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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO_ also take part in the wark SO collaborates closely with the
International |[Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International|Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part'2.

The main tagk of technical committees is to prepare International Standards. Draft International Stan@lards
adopted by fthe technical committees are circulated to the member bodies for voting. [Publication gs an
International [Standard requires approval by at least 75 % of the member bodies casting-a Vote.

Attention is qrawn to the possibility that some of the elements of this document may be the subject of gatent
rights. ISO shall not be held responsible for identifying any or all such patent rights.

ISO 22889 was prepared by Technical Committee ISO/TC 164, Mechanical'testing of metals, Subcomnittee
SC 4, Toughhess testing — Fracture (F), Pendulum (P), Tear (T).

iv © 1SO 2007 — All rights reserved


https://standardsiso.com/api/?name=466dccdd2f99eec7ab205b02b4a48d7f

ISO 22889:2007(E)

Introduction

ISO 12135 uses compact and bend specimens to determine specific (point) values of fracture toughness at
the onset of either stable or unstable crack extension, and to quantify resistance to stable crack extension.
These specimen types have near-square remaining ligaments to provide conditions of high constraint. If
certain size requwements are met, then the values of the quant|t|es ch, d,28L and Jy, 28L determined from
ness values.
Although not expllc:ltly stated, size |nsenS|t|V|ty holds also for the crack extension reS|stance curvd (R-curve).

In engineering practice, however, there are cases which are not covered by the method 06f test ip ISO 12135,
for example where

— the component thickness is much less than that required for size-insensitivelproperties a$ determined
sing 1ISO 12135,

— the thickness of the available material does not enable fabrication 6f specimens meeting the criteria for
gize insensitivity, and

— the loading conditions in the structural component are characterized by tension rather than b¢nding.
In thg¢se cases, constraint in the structural component may be“lower than that of the specimeng specified by

ISO 12135, thus leading to higher resistance to crack .exténsion and higher load-carrying cagability in the
structural component than would have been forecast based on the test in ISO 12135.

© 1SO 2007 — All rights reserved \4
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Metallic materials — Method of test for the determination of
resistance to stable crack extension using specimens of low
constraint
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International Standard specifies methods for determining the resistance to sfable crack
of crack opening displacement, J5, and critical crack tip opening angle, w4 for homogen
rials by the quasistatic loading of cracked specimens that exhibit low constraint to plastic
bact and middle-cracked tension specimens are notched, precracked by fatigue, and tested
bsing displacement.

International Standard describes methods covering tests on specimens not satisfying req
nsensitive fracture properties; namely, compact specimens.@and middle-cracked tension s
ely thin gauges.

bds are given for determining the crack extension resistance curve (R-curve). Point value
ness for compact specimens are determined accerding to 1ISO 12135. Methods for dete
s of fracture toughness for the middle-cracked tension specimen are given in Annex D.

extension resistance is determined using either the multiple-specimen or single-specimen
ble-specimen method requires that each.of several nominally identical specimens be
fied level of displacement. The extent'of-ductile crack extension is marked and the specim
n open to allow measurement of crack extension. Single-specimen methods based on eith
liance or potential drop techniques can be used to measure crack extension, provide
fied accuracy requirements. \Recommendations for single-specimen techniques are

Liately describe the crack(extension resistance behaviour of a material.
easurement of o5, is-relatively simple and well established. The o5 results are expressed
nce curve, which-has been shown to be unique within specified limits of crack extension. H

05 R-curves for compact specimens show a strong specimen dependency on specimen wi
L R-curves for{middle-cracked tension specimens show a weak dependency.

achieyed after a certain amount of crack extension. The CTOA concept has been shown to

extension in
pous metallic
deformation.
under slowly

lirements for
pecimens in

s of fracture
mining point

method. The
loaded to a
ens are then
er unloading
d they meet
Hescribed in

2135. Using either technique, the objective is to determine a sufficient number of data points to

n terms of a
eyond those
dth, whereas

A\ is mare difficult to determine experimentally. The critical CTOA is expressed in terms ¢f a constant

apply to very

amounts of crack extension and can be applied beyond the current limits of J5 applications.

Both measures of crack extension resistance are suitable for structural assessment. The 5 concept is well
established and can be applied to structural integrity problems by means of simple crack driving force
formulae from existing assessment procedures.

The CTOA concept is generally more accurate. Its structural application requires numerical methods, i.e. finite
element analysis.

Investigations have shown a very close relation between the concept of constant CTOA and a unique R-curve
for both compact and middle-cracked tension specimens up to maximum load. Further study is required to
establish analytical or numerical relationships between the o5 R-curve and the critical CTOA values.
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2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

ISO 3785, Metallic materials — Designation of test specimen axes in relation to product texture

ISO 7500-1, Metallic materials — Verification of static uniaxial testing machines — Part1:
Tension/compression testing machines — Verification and calibration of the force-measuring system

ISO 9513, MEtaific materials — Calibration of extensometers used Im oniaxial testing . |

ISO 12135:2D02, Metallic materials — Unified method of test for the determination of quasistatic frgcture
toughness

3 Terms|and definitions
For the purpgses of this document, the following terms and definitions apply.

31
crack openinhg displacement
coD
J5

relative displpcement of the crack surfaces normal to the original'{undeformed) crack plane at the tip ¢f the
fatigue precraick, as measured on the specimen’s side surface over an initial gauge length of 5 mm

3.2
crack tip oppning angle
CTOA

174
relative anglg¢ of the crack surfaces measured (orjcalculated) at 1 mm from the current crack tip

3.3
stable cracK extension
Aa
crack extens|on that, in displacement control, occurs only when the applied displacement is increased

34
crack extension resistance curve
R-curve
variation in o with stable crack extension Aa

3.5
critical cracktip opening angie
L

steady-state value of crack tip opening angle y at 1 mm from the current crack tip

NOTE This value is insensitive to the in-plane dimensions specified in this method; however, it may be thickness
dependent.

2 © 1SO 2007 — All rights reserved
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4 Symbols

For the purposes of this International Standard, the following symbols and units apply. For all parameters, the
temperature is assumed to be the test temperature unless otherwise noted.

Symbol Unit Designation
a mm crack length
as mm final crack length (ag + Aay)
ap, mm length of machined crack starter notch
ag mm initial crack length
Aa mm stable crack extension
Aapin mm crack extension beyond which y; is nearly constant
Adpax mm crack extension limit for 5 or i, controlled crack extension
Aag mm final stable crack extension
B mm specimen thickness
E MPa Young’s modulus of elasticity
F kN applied force
F; kN maximum fatigue precracking force
Rpoz MPa 0,2 % offset yield strength perpendicular to crack plane at the test temperature
Ry MPa tensile strength perpendicular to crack plane at the test temperature
a degrees |crack path deviation
w mm width of compact specimen, half width of middle-cracked tension spetimen
W—a mm uncracked ligament length
W—ag mm initial'uncracked ligament length
W - a; mm final uncracked ligament length
% degrees\ | crack tip opening angle (CTOA)
A degrees |critical crack tip opening angle (critical CTOA)
1% Poisson’s ratio
Og mm crack opening displacement over a 5 mm gauge length at tip of fatigye precrack
NOTE This is not a complete list of parameters. Only the main parameters are given here; other parameters are
referred to and defined in the text.

© 1SO 2007 — All rights reserved 3
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5 General requirements

5.1 Introduction

The resistance to stable crack extension of metallic materials can be characterized in terms of either specific
(single point) values (see Annex D) or a continuous curve relating fracture resistance to crack extension over
a limited range of crack extension (see Clause 6). Any one of the fatigue-cracked test specimen configurations
specified in this method may be used to measure or calculate any of these fracture resistance parameters.
Tests are performed by applying slowly increasing displacement to the test specimen and measuring the
resulting force and corresponding crack opening displacement and angle. The measured forces,
displacements and angles are then used in conjunction with certain pre-test and post-test specimen
measuremerjts to determine the material’s resistance to crack extension. Details of test specimeng and
general information relevant to the determination of all fracture parameters are given in this method: A|flow-
chart illustratjng the way this International Standard can be used is presented in Figure 1.

Fracture res|stance symbols identified for use in this International Standard method offest are given in
Table 1:

Table 1 — Fracture resistance symbols

L. N Size-sensitive quantities
P t Size-insensitive . . Qualifying limit
arameter quantities (specific to thickngss)B ualitying limits
tested)

55, point value of fracture |See Annex D Not applicable

toughness

55 R-curve Not applicable ag, (W.5ag) > 4B Aa < Aag . = 0,25(W - a{)
for compact specimens;
Aa < Aag . =W —ay— 45
for middle-cracked
tensile specimens

Ve Not applicable ag, (W—ag) = 4B Aa > Aagi, = 90/(5 + B)
Aa < Ao =W —ay— 45
(see Figure 11)

NOTE The qualifying limit for/Aa > Aa,, = 50/(5 + B) was established using surface measurements of crack extensiop for

aluminium allpys and steels in sheet thicknesses ranging from 1 mm to 25 mm.

5.2 Test §pecimens

5.21 Specimen configuration and size

Specimen dimensions and tolerances shall conform to those shown in Figures 2 and 3.

The choice of specimen design shall take into consideration the likely outcome of the test (see Figure 1),
which fracture resistance value (J5 or y) is to be determined, the crack plane orientation of interest, and the

amount and condition of test material available.

NOTE Both specimen configurations (Figures 2 and 3) are suitable for determination of 55 and y values.

For both specimen configurations, the conditions [aq, (W — ag)] > 4B shall be satisfied.

4 © 1SO 2007 — All rights reserved
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5.2.2 Specimen preparation

5.2.21  Material condition
Specimens shall be machined from stock in the final heat-treated and mechanically worked conditions.

In exceptional circumstances where material cannot be machined in the final condition, final heat treatment
may be carried out after machining, provided that the required dimensions and tolerances for the specimen, its
shape, and its surface finish are met. Where dimensions of the machined specimen are substantially different
from the pre-machined stock, a size effect on the heat-treated microstructure and mechanical properties shall
be taken into account in the service application.

5.2.2|12 Crack plane orientation

Orierftation of the crack plane shall be decided before machining, identified in accordance-with I30 3785, and
recorgded in accordance with Table A.1.

NOTH Crack extension resistance depends on the orientation and direction of .crack extension in felation to the
principal directions of mechanical working, grain flow and other forms of anisotropy.

5.2.2|3 Machining

The gpecimen notch profile shall not exceed the envelope showndn Figure 4. The root radius of § milled notch
shall be not greater than 0,10 mm. Sawn, disk ground, or spark:eroded notches shall not have a width greater
than P,15 mm.

5.2.214 Fatigue precracking

5.2.2|14.1 General

Fatigue precracking shall be performed with-the material in the final heat-treated, mechanically worked or
envirpbnmentally conditioned state. Intermediate treatments between fatigue precracking and testing are
acceptable only when such treatments“are necessary to simulate the conditions of a specffic structural
appligation; such departure from recemmended practice shall be (explicitly) reported.

Maximum fatigue precracking(force during any stage of the fatigue precracking process shall bé accurate to
12,5 phb.

Meadured values of _specimen thickness, B, and width, W, determined in accordance with 5.3.1, shall be
recorded and usedto determine the maximum fatigue precracking force F; in accordance with $.2.2.4.3 and

5.2.2|14.4.

The fatio of . minimum-to-maximum force in the fatigue cycle shall be in the range 0 to 0,1 except|that, in order
to expedite ‘crack initiation, one or more cycles of —1,0 may be applied first.

5.2.2.42 Equipment and fixtures

Fixtures for fatigue precracking shall be carefully aligned and arranged so that loading is uniform through the
specimen thickness B and symmetrical about the plane of the prospective crack.

© 1SO 2007 — All rights reserved 5
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5.2.2.4.3

Compact specimens

For compact specimens, the maximum fatigue precracking force during the final 1,3 mm or 50 % of precrack
extension, whichever is less, shall be the lowest value of

F :‘fb{

B\/W}

g1(ag /W)

where £=16x10"*m%%  and

g1(ag /N
5.2.2.4.4
For middle-g

50 % of prec

Fy = EEI

)

1

-15 2 3 4
-“—0} {2+“—°}[o,886+4,64“—°—13,32(“—°j +14,72(“—°J -5,6(“—°j ]
7% W W W W W

MNiddle-cracked tension specimens

racked tension specimens, the maximum fatigue precracking force duting the final 1,3 n
rack extension, whichever is less, shall be the lowest value of

na 1700
2w {na sec—}
2w

where &=16x10"*m®%°

5.3 Pre-te

5.3.1

The dimensi
B and width

Specimen th

st requirements

Pre-test measurements

bns of specimens shall conform to thase shown in Figures 2 and 3. Measurement of the thick
 shall be within 0,02 mm or to +0,2%, whichever is the larger.

ickness B shall be measured; before testing, at a minimum of three equally spaced pos

along the intgnded crack extension pdth) The average of these measurements shall be taken as the thicl

B.

Specimen w
spaced posit|
width .

The compac
the loading-h

(1)

()

m or

®)

ness

tions
ness

dth W of the middle-cracked tension specimen shall be measured at a minimum of three equally

ons within 01\ of the crack plane. The average of these measurements shall be taken &

s the

specimen width W shall be measured with reference to the loading-hole centreline. Custonarily,

ole“centreline is established first, and then the dimension  is measured to the specimen

ahead of thd

erack tip in the plane of the crack. This measurement shall be made at a minimum of

edge
three

equally spaced positions across the specimen thickness. The dimension 1,25 7 (between the specimen
edges ahead and behind the crack tip) shall be measured in addition, at the same equally spaced positions

across the th

ickness in a plane as close as possible to the plane of the crack.

5.3.2 Crack front shape and length requirements

A fatigue crack shall be developed from the root of the machined notch of the specimen as follows:

— for compact specimens (see Figure 2), the ratio ay/ shall be in the range 0,45 to 0,65;

— for middle-cracked tension specimens, the ratio g/ shall be in the range 0,25 to 0,50.

© 1SO 2007 — All rights reserved
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The minimum fatigue crack extension shall be the larger of 1,3 mm or 2,5 % of the specimen width W. The
notch plus fatigue crack shall be within the limiting envelope shown in Figure 4.

5.4

5.4.1

Test apparatus

Calibration

Calibration of all measuring apparatus shall be traceable either directly or indirectly via a hierarchical chain to
an accredited calibration laboratory.

5.4.2
The ¢
The t

A for

—

5.4.3

The
repre
at th
spec

NOTE

NOTH
mouth
fractu
Biblio

Gaug
as in

—Force-application
ombined force sensing and recording device shall conform to ISO 7500-1.
est machine shall operate at a constant displacement rate.

Le measuring system of nominal capacity exceeding 1,2 F| shall be used, where
or compact specimens

2
B(W —
_ B( ao)R

L@ +ag)

r for middle-cracked tension specimens

[, = 2B(W —ag)Rpy,

Displacement measurement

Hisplacement gauge used for the determination of &5 shall have an electrical output th
sents the displacement between two precisely located gauge positions 5 mm apart, spann

men shall allow free rotation ef\the points of contact between the gauge and specimen.

1 Guidance for determining & is given in Annex B.

2 The crack meuth”opening displacement is not needed for the 5 and y, determinations, but
opening displagement record may be suitable for evaluating the methods from finite element analy

graphy), and'similar gauges are commercially available.

(4)

(®)

bt accurately
ng the crack

b fatigue crack tip. The design of the displacement gauge (or transducer where appfopriate) and

a force crack
ses and other

re analysis methods. Examples of proven displacement gauge designs are given in References [1] and [2] (see

th ISO 9513,

es for.crack mouth opening displacement measurement shall be calibrated in accordance w

perfg

rmed at least each week when the gauges are in use.

erpreted in relation with this International Standard, and shall be at least of Class 1. CaIibthion shall be

NOTE

Calibration may be carried out more frequently depending on use and agreement between contractual parties.

Verification of the displacement gauge shall be performed at the test temperature £5 °C. The response of the
gauge shall be true to £0,003 mm for displacements up to 0,3 mm and to +1 % of the actual reading thereafter.

5.4.4

Test fixtures

Compact specimens shall be loaded using a clevis and pin arrangement designed to minimize friction. The
arrangement shall ensure load train alignment as the specimen is loaded under tension. Clevises for R-curve
measurements shall have flat-bottomed holes (see Figure 5) so that the loading pins are free to roll throughout
the test. Round-bottomed holes (see Figure 6) shall not be allowed for single-specimen (unloading
compliance) tests. Fixture-bearing surfaces shall have a hardness greater than 40 HRC (400 HV) or a yield

©I1SO

2007 — All rights reserved


https://standardsiso.com/api/?name=466dccdd2f99eec7ab205b02b4a48d7f

ISO 22889:2007(E)

strength of at least 1 000 MPa. Middle-cracked tension specimens shall be loaded using hydraulically clamped
or bolted grips designed to carry the applied load by friction. Bolt bearing should be avoided in order to
minimize non-uniform loading. The arrangement shall ensure alignment of the specimen with minimal in-plane
and out-of-plane bending. All specimens shall be tested with anti-buckling guide plates, as shown in Figure 7.
The anti-buckling guide plates shall cover a large portion of the specimen. Support only along the crack plane
has been shown to be insufficient to prevent buckling between the grip lines and the crack plane for thin-sheet
materials. Flat plates are sufficient for small middle-cracked tension specimens (7 < 600 mm); but flat plates
and I-beams, as illustrated in Figure 7a), are required for middle-cracked tension specimens with widths larger
than about 600 mm. A suitable design for compact specimens is shown in Figure 7b).

5.5 Test requirements

It is recommended that anti-buckling plates be attached to both sides of the tension specimen covering the
expected path of the crack for a distance four times the initial total crack length perpendicular to-the grack.
Frictional forces between the specimen and anti-buckling plates shall be minimized by the use“of an| inert
lubricant such as Teflon® applied to the mating surfaces. An access hole is required in one-of the platgs for
mounting thg d5 gauge on the specimen or, if the potential method is used, for the attachment'of cables.

5.5.1 Compact specimen testing

5.5.1.1  Specimen and fixture alignment

The loading [clevises shall be aligned to within 0,25 mm, and the specimen shall be centred on the lopding
pins within 0J75 mm with respect to the clevis opening.

5.5.1.2  Crack opening displacement 55

A method of measuring the crack opening displacement d5.is"described in Annex B.
5.5.1.3 Crack tip opening angle y

The crack tig opening angle  may be measured.or calculated as described in Annex C.
5.5.2 Midd]e-cracked tension specimen testing

5.5.2.1 Specimen and fixture-alignment
The fixture ghall be designed 40 distribute the load uniformly over the cross-section of the specimen| The

fixture may be rigidly conpected to the machine if uniform loading of the specimen in the machine can be
assured at alf loads. Otherwise, pinloading via detachable grips is recommended.

5.5.2.2 Crackopening displacement 5

A method Of nmodadoul ;IIH thc A1) Cl\ll\ UVUII;IIS d;OPIGUUIIIUI It U5 ;O u;VUII ;II AIIIIUI\ LD).

5.5.2.3 Crack tip opening angle y
The crack tip opening angle  may be measured or calculated as described in Annex C.
5.5.3 Specimen test temperature

Specimen test temperature shall be controlled and recorded to an accuracy of +2 °C. For this purpose, a
thermocouple or platinum resistance thermometer shall be placed in contact with the surface of the specimen
in a region not further than 5 mm from the fatigue crack tip. When substantial amounts of crack extension are
anticipated, additional sensors (thermocouples or thermometers) shall be placed in proximity to the anticipated

8 © 1SO 2007 — All rights reserved
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crack path so that the specified specimen temperature can be assured for the material being tested. Tests
shall be made in situ in suitable low- or high- temperature media. Before testing in a liquid medium, the
specimen shall be retained in the liquid for at least 30 s/mm of thickness B after the specimen surface has
reached the test temperature. When using a gaseous medium, a soaking time of at least 60 s/mm of thickness
shall be employed. Minimum soaking time at the test temperature shall be 15 min. The temperature of the test
specimen shall remain within +2 °C of the nominal test temperature throughout the test and shall be recorded
as required in Clause 7.

5.5.4 Recording

The force and corresponding displacement outputs shall be recorded.

NOTH Corresponding displacements are either crack opening displacement d; (for determining the g, R-curve) or the
crack|mouth opening displacement CMOD (not required here, but useful for supplementary evaluations),

5.5.5| Testing rates
Testg shall be conducted under crack mouth opening, load-line, or crosshead-displacement control. The load-
line displacement rate shall be such that, within the linear elastic region, the stress intensification|rate is within

the range 0,2 MPa-m9%5-s-1 to 3 MPa-m95-s~1. For each series of tests, all.specimens shall be |oaded at the
samg nominal rate.

5.5.6| Test analyses

Analyses for point determinations of fracture toughness for compact specimens are given in Annex D, and for
05 registance-curve determinations in Clause 6 (see Figure@).

5.6 | Post-test crack measurements

The $pecimen shall be broken open after testing and its fracture surface examined to determing the original
cracK length ag, and the final stable crack extension Aa;.

specimen. Marking of stable crack-extension may be done by either heat tinting or post-test fatiguing. Care
shall[be taken to minimize post-fest deformation of the specimen. Cooling ferritic steels to ¢nsure brittle
behayiour may be helpful.

For some tests, it may be necessary‘to mark the extent of stable crack extension before breaiIng open the

5.6.1| Initial crack length'a

5.6.111 Compact specimens

The initial crack length ag shall be measured from the centreline of the pinhole to the tip of the fatigue crack
with @an jAstrument accurate to £0,1 % or +£0,025 mm, whichever is the greater. Measurements shall be made
at five pesitions through the specimen thickness. The value of g is obtained by first averaging the two surface
mea iti ; i i raging these
values with those at the three equispaced inner measurement points:

1/(agq+a 4
ap = 1|[ G0t d0s | S ©)
47 2 =

© 1SO 2007 — All rights reserved 9
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5.6.1.2 Mi

ddle-cracked tension specimens

The initial crack length ay shall be measured as one-half of the total crack length to the tips of both fatigue
cracks with an instrument accurate to +0,1 % or 0,025 mm, whichever is the greater. Measurements are made
using a 5-point average. The value of q is obtained by first averaging the two surface measurements made at
positions 0,01B inward from the surface (see Figure 9), averaging these values with those at the three
equispaced inner measurement points, and then dividing the resulting value by 2:

=4
1 26101 + 26105 4
ag=—||————— |+ 2aq;
0 8 2 Z 0;
j=2
NOTE Fqr both compact and middle-cracked tension specimens of thickness B <5 mm, a 3-point_averd

sufficient. The|
that with the nj

[

a=0,5

5.6.1.3

The initial crack length aq shall satisfy the following.

a) The ratic
0,50 for
b) If a five
central t
c) Ifathre
and the
d) No part
whichev
e) The fatig
If the above

5.6.2 Stable crack extension; Aa

Requirements

value of a is obtained by first averaging the two surface measurements a; ; and a; 5, and thenave
easurement made at mid-plane of the specimen, a 5:

a0’1 + 00’5)/2 + a0’3:|

ag/W shall be within the range 0,45 to 0,65 for compact specimens, and within the range 0
middle-cracked tension specimens.

point average for determining ao has been usedyihien the difference between any one (
nree points and the five-point average shall not exceed 0,1 ag.

p-point average for determining ay has beenused, then the difference between the central
hree-point average shall not exceed 0,1 ay:

of the fatigue precrack front shall"be"closer to the crack starter notch than 1,3 mm or 0,d
er is the larger.

ue precrack shall be within(the envelope shown in Figure 4.

equirements are not satisfied, the test result is not qualified according to this method of test.

The total fin

shall be megsured with’ an instrument accurate to +0,025 mm using the averaging procedure of 5.6.1
middle-crackkd tefision specimens, the crack extension Ag; is given by the average of the crack exte
values meagured-at both crack fronts. Any irregularities in crack extension, such as spikes and isd
‘islands’ of clack’extension_shall he rppnrfpd in accardance with Clause 7

I crack extension (including any crack tip blunting) Ag; between the initial and final crack

(7)

ge is
aging

25 to

f the

point

25W,

ronts
. For
hsion
lated

NOTE 1

It may only be practical to estimate the length of irregular cracks by ignoring the spikes or subjectively

averaging the crack extension region. Care should be exercised when the results derived from highly irregular crack fronts
are used in analysis. It is useful to provide an additional sketch or photograph of such irregular cracks in reporting results.
All individual pre-test and post-test measurements are to be recorded and used for calculations in accordance with

Clause 6.

NOTE 2

10

For specimens with thickness B <5 mm, a three-point average as in 5.6.1.2 is suggested.

© ISO 2007 — All rights re;
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5.6.3 Crack path

The crack plane may deviate during stable crack extension from the original fatigue precrack plane (which is a
flat surface perpendicular to the applied force). Typically, the transition is to shear planes at the specimen
surfaces. When such shear planes are sloped similarly with respect to the original fatigue precrack plane, then
crack extension is said to be in a single-shear mode. When they are sloped differently, such as to resemble a
roof in cross-section (the mating fracture surface then resembles a V-groove), crack extension occurs in a
double-shear mode. Shear fracture surfaces are typically sloped 30° to 45°.

NOTE Depending on the material and specimen thickness, the fracture surface in the central part of the specimen
thickness may still be perpendicular to the applied force. This is a mixed mode of crack extension.

5.6.3]1  Crack extension resistance
For fractures that deviate from planarity, the crack extension resistance of those exhibiting doyble shear is

custgmarily higher than for those exhibiting single shear. Test results for such dodble-shear fractures are
considered to be not qualified to characterize the material.

5.6.3]12 Crack path deviation

When the angle « between the original flat precrack plane and the plane of the deviated drack surface
excegds 10°, the test result is no longer considered qualified according to this method of test.

6 Petermination of 65 — Aa resistance curve and’CTOA

6.1 | General
Fracture behaviour is characterized by this methed"in terms of the variation of either 55 (COD) jor  (CTOA)

with fhe crack extension Aa. It is important tosnote, however, that  versus Aa is not treated hefe as a crack
exterfsion resistance curve.

6.2 | Test procedure

Load|specimens and evaluate the resulting amount of crack extension in accordance with 5.5 and 5.6.

6.2.1| Multiple-specimenprocedure

A sgries of nominally-identical specimens shall be loaded to selected displacement levels and the
corresponding amounts of crack extension determined. Each specimen tested provides one |point on the
05 — Aa crack resistance curve (hereafter referred to generically as the R-curve).

NOTE Six or more favourably positioned points are required to generate an R-curve. Loading the first|specimen to a
point jjust past maximum load and measuring the resulting stable crack extension helps to determine thq displacement
levels néeded to position data points favourably in additional tests.

6.2.2 Single-specimen procedure

The single-specimen procedure makes use of electric potential, elastic compliance or another technique to
obtain multiple points on the resistance curve from the test of a single specimen. Single-specimen testing
procedures are described in ISO 12135.

Using a direct method (e.g. elastic compliance), the estimated final crack extension Ag; shall be within 15 % of
the measured crack extension or 0,15 mm, whichever is the greater, for Ag; < 0,2(W —ag), and within
0,03(W — ag) for Aas > 0,2(W — ag). For techniques that require an a priori estimate of the initial crack length 4
for subsequent determination of crack extension, such as the unloading-compliance technique, the estimated
ag shall be within 2 % of the (post-test) measured q( value.

© IS0 2007 — Al rights reserved 1
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For indirect techniques (e.g. electrical potential), the first specimen tested shall be used to establish a
correlation between experimental output and measured crack extension to beyond the Aay,,, defined in 6.4. At
least one additional test shall be conducted to estimate crack extension using the results from the first test.
Agreement between the estimated and actual crack extension Aa shall be within 15 % or 0,15 mm, whichever
is the greater; otherwise the procedure shall not be accepted.

6.2.3 Final crack front straightness

The final crack length shall be determined as the sum of the initial crack length and the final stable crack
extension measured using the averaging methods of 5.6.1 and 5.6.2. If the five-point averaging method is
used, none of the three |nter|or flnal crack Iength measurements shaII d|ffer from the five- pomt average value
by more tham 0, tag; 1 1t ’ ' ' ) ment
shall not diffgr from the three- p0|nt average by more than 0,1ag; otherW|se the result is not qualified.

6.3 R-curye plot
The points of crack opening displacement, &g, versus stable crack extension, Aa, form the fracture resisfance

R-curve (seq Figure 10). The data may be used in tabular form or as a plotted graph. An equation may be
fitted to the graph for analysis, or the plot itself may be used for analysis.

6.3.1 Plot ¢onstruction

Construct a plot of the crack opening displacement, &g, versus the stable’ crack extension, Aa, from the data
obtained in §.5.1.2, 5.5.2.2 and 5.6.2 (see Figure 10).

For each compact specimen tested, calculate Aa,,,, from
Admay 7 0,25(W —ay) (8)
For each miqdle-cracked tension specimen tested, calculate Aa,,, from
Aamax 3 (W —ag)-4B 9)
Plot 95 versug Aa as shown in Figure 10(

Tests termingting in unstable fracture' shall be reported as such and, if the amount of stable crack extensjon to
fracture can|be measured on-the/fracture surface, include that datum point in the R-curve plot. Ungtable
fracture data|points shall be elearly marked on the R-curve plot and appropriately noted in the test repor{ (see
Annex A).

NOTE THe point of unstable failure can depend on the specimen size and geometry.

6.3.2 Data |spacing and curve fitting

A minimum of six data points shall be used to define the R-curve.

When an equation is to be fitted to the R-curve, at least one data point shall reside within each of the four
equal crack extension regions shown in Figure 10. The curve shall be best-fitted through the data points lying
between the 0 and Aa,,,, exclusion lines (see Figure 10) using the power-law Equation (10):

55 =a+ fAa” (10)

where ¢and f>0,and 0 <y < 1.
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A method for evaluating the constants «, # and yis given in ISO 12135:2002, Annex H. If aor g is less than
zero from the linearized regression, then the result is unacceptable and the fitted equation is not
representative of the R-curve. In such cases, additional tests or the use of a single-specimen test procedure
are suggested.

The R-curve thus obtained characterizes the material for the thickness and specimen geometry tested, and is
independent of the in-plane dimensions of either compact specimens or middle-cracked tension specimens.

6.4 Critical CTOA determination

A steady-state (average) value of y, y, is established after a minimum amount of crack extension.

Consfruct a plot of the crack tip opening angle (CTOA), w, versus the crack extension, A, \ffom the data
obtaiped in 5.5.1.3, 5.5.2.3 and 5.6.2 (see Figure 11).
For gach specimen tested, calculate the maximum amount of crack extension, Aay,,,., from

Naax = (W —ag)—4B (11)

The

valus

finimum amount of crack extension, Aa,;,, is that value of Aa where.w in Figure 11 attair]
. These two values of Aa serve as the upper and lower bounds for the crack extension o

criticgl CTOA, y, is evaluated.

NOTE

Four
analy

Meag
exten

Plot

exter

NOTE

1

methods (optical microscope, digital image correlation,”microtopography analysis and f
sis) may be used to determine the CTOA. Details are.given in Annex C.

urements of CTOA may be made at any amgount of crack extension, in particular betwe
sion limits. CTOA values measured outside the Crack extension limits are for informational p

i against Az as shown in Figure 11, Determine y, from the y— Aa plot between the |
sion limits, Aay,;, and Aay 5.

2 Crack tip opening angles measured on the surface of a specimen in the initial phase of crack

generplly large due to crack tip blunting and crack tunnelling. But in the interior region, which is under high Iq

the v

For Q

wher

7

71

values are generally lower than the surface values (see Figure 11).

TOA testing, evaluatethe critical value of y; as

e y; are values satisfying the Aa,;,, and Aq,,,,, requirements, and N is their total number.

Due to the developing nature of the CTOA method, the Aa limits are based on limited experiencq.

s a constant
er which the
nite element
en the crack
urposes only.

miting crack

extension are
cal constraint,

(12)

" 'y e
Festreport

General

The test report shall reference this International Standard, and shall comprise three parts (7.2 to 7.5). Details
regarding material, specimen and test conditions, including test environment, shall be reported as in 7.2.
Machining, fatigue precracking, crack front straightness and crack length data shall conform to 7.3. Derived
fracture parameters shall be quantified in accordance with 7.4 and 7.5. See Annex A for examples of the
format for test reports.
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7.2 Specimen, material and test environment

The format given in A.1 is suggested for reporting the following.
7.21 Specimen description

a) Identification;

b) Type;

c) Nominal ay/W,

d) Crack plane orientation;

e) Locatior| within product form.

7.2.2 Specjmen dimensions
a) Thicknesgs, B (mm);
b) Width, & (mm);

c) Initial relative crack length, ag/W.

7.2.3 Material description

a) Composjtion and standardized designation code;

b) Productfform (plate, forging, casting, etc.) and condition;

c) Tensile mechanical properties at precracking temperature, referenced or measured;

d) Tensile mechanical properties at test temperature, referenced or measured.

7.2.4 Test pnvironment
a) Temperature (°C);
b) Loading|displacement rate (mm/min);

c) Type of Hisplacement control.

7.2.5 Fatig[.le precracking conditions

a) Fi(kN);
b) Precracking temperature (°C).
7.3 Test data qualification

7.3.1 General

All data shall meet certain requirements in order to be qualified in accordance with this International Standard.
Only qualified data shall be used to define fracture resistance in accordance with this International Standard.
The data described in 7.3.2 shall be reported in the format of A.2.

14 © IS0 2007 — All rights reserved
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Crack length measurements

Measurements shall be made at five evenly spaced locations across the specimen thickness, as shown in
Figures 8 and 9. For specimen thicknesses B <5 mm, measurements at three evenly spaced locations are
sufficient (see Note in 5.6.1.2). The following values shall be reported:

a) initial machined notch length (a,,);

b) initial crack length to the fatigued notch tip (ag).

7.3.2

b) |

7.3.4

Inclu

7.3.5
The ¢
a)

b) t

| Multiple- . I
Fatigue precrack length (ag — a,,);
rinal crack length (a5);

A\verage crack extension (Aa = a; — ag).

2  Single-specimen tests
Crack length (a);

Crack extension (Aa = a — ag).

Fracture surface appearance
\ record of unusual features on the fracture surface;

\ record of the occurrence of unstable crack extension, such as cleavage.

Resistance curves

e all data for resistance cupves from single-specimen tests as shown in A.3.

Checklist for data qualification
ata set shall be considered qualified if it conforms to the following criteria:
he specimen,éonforms to the dimensions and tolerances of 5.2.1;

he test'apparatus conforms to the tolerance and alignment requirements of 5.4;

c) t

he~test machine and displacement gauge(s) conform to the accuracies specified in ISC

O Y919, respeclively,

7500-1 and

d) the average initial crack length a is within the range 0,45/ to 0,65/ for compact specimens, and 0,25/

t

o 0,50 for middle-cracked tension specimens;

e) all parts of the fatigue precrack have extended at least 1,3 mm or 2,5 % of W, whichever is the greater,
from the root of the machined notch;

f) the fatigue precrack is contained within the appropriate envelope (see Figure 4) on both surfaces of the
specimen,;

©I1SO

2007 — All rights reserved
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g) none of the three interior initial crack length measurements differs by more than 0,14, from the five-point
average final crack length, or none of the centre crack length measurements differs by more than 0,14,

from the

three-point average final crack length;

h) for a single-specimen direct crack length measurement method of estimating crack extension, the final
estimated crack length a; is within 15 % of the five- or three-point average measured crack length, or
0,15 mm, whichever is the greater, up to a crack extension of 0,20(% — ag), and to within 0,03(% — a)
thereafter;

i) the estimated initial ag/W from single-specimen tests is within 2 % of the measured initial ay/W; for a
single-specimen indirect crack length measurement wherein the first specimen tested defines the

correlati

avparimantal aritn it anA tha o wrad oracle At h
mrormadar v “

the final
of the fi
greater;

i) the num

k) the num

I) thecrac

7.4 Qualit

The 65 R-cU
regression fif
according to

7.5 Qualit

The critical
the data ths
determine y

AN hatiauaan tha a anct ancion-and—n-crbocaaant
or-between-the-exper utput-and-the-measured-crack-extensionandin-subsequent
crack extension is predicted using the correlation from the first test, the initial a/W is within
e- or three-point average of the measured final crack extension or 0,15 mm, whichever

per and spacing of data points required by 6.3.2 are satisfied for 65 — Aa curve-determination

ber and spacing of data points required by 6.3.2 are satisfied for v — Aa.curve determination;

path requirements of 5.6.3 are satisfied.

ication of the o5 R-Curve

rve in this International Standard is the power law fregression fit to the data of 6.3.2

7.3.

ication of y

TOA y, in this International Standard is-a steady-state value fit to the data of 6.4. The port
t is between the specified minimum~and maximum amounts of crack extension is us
in accordance with this International Standard if the data are qualified according to 7.3.

ests,
15 %
s the

The

qualifies as a J5 R-curve in accordance with this Intérnational Standard if the data are qualified

on of
ed to
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General requirements

Clause 5

Parameter type

ISO 22889:2007(E)

Point values of
fracture toughness

Annex D

Resistance curve

6.1t06.3

Critical CTOA, w¢

!

Test report

Clause 7

Figure 1 — Flowchart showing how to use this standard method of test
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Dimensions in millmetres

+0,005W

2 x $0,25W 0

—_—
0,275W +0,005 W/ 0,275W +0,005W

VAXGTID ;

StretT—FF

a

//]0.002[B

-

|

A
Ra 0,8

aq

1,25W +0,01W
1.6

W +0,005W

=)

& /Ra 1,6
\
0,004 W

Ra

6W £0,005W10,6W £0,005W

F

0, 0

A
Y

The intersection of the crack starter notch tips with’the two specimen surfaces shall be equidistant frofn the
top and bottgm edges of the specimen to within.0}005/7.

NOTE 1 Fqr starter notch and fatigue crack.configurations, see Figure 4 and 5.2.2.4.

NOTE2  W|= 8B > 150 mm.

NOTE3 045 < ay/l¥ < 0,65.
NOTE 4  Af alternative pin-hole diameter, @ = 0,188 j8’004W .

Key

2  Two holeq.

Figure 2 — Proportional dimensions and tolerances for straight-notch compact specimen
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Dimensions in millimetres

~a &
\v\
<Q
o
oooOoOoi) 000000000
0000000 00000000
]
2a
— :
W
00000000 06003000 }‘
(o) a
00000000 000000000
~L

NOTH 1 For starter notch and fatigue crack configurations, see Figure4 and 5.2.2.4.

NOTH2 W > 8B > 150.

NOTH3 0,25 < ay/lW < 0,50.

NOTBE4 L/w>15.

Key

@ (amping area.

Figure 3 — Middle-cracked tension specimen
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Dimensions in millimetres
<02W

A
 J

w716

a) Envelope

ama

—c

b) Notch geometries (not to scale)

Key

Machined notch, a,,.

Fatigue precrack.

Spark-eroded or machined slit.

d  Edge of bend specimen or load line of compact specimen.

o o

o

Figure 4 — Acceptable fatigue crack envelope and crack starter notch
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Dimensions in millimetres
Values of surface toughness (Ra) in micrometres

//10.002w[A]
x> - N\
S o | X o
2‘0 X Lg \Q\
2|2 &\é | [o.002w]aA]
n | X x QS\
~N P [Wa 3
< =3 g~ / g A
y = =
Yy Y i %/ Y vy §
} \ A <
i . >
& = '
0,025W
0,26 W 0,5W

B 0,58
M=)

+0,015W
&

0,005 W
—_— -
—

> Ra 0,8
ok
NOTH 1 , ‘i diameter = 0,24 _§ gos -
NOT'-I_ 2 CUIIIUID Uf L::UV;DUD riay bU IUIII\.JVU\:II If INnecLosdly tU aubununudatc b:lp Yyauyc.
NOTE 3 Clevis and pin hardness > 40 HRC.
Key
a8  Loading flat.
b For specimens showing large displacements, clevis hole dimensions shall be enlarged to the values shown in square
brackets.

Figure 5 — Typical design of compact specimen loading clevis with flat-bottomed hole

to accommodate load-pin rotation and translation
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NOTE 1

NOTE 2

NOTE 3

22

Pi

C

Cl

Dimensions in millimetres
Values of surface toughness (Ra) in micrometres

+0,005 W

026W 0

>0l6 W

0,26 W 05w

A
 J

L [oan2w]e

058
=]

+0,015W
B 0
|
|
|
L
>
|
|
Ny
K

0,005 W
—_— -

0,58
Fﬂ
P

h diameter = 0,24 W—8,005W .

rners of clevises may be removed if necessary to accommodate clip gauge.

evis afnd-pin hardness > 40 HRC.

Figure 6 — Typical design of compact specimen loading clevis
with oversized circular loading pin hole
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3

4
Key
1 M(T) specimen
2 cfack viewing region
3 spacer strip
4 bt holes N\
5 frpnt anti-buckling plate (2 pieces) 4’\6
6 bpck anti-buckling plate (1 piece) o)
7 l-peams b

a) Middle-cra@ tension specimen anti-buckling guides
3

Key
1 C(T) specimen

2 bolt holes
3 anti-buckling plates (front and back)
4 crack viewing region
b) Compact specimen anti-buckling guides

Figure 7 — Anti-buckling guides
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__________.__‘__
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—
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y

measure i
machined

i

K'

_.,Tn
-

D

Crack Plane

hitial, and-final crack lengths at positions 1 to 5 [see Equation (7)]
notch

reference

fmes

fatigue precrack
initial crack front
stretch zone
crack extension
final crack front

Figure 8 — Measurement of crack lengths on compact specimens
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Key

machined notch
reference lines

Crack Plane

measure_initial and final crack lengths at positions 1 to 5 [see Equation (7)]

fatigue precrack
initial crack front
stretch zone

crack extension

oQ 0o o 0 T o

final crack front

NOTE The average of both cracks represents the crack lengths of the middle-cracked tensile specimen.

Figure 9 — Measurement of crack lengths on middle-cracked tension specimens
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Key
Aa
9%

1

26

crack extg
fracture rqg
exclusion

nsion
sistance
ines

|
|
|
|
| max
|
|
|

i
| Aa
I
|
|
1/4 Aa__ Aa
1/2 Aa__
3/4 Aa__
Aa__

Figure 10 — Data spacing for R-curve determination
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Figure 11.— Determination of critical CTOA, y,, value
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Annex A
(informative)

Examples of test reports

It is the content and not the format of the test reports that is important.

A.1 Specimenmaterial-and-testenvironment
Specimen identifier: Operator: Date:
Specimen
Type (cpmpact or middle-cracked tension)
Crack plane orientation
Location within product
Material
Designation
Form aId condition
Specimen basic dimension
B = [mm]
w = fmm]
ag/W (npminal) =
Tensile properties
Tempernature [°C]
Referenced (R) Measured (M)
E [MPa]
n
Rpo,2 [MPa]
Ry, [MPa]
Precracking
Fatigue temperature [°C]
Final F¢ [kN]
Final K; [MPa- \/m ]
Final K/E [m ]

28
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Basic test information

Type of displacement control crack mouth opening/load-line/crosshead
Displacement rate [mm/min]
Test temperature [°C]

A.2 Data qualification

Meapured crack length information Specimen identifier
Cragk measurement table
Point Position Precrack length Ad
mm mm mm
1
2
3
4
5
6
ag Average initial crack length @ [mm]
ag —lam Average fatigue precrack length™ [mm]
Aa Average crack extension.? [mm]
ag +Aag Average final-erack length 2 [mm]
Estimated crack lengths
a0 est Estimated fatigue crack length [mm]
as est Estimated final crack length [mm]

Fracture surface appearance
Occurrence of cleavage (yes/no)

Describe below any unusual features of the fracture surface, for example lamellar tearing, spikes,
metallurgical features:

@ See 5.6.

© IS0 2007 — Al rights reserved 29


https://standardsiso.com/api/?name=466dccdd2f99eec7ab205b02b4a48d7f

ISO 22889:2007(E)

A.3 Resistance curve data

Data point No. F[kN] a [mm] Aa [mm] 2 05 [mm]
a uc =| Unloading Compliance.
ACPD =| Alternating Current Potential Drgp:
DCPD =| Direct Current Potential Drop.
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A.4 Crack tip opening angle
Data point
Ng FIKN] a [mm] Aa [mm] @b ZINE yo [1° yal°]°
a $eeb.6.2.
b  Nleasurements at specimen surfaces.
c OM = Opticalmethod.
1][e] = Djgital imaging correlation method.
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A.5 Qualification of 55 R-curve

&
B
w— (10

Coefficients

[mm]

[mm]

[mm]

of power law fit to data o5 = o + SAaY:

Adpyy = 0,24

Measured fi
(if using a si

Estimated fi
(if using a si

Percentage
Crack path ¢

Requiremen

(W —ag)

nal crack extension
hgle-specimen method)

nal crack extension
hgle-specimen method)

error in final crack length estimate versus measurement
eviation «
ts (see 7.4):

[mm]

i)

[mm]

[%]
[’]

The data shd

If all require
Standard.

uld be qualified in accordance with 5.6.3.2 and 7.3.

ments are met, this power law represents-a“d; R-curve in accordance with this International

A.6 Qualification of y

ag [mm]

B [mm]

W—ag fmm]

A [mm]

Adpax = (W ag) — 4B [mm]
Measured fipal crack-extension [mm]
(if using a sipgle-specimen method)

Estimated fipal.crack extension [mm]
(if using a single-specimen method)

Percentage error in final crack length estimate versus measurement [%]

Crack path deviation
Requirements (see 7.5):

The data should be qualified in accordance with 5.6.3.2 and 7.3.

[’]

If all requirements are met, i, represents a valid critical CTOA in accordance with this international Standard.
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Apparatus for measurement of crack opening displacement, J5

The basic arrangement for measuring o5 is shown in Figure B.1, where J5 is the displacement measured at
the surface of the specimen near the original fatigue crack tip over an initial gauge length of 5 mm. The area
around the expected fatigue crack propagation path should be polished. After fatigue precracking, Vickers

hardness indentations are placed 2,5 mm above and below the crack tip to give a gauge length g
clip dauge with needle tips is seated into the hardness indentations and held against the spegin
lever| mechanism shown in Figure B.2 for the compact specimen. Similar arrangements‘may
middle-cracked tension specimens. Digital imaging techniques may also be used. FigurerB.3 sho

drawing of a J5 clip gauge. (See References [8] and [9].)

Dimension

f5mm. A 5
en using the

be used for

vs a detailed

in millimetres

© 1SO 2007 — All rights reserved

Figure B.1 — Basic arrangement for measuring o
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\§ ®)

X 3
&
@Q =5 mm
Key %&

1 attachment arm
2 strain gauge
3 slit for calibrator attachment

Figure B.3 — Drawing of a 5 clip gauge
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C1

Several methods may be used to determine CTOA:

Diregt measurement of  (CTOA) during stable tearing is done by Optical Microscopy (OM) or
Corrglation (DIC) [10]. [11]. Both methods produce nearly identical tésults [191. Microtopography inv

test

ISO 22889:2007(E)

Annex C
(informative)

Determination of the crack tip opening angle,

General

direct measurements during stable tearing (optical microscopy and digital imaging correlation
1ost—test measurements (microtopography);
nite element analyses;

indirect determination using Js.

¢xamination of the fracture surfaces to reconstruct the. stable tearing process [161-20] T

~

Digital Image
olves a post-
Nis approach

allows one to determine CTOA values at the interior of fracture specimens. The finite element mxthod is used

to defermine a critical CTOA value that fits the failure forcé-of fracture specimens [12113]. Using t
the critical CTOA value is effectively an average valuge, through the thickness that accounts for t
effecfs along the crack front. Finite element analysé€s with constant critical CTOA values indica
s for a wide range of materials and specimen configurations are unique up to maxim{im load [19],
demgnstrating a unique relationship between ETOA and J;.

curvs

Diregt measurements of the CTOA are-made in the range of 0,5 mm to 1,5 mm behind the ¢
Figure C.1). For Aa less than Aa,,, the-measurement distance from the crack tip may be less

Calcylations of CTOA using finite_élement methods are made within this same range, customarily at 1 mm

behi

C.2

C.2.

The

rld the crack tip.

Direct measurement methods

1 Optical microscopy (OM)

DM method uses the following instruments:

is approach,
he constraint
e that the J5

rack tip (see
han 0,5 mm.

ar long focal length microscope;

a video camera with a resolution of 512 x 512 pixels to obtain images of the crack under stable tearing;

a video recorder to store the images;

a PC with both monitor and software to precisely control the three-dimensional positioning of the long

focal length microscope and to analyse the resulting images to obtain CTOA.

To obtain clear images of the crack using OM, the surface of the specimen shall be polished to a mirror finish
and lighting of the crack region shall be carefully controlled so that the crack tip region has optimum contrast
and clarity. Typical images obtained using OM are shown in Figure C.2. The first image, Figure C.2a), shows
a fatigue crack which has grown approximately 0,75 mm under stable tearing. The second and third images,

© 1SO 2007 — All rights reserved

35


https://standardsiso.com/api/?name=466dccdd2f99eec7ab205b02b4a48d7f

ISO 22889:2007(E)

Figures C.2b) and C.2c), show the same crack after stable tearing of approximately 1,3 mm and 6 mm,

respectively. The CTOA is measured by recalling an individual image recorded on video tape and

a) locating the crack tip,

b) locating three opposing points on the crack surfaces in the range of 0,5 mm to 1,5 mm behind the crack

tip,
c) constructing a straight line from the crack tip to each point, and

d) computing the angle, y, between each pair of straight lines.

The value of|the angle i for a given crack length is defined as the average of the values vy, y,, and\ y4
three pairs df lines. It is important to note that OM measures CTOA in the deformed configuration”w
regard for the deformations in the surrounding material.

C.2.2 Digitpl image correlation (DIC) method
The DIC method requires the following:

a) scientifig grade CCD, CMOS or similar camera;

from
thout

b) lenses gnd extenders to increase magnification (i.e., resolution) to,the/range 80-130 pixels/mm (&s an

exampldg, a 200 mm lens with 2x magnifier and several extension, tubes used with a camera hav
1 024 x [l 024 pixel array can produce a resolution of 125 pixels/mm);

c) translatipn stage to move camera parallel to the specimen ‘surface so that the advancing crack tip a
remains|within the field of view (for video-tracking the exténding crack);

d) video menitor for observing crack-tip region during experiment;

e) capability of converting image data to digital values for data storage;

ing a

ways

f) ability t@ produce a random pattern on the specimen surface that has sufficient contrast for pIttern

matching (with “spatial” frequency of the' pattern in the order of 3-5 pixels/mm so as to minimize th
of local area (subset) used for measurement);

g) softwardto perform image correlation and to determine subset displacements.

The DIC method is similar to'the’OM method, but differs in that

— the camera is translated parallel to the specimen surface during the experiment, and

— crack ogening\displacement is determined by measuring the separation of selected areas (called suk
on the specimen surface. After each increment of camera translation, the current and previous cra

size

sets)
ck-tip

region irhages-are-overlapped by atleast 100 pixels-so-asto createacontinuousrecord of crack length.

The minimum required image resolution is 80-130 pixels/mm, with a resolution above 100 pixels/mm preferred.

A high-contrast, white-light, random speckle pattern is applied to the specimen surface, usually by |

ightly

spraying the surface with white acrylic paint and then dusting it with black laser-printer toner powder prior to

drying. If the pattern is not sufficiently dense after drying, it is removed and the process repeated

until

successful. Alternatively, the toner is applied after the paint dries and the specimen is then baked at 90 °C for
25 min to adhere the powder to the surface. Less commonly, a surface pattern is applied using lithographic
techniques, or an optical image of the bare specimen surface is used providing that such a surface is

amenable to image matching.
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CTOA is determined from crack-tip-region images recorded during crack extension. The stored images are
post-processed to determine the amount of crack extension, and then to estimate CTOA for that crack
extension. A typical pair of subsets for estimating CTOA is shown in the crack-tip-region images of Figure C.3.
Subsets are typically 12 x 12 to 20 x 20 pixels in size and are chosen to be as close to the crack plane as
possible. Figure C.3 a) shows subsets at an initial selected crack length. These subsets are considered as
reference images. Their separation distance (at the specimen surface) is designated as d,. Figure C.3 b)
shows the same pair of subsets after additional crack extension, r,,. Typically, crack extension of 0,5 to
1,5 mm (about 1 mm in the case shown) is used to define CTOA at nominally 1 mm behind the previous crack
tip. The new separation is ds.

The crack-opening displacement vectors (designated as «; and /; respectively for the upper and lower subsets
in refy e estimated
norm

rance-to-the nominal erack nlane) ara comnuted from- the digitized video-imaaes Usinag t
FeREE—+to—eRoar—6atik—praRe)are-6emputea—+Ho—e—&igh e+ age65—ISHg—

al vector for the crack line, n;, the CTOA is calculated as:

2

1> (= 1;) n (2 )}

i=1

=2arctan{ (C.1)

wher:
is the horizontal displacement of the upper subset, defined«to be perpendicular t¢ the column
direction of the recording camera CCD array (pixels);

is the vertical displacement of the upper subset, defined to be parallel to the columh direction of
the recording camera CCD array (pixels);

is the horizontal displacement of the lowerstibset, defined to be perpendicular t¢ the column
direction of the recording camera CCD array (pixels);

The

comg

is the vertical displacement of the lower subset, defined to be parallel to the colum
the recording camera CCD array (pixels);

is the amount of crack extension between Figures C.3 a) and C.3 b), generally
straight line between the crack tip locations;

4, o are the vectors defined\to be perpendicular to the crack line defined by the increment

values for u; and J; are-determined by computer computation of the two-dimensional
onents for the uppéryand lower subsets with sub-pixel accuracy in order to render the m

h direction of

jefined by a

of growth.

lisplacement
ost accurate

measure the
growth [see

estimates of CTOA. Typically, the software performs digital image correlation to optimally
displacement of a_reference subset [see Figure C.3 a)] after a prescribed increment of crack
Figure C.3 b)].

The average:of i values between Aa,;, and Aa,,,, (as defined in 6.4) is taken as the critical valug, y.

Carelis-to be exercised in the choices of

the amount of crack extension, and

the location of the subsets to be used for estimating crack opening displacement.

The crack opening displacement determined from the two sequential images as prescribed by this method will
have two components: displacement due to the crack’s yawn and plastic deformation of the finite-sized subset.
Since global plastic deformation to fracture can exceed 10 %, it is important to select the reference subsets to
be very close to the reference crack-tip location so that subsequent crack extension will only minimally deform
the subsets and cause only minimal error in the CTOA determination. Thus, for CTOA estimated at 1 mm
behind the crack tip, the crack extension between sequential images shall not exceed 1 mm.
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As a general rule, small subsets (i.e., no larger than 20 x 20 pixels) shall be selected, and located no further
from the crack line than necessary. Moreover, they shall be selected such that they have sufficient visual
contrast for accurate pattern matching (i.e., for the greatest possible accuracy of DIC analysis).

The primary source of error in y estimates is the (mis)identification of the crack tip. This can be related to
insufficient contrast between the specimen surface and the crack, insufficient crack opening at the crack tip,
and failure of the paint to crack in concert with the specimen crack. To minimize the errors caused by these
effects, y data shall be taken only from subsets that are at least 0,6 mm behind the crack tip.

C.3 Post-test measurement method

C.3.1 Micrs

ptopography

C.3.2 General

Microtopogrg

accomplisheg

phy is a post-test measurement technique for determining w (and o6ther parameter
this by direct measurement and analysis of fracture surface deformation, and requirg

special instrmentation or considerations during the test (although CMOD and lgad-line displacement

can be gath
curve. Microf
aluminium s
extension.)

Microtopogrz
advancing ¢
surfaces trai
recorded for
typically fatig
correspondin
growth direc
adequate ac
measuremer

bred to verify accuracy of the analysis). A single specimen provides data for the entire y
opography offers the added benefit of examining y within the spécimen interior. (Even in 2,
heet specimens, y can vary significantly through the thickness in the early stage of

s). It
S no
data
—Aa
b-mm
crack

phic analysis for y is possible because irreversible plastic deformation occurs at the tip

ing the advancing crack tip. In microtopography;.the fracture surface heights are measure
mating specimen halves following normal post:tést separation (by some nominally elastic m
ue or cleavage fracture). Two discretely defined mathematical surfaces, U'(x,y
g to the physical upper and lower fracture-surfaces, are obtained. Spatial increments in y (
ion) of 0,1 mm are normally adequatefor y analysis. Height resolution shall be appropria
curacy of crack surface height measurement. Lower nominal y requires finer resolution in
t. The x and y coordinates of the”two data sets shall be appropriately registered such

common points of instantaneous material separation correlate. A surface separation difference function is

defined
Dj (x,y
where

j represents

(02| Lo () Py (ay3) 2] (204 02))

[Uo(xy

hn increment of crack opening, Az, and corresponding crack extension, Ag;

f the
ack. The fracture process at the crack tip, which produces y, leaves a record in the fr{cture

) and I

and
pthod,

(),

crack
te for
eight
that
then

(C.2)

UOZ

values, Dy(x,y), are nominally zero in the region of the fatigue precrack;

U - t(x,y), where #(x,y) is a planar surface tilt correction function, defined such that the initial difference

P.(y) is the global specimen rotation correction term (angular correction function), providing a planar rotation
about the x-axis, centred at the incremental specimen centre of rotation, R ;

P is a linear function of a; and y, and Py=0. The initial state prior to crack opening and advance is thus
defined. D values less than zero (nominal) have no physical meaning and represent the area ahead of the

crack tip that

Delx,y) =

38

has not yet separated due to crack extension. The equation

[Uo - Pla;y)/2] = [Lo - PAapy)2] + (24 + Azy)

(C.3)
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