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Standard Test Method for
Determination of Reference Temperature, T, for Ferritic
Steels in the Transition Range 1

This standard is issued under the fixed designation E 1921; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope solely C(T) or SE(B) specimens. It is therefore strongly

1.1 This test method covers the determination of a referencé@commended that the specimen type be reported along with
temperatureT,, which characterizes the fracture toughness ofthe derivedT, value in all reporting, analysis, and discussion of
ferritic steels that experience onset of cleavage cracking d€sults. This recommended reporting is in addition to the
elastic, or elastic-plasti . instabilities, or both. The specific équirements in 11.1.1. _ _
types of ferritic steels (3.2.1) covered are those with yield 1.4 Requirements are set on specimen size and the number
strengths ranging from 275 to 825 MPa (40 to 120 ksi) andPf repllca_lte tests that are need_ed to establish acceptable
weld metals, after stress-relief annealing, that have 10 % dgharacterization oK, data populations. _ _
less strength mismatch relative to that of the base metal. 1.5 The statistical effects of specimen size Kp. in the

1.2 The specimens covered are fatigue precracked singld@nsition range are treated using weakest-link the@y
edge notched bend bars, SE(B), and standard or disk-shap@@plied to a three-parameter Weibull distribution of fracture
compact tension specimens, C(T) or DC(T). A range oftoughness values. A limit orK,. values, relative to the
specimen sizes with proportional dimensions is recommende@P€cimen size, is specified to ensure high constraint conditions
The dimension on which the proportionality is based is@long the crack front at fracture. For some materials, particu-
specimen thickness. larly those with low strain hardening, this limit may not be

1.3 MedianK,, values tend to vary with the specimen type Sufficient to ensure that a single-parametir | adequately
at a given test temperature, presumably due to constraiftescribes the crack-front deformation steg _ _
differences among the allowable test specimens in 1.2. The 1.6 Statistical methods are er_n_ployed to predict the transi-
degree oK, variability among specimen types is analytically tion Foughness curve gnd specified tolerance bou_nd_s for 1T
predicted to be a function of the material flow proper@g  SPecimens of thg matenal_ tested. The standard dewatl.on of the
and decreases with increasing strain hardening capacity for ¢ata distribution is a function of Weibull slope and mediag
given yield strength material. Thi,. dependency ultimately The procedure for applying this information to the establish-
leads to discrepancies in calculafEglvalues as a function of Ment of transition temperature shift determinations and the
specimen type for the same materiB).values obtained from €stablishment of tolerance limits is prescribed.

C(T) specimens are expected to be higher tignvalues 1.7 The fracture toughness evaluation of nonuniform mate-
obtained from SE(B) specimens. Best estimate comparisons @l IS not amenable to the statistical analysis methods em-
several materials indicate that the average difference betwedtoyed in this standard. Materials must have macroscopically
C(T) and SE(B)-derived, values is approximately 10°2). uniform tensile and toughness properties. For e>_<amp|e, mult!-
C(T) and SE(B)T, differences up to 15°C have also been pass_weldments_can create hefat-af_fected and brl_ttle zones with
recorded (3). However, comparisons of individual, small Iocallged properties t_hat are_qwte different from elthgr_the bulk
datasets may not necessarily reveal this average trend. DatasBtaterial or weld. Thick section steel also often exhibits some
which contain both C(T) and SE(B) specimens may generatéariation in properties near the surfaces. Metallography and

T, results which fall between th&, values calculated using initial screening may be necessary to verify the applicability of
these and similarly graded materials. Paticular notice should be

given to the 2% and 98% tolerance bounds gppfesented in

* This test method is under the jurisdiction of ASTM Committee E08 on Fatigue9.3. Data falling outside these bounds may indicate nonuniform
and Fracture and is the direct responsibility of E08.08 on Elastic-Plastic Fracturgngterial properties.
Mechanics Technology.
Current edition approved Nov. 1, 2003. Published December 2003. Originally
approved in 1997. Last previous edition approved in 2002 as E 1921 — 02.
2 The boldface numbers in parentheses refer to the list of references at the end of
this standard.
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1.8 This standard does not purport to address all of the 3.2.4 J-integral, J[FL"Y]—a mathematical expression; a
safety concerns, if any, associated with its use. It is thdine or surface integral that encloses the crack front from one
responsibility of the user of this standard to establish approcrack surface to the other; used to characterize the local
priate safety and health practices and determine the applicastress-strain field around the crack fr¢6j. See Terminology

bility of regulatory limitations prior to use. E 1823 for further discussion.
3.3 Definitions of Terms Specific to This Standard:
2. Referenced Documents 3.3.1 control load, R,[F] —a calculated value of maximum
2.1 ASTM Standards® load used in Test Method E 1820, Egs. Al.1 and A2.1 to

E 4 Practices for Force Verification of Testing Machines stipulate allowable precracking limits.
E 8M Test Methods for Tension Testing of Metallic Mate-  3.3.1.1 Discussionr—In this method,P,, is not used for

rials (Metric) precracking, but is used as a minimum load above which
E 23 Test Methods for Notched Bar Impact Testing ofpartial unloading is started for crack growth measurement.
Metallic Materials 3.3.2 crack initiation—describes the onset of crack propa-

E 74 Practice for Calibration of Force Measuring Instru-gation from a preexisting macroscopic crack created in the
ments for Verifying the Force Indication of Testing Ma- specimen by a stipulated procedure.
chines . ) 3.3.3 effective modulus, JFFL~|—an elastic modulus that

E 208 Test Method for Conducting Drop-Weight Test 10 can be used with experimentally determined elastic compliance
Determine Nil-Ductility Transition Temperature of Ferritic {5 effect an exact match to theoretical (modulus-normalized)
Steels ) compliance for the actual initial crack siza,.

E 399 Test Method for Plane-Strain Fracture Toughness of 3 3 4 ajastic modulus EFL 3 —a linear-elastic factor re-

Metallic Materials _ _lating stress to strain, the value of which is dependent on the
E 436 Test Method for Drop-Weight Tear Tests of Ferritic degree of constraint. For plane stre§s= E is used, and for

Steels plane strainE/(1 —Vv?) is used, withv being Poisson’s ratio.

Eg% 'Flféiftll\z:tac:)rdiz)?g\r/aecEeStﬁgrqlr]cﬁtgfnSIow-Bend Pre- 3.3.5 elastic-plastic K[FL *—An elastic-plastic equiva-
9 ' lent stress intensity factor derived fradvintegral.

cracked Charpy Specimens of High-Strength Metallic 3.3.5.1 Discussior—In this test methodK; also implies a

Materials . ) . S .

E 1820I Test Method for Measurement of Fracture Tough_stress intensity factor determined at the test termination point
ness under conditions determined to be invalid by 8.9.2.

. . —3/ . . .

E 1823 Terminology Relating to Fatigue and Fracture Test- 3-3-6 elastic-plastic KJFL % —an elastic-plastic equiva-

ing lent stress intensity factor derived from thiéntegral at the
point of onset of cleavage fracturé,
3. Terminology 3.3.7 Eta (n)—a dimensionless parameter that relates plas-

3.1 Terminology given in Terminology E 1823 is applicable tic work done on a specimen to crack growth resistance defined

to this test method. in terms of deformation theorg-integral (7).

3.2 Definitions 3.3.8 failure probability, p—the probability that a single

3.2.1 ferritic steels—are typically carbon, low-alloy, and Selected specimen chosen at random from a population of
higher alloy grades. Typical microstructures are bainite, temSPecimens will fail at or before reaching tli&, value of
pered bainite, tempered martensite, and ferrite and pearlite. Affterest. _
ferritic steels have body centered cubic crystal structures that 3-3.9 initial ligament length, ffL] — the distance from the
display ductile-to-cleavage transition temperature fracturdnitial crack tip,a,, to the back face of a specimen.
toughness characteristics. See also Test Methods E 23, E 2083.3.10 pop-in—a discontinuity in a load versus displace-
and E 436. ment test record8).

Note 1—This definition is not intended to imply that all of the many . 3.3.10.1Discussior-A pOme. gvgnt Is usually audible, and
possible types of ferritic steels have been verified as being amenable 5@ sudden cleavage. crack |p|t|at|on eve.nt followed by crack
analysis by this test method. arrest. A test record will show increased displacement and drop
in applied load if the test frame is stiff. Subsequently, the test

3.2.2 stress-intensity factor, K[Ft¥3—the magnitude of : . , .
. ; . . . record may continue on to higher loads and increased displace-
the mathematically ideal crack-tip stress field coefficient (stres% ent

gg;%rzggg:]amy; L%rm%g%irélgﬂgagorg;de of crack-tip region 3:3.1_1 precracked cha}rpy specimefSE(B) specimen with
3.2.3 Discussion—In this test method, Mode | is assumed. W=B =10 mm (0.394 in.).
See Terminology E 1823 for further discussion. 3.3.12 reference temperature, [°C]—The test temperature
at which the median of thd&,. distribution from 1T size
specimens will equal 100 MR@m (91.0 ksi/in.).

3.3.13 SE(B) specimen span, Sftthe distance between

S For referenced ASTM standards, visit the ASTM website, www.astm.org, Orspecimen supports (See Test Method E 1820 Fig. 3)_
contact ASTM Customer Service at service@astm.org.Afomual Book of ASTM

Standards/olume information, refer to the standard’s Document Summary page on 3.3.14 spec_lmen thickness, B[-I:}the distance between the
the ASTM website. sides of specimens.
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3.3.14.1Discussior—In the case of side-grooved speci- specimens such as precracked Charpys may have to be tested
mens, thicknessBy, is the distance between the roots of theat temperatures beloW, where K;.eq)is well below 100

side-groove notches. MPa\/m. In such cases, additional specimens may be required
3.3.15 specimen size, rFa code used to define specimen as stipulated in 8.5.
dimensions, whera is expressed in multiples of 1 in. 4.6 Tolerance bounds can be determined that define the

3.3.15.1 Discussior—In this method, specimen proportion- range of scatter in fracture toughness throughout the transition
ality is required. For compact specimens and bend barsange. The standard deviation of the fitted distribution is a
specimen thicknesB = n inches. function of Weibull slope and mediaK, value,K;cmeaq

3.3.16 temperature, § [°C]—For K. values that are devel- o
oped using specimens or test practices, or both, that do ngt Significance and Use
conform to the requirements of this test method, a temperature 5.1 Fracture toughness is expressed in terms of an elastic-
at whichK;. (meqy= 100 MPa,/m is defined ad. Toisnota  plastic stress intensity factok, that is derived from the
provisional value ofT,,. J-integral calculated at fracture.

3.3.17 Weibull fitting parameter, k—a scale parameter 5.2 Ferritic steels are inhomogeneous with respect to the
located at the 63.2 % cumulative failure probability ley@).  orientation of individual grains. Also, grain boundaries have
K, =Kowhenp; = 0.632. properties distinct from those of the grains. Both contain

3.3.18 Weibull slope, b-with p; andK . data pairs plotted in ~ carbides or nonmetallic inclusions that can act as nucleation
linearized Weibull coordinates obtainable by rearranging Egsites for cleavage microcracks. The random location of such
15, bis the slope of a line that defines the characteristics of th@ucleation sites with respect to the position of the crack front

typical scatter oK. data. manifests itself as variability of the associated fracture tough-
3.3.18.1 Discussior—A Weibull slope of 4 is used exclu- ness(13). This results in a distribution of fracture toughness
sively in this method. values that is amenable to characterization using statistical

3.3.19yield strength, o, JFL™?]—a value of material methods.
strength at 0.2 % plastic strain as determined by tensile testing. 5.3 Distributions oK. data from replicate tests can be used

to predict distributions ofK,, for different specimen sizes.

4. Summary of Test Method Theoretical reasoning9), confirmed by experimental data,
4.1 This test method involves the testing of notched anduggests that a fixed Weibull slope of 4 applies to all data
fatigue precracked bend or compact specimens in a temperdistributions and, as a consequence, standard deviation on data
ture range where either cleavage cracking or crack pop-igcatter can be calculated. Data distribution and specimen size
develop during the loading of specimens. Crack aspect ratiagffects are characterized using a Weibull function that is

a/W, is nominally 0.5. Specimen width in compact specimenscoupled with weakest-link statistiqd4). An upper limit on
is two times the thickness. In bend bars, specimen width can beonstraint loss and a lower limit on test temperature are defined
either one or two times the thickness. between which weakest-link statistics can be used.

4.2 Load versus displacement across the notch at a specified5.4 The experimental results can be used to define a master
location is recorded by autographic recorder or computer dateurve that describes the shape and location of med#ign
acquisition, or both. Fracture toughness is calculated at @ansition temperature fracture toughness for 1T specimens
defined condition of crack instability. Th&integral value at (15). The curve is positioned on the abscissa (temperature
instability, J., is calculated and converted into its equivalent incoordinate) by an experimentally determined reference tem-
units of stress intensity factdf.. Validity limits are setonthe peratureT,. Shifts in reference temperature are a measure of
suitability of data for statistical analyses. transition temperature change caused, for example, by metal-

4.3 Tests that are replicated at least six times can be used kgrgical damage mechanisms.
estimate the medialg, of the Weibull distribution for the data 5.5 Tolerance bounds oK. can be calculated based on
population(10). Extensive data scatter among replicate tests isheory and generic data. For added conservatism, an offset can
expected. Statistical methods are used to characterize thelse added to tolerance bounds to cover the uncertainty associ-
data populations and to predict changes in data distributionsted with estimating the reference temperaturg, from a
with changed specimen size. relatively small data set. From this it is possible to apply a

4.4 The statistical relationship between specimen size anghargin adjustment td, in the form of a reference temperature
K, fracture toughness can be assessed using weakest-ligkift.
theory, thereby providing a relationship between the specimen 5.6 For some materials, particularly those with low strain
size andK . (4). Limits are placed on the fracture toughnesshardening, the value daf, may be influenced by specimen size
range over which this model can be used. due to a partial loss of crack-tip constraifB). When this

4.5 For definition of the toughness transition curve, a mastesccurs, the value of , may be lower than the value that would
curve concept is usgdl, 12) The position of the curve onthe be obtained from a data set kf, values derived using larger
temperature coordinate is established from the experimentapecimens.
determination of the temperature, designatgdat which the
median K, for 1T size specimens is 100 MRan (91.0 6. Apparatus
ksinv/in.). Selection of a test temperature close to that at which 6.1 Precision of Instrumentatiea-Measurements of applied
the mediarkK . value will be 100 MP8/m is encouraged and loads and load-line displacements are needed to obtain work
a means of estimating this temperature is suggested. Smalbne on the specimen. Load versus load-line displacements
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may be recorded digitally on computers or autographically on 6.5.2 Alternatively, a crack-mouth opening displacement
x-y plotters. For computers, digital signal resolution should bgCMOD) gage can also be used to determine the plastic part of
1/32,000 of the displacement transducer signal range andl However, it is necessary to employ a plastic etg)value
1/4000 of the load transducer signal range. developed specifically for that positiqi6) or to infer load-

6.2 Grips for C(T) SpecimenrsA clevis with flat-bottom  Point displacement from mouth opening using an expression
holes is recommended. See Test Method E 399-90, Fig. A6.2hat relates the two displacemer(s7). In either case, the
for a recommended design. Clevises and pins should berocedure described in 9.14is used to calculate the plastic part
fabricated from steels of sufficient strength to elastically resisPf J. The CMOD position is the most accurate for the

indentation loads (greater than 40 Rockwell hardness C scaf@mpliance method of slow-stable crack growth measurement.
(HRC)). 6.5.3 Crack growth can be measured by alternative methods

such as electric potential, but care must be taken to minimize
specimen heating effects in low-temperature tests (see also
6.4.2)(18).

6.6 Force Measurement

6.6.1 Testing shall be performed in a machine conforming to

6.3 Bend Test Fixture-A suitable bend test fixture scheme
is shown in Fig. A3.2 of Test Method E 399-90. It allows for
roller pin rotation and minimizes friction effects during the test.
Fixturing and rolls should be made of high-hardness steel

(HRC g_reater than 40). _ Practices of E 4-93 and E 8M-95. Applied force may be
6.4 Displacement Gage for Compact Specimens measured by any transducer with a noise-to-signal ratio less
6.4.1 DiSpIacement measurements are made sd traties than 1/2000 of the transducer Signa| range.

can be determined from area under load versus displacementg 6.2 Calibrate force measurement instruments by way of

test records (a measure of work done). If the test temperatutgractice E 74-91, 10.2. Annual calibration using calibration

selection recommendations of this practice are followed, crackquipment traceable to the National Institute of Standards and
growth measurement will probably prove to be unimportantTechnology is a mandatory requirement.

Results that fall within the limits of Uncertainty of the 6.7 Temperature Contre.l_Specimen temperature shall be

recommended test temperature estimation scheme will probneasured with thermocouple wires and potentiometers. It is

ably not have significant slow-stable crack growth prior torecommended that the two thermocouple wires be attached to
instability. Nevertheless, crack growth measurements are reghe specimen surface separately, either by welding, spot weld-
ommended to provide supplementary information, and thesgg, or by being affixed mechanically. Mechanical attachment
results may be reported. schemes must be verified to provide equivalent temeprature
6.4.2 Unloading compliance is the primary recommendatiormeasurement accuracy. The purpose is to use the test material
for measuring slow-stable crack growth. See Test Methods a part of the thermocouple circuit (see also 8.6.1). Accuracy

E 1820. When multiple tests are performed sequentially at lovof temperature measurement shall be within 3°C of true

test temperatures, there will be condensation and ice buildugmperature and repeatability among specimens shall be within

on the grips between the loading pins and flats of the clevi2°C. Precision of measurement shall h4°C or better. The
holes. Ice will interfere with the accuracy of the unloadingtemperature measuring apparatus shall be checked every six
compliance method. Alternatively, crack growth can be meamonths using instruments traceable to the National Institute of
sured by other methods such as electric potential, but care muStandards and Technology in order to ensure the required
be taken to avoid specimen heating when low test temperaturegcuracy.

are used. 7. Specimen Configuration, Dimensions, and Preparation
6.4.3 In compact C(T) specimens, displacement measure- P 9 . ' ! P )
ments on the load line are recommendedXaketerminations. /-1 Compact SpecimensThree recommended C(T) speci-

However, the front face position at 0\8in front of the load ~ Men designs are shown in Fig. 1. One C(T) specimen configu-
line can be used with interpolation to load-line displacementftion is taken from Test Method E 399-90; the two with cutout

as suggested in 7.1. sections are taken from E 1820. The latter two designs are

6.4.4 The extensometer calibrator shall be resettable at eaEﬂOdiﬁed to permit load-line displacement measurement. Room

displacement interval within 0.0051 mm (0.0002 in.).Accuracy'S provided for attachment of razor blade tips on the load line.

. are should be taken to maintain parallel alignment of the
of the clip gage at test temperature must be demonstrated to lg
within 1 % of the working range of the gage. Tade edges. When front face (at O/2%n front of the load

, line) displacement measurements are made with the Test
. 6.4.5 All clip gages used shall have temperature compensggeathod E 399 design, the load-line displacement can be
tion. inferred by multiplying the measured values by the constant
6.5 Displacement Gages for Bend Bars, SE(B) 0.73(19). The ratio of specimen height to width, 2H/W is 1.2,
6.5.1 The SE(B) specimen has two displacement gagend this ratio is to be the same for all types and sizes of C(T)
locations. A load-line displacement transducer is primarilyspecimens. The initial crack siza,, shall be 0.5W= 0.05W.
intended forJ computation, but may also be used for calcula-Specimen width, W, shall be 2B.
tions of crack size based on elastic compliance, if provision is 7.2 Disk-shaped Compact Specimen& recommended
made to subtract the extra displacement due to the elastlC(T) specimen design is shown in Fig. 2. Initial crack size,
compliance of the fixturing. The load-line gage shall displaya,, shall be 0.5\ 0.05W. Specimen width shall be 2B.
accuracy of 1 % over the working range of the gage. The gages 7.3 Single-edge Notched Bendlrhe recommended SE(B)
used shall not be temperature sensitive. specimen designs, shown in Fig. 3, are made for use with a
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FIG. 1 Recommended Compact Specimen Designs
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Note 1—A surfaces shall be perpendicular and parallel as applicable to within 0.002W TIR.
Note 2—The intersection of the crack starter notch tips with the two specimen surfaces shall be equally distant from the top and bottom extremes of
the disk within 0.005W TIR.
Note 3—Integral or attached knife edges for clip gage attachment may be used. See also Fig. 6, Test Method E 399.
FIG. 2 Disk-shaped Compact Specimen DC(T) Standard Proportions
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Note 1—All surfaces shall be perpendicular and parallel within 0.001W TIR; surface finish 64v.
Note 2—Crack starter notch shall be perpendicular to specimen surfaces towisin
FIG. 3 Recommended Bend Bar Specimen Design

span-to-width ratio, S/W = 4. The width, W, can be either 1B where:
or 2B. The initial crack sizeg,, shall be 0.8V = 0.05W. oy,s = material yield strength at the test temperature.

7.4 Machined Notch DesigaThe machined notch plus K, data that exceed this requirement may be used in a data
fatigue crack for all specimens shall lie within the envelopecensoring procedure. Details of this procedure are described in
shown in Fig. 4. section 10.2.2 for single-temperature data and 10.4.2 for

7.5 Specimen Dimension RequiremenfBhe crack front  multi-temperature data.
straightness crifce_rion _defined in 8.9.1 must be _satisf_ied. The 7 & small SpecimensAt high values of fracture toughness
specimen remaining ligamerit,, must have sufiicient size 10 o1a4ve to specimen size and material flow properties, the
maintain a condition of high crack-front constraint at fracture.values ofK,, that meet the requirements of Eq 1 may not

The maximumK . capacity of a specimen is given by: always provide a unique description of the crack-front stress-
Koo Eb,o s 1) strain fields due to some loss of constraint caused by excessive
o 301 — VA plastic flow(5). This condition may develop in materials with
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Note 1—Notch width need not be less than 1.6m¥he(in.) but not exceed W/16.
Note 2—The intersection of the crack starter surfaces with the two specimen faces shall be equidistant from the top and bottom edges of the specimer
within 0.005W.
FIG. 4 Envelope Crack Starter Notches

low starin hardening. When this occurs, the highegtvalues  finish sharpening is to be 0.000096/A(0.0006 in'?) + 5 %
of the valid data set could possibly cause the valu€,db be  and stress ratio shall be maintained in the range 0.Bk<0.1.
lower than the value that would be obtained from testinglf the precracking temperature, T1, is different than the test
speciemens with higher constraint. temperature, T2, then the finish sharpenkag,/E shall be
7.7 Side Grooves- Side grooves are optional. Precracking equal to or less tham[yg1/oysr2)] 0.000096 m’#+ 5 9%. The
prior to side-grooving is recommended, despite the fact thalbwest practical stress ratio is suggested in all cases. Finish
crack growth on the surfaces might be slightly behind. Specisharpening can be expected to require betwergnl®® to 5 X
mens may be side-grooved after precracking to decrease tH®° cycles for most metallic test materials when using the
curvature of the initial crack front. In fact, side-grooving may above recommendé( levels. Finish sharpening shall not take
be indispensable as a means for controlling crack frontess than 1®cycles to produce the last 0.6 mm (0.025 in.) of
straightness in bend bars of square cross section. The totgfowth.
side-grooved depth shall not exceed 0.25B. Side grooves with
an included angle of 45° and a root radius of &50.2 mm 8. Procedure
(0.02 = 0.01 in.) usually produce the desired results. 8.1 Testing Procedure-The objective of the procedure
7.8 Precracking— All specimens shall be precracked in the described here is to determine tlentegral at the point of
final heat treated condition. The length of the fatigue precrackrack instability,J.. Crack growth can be measured by partial
extension shall not be less than 5 % of the total crack sizeunloading compliance, or by any other method that has
Precracking may include two stages—crack initiation andprecision and accuracy, as defined below. However, the
finish sharpening of the crack tip. To avoid growth retardationJ-integral is not corrected for slow-stable crack growth in this
from a single unloading step, intermediate levels of loadest method.
shedding can be added, if desired. One intermediate level 8.2 Test Preparation- Prior to each test, certain specimen
usually sufices. To initiate fatigue crack growth from a dimensions should be measured, the clip gage checked, and the
machined notch, usk,,./E = 0.00013 Y2 (0.00083 in¥%)+  starting crack size estimated from the average of the optical
5 %2 Stress ratio, R, shall be controlled within the following side face measurements.
range: 0.Q < R <0.1. Finish sharpening is to be started at least 8.2.1 The dimensions B, B and W shall be measured to
0.6 mm (0.025 in.) before the end of precrackikg,,/E for  within 0.05 mm (0.002 in.) accuracy or 0.5 %, whichever is

larger.
4 Elastic (Young’s) modulus, E, in units of MPa will result in K, in units of
MPay/m. Elastic (Young’s) modulus, E, in units of ksi will result in. in units SWhen side-grooving is to be used, first precrack without side grooves and
of ksiv/in. optically measure the fatigue crack growth on both surfaces.
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8.2.2 Because most tests conducted under this method wi;;meq)Of @ data set is lower than 58 MRan, then theT,
terminate in specimen instability, clip gages tend to be abusedletermination using that data set shall not be allowed.
thus they shall be examined for damage after each test and
checked electronically before each test. Clip gages shall b&ABLE 2 Number of Valid K. Test Results Required to Evaluate

calibrated at the beginning of each day of use, using an To
extensometer calibrator as specified in 6.4.4. (T - To)i range Koemes 1ange”  Number of  Possible number

8.2.3 Follow Test Method E 1820, 8.5 for crack size mea- o (MPay/m) e of '{)‘;""‘E";’ﬁ,s‘s
surement, 8.3.2 for testing compact specimens and 8.3.1 for

K bend K 50 to —-14 212 to 84 6 3

testing bend specimens. _ 1510 -35 83 to 66 7 1

8.3 The required minimum number of valid,. tests is -36 to —50 65 to 58 8 0
specified according to the value meC(med) See also 8.5. A Convert Kjemeq) €quivalence using Eq. 16. Round off to nearest whole digit.

8.4 Test Temperature Selectiefit is recommended that the 5 Established specifically for precracked Charpy specimens. Use this column for

selected temperature be close to that at which Khgneq,  total specimen needs.

values will be about 100 MRg@m for the specimen size 8.6 Specimen Test Temperature Control and

selected. Charpy V-notch data can be used as an aid fdvieasuremenrt-For tests at temperatures other than ambient,

predicting a viable test temperature. If a Charpy transitiorany suitable means (liquid, gas vapor, or radiant heat) may be

temperature Ty, is known corresponding to a 28J Charpy used to cool or heat the specimens, provided the region near the

V-notch energy or a 41J Charpy V-notch energy, a constant €rack tip can be maintained at the desired temperature as

can be chosen from Table 1 corresponding to the test specimélefined in 6.7 during the conduct of the test.

size (defined in 3.3.15), and used to estirhdte test tempera- 8.6.1 The most dependable method of monitoring test tem-

ture from (12, 20) perature is to weld or spot weld each thermocouple wire

T=Ton+C 2y  separately to the specimen, spaced across the crack plane. The

specimen provides the electrical continuity between the two
thermocouple wires, and spacing should be enough not to raise

TABLE 1 Constants for Test Temperature Selection Based on any question of possible interference with crack tip deforma-
Charpy Results tion processes. Alternative attachment methods can be me-

Specimen Size, Constant C (°C) chanical types such as drilled hole, or by a firm mechanical

(nm 283 413 holding device so long as the attachment method is verified for
0.4 a2 38 accuracy and these practices do not disturb the crack tip stress

05 -28 -34 field of the specimen during loading.

) ‘_188 o 8.6.2 To verify that the specimen is properly seated into the

3 1 -7 loading device and that the clip gage is properly seated,

4 2 -4 repeated preloading and unloading in the linear elastic range
A For precracked Charpy specimens, use C = -50 or -56°C. shall be applied. Load and unload the specimen between loads

8.4.1 This correlation is only appropriate for determining an®f 0.2 P max@ndPa, (WhereP,,, is the top precracking load
initial test temperature. The iterative scheme described if the finishing cycles) at least three times. Check the calcu-
10.4.3 may be necessary to refine this test temperature in ordéted crack size from each unloading slope against the average
to increaseT, accuracy. Testing below the temperature SpecHorecrack size defined in 8.2. Refer also to Test Method E 1820,

fied in Eq 2 may be appropriate for low upper-shelf toughnes&d- A2.12 for C(T) specimens and to Eq. A1.10 for SE(B)
materials to avoid crack growth, and for low yield strengthSPe€cimens. Be aware that ice buildup at the loading clevis hole
materials to avoid specimen size invalidity (Eq’1). between tests can affect accuracy. Therefore, the loading pins

value ofK;emeq)for 1T specimens is greater than 83 M@, fixtures, the elastic modulus to be used should be the nominally
the required number of valid,, values to perform the analyses known value.E, for the material, and for side-grooved speci-
covered in Section 10 is six. However, small specimens such 48€ns, the effective thickness for compliance calculations is
precracked Charpy specimens (Test Method E 812) can délefined as:
velop excessive numbers of invali,; values by Eq 1 when B, = By(2—By/B) 3)
testing close to th&, temperature. In such cases it is advisable 8.6.3 ForJ calculations in Section 9By is used as the
. .6. N

;o tesit at t:mper%tureslbdeld_li_erf; Wr(;e_:redmosi, i no:laIIKJ_cd?rt]at tthickness dimension. All calculated crack sizes should be

eveloped can be valid. 1he disadvantage nhere Is tha rWithin 10 % of the visual average and replicate determinations
uncertamty_mTo determmauor_] Increases as the IOY’\’er'She'fwithin 1 % of each other. If the repeatability of determination
tougf:nesds LS a:pp:oached. This ||_‘1creas?h|n ug\cgrtalnty .cant k?se outside this limit, the test setup is suspect and should be
ﬁoun ered by e1§ Ibnlg ;nor;a ;pehmm;ahns ert()a y ;r:ggasw;g rfﬁoroughly rechecked. After working-in the test fixtures, the

somep SCCUTACY. TabIE 2 establishes the numboer o lides load shall be returned to the lowest practical value at which the
results required to evaluaile according to this test method. If fixture alignment can be maintained

8.7 Testing for K—All tests shall be conducted under
© Standard deviation on this estimate has been determined to be 15°C. displacement control. Load versus _Ioa_d-pom_t dlsplac_ement
7 Data validation is covered in 8.9.2 and Section 10. measurements shall be recorded. Periodic partial unloading can
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be used to determine the extent of slow-stable crack growth &t a value ofK; without cleavage fracture after surpassing
it occurs. Alternative methods of measuring crack extensionk ;. imir- FOr tests that terminate in cleavage after more than
for example the potential drop method, can be u@E). If 0.05W-a,) or 1 mm (0.040 in.), whichever is smaller, of
displacement measurements are made at a location other thslow-stable crack growth, corresponding to the longest crack
at the load point, the ability to infer load point displacementlength dimension measured by section 8.8.1, resuling
within 2 % of the absolute values shall be demonstrated. In thealue also shall be regarded as invalid. Should both the
case of the front face for compact specimens (7.1), this,c;mi and the maximum crack growth validity criteria be
requirement has been sufficiently proven so that no demonstraiolated, the lower value of the two shall prevail for data
tion is required. For bend bars, see 6.5.2. Crack size predictiocensoring purposes. Whé€y or K, values are invalid, these
from partial unloading slopes at a different location will requiredata contain statistically useable information that can be
different compliance calibration equations than those recomapplied as censored data in 10.2.2 or 10.4.2 as appropriate.
mended in 8.6.2. Table 2 in Practice E 561-92a contains 8.9.3 For any test terminated with no cleavage fracture, and
equations that define compliance for other locations on théor which the finalK; value does not exceed either validity

compact specimen. limit, cited in 8.9.2, the test record is judged to be a nontest, the
8.7.1 Load specimens at a rate such that the time of loadinggsult of which shall be discarded.
taken to reach loadP,, lies between 0.1 and 10 miR, is 8.9.4 Data sets that contain all vakg, values can be used

nominally 40 % of limit load; see Test Method E 1820, Eqgs.without modification in Section 10. Data sets that contain some
Al.1 and A2.1. The crosshead speed during periodic partidhvalid data but that meet the requirements of 8.5 can be used
unloadings may be as slow as needed to accurately estimandth data censoring (10.2.2). Remedies for excessive invalid
crack growth, but shall not be faster than the rate specified fodata include 1) testing at a lower test temperatur) {esting
loading. with larger specimens, oB) testing more specimens to satisfy
8.7.2 Partial unloadings that are initiated between loadhe minimum data requirements.
levels P,, and 1.%,, can be used to establish an “effective” 8.9.5 A discontinuity in a load-displacement record, that
elastic modulusk,, such that the modulus-normalized elastic may be accompanied by a distinct sound like a click emanating
compliance predicts an initial crack size within 0.001W of thefrom the test specimen, is probably a pop-in event. All pop-in
actual initial crack size. The resultirig, should not differ from  crack initiationK values for cracks that advance by a cleavage-
an expected or theoretical E of the material by more than 10 9driven mechanism are to be regarded as eligibledata. It is
(see also Practice E 561-92a, Section 10). A minimum of twdgecognized that test equipment can at times introduce false
such unloadings should be made and the slopes should tp@p-in indications in test records. If a questionable discontinu-
repeatable within 1 % of the mean value. Slow-stable crackty develops, stop the loading as soon as possible and assess the
growth usually develops at loads well above P, 5and the compliance ratio by 9.2. If the compliance change leads to a
spacing of partial unloadings depends on judgement. As arfitio calculated by 9.2 that is greater than the calculated ratio
aim, every 0.0&, increment of crack growth is suitable. Usg  corresponding to more than a 1 % increase in crack size, the
in place ofE and B, for thickness to calculate crack growth. recommended practice is to assume that a pop-in event has
8.8 Test Termination- After completion of the test, opti- occurred and to terminate the test, followed by heat tinting and
cally measure initial crack size and the extent of slow-stabl@reaking the specimen open at liquid nitrogen temperature.

crack growth or crack extension due to crack pop-in, or bothMeasure the initial crack size and calculétg, for the pop-in
when applicable. load, based on that crack size. Measure the post pop-in crack

8.8.1 When the failure event is full cleavage fracture size visually and record it. If there is no evidence of crack
determine the initial fatigue precrack siza, as follows: extension by cleavage, then tKg. value at the discontinuity

measure the crack length at nine equally spaced points centerBaiNt is not a part of th&,. data distribution.
about the specimen centerline and extending to 0.01B from the .
free surfaces of plane sided specimens or near the side groove Calculations
roots on side grooved specimens. Average the two near-surface9.1 Determine thd-integral at onset of cleavage fracture as
measurements and combine the average of these two readinty® sum of elastic and plastic components:
with the remaining seven crack measurements. Determine the =3+ ()
average of those eight values. Measure the extent of slow- . .
stable crack growth if it develops applying the same procedure. 9'1'1 For compact specmer@(T), the elastic component
The measuring instruments shall have an accuracy of 0.02%f Jis calculated as follows:
mm (0.001 in.). _(1-VKZ
8.9 Qualification of Data Je = E ®
8.9.1 TheK,, datum shall be considered a non-test and, o re-
dlscarded if any of the nine physical measurement_s of theKe = [PI(BBW)Y? f (a/W),
starting crack size differ by more than 5% of thickness

dimensionB, or 0.5 mm, whichever is larger, from the average flag/W) = 2+ a/W), “3“/32[0.88(%r 4.64(a/W) — 13.32a,/W) 2
defined in 8.8.1. (1-a/W)
14.7 3 4
8.9.2 A K,, datum is invalid if the specimen exceeds +14.733/W)" - 5.8a/W) ], ©®)

Kicqimin r€quirement of 7.5, or if a test has been discontinued anda, = initial crack size.
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9.1.2 For disk-shaped compact specimdé»S(T), the elas-
tic component of] is calculated as follows:

(1 -V K
e=—F — )
where:
Ke = [PI(BBW)"] f (a/W),
(2 + a/W
flay/W) = raj\‘;/\m,z[mm 4.8(aJW) — 11.58a/W)2
+11.43a/W)° - 4.08a/W) ], ®)

anda, = initial crack size.
9.1.3 For SE(B) specimens of both>BB and BX 2B cross

either LLD or crack-mouth opening displacement (CMOD).
Using LLD, n = 1.9. Values ofy for bend bars based on
CMOD are discussed in 6.5.2.

9.1.5 K, is determined for each datum frodhat onset of
cleavage fracturel.. Assume plane strain for elastic modulus,

E:
Ky = J——
e €1V

9.1.6 All data withK,_ in excess of the limits prescribed in
8.9.2 are considered invalid, but values can be used in the
censoring analysis that is described in 10.2.2 or 10.4.2 as
appropriate. Invalid data developed as a part of a data set

(12)

sections and span-to-width ratios of 4, the elastic component fisqualifies that data set for analysis by 10.2.1.

J is calculated as follows:

Je _ (1 _;2) K(z-: (9)
where:
Ke = {PS[(BBY"> W} (a/W),

3(a/W)”?
f@/W) = 2+ 2T

1.99 —(a/W)(1 —a JW)[2.15 — 3.98a/W) + 2.7(a/W)?]
(1 —aOMI)3/2,

(10)
anda, = the initial crack size.

9.1.4 The plastic component dfis calculated as follows:

_ A
J = B b, (11)
where:
A, = A-1/CP?
A = A+ A, (see Fig. 5),
C, = reciprocal of the initial elastic slope, V/P (Fig. 5),
and
b, = initial remaining ligament.

9.2 Pop-in Evaluatior—Test records that can be used for
K _analyses are those that show complete specimen separation
due to cleavage fracture and those that show pop-in. If a
load-displacement record shows a small but perceptible dis-
continuity without the audible click of the typical pop-in, a
mid-test decision will be needed. Following Fig. 6, determine
the post pop-in to initial compliance rati@;/C,, and compare
this to the value of the right-hand side of the following
inequality which implies that a pop-in has occurred:

C W\
(o [1 +0.01q <§-1> ] (13)
where:

a =

o nominal initial crack size (high accuracy on dimen-

sion a, is not required here), and
m = parameter based on LLD defined in 9.1.4.1.

Eq 13 involves the use, by approximation, of the plastic
parametery, in an otherwise elastic equation, as suggested in
Test Method E 1820. When/aV = 0.5, G/C, shall be greater
than 1.02, to follow the pop-in evaluation procedure prescribed
in 8.9.5.

9.3 Outlier—Occasionally, an individuaK,. datum will

o
9.1.4.1 For standard and disk-shaped compact specimereppear to deviate greatly from the remainder of the data set.

A is based on load-line displacement (LLD) aek 2 + 0.522
b,/W. For bend bar specimens of bdhx B andB X 2B cross

The impact and character of this datum can be evaluated as
follows. First determine the 2 % and 98 % tolerance bounds

sections and span-to-width ratios of A4, may be based on using the equations below:

LOAD, P—»

-UNLOADING
SLOPE 4/,
PARALLEL TO
INITIAL SLOPE

LOAD LINE DISPLACEMENT, V—=

FIG. 5 Definition of the Plastic Area for

J,, Calculations

10
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SCHEMATIC OF
SUSPECTED POP-IN
EVENT

—B \
\

FOR ao/W =05 \
POP-IN RECOGNIZED  \
WHEN C;/Cy>1.02 \
FOR SMALL POP-INS,

AO/BO = Ci/Co \

\
\

LOAD, P —»

0

DISPLACEMENT, V—»
FIG. 6 Schematic of Pop-in Magnitude Evaluation

Kigo.0a = 0.415K4meq + 11.70 MPa/m (14) lative probability distributions of nearly the same shape,
independent of specimen size and test temperature, When

K = 1.547K ~10.94 MP _ o

Jo0:98 Jamed _ a/m is set at 20 MPg/m (18.2 ksi/in.). The shape of the

If the suspected datum is outside the tolerance boundgistribution is defined by the Weibull exponeht,which tends

dictated by Egs. (14) (for exampl&;c < Kiqo.02) 0" Kic > to be near 4. Scale paramets, is the data fitting parameter

Kico.08) it may be possible to reduce the influence of thegetermined when using the maximum likelihood statistical

outlier datum OnKyemea) by testing additional specimens. methoq of data fitting21). When K, and K, in Eq. 15 are
Typically, a total of 12 replicate specimens is sufﬁment.(?qua' P, = 0.632.

However, outliers shall not be discarded from the data utilize 10.1.4 Size Effect PredicitorsThe statistical Kest-link
to calculateK ;. meqy The emergence of additional outliers may -4 Slze Lliect Fredicitons The statistical weakest-ink
theory is used to model specimen size effect in the transition

indicate that the test material is not homogenious.
range between lower shelf and upper shelf fracture toughness.
10. Prediction of Size Effects and Transition Temperature  The following Eq. 16 can be used to size adjust individ€gl

10.1 Weibull Fitting of Data Sets values,K;meay OF Ko. Ky Serves as the example case:
10.1.1 Test Replication- A data set consists of at least six 3 B, )4
valid replicate test results determined at one test temperature, Kaa) = Kin + [KJ@)‘Kmi”](E) (16)

or the equivalent thereof; see also 8.5 for single temperature
and 10.4 for multi-temperature requirements. where
10.1.2 Determination of Scale Parameter,kand median K Kicwo)
[Kscmed—The three-parameter Weibull model is used to °
define the relationship betwedfy. and the cumulative prob- . - - -
ability for failure, p;. The termp; is the probability for failure g(r)(;zz)th;ﬁléness of prediction (side grooves ig
at or beforeK ;. 1_‘or an arbltr_arlly chosen specimen tal_<en from K.. = 20MPa/m (18.2 ksiv/in.).
a large population of specimens. Data samples of six or more . .
specimens are used to estimate the true value of scale param-lo'2 T_he recommendation advar)ce(_j by this s_tandard test
eter,K,, for the following Weibull model: method is to performK;, da’_ta repllcatlor_1 at a single test
temperature, as near as possible to an estinTatezmperature.
pr = 1= exp{ = [(Koe =Ko/ (Ko =K'} (15 However, all data obtained at temperatures within the range
10.1.3 Ferritic steels of yield strengths ranging from 275 to-50°C = (T-T,) = 50°C shall be considered in the determi-
825 MPa (40 to 120 ksi) will have fracture toughness cumu-nation ofT,. Therefore, if testing is performed at more than one

K, for a specimen siz8,,
gross thickness of test specimens (side grooves
ignored),

X

11
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temperature, the multi-temperature procedure described iform to a common toughness versus temperature curve shape

10.4.2 shall be used. In this case, the combination of validn the same manner as the ASM&. and K g lower-bound

specimen numbers and test temperatures shall satisfy Eq. (2@¢sign curves21, 22) For this method, the shape of the

in 10.4.1. Iteration in terms of testing additional specimensmedianK,. toughnessK;;meqy for 1T specimens (3.3.15) is

may be required. For single-temperature tests, use 8.4 or 8.5 fdescribed by:

test temperature estimation assistance. The following sections _

10.2.1 and 10.2.2 can be used to calculate the scale parameter, Kagmeg = 30+ 70 exp [0.018T ~To)], MPay/m. (20)

K, for data developed at a single test temperature andvhere:

consisting of at least six valik,; values, or the equivalent T = test temperature (°C), and

thereof, see also 8.5. Data sets containing only valid data (a , = reference temperature (°C).

defined in 8.9.2) shall be analyzed as per 10.2.1. Paragraph10.3.1 Master curve positioning involves the determination

10.2.2 shall be applied if any invalid data (as defined in 8.9.2pf T, using the computational steps presented below.

exist. 10.3.2 Determine Reference Temperature )dUse only
10.2.1 Determination of K with all Valid Data—If the data 1T Kjcmeayvalues, converted by Eq. 16 if necessary.

are generated from specimens of other than 1T size, the data 1 Kigmeg — 30

must first be converted to 1T size equivalence using Eq. (16) To=T- (0.019) ! [ 70 ]

(see_ section 3.3.;5). The following Eq. (17) shall be then Units of Kycgneg)are in MPa/m; units of T, are in °C.
applied to determiné&,: ; .
10.4 Multi-temperature Optior-The reference tempera-

(21)

N (Kogiy =Ko ] ture, T,, should be relatively independent of the test tempera-
Ko = 21 N * K (A7) ture that has been selected. Hence, data that are distributed over
_ a restricted temperature range, namgly- 50°C, can be used
\I/\Ivhere. _ number of specimens tested as defined in 8.9 andt: determineT,. As it is with the single test temperature option,
B > it minimum of six validK . data (8.9.2) or the equivalence, b
Knn = 20 MPa/m (18.2 ksi/in.). Jc ( ) q y

i weight factor, described in 10.4.1 below is required. In the case
See X1.2 for an example solution. of data generated at test temperatures from 14°C b&|ptw
10.2.2 Determination of i§ with Censored Data-Replace  50°C aboveT,, the minimum requirement of six valid data will

all invlaid K, values (8.9.2) with dummyK,; values. If  pe satisfactory.

invalidity was due to violation ofK;cgimiy, Ed. (1), the 10.4.1 Data generated at test temperatures in the ranfe of

experimentalk;. value shall be replaced b, imiy for the - 50 to T, - 14°C are considered to make reduced accuracy

specimen size used. Use the material yield strength at the tegéntribution toT, determinations. As a consequence, more data
temperature. In the case K, invalidity due to exceeding the development within the aforementioned temperature range is
0.05(W-a,) or 1-mm (0.04-in.) limitation on stable crack required. The following weighting system specifies the re-

growth (8.9.2), theK, test value shall be replaced with the quired number of data:

highest validK,. in the data set for any specimen size. The 3

Weibull scale parameteiK,, shall be calculated using the >rhnn=1 (22)

following Eq. (18), in which allK;; and dummy values for et

specimens other than 1T size are converted to 1T size equiva- ) ) ) o )

lence, using Eq. (16). See section 3.3.15 and X1.3 for example Wherer; is the number of valid specimens within the i-th

solution. temperature rangeT{T,), andn; is the specimen \(veighting
s factor for the same temperature range as shown in Table 3.
 _ [% (Kag) _Kmin):| e 18) 10.4.2 All K, data, including valid and dummy values
° Li=h r m resulting from Eq. 1 violation at each test temperature, must
: first be converted to 1T equivalence using Eq. 16. If the
where: low-stable crack growth limitation is violated as specified in
r = number of valid data as defined in 8.9, SO S nie Crack growen AITitation 1 Vi peciied |
K... = 20MPa/m (18.2 ksi/in.), and 8.9.2, the highest valid,, shall be used for censoring. The
N = number of data (valid and invlaid). Kicgimiy in 8.9.2 shall be chosen from data at any temperature

as this value should be largely temperature insensitive. Also
Elﬁis value is specimen-size-independent and size correction of
this limit shall not be performed. The¢; value corresponding

to J. also can be used for crack growth censoring,f is

10.2.3 K, to KygmegyCoONversior—The scale parametek,,
calculated according to either, 10.2.1 or 10.2.2, corresponds
a 63 % cumulative probability level for specimen failure by
cleavage. The medial; of a data population corresponds to
50 % cumulative probability for fracture ard;;,eqycan be

determined fronK, using the following:
TABLE 3 Weight Factors for Multi-Temperature Analysis

KJo(mec) = Kmin + (Ko - Kmin) [1n(2)]1/4 (19)

(T - T,) range” 1T Kjepmea) range? Weight factor
(°C) (MPa/m) n;
where: 50 to —-14 212 to 84 1/6
Kmin = 20 MPa\/m (18.2 ks'\/'”-_)-_ 1510 -35 83 to 66 17
10.3 Establishment of a Transition Temperature Curve  -36to-50 65 to 58 18

(Master Curve}-Transition temperaturk,. data tend to con- A Rounded off to the closest integer.

12
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known for the test material. The following equality shall be tation of data scatter. This information can be used to calculate
used to determing&, for tests made at varied temperatuf®$, tolerance bounds on toughness, for the specimen reference size

23). chosen. The data scatter characteristics modeled here can also
N exp [0.019(T, — T,)] _be of use in probabilistic fracture m_echanics ana_lysis, be_aring
21 S 777 xp [0.019T — ] (23)  in mind that the master curve pertains to a 1T size specimen.
. The master curve determined by this procedure pertains to
_ 5 Ky — 207exp [0.019T, ~ T)] _ cleavage fracture behavior of ferritic steels. Extensive ductile
€1 {11+ 77 exp [0.019T, - T)I¥® tearing beyond the validity limit set in 8.9.2, may precede

cleavage as the upper-shelf range of temperature is approached.

\’/\Ivhere: = number of specimens tested Such data can be characterized by separate methods (see Test
T = test temperature correspondingKg., Method E 1820).
Kiciy = eitheravaliK, datum or dummy value substitute ;4 Report
for an invalid datum (section 8.9.2). Al input he following inf o
values, valid or dumm¥,., must be converted to 11.1 Report the following information: :
1T equivalence (section 3.3.15) before entry, 11.1.1.Specm.1en type, specimen thickn&s)et thickness,
5, = 1.0 if the datum is valid or zero if the datum is a B, SPecimen widthv, - ,
dummy substitute value 11.1.2 Specimen initial crack size,
11 = integer equivalent of 107(In“2? MPay/m, and 11.1.3 Visually measured slow-stable crack growth to fail-
77 = integer equivalent of 70/(In%f MPay/m. ure, if evident, _ _ _ _
Solve Eq. 23 fofT, temperature by iteration 11.1.4 Crack plane orientation according to Terminology
. o .

. . . E 1823,
10.4.3 Since the valid test temperature range is only known 11.1.5 Test temperature,

after T, has been determined, the following iterative scheme ; .
. e 11.1.6 Number of valid specimens and total nhumber of
may be helpful for identifying proper test temperature. Choose """
S : B : pecimens tested at each temperature,
an initial test temperatures as described within 8.4 using thd 11.1.7 Crack pop-in and compliance rat@iC
value of “C” appropriate for the test specimen size. Conduct 11.1.8 MateriaF\)I ﬁeld strengthpand tensile stﬁéngth
3-4 valid tests at this temperature and evaluate a prelimifiary 11.1.9 The location of displacement measurement used to

value using 10.2 to determin,. Base all subsequent test obtain the plastic component df(load-line or crack-mouth)
temperatures on this preliminary valueTof See Appendix X3 11.1.10 A list of individualK,. values and the median

for an example solution. _ K___(MPay/m) obtained from that list,
10.4.4 Certain multi-temperature data sets may result in an*{%” 11 Reference temperature on master cUFy¢°C)

oscillating iteration between two (or more) distirfit values 11'1'12 Fatique precracking condition in term ' ’for

upon satisfying th@, + 50°C limit of 10.4. In these instances, dh - gue b g S0

e last 0.64 mm (0.025 in.) of precrack growth, and
the T, value reported shall be the average of the calculated 14 1 13 Difference between maximum and minimum crack

values. One example is for hypothetical data with toughnesg,, i, measurement expressed as a percentage of the initial
values such that the initidl, estimation requires that data at f:rack size
t .

one te.mpergture be_excluded. The second |t¢rat|o_n then' results;1 o The report may contain the following supplementary
in the inclusion of this same data. Subsequiyiterations will = ;e oo
the_n oscillate betwgen the o_r|g|nal firstand second estimations. 17 5 ¢ Specimen identification codes,
This phenomenon is more likely for sparse data sets when test
results exist near th&, = 50°C limit. More testing near the
averagerT, will likely resolve this problem.

10.5 K, values that are developed using specimens or tesk2. Precision and Bias

practices or both, that do not conform to the requirements of 121 Precision—The variability of material toughness in the
this method can be used to establish the temperature of 1Qgansition range is an accepted fact and the modeling of the data
MPay/m fracture toughness. Such temperatures shall be rescatter is an integral feature of this test procedure. It has been
ferred to asT,. Currently existing experimental evidence observed that wheK,,,;, of 20 MPa/m is used as a determin-
indicates that data populations developed without the conistic parameter in the three-parameter Weibull statistical model,
trolled constraint conditions required by the present standarg _ data distributions will tend to display a Weibull slope of
method are apt to have Weibull slopes that are other than 4 angpproximately 4. Small sample sizes, such as required by 8.5,
as such, the use of the equations provided here and the use# prone at times to show slopes that vary randomly above and
the master curve toughness trend to determilgeis not  pelow 4, but such behavior does not necessarily indicate a
technically justifiable. Hence, values df, are of use for |ack-of-precision problem. This variability becomes small only
unique circumstances only and are not to be regarded agith extremely large sets of specime(isl). Despite slope
provisional values off,,. variations with sample sizes, the medikg, will be within

10.6 Uses for Master Curve-The master curve can be used 20 % of the true median of the full data population and it is this
to define a transition temperature shift related to metallurgicavalue that is used to establish the reference temperafyre,
damage mechanisms. Fixed values of Weibull slope andhe number of specimens required by this standard is increased
medianK, define the standard deviation; hence the represerfor tests performed at temperatures bel®y Tests that use

11.2.2 Measured pop-in crack extensions, and
11.2.3 Load-displacement records.

13
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more than the minimum number of six specimens haveThe bias size is expected to increase inversely to the strain
increased precision d&f;;meqydetermination. This is required hardening ability of the test material at a given yield strength.
at test temperatures approaching lower shelf where moren average T, values obtained from C(T) specimens are
precision is needed to maintain an equal uncertainty level in thaigher thanT, values obtained from SE(B) specimens. Best
T, determination. If reference temperaturés, are calculated estimate comparison indicates that the average difference
from Kjemea)Vvalues determined at several test temperatureyetween C(T) and SE(B)-deriveR, values is approximately
some scatter can be expected. The standard deviation of thigoc (2). c(T) and SE(BJT, differences up to 15°C have also
scatter is defined by Eq X4.1 in Appendix X4. Eq X4.3 solvedpeen recordedB). However, comparisons of individual, small
using the sample size required for validity and applied with ayaa5ets may not necessarily reveal this average trend. Datasets
standard norm_al dewatg for 85 % confidence suggestsTthat which contain both C(T) and SE(B) specimens may generate
values determined at different temperatures can be expected{co: results which fall between th&, values calculated using

be within a scatter band of 20°@5, 22) :
12.2 Bias—As discussed in 1.3, there is an expected biassmeIy C(T) or SE(B) specimens.

amongT, values as a function of the standard specimen type.

APPENDIXES
(Nonmandatory Information)

X1. WEIBULL FITTING OF DATA

X1.1 Description of the Weibull Model = 114.4 MPa,/m

X1.1.1 The three-parameter Weibull model is used to fit the X1.2.2
relationship betweerk;. and the cumulative probability for 1 K, _ 30
failure, p. The termp; is the probability for failure at or before To=T- (0.019) In [ = ] (X1.4)
K, for an arbitrarily chosen specimen from the population of
specimens. This can be calculated from the following:

= —85C

pr =1 —expl —[(Ky =K mind (Ko =K I} (X1.1) X1.3 Data Censoring Using the Maximum Likelihood

X1.1.2 Ferritic steels of yield strengths ranging from 275 toMéthod
825 MPa (40 to 120 ksi) will have fracture toughness distri- X1.3.1 Censoring When K my is Violated—The follow-
butions of nearly the same shape whip,, is set at 20 ing example uses 10.2.2 where all tests have been made at one
MPay/m (18.2 ksi/in.). This shape is defined by the Weibull test temperature. The example data set is artificially generated
exponentp, which is constant at 4. Scale paramet€y, is a  for a material that has g, reference temperature of 0°C. Two
data-fitting parameter. The procedure is described in X1.2. specimen sizes are 1/2T and 1T with six specimens of each

L _ size. InvalidK ;; values and their dummy replacemeyt, imi,
X1.2 Determination of Scale Parameter,Kand Median 51ues will be within parentheses.

Ksc—The following example illustrates the use of 10.2.1. The w4 35 The data distribution is developed with the follow-
data came from tests that used 4T compact specimens of A5$§g assumptions:

grade B steel tested at -75°C. All data are valid and the chosen Material yield strength = 482 MPa or 70 ksi

equivalent specimen size for analysis will be 1T. T, temperature = 0°C

Test temperature = 38°C

Rank K K i
0 (MFf;M\/T:n) EquiJ\ii(alIgm 1/2T and 1T specimens; all a/W = 0.5
A — (Mz:m) X1.3.3 Kjegimiy Values in MPa/m from Eq. 1.
2 68.3 88.3 0.5T i
3 77.9 101.9 Specimen size 206 291
4 97.9 130.2 1T equivalent 176 291
5 100.9 134.4 _
6 112.4 150.7 X1.3.4 Simulated Data Set
Raw Data Size Adjusted
N (KJO(” — 20" m (Kser MPay/m) (AKJc(_lT)v MPay/m)
Koam) = '2‘1 —N | T2 (X1.2) 12T T 1/2T 1T
= 138.8 119.9 119.9 119.9
N=6 171.8 147.6 147.6 147.6
195.2 167.3 167.3 167.3
Koum = 123.4 MPa,/m (216.2) 185.0 (176) 185.0
. . . 2385 203.7 176 203.7
X1.2.1 MedianK, is obtained as follows: 5268'33 278.8 5176; 298.8
Kiomed = 20 + (Koim — 20) (0.9124 MPay/m (X1.3) A Koy = (Kososmy = 20) (12 1 1)Y4+ 20 MPay/m

14
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N (KJo(i) - 20)4 Raw Data 1T Size
Ko(lT) = [ < r ]1/4 +20 (X1-5) Adjusted Data
0.5T T 0.5T4 T
where: _ Aa, K Aa, Ko Kje
N = 12, mm Mpay/m mm Mpay/m Mpay/m
r =9
J 0.00 138.8 0.00 119.9 119.9 119.9
Ko@) = 188 MPa/m, 0.25 171.8 0.15 147.6 147.6 147.6
Jomedy = 174 MPa/m, and 0.50 195.2 0.20 167.3 167.3 167.3
o = 0°C. 0.67 (216.2) 0.55 185.0 (167.3) 185
- 0.70 (238.5) 1.10 (203.7) (167.3) (185)
X1.3.5 Censoring Whei a, = 0.05(W - g), not to Exceed 071 (268.3) 115 (228.8) (167.3) (185)
1 mm Limit is Violateg-The following example uses 10.2.2

where all tests have been made at a single test temperature of Kian = Kicosn = 20) - 05/ 1)+ 20 Mpay/m
38°C. Assume that the test material has properties as defined in N Ky — 20 ¥4
X1.3.2 and toughness data as defined in X1.3.4. However, for Koan = [i;f] + 20
this example assume that the steel has a low upper shelf. The
crack growth limit (see 8.9.2) is 0.64 mm and 1 mm for 0.5T where:

(X1.6)

and 1T specimen respectively. TKg value after 0.64 mm of N = 12,

slow-stable growth is only 197 MR#@m and after 1 mm of =7,

slow-stable growth is only 202 MR@m. Therefore, the crack Koam - 186 MPa,/m,
growth limit controls all censoring. Th-R curve is speci- Kacmea) = izcll MPa/m, and

men size independent so that both 0.5T and 1T specimens will ©
have censored data. In this case the dummy replacement value
as per 10.2.2 is the highest ranked vafig. value.

X2. MASTER CURVE FIT TO DATA

X2.1 Select Test Temperatu(see 8.4): Rank Koown Koottty

X2.1.1 Six¥%2 T compact specimens, g (MPavm) E&”Aﬁ”ﬁ
X2.1.2 A 533 grade B base metal, and

1 91.4 80.0
— o 2 103.1 89.9

X2.1.3 Test temperaturd, = —-75°C. 3 1203 1043
4 1335 115.4

X2.2 In this data set, there are no censored data. 5 144.4 124.6
6 164.0 141.1

X2.3 Determine K usingEq X1.2:
Koam = 115.8 MPa/m, and
Ksegmeay= [IN(2)]** (K, — 20) + 20 = 107.4 MP&/m.

X2.4 Position Master Curve
T, = T=(0.0197" In [(K qmeq — 30/70] (X2.1)
= —75-1r{(108.5 — 30/70}/0.019= —80°C.
X2.5 Master Curve

K sqmea = 30+ 70 exp[0.018T + 80)] (X2.2)
X2.5.1 See Fig. X2.1.
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600 I T
A533B AT -75°C
500 | MASTER CURVE FOR 4T
DISTRIBUTIONS/DEVELOPED
FROM #2TCT DATA
Kucimed) =
__ 400 [~ [30+70 EXP (0019(T-To))
€
& 300
Z
L
X
200
100

0
-150 -100

-50
TEST TEMPERATURE (°C)

(¢} 50 100 150

Note 1—Toughness data are converted to 1T equivalence.
FIG. X2.1 Master Curve for 1T Specimens Based on 1/2 T Data Tabulated in Step X2.2

X3. EXAMPLE MULTITEMPERATURE T, DETERMINATION

X3.1 Material:

A533 Grade B plate
Quenched and tempered
900°C WQ; and 440°C (5 h) temper

X3.2 Mechanical Properties:

Yield strength: 641 MPa (93 ksi)
Tensile strength: 870 MPa (117.5 ksi)
Charpy V:
28-J temperature
41-J temperature
NDT: 41°C (106°F)

-5°C (23°F)
16°C (61°F)

X3.3 K, Limit Values:
Specimen Types:
1/2T C(T) witha/W = 0.5
1T SE(B) witha/W = 0.5

Test Yield Ksegimiy
Temperature Strength (MPa\/m)
¢©) (MPa) 1127 17
-10 651 239 338
-5 649 238 337
0 648 238 337
23 641 237 335

X3.4 Slow-stable Crack Growth Limits:
Ki¢1mm = 263 MPa,/m for 1T SEB) specimen;
Kiq0.6amm = 255 MPa/m for 1/2T QT) specimen

X3.5 Estimation Procedure #1 from Charpy Curve:

16

Toesy = T2y + C= —5°—18°= —23°C
Toesy = Tay + C = 16°—24°= —8°C
Conduct four 1T SE(B) tests at —20°C.

X3.6 T, Estimation Procedure #2 from Results of First
Four Tests:

First four tests at —20°C:

Ko MPay/m
135.1
108.9
177.1
141.7

Calculate preliminaryl, .sp#offom data to determine allow-
able test temperature range:

Kiomeg = 137MPay/m;
Toestrz = —42°C
Estimated temperature range or usable data:
= Toespsz = 50°C
= -02°C<T, < +8C

Now conduct additional testing within this range fay,
determination.

X3.7 Calculation of T(Eq. 23):
Use data between —92°C and 8°C basedlgpsy»
T, = —48°C
The valid test temeprature range is —98°C to 2°C. Original

claculations were performed with data in this regime. There-
fore, no iteration is required.
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X3.8 Qualified Data Summation:

. K
Test Specimen (MPaJ\C/m)
tempizrature, Raw T 3
e Type Size data equivalent

-130 c(T) 1/2T 59.5 53.2 1
85.1 74.7 1

55.3 49.7 1

56.4 50.6 1

-80 c(T) 1/2T 51.3 46.3 1
87.9 77.1 1

113.4 98.5 1

-65 SE(B) 1T 73.9 73.9 1
126.8 126.8 1

-55 c(m) 12T 167.7 144.2 1
88.5 77.6 1

115.2 100.0 1

814 71.6 1

121.9 105.7 1

145.0 125.1 1

104.2 90.8 1

64.4 57.3 1

96.8 84.6 1

114.5 99.5 1

107.4 93.5 1

81.0 71.3 1

70.0 62.0 1

131.8 114.0 1

69.5 61.6 1

67.5 59.9 1

-30 C(T) 1/2T 102.3 89.2 1
194.0 166.3 1

170.4 146.5 1

129.5 112.1 1

118.2 102.6 1

147.9 127.5 1

178.8 153.5 1

95.9 83.8 1

=20 SE(B) 1T 135.1 135.1 1
108.9 108.9 1

177.1 177.1 1

141.7 141.7 1

174.4 174.4 1

84.8 84.8 1

132.1 132.1 1

-10 c(m) 12T 211.4 180.9 1
179.9 154.5 1

171.8 147.6 1

153.0 131.8 1

236.9 (204) 0

156.8 135 1

-5 c(m) 12T 1215 105.3 1
194.2 166.5 1

110.4 96.0 1

197.0 168.8 1

134.7 116.5 1

264.4 (203) 0

0 c(T) 1/2T 277.8 (198.9) 0
218.9 187.2 1

107.7 93.7 1

269.3 (203) 0

327.1 (203) 0

23 c(m) 12T 3257 (202) 0
3284 (202) 0

227 194 1

A R-curve (no cleavage instability).

17

(T - T,) range Number of Weight nen
(°C) valid tests, r; factor, n;

50 to -14 43 1/6 7.2

-151t0 -35 5 17 0.7

-36 to —50 0 1/8 0

Validity check:

3rn =7.9>1.0
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X4. CALCULATION OF TOLERANCE BOUNDS

X4.1 The standard deviation of the fitted Weibull distribu- o=p/\/T (°C), (X4.4)
tion is a mathematical function of Weibull slop€;.meqy and _
K,;» and because two of these are constant values, th&here: . .
standard deviation is easily determined. Specifically, with slope’ = total number of specimens used to establish the value of

b of 4 andK,,,;, = 20 MPa/m, standard deviation is defined by o
the following (24). X4.2.1 When K;¢meq) iS €qual to or greater than 83

MPay/m, 8 = 18°C(25). If the 1T equivalenk ¢ meq)is below

83 MPa/m, values off must be increased according to the
X4.1.1 Tolerance Bounds-Both upper and lower tolerance fo|lowing schedule:

bounds can be calculated using the following equation:

0 = 0.28K jmeq [1 = 20K 35 meg] (X4.1)

KJc(med) B
1 1/4 1T equivalent® °C)
Kgoxg = 20+ [In(m” {11+ 77 exp [0.018T — T,)T} (MPay/m) (
(X4.2) 83 to 66 18.8
65 to 58 20.1

where temperature “T” is the independent variable of the
. . aye A
equation; xx represents the selected cumulative probability ~Round off Kicemea) to nearest whole number.

level; for example, for 2 % tolerance boundx0= 0.02. Asan  X4.2.2 To estimate the uncertaintyTg, a standard two-tail
example, the 5 and 95 % bounds on the Appendix X2 mastetormal deviateZ, should be taken from statistical handbook
curve are: tabulations. The selection of the confidence limit oy
_ adjustment is a matter for engineering judgment. The following
Ksaoop = 252+ 36.6 exp [0.018T + 80 (x4.3) example calculation is for 85 % confidence (two-tail) adjust-
Kio.0s = 34.5+ 101.3 exp [0.0161 + 80)] ment to Eq X4.3 for the six specimens used to deterriiipe
X4.1.2 The potential error due to finite sample size can be 18

AT, = 0(Zg) = —= (1.44 = 10°C (X4.5)

considered, in terms df,, by calculating a margin adjustment,

6
as described in X4.2. Ve

T, (margin = T, + AT, = -80°+ 10°= -70°C

X4.2 Margin Adjustment-The margin adjustment is an  Then the margin-adjusted 5 % tolerance bound of Eq X4.3 is
upward temperature shift of the tolerance bound curve, Egevised to:
X4.3. Margin is added to cover the uncertaintyTig that is
associated with the use of only a few specimens to estaRlish
The standard deviation on the estimateTgris given by:

K jq0s = 25.2+ 36.6 exp [0.010T + 70)] (X4.6)
Eq X4.6 is plotted in Fig. X4.2 as the dashed line (L.B.).

600
T I

95% AND 5% TOLERANCE BOUNDS
BASED on % TCT DATA
500 |— | AS33BAT-75°C |

400 KJC}O.SS) Kyc(0.08) N

300

Ky (MPa - i)

200

100

o l | L |
-150 —400 -50 (o) 50 100 150
TEST TEMPERATURE (°C)

FIG. X4.1 Master Curve With Upper and Lower 95 % Tolerance Bounds
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600 { w : T
A533B AT -75°C f\éﬁ%EER
-—- 5% TOLERANCE BOUND
5007 -| —— MARGIN ADJUSTED 7]
CURVE
400 |- -
E
& 300 |
2
N
200 |- —
100 |- —
)///'/
e ==
o . ! | ‘
-150 -100 -50 0 50 100 150

TEST TEMPERATURE (°C)
FIG. X4.2 Master Curve Showing the Difference Between 5 %
Tolerance Bound and Lower Bound That Includes 85 %
Confidence Marginon T,
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