
displacements measured at the location of the integral knife edges shown
in Fig. 5. If attachable knife edges are used, they must be reversed or inset
o provide the same measurement point location.

(psi); = E/(1 - v?) for plane strain, Pa (psi),
v = Poisson’s Ratio, and

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

| A6.5.5.! To facilitate the calculation qf craf:k mouth open- Laboratory 1 Laboratory 2

ing compliances, values of g (/W) are given in the following Ni-Cr-Mo Steel Ni-Cr-Mo Steal

table for specific values of a/W: oys = 1320 MPa oys = 1290 MPa

192 ksi 187 ksi
AW daW) aW W) ~ (192 ks - — ‘ :; _

0.450 43.4 0.500 5.1 i sk e e ompadt
0.455 44.4 0.505 56.5 Mean, X 109.4 109.2 114.7 116.4
0.460 45.5 0.510 57.9 (99.5) (99.4) (104.4) (105.9)
0.465 46.8 0.615 59.4 Standard 439(3.99) 3.76 (3.42) 1.86(1.69) 3.57 (3.24)
0.470 47.7 0.520 60.9 devialion, S

A7. SPECIAL REQUIREMENTS FOR RAPID-LOAD PLANE-STRAIN FRACTURE TOUGHNESS K, (1) TESTING

A7.1 Scope

Al.1.1 This annex covers the determination of plane-strain
fracture toughness (X ) propertics of metallic materials under

conventional (static) plane-strain fracture toughness testing.
This description of these requirements does not include impact
or quasi-impact testing (free-falling or swinging masses).
conditions where the loading rates exceed those for conven- Conventional fracture toughness test specimens are prepared as
tional (static) testing [150 000 psi-in."*/min (2.75 MPa-m'%  described in this method, tested under rapid-load conditions,
s)]. and a fracture toughness value is calculated. Load-deflection,
load-time, and deflection-time curves are recorded for each
test. The load-deflection curves resulting from these tests are
analyzed to ensure that the initial linear portion of the
load-displacement record is sufficiently well defined that P,

A7.2 Summary of Requirements

A7.2.1 Special rcquirements are necessary for plane-strain
fracture toughness testing at loading rates exceeding those of

24
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can be determined unambiguously. In addition, a test tume (¢),
restricted to not less than one ms is determined. This test time
and an optionally calculated average stress intensity factor rate
K characterize the rapid load test. The yield strength of the
material must be determined or estimated for the loading time
of the fracture test and 1s used 1n the analysis of the fracture test
data, All of the criteria for static K. determination apply to the
rapid-load plane-strain fracture toughness test. The rapid-load
planc-strain fracture toughness property is denoted by K .( )

where the time to reach the load corresponding to K, in ms 1s
indicated in the brackets ( ).

A7.3 Significance and Use

A7.3.1 The significance of the conventional (static) Kj.
properties applies also to the case of rapid loading. The
plane-strain fracture toughness of certain matenals is sensitive
to the loading rate and substantial decreases in toughness may
be noted as the loading rate increases. Generally, such materi-
als also show a pronouncced dependence of K. on test tem-
perature. For example, the loading rate sensitivity of structural
grade steels has required the development of a lower bound K
curve, given in Appendix G of Division III of the ASME Bouler
and Pressure Vessel Code, for the fracture-safe design of
heavy-wall nuclear pressure vesscls. Additionally, K, values
for steels tested at various temperatures and loading rates are
required for correlation with small-scale production control
tests (such as the Charpy V-notch test) for setting matenal
specifications and fracture-safe design procedures.

A7.4 Terminology

A7.4.1 Definitions:

A7.4.1.1 The definitions given in Terminology E 616 are
applicable to this test method.

A7.4.1.2 Stress-Intensity Factor—See Section 5 of this test
method.

A7.4.1.3 Plane-Strain Fracture Toughness—See Section 3
of this test method.

A7.4.1.4 Rapid Load—In fracture testing, any load that
results in an average stress-intensity factor rate 1n excess of
150 000 psi-in."?/min (2.75 MPa - m'*/s);

A7.4.1.5 Stress-Intensity Factor Rate, K (FL™» T H—In
fracture testing, a change in stress-intensity factor, K, per unit
time.

A7.4.1.6 Crack-Plane Orientation—See 35.1.3 of this test
method.

A7.4.2 Description of Terms Specific to This Method:

A7.42.1 Rapid-Load Plane-Strain Fracture Toughness, K
(FL?)—The crack extension resistance under conditions of

crack-tip plane strain at average loading rates exceeding
150 000 psi-in."*/min (2.75 MPa-m'/*/s). The time, ¢, to reach

P, in milliseconds is indicated in the brackets (f).

A7.5 Apparatus

A7.5.1 Loading—Generally, hydraulic machines with
rapid-acting servo controlled valves are used. Depending on
the compliance of the loading system and the pump capacity,
an accumulator may be required.

A7.5.2 Fixtures—The fixtures used for static plane-strain
fracture toughness tests arc generally suitable for rapid-load
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tests. However, consideration should be given to the possibility
that the toughness of the fixture material may be reduced by
rapid loading.

A7.5.3 Load and Displacement Transducers-—The trans-
ducers used for static plane-strain fracture toughness tests are
generally suitable for rapid-load tests. However, these trans-
ducers must have response characteristics that will ensure that

inertial effects will not contaminate the load and displacement
signals.

Noe A7.1—While not required, the resonant frequencies of these
transducers may be determined by suitably exciting them and observing
the wave characteristic on an oscilloscope. If ringing (high frequency
oscillation) is observed within the time period required to reach the P,
load, the stiffness of the transducers should be increased or their mass
reduced. Load cells are quite stiff and should provide no problem at the
minimum loading time of 1 ms. The displacement transducer might be
cause for concern depending on its design. The cantilever beam displace-
ment gage described in Annex Al has been used successfully at loading
times slightly lower than | ms (20). The resonant frequency of this gage
when mounted in a specimen in a conventional manncr and cxcited by
tapping is about 3300 Hz. The free-arm resonant frequency is about 750
Hz. Other gages of the same type but having different dimensions should
operate satisfactorily if their free arm resonance is at least 750 Hz. The

following equation may be used to estimate the free-arm resonant
frequency of such a gage:

20,11 /2
f = 0.162[%%] (A7.1)

where:
f = resonant frequency in hertz,
b = arm thickness in inches,
E = elastic modulus of the arms in pound-force per square inch,
¢ = gravitational acceleration 386 in./s’,
p = density of the arm material in pounds per cubic inch, and
] = Jength of the uniform thickness section of the arms in inches.

The coefficient becomes 51.7 if SI units are used where b is in metres, L
is in megapascals, g is 9.804 m/s?, p is kilograms per cubic metres, and 1
1S in metres.

A7.5.4 Signal Conditioners—Amplification or filtering of
the transducer signals may be necessary. Such signal condi-
tioning units should have a frequency response from dc to at
least 20/t (kHz) where ¢ is the test time in mlliseconds as
defined in A7.7.3. As described in A7.6.2, conventional me-
chanical recording devices may not have sufficient frequency

response to permit direct plotting of the load versus time and
the displacement versus time signals.

A7.6 Procedure

A7.6.1 Loading Rate—The rate of loading 1s optional with
the investigator but the time to reach the load corresponding to
K, shall not be less than 1 ms. Use a preload to climinate
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 the P, load. Such ringing can result
from inertial effects as described in Note A7.i. The special
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record analysis procedure described in A7.7.3 may be helpful
In assessing the magnitude of such effects.

Nore A7.2—It should be recognized that some materials may exhibit a
burst of crack extension at loads less than P, that is sufficiently abrupt to
produce nnging in the displacement transducer signal. Such an abrupt
advance of the crack may be associated with material inhomogenecitics
local to the fatigue crack tip. If the ringing is severe it may not be possible
to unambiguously determiane a value for P,,. The presence of such bursts
of crack extension should be recorded for those tests having analyzable
load versus displacement records.

Note A7.3—The test data may be directly recorded if the recording
devices have sufficient frequency response. Generally, it is advantageous
to use a storage device that will capture the data and permit playing it out
at a sufficiently slow speed that a pen recorder can be used in producing
the required records. Such storage devices are commnonly available in the
form of digital storage oscilloscopes having pen recorder outputs. Sepa-
rate storage instruruents are also available, In general these digital storage
devices have performance characteristics that are more than adequate to
capture, store, and replay the transducer signals from a 1 ms test. For
example, calculations show that for a typical fracture test such as
described in (20) the crack mouth displacement resolution would be about
0.030 mils/sample (0.76 um/sample) and the load resolution would be
about 160 1bf/sample (712 N/sample). It should be possible to obtain at
least 1000 simultancous samples of load and displacement during such a
test. A digital storage scope capable of at least this performance would
have the following characteristics: maximum digitizing rate 1 MHz,
maximum sensitivity> 100 mV, resolution 0.025 %, and memory of 4096
words by 12 bits. It may be necessary to amplify the output of the clip
gage moderatcly and possibly that of the load cell depending on its
capacity in terms of the range required. The above values of resolution are
based on a total noise figure of about 50 V.

A7.T Calculation and Interpretation of Results

A7.7.1 Special requirements are placed on the analysis of
the load versus displacement record. These take into account
the fact that experience (20) has shown load versus displace-
ment records from rapid-load fracture toughness tests are not
always as smooth in the linear range as those obtained from
static tests. The special requiremeants of this annex are designed
to ensure that an unambiguous value of P, can be determined.

A7.7.1.1 The test tme must be determined from the load
versus time record.

A7.1.2 The additional analysis of the load versus displace-
ment record 1s illustrated in Fig. A7.1. The procedure is as
follows: Construct the straight line OA best representing the
initial portion of the test record which ideally should be linear
but may not be smooth (also see Note 2). Then construct the
line OPy as descnibed in 9.1.1 (Fig. 8) and determine P,. Draw
a vertical line at vp passing through P, and define P, at the
point of intersection of this line with the line OA. Determine
3 % of P, and construct two lines BC and DE parallel to OA
with BC passing through P, + 0.05 P, and DE passing through
Pqo (P,—0.05 P,). Draw a honzontal line at P = 0.5 P,,. For the
test to be valid the recorded load versus displacement curve up
to P, must lie within the envelope described by these parallel
lines for the portion of the record with P = 0.5 P,

A7.7.3 The test ime ¢ in milliseconds is determined from
the record of load versus time as indicated in Fig. A7.2.
Construct the best straight line OA through the most linear
portion of the record. ¢ is then determined from the point of
intersection of this line with the time axis to the time
corresponding t0 P,y. This time ¢ is shown in the brackets ()
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DISPLACEMENT, v

FIG, A7.1 Special Requirements for Analysis of Load Versus
Displacement Records (5 % Secant Line Not Shown)

following K;.. An average stress intensity rate K may be
calculated by dividing K, or K[‘i by ¢ with the result being
expressed in ksi-in.'”/s or MPa-m'"/s. It should be recognized
that minor errors in determining the loading time are not
significant because significant changes in the toughness require
a change of several orders of magnitude in loading rate.

A7.7.4 The 0.2 % oflset tensile yield strength oy is used in
determining the specimen size requirements for a valid test as
described in 9.1.3. If the rapid load value of K, is valid using
a static yield strength value determined at a temperature at or
above that of the rapid-load test, no further yield strength
considerations are necessary.

LOAD, P

PRELOAD

O

Of—t ——
TIME , SECONDS

FIG. A7.2 Determination of Test Time From Load Versus Time
Record
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A7.1.5 If the test is invalid using such a yield strength, a
tension test should be conducted on the test material at the
temperature and loading time of the rapid-load toughness test
with the time to reach the yield load in the tension test
approximately equal to the time ¢ defined in A7.7.3.

A7.7.6 In the absence of oy, values as defined in A7.7.5 the
dynamic yield strength oy, of certain steels may be estimated
using the following equations (21} (22):

A

Oyp = Oyg + T Lo (2 X 107) — B (AT7.2)
where:
agys = the 0.2% offset room temperature static yield
strength,
t = the loading time in milliseconds (scc A7.7.3), and
T, = the temperature of the rapid-load toughncss test.
Units:

If oy is in pound force per square inch, then A = 174 000,
B = 27.2 ksi

If oy is in megapascals, then A =1 198 860, B = 1874
MPa

If the test temperature T is measured in °F, then

T.= (T + 460) (A7.3)
If the test temperature T is measured in K, then
T =18XT (A7.4)

Note A7.4—The equation in A7.7.6 has been found useful only in

estimating the low temperature dynamic yield strength of constructional
steels having room temperature yicld strengths below 70 ksi.

A7.8 Report

A7.8.1 The report must include the following additional
information:

A7.8.1.1 The test ime written in ( ) after K, or Kj,.

A7.8.1.2 The method by which the value of oy, used In
A7.7.5 was obtained.

A7.8.1.3 Indications of ringing, that occur before P, 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 fracturc 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 of K, (¢) at — 60°F
(=51°C) were reported (20), with oyp, 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 bend SE (B) and compact C (7)
specimens tested in three thicknesses by seven laboratories.
Not all 1aboratories tested all the thicknesses. Statistical tests
for outliers and for the differences between means indicated
that the data should be pooled. Considering all the valid data
the grand mean X = 55.64 ksi-in.'? (61.20 MPa-m'’), the
standard deviation S = 7.90 ksi-in."? (8.69 MPa-m'”?) and the
coefficient of variation is 14 % of the average.

A8. SPECIAL REQUIREMENTS FOR THE TESTING OF BERYLLIUM

A8.1 Scope

A8.1.1 This annex describes the special requirements for
determination of the plane strain fracture toughness of hot
pressed beryllium. With a few exceptions, the provisions of
Test Method E 399 are applicable to the fracture toughness
testing of beryllium. However, certain modifications to specl-
men preparation and record analysis, as described in this
annex, arise because of beryllium’s potential toxicity, imherent
brittleness associated with cleavage fracture, high elastic
modulus, nonlinear elastic behavior in the hot-pressed matenal,
and very high fatigue crack growth rates (26, 27).

Note A8.1—Inhalation of dust or fumes from metallic beryllium,
beryllium oxide, or soluble beryllium compounds can result 1n systemic
discase. Machining and testing of beryllium require special precautions
and an industrial hygicnist familiar with OSHA Standards should be
consulted before a beryllium test program is started.

A8.2 Specimen Size, Configuration and Preparation

A8.2.1 Specimen Size—For hot-pressed material, the spect-
men thickness shall be 13 mm (0.5 in.) or larger to avoid
excessive nonlincarity in the elastic portion of the load-
displacement record.

A8.2.2 Specimen Configuration—The bend SE(B) or the
compact C(T) specimen may be used. A straight through notch
(Fig. 7) shall be employed to provide sufficient fatigue crack
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extension in the required reversed loading.
A8.2.3 Specimen Preparation.

A8.2.3.1 Machining—Beryllium is not difficult to machine,
but machining damage is often encountered in beryllium and
tensile specimens are sometimes etched to remove the dam-
aged layer. However, expericnce has shown that such a
procedure is not necessary in the preparation of beryllium
fracture toughness specimens (27).

A8.2.3.2 Fatigue Cracking—Fatigue cracking should be
accomplished with a compression load 2 to 3 times that In
tension (-3 < R < —2). The rate of fatigue crack growth will
decrease with crack extension under this type of loading, and 1t
will be necessary to increase the tension portion of the cycle to
develop sufficiently long cracks. Generally that will require
that the last 2.5 % of the crack growth be accomplished at
sreater than 60 % of the anticipated K. value. To avod
breaking the specimen, values of Ky ,x greater than 80 % of
the anticipated K;. should not be used. As a guidehne, K. at
room temperature and in normal laboratory environments may
be assumed to be between 10 and 11 MPa m» (9 and 10 ks
in.}’%). Fatigue crack progress should be followed on both sides
of the specimen. It has proven helpful to use a dye solution
(such as those used for penetrant inspection) to define the crack

tips because the crack opecning is relatively small for this
high-modulus metal.
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Fatigue cracking of compact specimens in tension-
compression loading is especially difficult. Special gripping
arrangements are required which are beyond the scope of this
method. One such arrangement, however, is described in Ref
(28).

Fatigue cracking of SE(B) specimens has been successfully
accomplished in cantilever bending (26, 29). There the expres-
sion for three-point bending given in A3.5 was used as a
conservative approximation of K. for the case of cantilever
bending. A more recent approximation (30), obtained by
curve-fitting the compliance calibration data in (7) for a
cantilever bend specimen with /W = 2, is

K, = (PL/IBW>/?) f (a/W) (A8.1)
where:
f(a/W) = 0.326 + 30.318(a/W) — 59.905(a/
W)* + 68.889(a/W)°, and
where:
P = maximum cyclic load, kN (kibf),

L = §/2 = one-half span, cm (in.), and
S, B, W, and a are as defined in A3.5.3 or A4.5.3.

Nore A8.2—This expression is considered to be accurate to within
*+*5% fora/W < 0.6 (7).

To facilitate calculation of X, for loading of SE(B) speci-
mens in cantilever bending, values of f (¢/W) are tabulated in
the following table for specific values of a/W.

When using cantilever bending, excessive clamping forces
will produce cracks at the specimen edges which will invali-

date the test.

A8.3 Testing and Record Analyses

A8.3.1 Loads and displacements will be relatively low, and
the production of a satisfactory test record will require high
gain in the clip gage circuit. It is an advantage to use a
relatively slow loading rate corresponding to about (.18 MPa
m */s (10 ksi in.'”*/min) in order to provide an opportunity to
unload the specimen if the recording gain controls are not
adjusted to give the slope range specified by this method. When
a nonlinear elastic portion of the load-displacement record is
encountered, an initial slope should be established by drawing
a straight line between two points on the load-deflection
record, one point at 20 % of the maximum load and another at
80 % of maximum load.

A8.4 Precision and Bias (see also Section 11)

A8.4.1 Hot pressed beryllium from two suppliers was tested
in six laboratories in accordance with the procedures of this
Annex with the following results:

Batch 1 Baltch 2

Ty = 236.6 oy = 197.2
MPa MPa
) 34.3 ks 28.6 ksi
Grand mean, X 10.68 (9.72) 10.44 (9.50)
Standard devia- 0.93 (0.85) 0.78 {0.71)
tion, S

Nore A8.3—Units of grand mean and standard deviation are MPa
m'"(ksi in.1?2)

A8.4.2 The tensile elongation of beryllimm depends on
temperature and strain rate, but the magnitude of such vari-
ability on K. is not known. However, the results of the
interlaboratory program (31) did not appear to be influenced by
loading rates which varied from 0.20 to 2.7 MPa m'//s (11 to
143 ksi in.!”/min).

A9. SPECIAL REQUIREMENTS FOR TESTING ARC-SHAPED BEND SPECIMENS

a'w fa/w) aw Ra'w)
0.450 8.12 0.500 9.12
0.455 8.21 0.505 9.23
0.460 8.30 0.510 9.35
0.465 8.40 0.515 9.46
0.470 8.49 0.520 9.68
0.475 B.59 0.525 9.70
0.480 8.70 0.530 9.82
0.485 8.80 0.535 9.95
0.490 8.90 0.540 10.08
0.495 9.01 0.545 10.21

0.550 10.34

A9.1 Specimen

A9.1.1 The arc-shaped bend specimen (32) is a single-edge
notched and fatigue cracked ring segment loaded in bending.
The general proportions of the standard specimen are shown in
Fig. A9.1. The value of the radius ratio r,/r, is limited to the
range of 0.6 to 1.0 when the specimen is loaded with a
span-to-width ratio S/W of 4, and from 0.4 to 1.0 when the
specimen 18 loaded with a span-to-width ratio S/W of 3. For
cylinders with radius ratios of less than these limits, the
arc-shaped tension-loaded specimen or the disk-shaped speci-
men should be used.

A9.1.2 The arc-shaped bend specimen is intended to mea-
sure the fracture toughness so that the normal to the crack plane
1s 1n the circumferential direction and the direction of crack
propagation 1s 1n the radial direction. This is the C-R orienta-
tion as defined in 5.1.3. For other orientations, a bend (Anncx
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A3) or a compact (Annex A4) specimen should be used.

A9.1.3 Alternative specimens may have 2 < W/B < 4 but
with no change in other proportions. The use of the alternative
specimen proportions for the arc-shaped bend specimen can be
advantageous because in many cases it is possible to test ring
scgments with no machining of the inner or outer radii, that is,
with no change m W.

A9.2 Specimen Preparation

A9.2.1 For generally applicable specifications concerning
specimen size and preparation, see Section 7.

A9.3 Apparatus

A9.3.1 Bend Test Fixture—The bend test fixture in Annex
A3 1s suitable for the arc-shaped bend specimen as well.

A9.3.2 Displacement Gage—For generally applicable de-
tails concerning the displacement gage, see 6.3.
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Note 1—A surfaces shail be perpendicular and parallel as applicable within 0.0001W TIR.
Note 2—Crack starter notch shall be perpendicular to specimen surfaces to within™ 2 degrecs.
Note 3—Integral or attachable knife edges for clip gage attachment shall be used (see Fig. 5 and Fig. 6).

Note 4—For starter notch and fatigue crack configuration sec Fig. 7.

FIG. A9.1 Arc-Shapad Bend Specimen A(B)—Standard Proportions and Tolerances

A9.4 Procedure

A9.4.1 Measurement—Before testing an arc-shaped bend
sample, measure (7, — r;) to the nearest 0.025 mm (0.001 1n.)
or to 0.1 %, whichever is greater, at mid-thickness positions on
both sides of and immediately adjacent to the crack starter
notch mouth. Record the average of these two readings as W,
Also measure (r,-r;) at four positions, two as close as
possible to the intersection of the inside radius and the
machined flat surfaces, and two at approximately one half the
circumferential distance between the machined flat surfaces
and the crack plane. If any of these four measurements differ
from W by more than 10 % discard or rework the specimen.
Next, measure to the nearest 0.025 mm (0.001 in.) or to the
nearest 0.1 %, whichever is greater, the distance in the crack
plane between the chord that connects the two machined flat
surfaces and the outer radius of the specimen. This measure-
ment should be on both sides of the specimen referencing each
flat machined surface. Subtract W from the average of these
two measurcments and record the result as Z. Measure within
5 % the distance (g) across the crack mouth at the reterence
points for the measurement of the crack mouth opening
displacement (For example, g = 0.25 in. in Fig. 5). It should be
noted that g may be equal to the notch width (N) or larger than
N if machined knife edges arc used. Measure within 5 % the
outer radius, 7,; if this is not possible, determine the average
value of r, as follows (see Note A9.1): Measure withun 5 % the
length, L, of the chord of the outer surface, that is, the chord

established by the flat machined surfaces (see Fig. A9.2). Using
this measurement, calculate

r, = [LY8(W + Z)M{(W + Z)2]
Thf:n rllrz =] - w,fz.

(A9.1)

Note A9.1—A 10 % variation of the ratio r,/r, will affcct the value of
the stress intensity factor by 1.2 % or less providing that the relative crack
length o/W is not less than 0.3. However, the stress analysis is based on the
assumption that the specimens are to be cut from stock of a uniform
axisymmetric cross section. If inspection shows that the stock deviates

from axisymmetry by more than 10 % it should be reworked to be within
this tolerance.

A9.4.1.1 After fracture, measure the crack length in accor-
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dance with 8.2.2. An additional special procedure 1s necessary
for the arc-shaped specimen due to its curvature. Thus a length
measurement, m, made from a reference point adjacent to the
crack mouth to a point on the crack front will be greater than
the comresponding distance from the virtual point of intersec-
tion between the crack plane and the inside circumference of

the specimen (see Fig. A9.2). The error, ¢, may be computed
from the following expression:

FIG. A9.2 Measurement of Outer Radius (r,) and Crack Length for
the Arc-Shaped Bend Specimen (see A9.4.1.1)
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e =r, — (r? — g4t /? (A9.2)

If the relative error e/m < 0.01, then record m as the crack
length; otherwise e should be subtracted from m and the result
recorded as the crack length. |

A9.4.2 Arc-Shaped Bend Specimen Testing—Set up the test
fixture such that the span, S, is nominally equal to four times
(or three times) the width, W. Further adjust the fixture such
that the line of action of the applied load shall pass midway
between the support roll centers within 1 % of the distance
between these centers. Measure the span to within 0.5 %.
Locate the specimen with the crack tip midway between the
rolls to within 1 % of the span and perpendicular to the roll
axes within 2°. Seat the displacement gage on the knife edges
to maintain registry between knife edges and gage grooves. In
the case of attachable knife edges, seat the gage before the
knife edge positioning screws are tightened.

A9.4.2.1 Load the specimen at a rate such that the rate of
mcrease of the stress intensity factor is within the range 0.55 to
2.75 MPa mw/s (30 to 150 ksi in.»+/min). The corresponding
loading rates for a standard (W/B = 2) 25 mm (1 in.) thick
specimen are between 0.3 and 2.4 kN/s (4500 and 32000
Ibf/min) for the S = 3W specimen, and between 0.2 and 1.7
kN/s (3200 and 23000 1bf/min) for the § = 4W specimen.

A9.4.3 For details concerning the recording of the test
record, see 8.4.

= [0.677 + 1.078(a/W) — 1.43(a/W)? + 0.669(a/
Wy V(1 — a/W)ss.
For specimens with § = 3W-

S (/W)

Ky = [PoSIBW/ 1 + (1 — r/r)h(aWf(a/W)  (A9.4)
where:
hy(a/W) = 0.20 - 0.32(@/W) + 0.12(w/W)>,
L@W) = [0.644 + 1.11(a/W) — 1.49(a/W)? + 0.73(a/
Wy V(1 — a/Wy*?, and
where: |
P = load as determined in 9.1.1, kN (kIbf),
B = specunen 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.),
a = crack length as determined in 8.2.2, cm (in.),
r; = inner radius as determined in A9.4.1, cm (in.), and
ry = outer radiys as determined in A9.4.1, cm (in.).

Nore A9.2—These expressions are considered to be accurate to within
*1.0%for 0.2 = a/W = 1.0and 0.6 = r /r,=< 1.0 for § = 4W and within

1.5% tor 0.2 = /W < 1.0-and 0.4 =< ry/ry= 1.0 for § = 3W (32).

A9.5.3.1 To facilitate calculation of X, values of f (/W) arc
given n the following table for specific values of o/W:

a/w h(aW) haw) ha(aW) f(a/W)

. 0.450 0.0679 2.29 0.0803 223

A9.5 Calculations 0.455 0.0663 2.32 0.0792 226
A9.5.1 Interpretation of Test Record—For general require- g-g g-g’: ;‘-gg g-g;gf ;ig
ments and procedures for interpretations of the test record, see 0.470 0.0615 2 43 0.0761 5 aa
9.1.3. 0.475 0.0600 2 47 0.0751 2.40
A9.5.2 Validity Requirements—For a description of the 0.430 0.0584 2.50 0.0740 244
validity requirements in terms of limitations on P /P, and 0.455 0.0569 2.54 0.0730 €48
require _ MAX/ g 0.490 0.0554 2.58 0.0720 2.52

the specimen size requirements, see 9.1.2 and 9.1.3. 0.495 0.0540 2.62 0.0710 2.55
A953 Cq ion o L ) : 0.500 0.0525 2.66 0.0700 2.60
? al (l: lc:;(la@ f Kﬁ’f Lﬁ;r ‘hié" cki.h?p% bend speci 0.505 0.0511 2.71 0.0690 2.64
men, calculate K, in units o am “ (ksi 1n.”"“) as follows 0.510 0.0496 5 75 0.0680 268
(Note A9.2): 0.515 0.0482 2.80 0.0670 272
' : = . 0.520 0.0468 2.4 0.0660 2.77

For specimens with § = 4W: 0.525 0.0455 2.89 0.0651 282
K, =[P,SIBW/ 1 + (1 — ridr h{a/W-f.(a/ A9 13 0.530 0.0441 2.94 0.0641 2.86

e = [PoS 11+ (1 = rdr)h(@Wi@W)  (A9.3) 0.635 0.0428 2.99 0.0631 2.91

where: 0.540 0.0415 3.04 0.0622 2.96
‘ 0.545 0.0402 3.09 0.0612 3.01
hi(@W) = 0.29 - 0.66(a/W) + 0.37(a/W)?, and 0.550 0.03865 3.14 0.0603 308
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