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LPD
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plastic part of rj
Poisson's ratio
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of total stable crack extension
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of ductile tearing after blunting
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maximum force
unstable fracture after more than
0.2 mm of stable crack extension
unstable fracture after an
unknown amount of stable crack
extension

arc-shaped bend specimen
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crack line wedge loaded
specimen
crack-mouth opening
displacement
crack-tip opening angle
crack-tip opening displacement
disc-shaped compact specimen
load-point displacement
middle-cracked tensile specimen
single-edge cracked bend
specimen
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American Society for Testing and
Materials
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11.02.1 INTRODUCTION

11.02.1.1 Purpose and Goals of Fracture
Toughness Testing

Fracture toughness is defined as a "generic term
for measures of resistance to extension of a crack"
ASTM E 1823-96 (1996). The term 'fracture
toughness' is usually associated with the fracture
mechanics method, which deals with the effect of
defects on the load-bearing capacity of materials
and structures. Fracture toughness is an empirical
material property that is determined by conduct-
ing a test following standard fracture toughness
test procedures. These standard test methods have
traditionally been written by national and interna-
tional standards organizations.

The historic developments of fracture tough-
ness tests as well as the wide variety of a
material's response have led to a large number of
test standards. In order to avoid the existence (and
the need of using) too many methods, standards-
making bodies have begun to write 'unified' test
methods, comprising the various procedures of
the individual methods. The evaluation of a test
then follows the actual response of the specimen.

Standard test methods or test procedures for
fracture toughness testing are traditionally devel-
oped by national societies: in the USA by the
American Society for Testing and Materials
(ASTM), in the UK by the British Standards
Institution (BSI), and in Japan by the Japanese
Standards Association (JSA). Many other coun-
tries have standards-writing bodies, which are not
listed here. However, the standards-writing activ-
ity has become an international effort, in Europe
through the European Structural Integrity
Society (ESIS) and worldwide through the
International Standards Organization (ISO).
Fracture toughness standards from various local
societies are usually combined to write these inter-
national standards. Standards, whether national
or international, are developed by volunteer com-
mittees and are subjected to a balloting procedure
in order to gain acceptance. Both the writing and
balloting procedures are done carefully and take
many years, typically 5-10 years from the begin-
ning of writing to final acceptance.

The standard fracture toughness test methods
have been written primarily for characterizing
metallic materials. Many nonmetal standards are
developed based on procedures and analysis
methods used for fracture toughness tests of

metallic materials with some modifications to
account for special needs of the material behavior.
Therefore, this review will emphasize those stan-
dards written for metallic materials without the
intent to make them apply exclusively to metals. A
short discussion of the fracture toughness testing
for ceramics and polymers is included at the end of
this chapter.

In a fracture mechanics test, several kinds of
output can be achieved:-

• A point value of fracture toughness can be
determined which is evaluated at unstable
fracture either with or without prior stable
crack extension; for details see Section
11.02.4.2.

• If stable crack extension occurs during a
test, then the development of resistance to
crack extension can be evaluated as a func-
tion of the amount of crack extension. The
result is the crack extension resistance curve
(7?-curve); for details see Section 11.02.4.3.

• If stable crack extension occurs during a test,
then a point value for fracture toughness can
be evaluated near the onset of stable crack
extension; for details see Section 11.02.4.3.

Fracture toughness is determined for various
purposes:

• characterization of a material;
• characterization of a production process, for

example, welding; and
• assessment of the severity of a crack in a

structural component.

If the fracture toughness is used to determine
the end point of the useful life of a structure,
then it can serve for determining design condi-
tions such as allowable stresses, selecting
material to provide optimum toughness, deter-
mining critical defect sizes to set inspection
criteria, or, in the case of a failed component,
for identifying the conditions that may have led
to failure, by conducting a failure analysis. No
matter what application is intended for the frac-
ture toughness value, the test itself is conducted
with the same set of standard rules.

11.02.1.2 Historic Development

The need for fracture toughness was appar-
ent before the term 'fracture toughness' was
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developed. Failures were reported for railroad
components in the 1800s, aerospace compo-
nents in the 1900s, as well as bridges, pressure
vessels, ships, and many others. Failures of
engineering structures may have severe conse-
quences: personal injury, loss of life, costly
property damage, and environmental pollution.
Often these failures were the result of inade-
quate material fracture toughness. Reports of
failure cases are given by Hertzberg (1983),
Broek (1986), Barsom and Rolfe (1987), and
Anderson (1995).

Approaches to the problem of fracture were
studied in the early 1900s (Rossmanith, 2000).
These did not provide a complete solution to
the problem of unexpected failure. The work of
Griffith (1921) in the 1920s is acknowledged as
the start of the fracture mechanics approach,
but the work of Irwin (1957) in the 1950s led to
the development of the fracture mechanics field
theory based on crack-tip stress field analysis.
At this point, the ASTM Committee on
Fracture Testing of High-Strength Sheet
Materials has to be mentioned; it developed
the basic fracture mechanics methods before
the ASTM Committee E24 was established.
This led to what is considered the modern
approach to fracture mechanics and fracture
toughness testing which is based on parameters
taken from the crack-tip field, namely the
crack-tip stress intensity factor, K.

During the space race of the 1960s, failures of
rocket motor cases provided the motivation for
the formation of an ASTM committee
(Committee E24) to study the fracture tough-
ness problem and develop a standard test
method to be used for the prediction of frac-
ture. This committee developed the first widely
recognized fracture toughness test standard, the
plane strain fracture toughness method ASTM
E 399-70T (1970) for the measurement of Klc.
This method was first published in 1970 as a
tentative standard. It used the crack-tip stress
intensity factor, K, as the characterizing para-
meter to measure quantitative fracture
toughness values that could be used to predict
final failure conditions in metallic materials. It
was limited to the regime of linear-elastic frac-
ture mechanics (LEFM), and highly
constrained geometries, said to be approaching
plane strain constraint.

The pioneering ASTM K\c method became a
paradigm for other standards. Its format was
used in most of the fracture toughness standards
that followed. For example, BSI (BS, 1977), JSA
(JTSG, 1999), and ISO (ISO, 1996) developed a
standard for a plane strain fracture toughness,
K]c, testing that had many of the features in
the original ASTM standard. It is still a basic
fracture toughness measurement for the

characterization of metallic materials, and it
had been so well written that the actual issue is
basically the same as the original one, with a few
modifications added. Many other national stan-
dards-writing organizations have written Kic

standards. These are too numerous to list here.
Although the Klc standards were applicable

to many classes of materials, it was clear early
in the development of fracture mechanics that
the limits of linear elasticity that accompany
the use of the K fracture parameter were too
restrictive for many materials including most
metals used in structural applications.
A material with adequate fracture toughness
should be designed to yield before reaching
the fracture toughness point. Approaches and
parameters that could be used to characterize
fracture toughness beyond these linear-elastic
limits were already being developed. The lead-
ing approach during that time was the crack-
tip opening displacement (CTOD) parameter
(Wells, 1961). It was first standardized by BSI
in 1979 (BS, 1979). In a parallel development,
the ./-integral was developed (Rice, 1968) and
proposed as a fracture parameter by Begley
and Landes (1972). It was first standardized
to measure J lc in 1981 (ASTM E 813-89,
1990). Along with this came methods for R-
curve fracture toughness, rapid load tough-
ness, crack arrest, weldments, and others.

Fracture toughness standards were devel-
oped and added to the literature in a mostly
chronological fashion. Individual standards
were not coordinated to see that some of the
features common to the various standards were
made compatible, so that more than one stan-
dard might be applied in a given test. As a
result, there was some confusion among users
as to which standard fracture toughness test
should be used. Additionally, problems often
developed when the restrictive conditions of
one test method, for example, K\c, could not
be met. When the conditions required by the
test standard were not met, the result of this was
labeled an invalid test result, which was some-
times considered to be a useless result.
However, if the test standards were properly
coordinated, the test that failed one standard's
validity requirement could have been evaluated
by another standard that uses a fracture para-
meter with another range of validity and may
give a valid result.

In order to try to bring some organization
to the growing list of fracture toughness stan-
dards, a large effort to unify and simplify the
fracture toughness testing was begun during
the 1980s. The concept of common or unified
standards was proposed and the development
of unified standards was undertaken by the
standards organizations. As a result, many
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existing standards were combined into a sin-
gle document that used common sets of
equipment and testing procedures. This made
the fracture toughness test more organized
but not necessarily simpler. Most of the new
standards are a form of a unified standard
that combines various deformation and frac-
ture regimes. Examples of these are ASTM
C1421-01b (2001), BS (1991, 1997a, 1997b),
ESIS P2-92 (1992), and ISO 12135 (2002).

During the 1990s, some special areas of frac-
ture toughness testing were considered for the
development of new standards. Examples of
these include fracture in the ductile-to-brittle
transition for ferritic steels (e.g., ASTM E
1921-05, 20051; ESIS P2-92, 1992) and the test-
ing of thin sections (e.g., ISO DIS 22899, 2005;
GKSS EFAM GTP 02, 2002). Some of the
standards developed in the 1990s are still
being evaluated and await final acceptance. It
may be worth mentioning that the procedure
GKSS (2002) includes all methods for high-
constraint testing, ductile-to-brittle transition,
low-constraint testing, and testing of welds.

Test standards are never considered to be
completely finished with a final version in the
standards books. Most standards-writing orga-
nizations require that the standards be
periodically evaluated and updated as new tech-
nology is developed or as problems with
existing standard practices are discovered.
Therefore, the status of new standards is that
they are under evaluation, either to be more
completely developed or to be improved. This
includes the original K\c standard that was last
re-evaluated in 1996 and editorially changed in
1997 (ASTM E 399-90, 2005f). Therefore, a
discussion of fracture toughness testing meth-
ods can only relate to current state of testing
practice and standards writing and is not a
description of the final status of any fracture
toughness test method.

11.02.2 TEST TECHNIQUES

11.02.2.1 General Requirements

The main goal of the fracture toughness test is
to produce a result that can be used to quantita-
tively evaluate a material's or structure's
resistance to the extension of a crack-like defect.
This involves the testing of a specimen containing
a crack under monotonically increasing force or
displacement. The test continues until the speci-
men reaches or passes a point or region over
which the fracture toughness is defined. This
can be a point that marks the complete separa-
tion of the specimen or a point that marks the
onset of the process of stable crack extension that
results from ductile fracture behavior.

As the fracture toughness may depend on
the size and geometry of the specimen, the
test must be conducted with a specimen of
sufficient size of a given geometry to satisfy
the conditions given in the standard. The
equipment used must include a test machine
having the required capacity for applying
force, a set of loading fixtures, instrumenta-
tion with the correct precision, and
calibration to generate the data that are
used in the evaluation of fracture toughness.
The equipment must meet all requirements of
the standard. The test procedure and the ana-
lysis of the results must follow the rules of the
standard and the results must be subjected to
validity evaluations specified in the standard.
Finally, the test results must be reported in a
way which includes all of the required infor-
mation specified by the standard.

Usually, the standard does not give these
requirements in an order which is easy to fol-
low. If these requirements are listed in a step-
by-step manner to make the procedure
somewhat like a cookbook recipe, then the non-
expert can have a chance of conducting all the
necessary steps and meeting the requirements of
the standard. The steps to follow are:

1. Choose type of a specimen which is prop-
erly machined and introduce a crack into the
specimen.

2. Prepare the test fixtures, choose a test
machine, and obtain the proper instrumentation.

3. Place the specimen in the test fixtures and
the test machine with instrumentation in place
and conduct the test by following the prescribed
procedure.

4. Record the test data.
5. Analyze the test data to obtain the frac-

ture toughness parameters.
6. Evaluate the qualification or validity

requirements.
7. Report the results.

Each step must be performed correctly in order
to conduct a successful test.

11.02.2.2 Specimens and Fixtures

Most test standards allow several choices for
the specimen geometry. For example, in the
ASTM Klc test (ASTM E 399-90, 2005f), there
are five possible specimen geometries which
could be chosen. The two most common ones
and the ones used in many standards are the
compact specimen, or C(T) specimen, and the
single-edge cracked bend specimen, or SE(B)
specimen. The C(T) specimen shown in
Figure 1 makes efficient use of the material,
making it a good choice when the amount of
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H

Root radius 0.1 mm
maximum

Preferred width for high
constraint W= 26

Total width C= 1.25IV+0.01 W
Half height H= 0.6W±0.005W+0.004W
Hole diameter d= 0.25W ~°
Notch width N = 0.06 W max. or

1.5 mm max. if W< 25 mm
Effective notch length

M=0AWm\n.
Effective crack length

ao = 0A5W-0.65 W

Notes:
1. A spark eroded or machined slit

can be used instead of the
V-notch profile.

2. Squareness and parallelism to
be within 0.0021V.
Holes to be square with faces
and parallel.

w

(b)

0.4 S

0.4 • ~ "

Tolerances, surface finish, and dimensions as Figure 1b

Notes:
1. Spacing between knife edges depends on type of

clip gauge to be used.
2. Side grooves are recommended for tests in the ductile

regime.

Figure 1 C(T) specimens for high-constraint testing (ESIS P2-92, 1992). a, Straight-notched C(T) specimen;
b, step-notched C(T) specimen.

material is limited. It is loaded by the pin and
clevis fixture shown in Figure 2. The geometry
shown in Figure 3 is for low-constraint testing,
which requires that the in-plane dimensions are
much larger than the thickness of the specimen
(ISO DIS 22899, 2005). Consequently, for a
given pinhole diameter, which is proportional
to the width of the specimen, the clevis should
have a narrower slit than shown by the

proportions in Figure 2. Since a wide and thin
specimen may buckle, the use of antibuckling
guides is mandatory (Figure 4). The SE(B) spe-
cimen (Figure 5) is easier to machine but uses
more material. It is loaded in three-point bend
loading and requires a bend fixture (Figure 6).
Some test procedures also allow the four-point
loaded bend specimen (GKSS EFAM GTP 02,
2002). These two specimen types are used most
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0.025 W-
0.050 W

I t -
0.025 W
0.1 W

- Note 3

- Loading rod Thd.

-D-

-R = 0.05±0.01

0.25W ["«-0.5W+0.015W-«-| 0.25W
A-Surfaces must be }--o.5iv±o.oo5w-».

f lat- in-line, and perpendicular, as
applicable, to within 0.002 in t.i.r.

Loading flat

Figure 2 Pin and clevis fixture for C(T) specimen (ASTM E 1820-05, 2005k).

Figure 3 C(T) specimen for low-constraint testing
(Schwalbe et al, 2004).

often for fracture toughness tests. Other speci-
men types are usually specialized geometries
related to some product forms.

The fracture toughness test methods have
traditionally been designed for obtaining
lower-bound toughness values, which can be
achieved by testing the specimens shown in
Figures 1, 5, and 9 if their uncracked ligament
has an approximate square geometry, which is
achieved by the thickness-to-width ratio and
the recommended precrack length. The mid-
dle-cracked tensile specimen, or M(T)
specimen, shown in Figure 7, represents a low-
constraint specimen, which is used to charac-
terize sheet material. It is typical of the

requirements of the aerospace industry; another
typical application is the testing of welded
joints for the pipeline industry, where the speci-
men is frequently designated wide plate, often
with a part-through crack. If the specimen is
very wide compared to its thickness, then it may
buckle, which affects the test result. In order to
avoid buckling, antibuckling guides should be
used (Figure 8). This specimen type is addressed
in the standards ASTM E 561-98 (2005g), ESIS
P3-05D (2005), GKSS EFAM GTP 02 (2002),
and ISO D1S 22899 (2005). If loading fixtures
are not specified in standards, the specimen
may be loaded by hydraulic clamping; pinhole
clamps are also in use. As already stated above,
a C(T) specimen is also recommended for low-
constraint testing if its width is significantly
larger than its thickness.

Other specimen geometries are arc-shaped
tension (A(T)) specimen (Figure 9a); disk-shaped
compact (DC(T)) specimen (Figure 9b); and the
arc-shaped bend (A(B)) specimen (Figure 9c).
The acronyms are standard ASTM nomencla-
ture defined in ASTM E 1823-96 (1996), but are
used in many other standards.

The choice of the specimen also requires a
choice of the specimen size. Since meeting the
validity criteria of the various standards
depends on the specimen size, it is important
to select a specimen of a sufficient size before
conducting the test. However, the validity cri-
teria cannot be evaluated before the test is
completed; therefore, choosing the correct size
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C(T) specimen Crack viewing
region

Bilt
holes

Antibuckling plates
(front and back)

Figure 4 Antibuckling guides for C(T) specimen (Schwalbe el al., 2004).

Thickness = 6
Width = W

Preferred width W=2B
Notch width N= 0.06 W max. or

1.5 mm max. if W< 25 mm
Effective notch length

M = 0.4Wmin.
Effective crack length

ao=O.45W-O.65W.

Notes:
1. A spark eroded or machined slit

can be used instead of the
V-notch profile.

2. Squareness and parallelism to
be within 0.0021V.
Notch to be square with specimen
faces and notch faces to be parallel.

3. Side grooves are recommended for
tests in the ductile regime.

Figure 5 Single-edge cracked bend (SE(B)) specimen (ESIS P2-92, 1992).

is a guess which may turn out to be wrong.
There are guidelines for choosing a correct
size, but no guarantee that the chosen size
will pass the validity requirements. The test
specimen must also be chosen so that the proper
material is sampled. This means that the loca-
tion in the material source of the orientation of
the sample must be correct and specified. The
ASTM standards use the letter system shown in
Figure 10 to specify orientation (ASTM E 1823-
96, 1996). ISO uses the system shown in
Figure 11. As the specimens are being prepared,
requirements for tolerances on locations of

surfaces, size, and location of the notch and
pinholes, and surface finishes must be followed.

The preparation of the test specimen has a
required set of rules. The specimen machining
must be done to a prescribed set of tolerances
and surface finishes. A major consideration in
the preparation of the test specimen is the intro-
duction of a crack-like defect into the specimen.
This is nearly always done by machining a
sharp notch that is extended with cyclic load-
ing. The defect produced by the cyclic loading is
called the fatigue precrack. Precracking is a
labor-intensive procedure and usually takes
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W/8 min.

Details of roller pins

y//////////////,.

Diameter = W/4 min. 1.25Bmin.

Notes:

1. Roller pins and specimen contact surface of loading ram
must be parallel to within 1°.

2. Rollers must be free to move outward.
3. Fabricate fixture from a high-strength material sufficient

to resist plastic deformations in general use.

Figure 6 Three-point bend fixture (ESIS P2-92,
1992).

f

Panel thickness = B

oooooooo
ooooooo

2L>ZW
UW> 1.5

2L

) Clamping area

Countersunk hole,
thin panels

Counterbored hole, thick panels
Central hole for CMOD gauge mounting. The hole shown in the
bottom drawing is used for thicker specimens in order to limit the
outer diameter, da.

Figure 7 Middle-cracked tension (M(T)) specimen
(Schwalbe et al., 2004).

material fracture toughness. Precracking has a
set procedure that must be followed. It is impor-
tant in precracking to avoid overloading the
specimen, to get the precrack length within pre-
scribed limits, and to get a straight crack front.
More details on precracking are given later.

During the test, crack advance can result in a
curved crack front. This can be avoided by side-
grooving the specimen after fatigue precracking.
These side grooves are machined along the sides of
the specimen in the plane of the crack. The
machining of such side grooves is best done after
the fatigue precracking is completed to avoid hav-
ing the side grooves influence the crack front
shape. Side grooves can be.machined with a
notch cutter. These side grooves reduce the net
thickness of the specimen. The allowable thickness
reduction may be slightly different from
one standard to another; however, a thickness
reduction of 20%, 10% on each side, is often
used. This net thickness is usually identified with
a subscript N. For example, when thickness uses
the symbol B for the gross section thickness, it uses
5 N for the net section thickness that remains after
side-grooving.

11.02.2.3 Test Machine

The next step in the test procedure is the choice
of a loading machine and the preparation of the
loading fixtures. All tests must be conducted in a
machine that can apply and measure force. Many
types of machines can be chosen. For the pre-
cracking step, it is convenient to have a machine
that can apply cyclic forces at a fairly high fre-
quency. Closed-loop servohydraulic or resonance
machines serve this purpose.

For loading the specimen, test fixtures are
required; they are described in Section
11.02.2.2. It is important for the specimen to
deform in the loading fixture without extra-
neous frictional forces, which may come from
rubbing of a C(T) specimen against the side of
the pinhole or of an SE(B) specimen against a
corner of the bend fixture. These extra forces
could adversely influence the force measured
during the test. For example, in the clevis, a
fiat region is required for the pin-bearing area,
so that the deforming specimen can rotate with-
out a reverse moment being applied by the
pinhole edges (Figure 2). The same is true for
the bend fixture (Figure 6). The pins must be
free to roll as the specimen deforms.

more time than the actual fracture toughness
test itself. Schemes have been proposed for
eliminating this step but it has not been shown
that fracture toughness results without pre-
cracking are truly representative of the

11.02.2.4 Instrumentation and Requirements

11.02.2.4.1 Instrumentation

All tests require force-measuring instrumen-
tation. Test machines have strain-gauged load
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Figure 8 Antibuckling guides for M(T) specimen (ISO D1S 22899, 2005).

Arc-shaped
tension
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Disk-shaped compact
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(c) Arc-shaped bend specimen (A(B))

Figure 9 Less frequently used specimen for special
purposes.

cells, which measure force electronically. All
fracture toughness tests also require the mea-
surement of displacement on the specimen.
Most often a strain-gauged clip gauge is used.
The clip gauge is usually an instrument with
cantilevered metal arms which have strain gauges
attached to either side of the arms. The gauges
are placed in an electrical bridge, so that they give
an electrical signal which varies proportionately
with the displacement of the arms; usually there
is a linear relationship between displacement and
the voltage output. The precision of these gauges
depends on type of measurement needed. For a
basic K[c test, the precision required is not as
stringent as for a test in which elastic slopes are
used to measure crack advance. The displace-
ments to be measured are as follows.

• The crack-mouth opening displacement
(CMOD) measures the opening of the crack
starter notch at the specimen front surface
on all specimen types but the M(T) specimen
(Figure 12a).

• For the M(T) specimen, the arrangement
shown in Figure 12(b) is used.

• For the measurement of S5, a special defini-
tion of the CTOD, the gauge in Figure 12c is
recommended. The gauge is attached to the
specimen side at the original fatigue crack tip
and over a gauge length of 5 mm, ±2.5 mm
relative to the crack line.

• If the fracture toughness test is aimed at the
determination of the ./-integral, then the
deformation energy of the specimen has to
be measured, which requires the measure-
ment of the displacement of the loading
points, the load-point displacement, LPD
(or load-line displacement). For C(T) speci-
mens, this displacement is taken between the
steps in the crack starter notch which define
the origins of the crack length, a, and of the
specimen width, W, in Figure 1. For SE(B)
specimens, the measurement of the LPD is
relatively complicated since extraneous
deformations arising from indentations of
the loading rollers into the specimen have
to be extracted from the measured deflection
of the specimen. Therefore, more recent J
standards use the CMOD for the J evalua-
tion (see Section 11.02.3.3.1). In case of the
M(T) specimen, the load-line displacement
has to be measured over a very large gauge
length, which requires the use of a linear
variable differential transducer (LVDT)
gauge. During loading of an M(T) specimen,
some amount of bending may occur if the
specimen had not been exactly plane prior
to testing. This affects the measurement of
the LPD; also in this case the CMOD may
be advantageous for the determination of J
(see Section 11.02.3.3.1)

For crack-length measurement, electrical
potential drop instrumentation may be used
(for details see Section 11.02.2.5.3.)
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Figure 10 Orientation code for identifying testing conditions (according to ASTM E 1823-96, 1996).

Grain flow

Figure 11 Orientation code for identifying testing orientations: a, aligned; b, not aligned; c, radial grain flow,
axial working direction; d, axial grain flow, radial working direction (according to ISO FDIS 3785, 2005 (E)).
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Figure 12 Clip gauges for displacement measurements, a, Schematic clip gauge for measurement of CMOD
on C(T) and SE(B) specimens (ASTM E 1820-05, 2005k); b, measurement of CMOD on M(T) specimens; c,
experimental setup for measuring 65 (Schwalbe, 1995).

11.02.2.4.2 Instrumentation requirements

The selection and calibration of instrumenta-
tion is an important part of conducting a
successful test. The instrumentation type and
requirements depend on the type of test being
conducted. Nearly all tests require a force
transducer and one or more displacement
transducers.

The calibration required for the various trans-
ducers are a function of the type of test being
conducted. For the basic test, the requirements
on force and displacement accuracy are not as
strict. For example, in many procedures, an accu-
racy of ± 1 % of the full working range and the
maximum deviation of a fit to the data of ± 1 %
would be required. However, if elastic unloading
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compliance is being used, the maximum devia-
tion from the fit could be ±0.2% for both force-
and displacement-measuring devices. Also, for
the elastic compliance method, the resolution of
the displacement signal should be one part in
3.2 x 104 and the force resolution should be one
part in 4000. For digital data acquisition, a 16-bit
A-to-D converter is required for this. If the work-
ing range of the instrument is much greater than
the range used for the test, separate requirements
could be given for the working range and for the
test range. Each test procedure includes a section
in which the required accuracies for the instru-
mentation are specified.

11.02.2.5 Crack-Length Measurement

For the evaluation of a fracture toughness
test, some information on crack length is
required, either the initial crack size, a0, or the
complete crack extension history during a test.
The most basic tests require only a measure-
ment of the initial crack size. For tests with
some stable crack extension prior to fracture,
the final crack length, ci(, may also need to be
measured. If a complete Ä-curve characteriza-
tion is to be done, a number of crack-length
values between the initial and final crack
lengths are required. This can be achieved in
one of the two ways, either by using the multi-
ple-specimen method or one of several single-
specimen methods. The former method needs
one specimen for each data point, with visual
crack-length measurement on the fracture sur-
face of the broken specimen; the latter method
provides a complete 7?-curve from a single spe-
cimen, using indirect techniques for crack-
length measurement. These methods will now
be described in detail.

11.02.2.5.1 Determination of initial and final
crack lengths

The determination of initial and final crack
lengths requires a visual measurement which is
the oldest method applied. A measurement of the
crack size on the specimen side-surface can easily
be done during a test; however, in many cases, the
crack advance in the interior of the specimen can
be much larger than on the side-surface, in parti-
cular in thick specimens. Therefore, side-surface
measurements are only recommended for fatigue
propagation tests and /?-curve tests on thin speci-
mens. They are usually done using a microscope
with a calibrated traveling length measurement
device, but remote electronic field measurements
are also available, allowing automated determi-
nation of the crack length.

For fracture toughness tests, the usual visual
measurement of crack length is on the specimen
fracture surface. This can only be done as a
postmortem measurement, that is, the specimen
must be broken into two pieces. The initial
crack length is taken at the end of the fatigue
precrack. This crack length is identified by the
difference in surface features between the fati-
gue crack extension region and the following
fracture region on the fracture surface, which
may be either slow stable crack extension or fast
final fracture (Figure 13). The final crack length
is usually defined at the end of stable crack
extension. This can occur at the onset of clea-
vage fracture in steels or when the test is
terminated by unloading the specimen.

11.02.2.5.2 Visual method

The visual technique described here is used to
determine initial and final crack sizes as well as
the amount of crack extension, Aa, that has

(Not to scale) 1 , 2 3 4 5 6 7 8 9

0.01 S

Measure initial and final crack lengths at positions
1-9 from center line of

pinhole 1 2 3 4 5 6 7 8 9

Reference
lines

8 I 2 \=2

'A
^Center line of the pinhole

Machined notch

Fatigue precrack

Initial crack front

• Stretch zone

Crack extension

Final crack front

Side groove

(b)

Figure 13 Visual crack-length measurement on the fracture surface, compact specimen: a, plane side specimen;
b, side-grooved specimen (ES1S P2-92, 1992).
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occurred during a test. It is particularly used in
the multiple specimen method which requires a
number of specimens for the determination of
an 7?-curve. The specimens are loaded to differ-
ent amounts of deformation, thus resulting in
different amounts of crack extension, which
have to be determined by postmortem investi-
gation (see Section 11.02.4.3.1). The visual
measurement of crack size is on the fracture
surface. For this, the specimen must be broken
into two pieces. In order to make Aa visible on
the fracture surface, several treatments have
been developed which mark the crack front
reached at the end of test. After marking the
crack front, the specimen is then broken open
to reveal the fracture surface for the crack-
length measurements. Some of the crack-front
marking techniques include

• Specimens made of ferritic steels that can be
cooled down to low temperatures, for exam-
ple, by immersing them in liquid nitrogen. If
the specimen is then broken open, final frac-
ture occurs in a cleavage mode which can be
clearly distinguished from the appearance of
prior stable crack extension.

In materials other than ferritic steels, the
fracture surfaces created by slow stable crack
extension and fast final rupture may not exhibit
different features that could mark the crack
front reached during the test. For these cases,
the following two techniques are suitable:

• The fracture surface of some materials, for
example, steels and titanium alloys, created
during the test can be tinted by heat treat-
ment which helps distinguish them from the
subsequent final rupture.

• A frequently used method that can be applied
to virtually every material is post-test fatiguing
or refatiguing at a low stress amplitude which
provides a clearly marked crack front.

The amount of crack extension during the test
is then determined on the fracture surface by
averaging several individual local measurements
(Figure 13). The crack usually exhibits a curved
front, and since the fracture mechanics para-
meters are based on a two-dimensional
treatment, the crack must be defined with a
single length, usually an average of the curved
length. Crack lengths are measured from the
front face for the bend-type specimens (e.g.,
SE(B) specimens) and from the center of the
pinholes for pin-loaded specimens (e.g., C(T)
specimens). In the case of the M(T) specimen,
the crack length is taken as one-half of the total
crack-length measured between both crack tips
(Figure 14). Visual crack-length measurements

12 3 4 5 Measure initial and final crack
I I I I I lengths at positions 1-5

Reference
lines

Figure 14 Measurement of crack length on M(T)
specimens. The same procedure is used as outlined in
Figure 13. The average of both cracks represents the
crack length of the M(T) specimen.

are usually done with a microscope on a cali-
brated traveling stage. The number of individual
measurements can vary:

• Nine individual values are often required in
test methods aimed at determining low-con-
straint (plane strain) fracture toughness
values under elastic-plastic conditions
(ASTM E 1820-05, 2005k; ISO 12135, 2002;
ESIS P2-92, 1992): the crack lengths near the
two surfaces and crack lengths at seven loca-
tions through the thickness of the specimen,
at 1/8-thickness intervals. The two surface
lengths are averaged to give one point and
the seven middle lengths are averaged with
this surface average to give what is called the
nine-point average (Figure 13).

• For the determination of Kic, only three
values are required: mid-thickness and the
two quarter-point thickness values are
averaged.

• For specimens that are used to determine the
fracture toughness under low-constraint
conditions (see Section 11.02.4.3.3), the
number of individual measurements can be
reduced to five; three measurement points
are sufficient if the specimen thickness is
smaller than 5 mm (draft standards: ISO
DIS 22899, 2005; ASTM E 2472-06, 2006;
ESIS P3-O5D, 2005).
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An important aspect of visual crack observa-
tion and measurement is concerned with the
stretch zone. This zone marks the transition
from the fatigue crack to stable crack extension
and is needed for the accurate determination of
the initiation of stable crack extension. Due to
the microscopically small width of the stretch
zone, a scanning electron microscope has to be
used for the measurement. The width of the
stretch zone varies substantially across the spe-
cimen thickness so that a number of
measurements have to be taken and then aver-
aged (Figure 15). In addition, there is scatter
between individual specimens; therefore, the
results from at least three specimens have to
be averaged (ISO 12135, 2002; ESIS P2-92,
1992; GKSS EFAM GTP 02, 2002).

11.02.2.5.3 Indirect methods

Whereas the multiple-specimen method using
visual crack-size measurements provides just
one data point per specimen on an 7?-curve,
continuous or quasi-continuous crack-length
measurement from a single specimen during
the test allows in principle the generation of a
complete 7?-curve. The choice of method is at
the user's discretion; however, sufficient accu-
racy has to be demonstrated. For example, ISO
12135 (2002) requires that the final crack exten-
sion should be within 15% of the measured

Fatigue crack

Stretch zone

Stable crack
extension

/c>5

Beginning of
stretch zones

End of
stretch zonev

Image plane parallel to fatigue surface

/= 1 /=k

Figure 15 Determination of the stretch zone width,
AaSZw (ESIS P2-92, 1992).

crack extension or 0.15 mm, whichever is
greater, for Aa < 0.2( W - a0), and within
0.03(W-aq) for Aa > 0.2(W- a0). Three
methods will be described in the following,
based on the deformation properties of the spe-
cimen and electrical potential techniques. In
contrast to measurements on the specimen's
side-surface, which capture only the surface
trace of a crack, these methods average over
the specimen's cross-section.

For the first crack extension fracture resis-
tance curve measured in a series of tests using a
single-specimen method, some standards require
calibration of the technique used. For example,
it is recommended to test at least three specimens
(ESIS P2-92, 1992). Two of these are required to
demonstrate the accuracy of the test equipment
at small and intermediate amounts of crack
extension. One test should be terminated
between 0.1 and 0.3 mm of ductile crack exten-
sion (Figure 16). The other should be terminated
midway between the valid crack extension range,
Aflmax. Suitable termination points can be esti-
mated from data for the specimen covering the
Aflmilx range. If the difference between the esti-
mated and measured crack extension exceeds
15% of the measured crack extension or
0.15 mm, whichever is greater, then the test is
invalid and the single-specimen technique may
require improvement.

(i) Elastic compliance

The elastic compliance of a specimen is a
function of its relative crack length, a\W.
Using the appropriate calibration function,
which depends on the specimen geometry, the
development of the crack length during a test
could be determined continuously or at certain
intervals. The initial part of a force-deforma-
tion relationship is linear, thus indicating that
the crack has not yet increased its size. With
further increase of the applied force, the force-

—>o

2-a>
o
c
to
<n
0)

o
D

ra
c

/
I
I

1 t
I I
I I

I
/ /1 1i

Blunting line / i

I ^<d^/ /&n / /' / // / // / /' ' /' / /
' / // / /

0.1 mm/ Aam

10.3mm/ Crack extension, Aa

Figure 16 Calibration points for indirect methods
(ESIS P2-92, 1992).
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deformation relationship becomes nonlinear,
and for a material exhibiting little or no plastic
deformation, this indicates crack extension.
However, most engineering materials develop
a plastic zone at the crack tip that contributes
to the nonlinear behavior of the test record. In
order to extract the elastic compliance from the
test record, the unloading compliance techni-
que has been developed (Clarke et ai, 1976).
The unloading compliance method relies on the
fact that a plastically deformed material
behaves in an elastic manner upon unloading.
Small elastic unloadings are taken at intervals
during the test. The slope of the unloadings is
measured, and its inverse is the compliance
from which the crack length can be deduced
via the calibration curve. It should be noted
that in spite of its simple principle, this method
requires very careful experimentation due to the
very small displacements to be measured and
due to friction effects between specimen and
loading device and displacement gauge, respec-
tively. This technique is standardized in a
number of national and international standards
(ASTM E 1820-05, 2005k; ISO 12135, 2002;
ESIS P2-92, 1992). The unloading compliance
method works best on bend-type and compact
specimens; it is not routinely used on tension-
type specimens, such as the M(T) specimen,
since they exhibit even smaller deformations
than the former ones.

(ii) Normalization method

A further way to measure the crack length
from deformation properties is based on the
deformation characteristics of the material
and specimen (Landes et al., 1991; Reese and
Schwalbe, 1992; ASTM E 1820-05, 2005k). A
specimen geometry has a deformation pattern
which relates to the deformation characteristics
determined in a tensile test. By knowing the
plastic deformation pattern of a specimen with
a given crack length, crack-length changes can
be inferred from deviations from this pattern.
Usually, the plastic deformation pattern of a
specimen is given by a functional form with
fitting constants. These constants can be deter-
mined at calibration points on the specimen, for
example, initial and final points of the test. The
prediction of crack extension is based on the
solution of a set of equations that describe the
influence of crack length and displacement on
the force versus displacement record. In some
cases, the method is applied by testing a speci-
men without crack extension, for example, a
blunt-notched specimen, and a second speci-
men which is precracked and hence allows
crack extension. The difference between the

deformation patterns for the stationary crack
and the extending crack can be used to infer
crack extension during the test. The use of two
specimens assumes that the plastic deformation
of the two specimens would be identical for the
two crack lengths. This technique does not
require any additional instrumentation and is
particularly well suited for testing at high tem-
peratures, in aggressive environments, or at
high loading rates.

(Hi) Electrical potential drop method

The third indirect method is the electrical
potential drop method, using the electrical
resistance of the specimen, which depends on
crack length. The method is mainly used to test
metallic materials; however, it can also be used
on nonmetals if a metallic foil is attached to the
specimen's side-surface along the expected
crack path. Whereas in the former case the
resistance of the whole cross-section of the spe-
cimen contributes to the electrical resistance,
thus providing an average measure of the
crack length, in the latter case the resistance of
only the foil is determined, whereby only the
surface trace of the crack is captured, restricting
this method to applications where the surface
trace is representative of the whole cross-
section, for example, when fatigue crack
propagation has to be determined. Whereas the
compliance is a well-defined property of a speci-
men, the electrical resistance depends strongly
on the way the current is fed into the specimen
and the locations of the voltage pickup. This is
why numerous techniques have been developed,
the main differences being the use of DC or AC
and the locations of the current input and vol-
tage measurement. Most methods are self-
calibrating, that is, the final crack extension is
used for calibration. One DC method uses the
Johnson equation (Johnson, 1965) to predict
crack extension (Schwalbe and Hellmann,
1981). Since this method appears in several stan-
dards, its basic items are shown here. Johnson's
equation relates the crack length to the potential
drop as follows:

2W
a = cos

71

ny
^ a |

where y is shown in Figure 17, <E> is the electrical
potential related to the actual crack length, and
the subscript 0 identifies the values of a and <t>
before crack extension starts.

This equation is valid if in the neighborhood
of the cracked cross-section, a homogeneous
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0.5W

Figure 17 Specimens with electrical contacts suited
for using Johnson's equation (ESIS P2-92, 1992).

distribution of the electrical potential would
exist without the presence of the crack. This
can be achieved if the DC current is fed into
the specimen remote from the crack, which can
be most easily achieved in an M(T) configura-
tion for which this equation was derived.
However, the method can also be applied to
C(T) and SE(B) specimens if the contact
arrangement is as shown in Figure 17. Details
for the practical application of the electrical
potential method are given in some standards
(ASTM E 647-00, 2005h; ESIS P2-92, 1992;
GKSS EFAM GTP 02, 2002).

High plastic deformations in a large plastic
zone of the specimen may substantially affect
the voltage output measured on the specimen.
Therefore, any calibration should consider
plasticity effects.

Proper electrical insulation between
specimen and test machine is important to
avoid effects of the machine on the measured
potential. Furthermore, when using a DC
method, due to the high sensitivity needed for
the voltmeter- typically in the nanovolt range-
electrical drift may easily occur. Therefore,
during the test, the specimen should be pro-
tected from temperature fluctuations. Using a
dummy specimen which is not loaded in the test
or reversing the current in certain intervals have
also been proved to be useful (Dietzel and
Schwalbe, 1986).

11.02.2.6 Conducting the Test

11.02.2.6.1 Loading the specimen

The specimen can be force or displacement
controlled. In a servohydraulic machine, most
of the measuring transducers can be used as

control transducers. Usually the displacement
of the loading ram is used to control the loading
of the specimen in a fracture toughness test. If a
force control is used, the machine becomes
unstable when the maximum force point is
reached. Many tests are loaded past this max-
imum force point into the unloading region of
the force versus displacement behavior.
Therefore, testing using force control does not
allow the test to go to the full extent that dis-
placement control could allow.

The rate of the loading is specified in the
standard. The loading rate must be fast enough
so that time-dependent effects do not influence
the test result, and slow enough so that the test
result does not have any of the rapid load
effects that influence the fracture toughness.
Also for rate-sensitive materials such as poly-
mers, the loading rate must be continually
controlled. The final point of the loading
depends on the type of test and the fracture
behavior. If there is a brittle fracture response,
the test is conducted until there is an unstable
crack advance. For ductile fracture behavior,
the point for terminating the loading may be
chosen to obtain a desired amount of stable
crack extension. Often, this is just past maxi-
mum force, but it could be further into the
unloading portion of the test.

11.02.2.6.2 Recording

As the test is being conducted, the measured
parameters such as force, displacements, test
temperature, and stable crack extension must
be recorded. The recording of the data was
traditionally done autographically. With new
computerized systems, the data are often
recorded digitally. The digital recording of the
data can allow the in situ calculation of the
fracture parameters, sometimes called interac-
tive testing and data recording. However,
additional autographic recording is still being
used frequently in order to have a visual impres-
sion and control of the test.

11.02.3 ANALYSIS

11.02.3.1 Introduction

In this section, the tools needed for evaluat-
ing the fracture toughness in terms of several
parameters are provided. Usually, a force-dis-
placement record (F-v record) serves this
purpose; the displacement is measured either
across the crack mouth or between the points
where the force is applied (=load-line displace-
ment). This is the classical procedure of linear-
elastic (see Section 11.02.3.2) and elastic-plastic
fracture mechanics (see Section 11.02.3.3). In
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Sections 11.02.3.3.2 and 11.02.3.3.3, two more
recent methods are described which do not need
a force-displacement diagram; however, it is
recommended to record this information in
any fracture test. In the context of the various
fracture regimes, some examples of specific
tests will be given. These tools will then be
used in Section 11.02.4 to characterize a
plethora of fracture events.

11.02.3.2 Linear-Elastic Fracture Toughness

11.02.3.2.1 Expressions for the stress intensity
factor

Historically, fracture mechanics was intro-
duced to study and quantify brittle fracture
events. Therefore, the K1C test was the first
fracture toughness test appearing in the
books of standards (for details see Section
11.02.4.2.1). Brittle fracture means that failure
occurs within a globally linear-elastic beha-
vior, which in a test piece is given by a
linear F-v record. Plastic deformation near
the crack tip does not disturb linear elasticity
if it is confined to a small plastic zone and if
it leads to only a small deviation from linear-
ity of the test record. Fracture toughness is
expressed in terms of the stress intensity fac-
tor, K. The stress intensity factor can be
expressed in various ways. A K expression
can be based on the solution for an infinitely
large cracked sheet containing a through-
crack of length 2a, with the applied stress
a acting perpendicularly to the crack and
having a homogeneous distribution across
the sheet:

K = G\fnci [2]

It is obvious that the K solution for a
test piece or a structural component, the geo-
metry of which deviates from an infinitely
large sheet with a homogeneously distributed
applied stress, must be different from eqn [2].
In order to keep the simplicity of the expres-
sion in eqn [2], the deviation of the actual
solution from that equation is given by a
dimensionless calibration function, Y(ajW),
where W designates the width of the test
piece or component:

Since these expressions are not very suitable
for laboratory specimens, the stress intensity
expressions have been given a different format,
with the M(T) specimen being an exception.
For this specimen, K is given by (ASTM E
561-98, 2005g, ASTM E 647-00, 2005h)

is

2BW
[4]

or, alternatively

2BW

[5]

where F/(2BW) is equal to a and B is the
thickness of the specimen. Whereas the M(T)
specimen is appropriate for low-constraint frac-
ture toughness determination, the two other
widely used specimens, SE(B) and C(T) speci-
mens, are mainly used for high-constraint
fracture problems. Their respective stress inten-
sity formulas are for the C(T) specimen: (ASTM
E 1820-05, 2005k)

K =
F

{BBN W)
1/2

•f{a/W) [6]

where

j\a/W) =

x (0.886 + 4.64(a/ W)- 13.32(a/ W)2 [7]

+ 14.72(a/HO3-5..6(a/H/)4)

and Z?N is the net thickness of a side-grooved
specimen. If the specimen is plain-sided, then
5 N is replaced by B.

For the SE(B) specimen, the following
expressions have been derived (ASTM E 1820-
05, 2005k):

K =
FS

f{a/W)

where

j\a/W)

2(1 \3/2

[9]

and S is the loading span of the specimen
(Figure 6).

With these equations, the three most widely
used specimens for fracture toughness testing
are characterized. For other specimen geome-
tries, see the list of standards in the 'References'
section. The application of the K formulas for
the determination of linear-elastic fracture
toughness values is described in Section
11.02.4. K solutions for specimens not treated
in standard procedures can be either obtained
from handbooks (e.g., Murakami el ai, 1987/
1992) or from finite element or boundary ele-
ment analysis.
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11.02.3.2.2 Limits of the applicability of the
stress intensity factor

For most materials used in structural appli-
cations, high toughness is desirable so that
the structure would not fail before significant
yielding occurs. In these cases, the laboratory
test piece exhibits substantial nonlinearity of
the test record, which is a consequence of
widespread plastic deformation and fre-
quently also of crack extension. Up to a
certain degree of plasticity, the specimen
behavior can still be characterized with K if
a plasticity correction is applied (see Chapter
7.04.6.4.2). Beyond this stage, however, the
crack-tip field and hence the fracture behavior
can then no longer be characterized by a
stress intensity factor. Nonlinear loading is
usually characterized by the parameters
./-integral and CTOD. At a given amount of
one of these fracture parameters, the degree
of nonlinearity depends on specimen size. The
specimen with the larger planar dimensions
exhibits less nonlinearity at that value of the
fracture parameter than the specimen with
smaller planar dimensions. If a specimen is
very large, then a plastic zone may develop
which is small as compared to the planar
specimen size; in that case, the specimen
behavior may even be characterized with the
stress intensity factor. Thus, the characteriza-
tion of the behavior of a specimen as brittle
or ductile not only depends on the material,
but also on the planar specimen dimensions.
In such cases, the stress intensity factor can
be evaluated from the ./-integral (eqn [25]).
First the ./-integral method is explained.

11.02.3.3 Elastic-Plastic Fracture Toughness

11.02.3.3.1 /-integral

./-based fracture toughness testing is standar-
dized by numerous national and international
organizations, such as ASTM, BSI, ESIS, and
ISO. The individual details of each procedure
are not described here, but some of the details
necessary for /-testing and features common
to all procedures are discussed. The C(T) and
SE(B) specimens are most widely used for
/-testing; M(T) specimens are sometimes also
used in the cases where low-constraint beha-
vior has to be investigated (see Section
11.02.4.3.3). For the evaluation of/, the rela-
tive displacement of the loading points (or a
displacement which can be related to the
LPD) and the applied force have to be mea-
sured, because / is an energy-based
parameter. The formulas for the evaluation
of / from the test record partition the amount

of energy consumed in the test up to the
point to be evaluated in the linear-elastic
and the plastic components. For the C(T)
and SE(B) specimens, the following equations
are proposed by ESIS P2-92 (1992):

• /<>=•

K2

£(1 - v2) + B{W - a0)'

where v is the Poisson's ratio and

Vp| = 2.0 + 0.522(l - — \

for C(T) specimens

= 2.0 for SE(B) specimens

[10]

[ l l a ]

[ l i b ]

In these equations, the LPD is used for deter-
mining the area, A, shown in Figure 18 which
represents the plastic energy consumed by the
specimen. It is the area between the loading
curve and a straight line which is parallel to
the initial linear-elastic slope and goes through
the point of the loading curve to be evaluated.
Here it is assumed that no significant crack
extension has taken place during the experi-
ment, because otherwise that straight line
would not be parallel to the original linear-elas-
tic slope. It would rather have to have a lower
slope according to the amount of crack
extension.

The C M O D can also be used, but then

„ = 3.724-2.244-^ + 0 . 4 0 8 ^

for SE(B) specimens
[12]

For C(T) specimens, it does not make much
sense to distinguish between LPD and CMOD,
because if the slit in the specimen which is
needed for precracking is appropriately
designed (see Section 11.02.2) then the CMOD
is not needed.

For M(T) specimens, the ESIS method (ESIS
P2-92, 1992) proposes a slightly different
method; here, the area A* is determined
between the loading curve and the secant

LPD or CMOD

Figure 18 Definition of area, A.
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LPDorCMOD

Figure 19 Determination of A* from force-CMOD
diagram (ESIS P2-92, 1992).

connecting the origin of the diagram with the
point on the diagram to be evaluated
(Figure 19):

, * 2 , A'
E B{W-a0)

[13]

It has been shown that the plastic parts of the
LPD and C M O D of an M(T) specimen are
equal. This eases the determination of J on
this specimen type since the C M O D is much
easier to measure than the LPD.

The preceding J equations are for the case of
a stationary crack. If there is crack extension, as
is the case with Ä-curve development, the equa-
tions require a crack extension correction. A
simple correction of the J equation for crack
extension is provided by ESIS P2-92 (1992):

= J o \ \ -
(0.75>/-

(W -a)
[14]

where Jo is the J value as determined by the
equations above. This correction is suitable
for the determination of an R-curve using the
multiple specimen method where each data
point on the curve is from one test. The crack
extension, Aa, is measured on the fracture sur-
face as described in Section 11.02.2.5.2.

The ASTM procedure for R-curve develop-
ment uses a different method for crack
extension correction (ASTM E 1820-05,
2005k). The area, A*, needed for a Aa-corrected
J is not directly measured in the test. It is the
area relating to the instantaneous crack length
that, for the purpose of evaluation, is treated as
a stationary crack (Figure 20). The resulting
formula is based on an analysis by Ernst et al.
(1981):

cu
(J

£

LPD

Figure 20 Correct and measured areas in a ./-based
test.

J =
- v2)

[15]

where

K/-D+-

1 - ?('-•)"
('-!)

[16]

where / refers to the current value of J and
(/ — 1) the previous one. (Af/j — A(i_\^} is a plas-
tic area between loading increments and y is a
factor defined in the standard. It takes different
values for different specimen geometries.

These J evaluation procedures are just exam-
ples; they may slightly deviate in other standards
(see the standards in the 'References' section).

11.02.3.3.2 Crack-tip opening displacement

CTOD measures a displacement near the
crack tip and hence provides a direct character-
ization of the crack-tip stress and deformation
fields. It was the first method of fracture tough-
ness measurement that was proposed for
nonlinear deformation behavior (Wells, 1961).
It has also been the basis for the first compre-
hensive structural assessment method, the
design curve; see Chapters 7.01 and 7.04 of
Volume 7. It is interesting to note that the
/-integral approach was developed in the US
for application in the nuclear industry where it
is still being used, whereas the CTOD approach
has its origin in the UIC, with the major appli-
cation in the offshore industry. Originally, there
was some discussion regarding the merits of
using a CTOD fracture parameter versus a
J parameter. Later it was acknowledged that
the two are related and represented different
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ways of measuring the same toughness (Dawes,
1979). The two parameters can be simply
related by

S = mJ /o\ [17]

where 6 is the symbol for C T O D , try is the yield
strength, and in is a constant depending on
material and constraint.

The CTOD, as originally developed, mea-
sured a value of crack opening at the original
crack tip using a small paddle (Wells, 1961). As
this was difficult to measure, a new technique
was developed and standardized by BSI (BS
5762, 1979), which infers the CTOD from a
remote displacement measurement, the
CMOD. This standard method uses SE(B) spe-
cimens (Figure 21) and partitions the total
CTOD into an elastic and a plastic component
for 6:

[18]
rpi(W - a0) + a0 + z

where rp](lV-ao) — 0.44 defines a stationary
hinge point around which the specimen rotates,
z is the distance of the displacement measure-
ment position from the specimen's front face,
and v is Poisson's ratio. Later work has shown
that the same method can be applied to C(T)
specimens as their uncracked ligament under-
goes essentially bending loading. For this
specimen type, the hinge point is located at
rpi(W-a0) — (0.46 to 0.47), and z is the distance
of the displacement measurement point from
the load line (ASTM E 1290-02, 2005i, ASTM
E 1820-05, 2005k).

Whereas this method can only be applied to
bend-type specimens, a method developed by
Schwalbe (1995) measures the C T O D on the
specimen surface at the fatigue precrack tip
over an original gauge length of 5 mm
(Figure 12c). The resulting quantity is desig-
nated <55 and can be measured on any
specimen or structural component with a sur-
face-breaking crack. It is standardized in
various procedures (ESIS P3-05D, 2005; ISO
DIS 22899, 2005; GKSS E F A M GTP 02,
2002). This technique provides a direct

measurement; it does not need any kind of cali-
bration functions. The clip gauge shown in
Figure 12c is relatively easy to produce; how-
ever, its attachment to a specimen requires
attachment parts that have to be designed indi-
vidually for the specimen configurations to be
tested. Alternatively, remote sensing methods
are also recommended. The 65 has been used
for the determination of/^-curves and of da/dt
diagrams for stress corrosion and creep condi-
tions (Schwalbe, 1998).

11.02.3.3.3 Crack-tip opening angle

Both the ./-integral and the C T O D techni-
ques described above measure accumulated
quantities as a function of crack extension.
This raises the fundamental question about
the conditions at the moving crack tip.
Physically, the failure conditions during crack
extension should be constant. A further para-
meter, the CTOA, has been proposed to
describe stable crack extension. Its particular
strength is in describing large amounts of
crack extension in thin-walled structures. The
CTOA is the angle included by the flanks of an
extending crack (Figure 22). After an initial
transition period, the CTOA remains constant,
that is, it is independent of the amount of crack
extension (Dawicke et eil., 1995; Heerens and
Schödel, 2003; see also Section 11.02.4.3.3.2).
This constant angle is designated critical
CTOA, ijjc, which can be used for structural
integrity assessments.

According to numerical analyses, the deter-
mination of the CTOA should be facilitated by
the fact that the crack flanks remain linear
during crack extension in these analyses
(Figure 23). In this way, the angle can be deter-
mined according to the relationship

[19]

where 6 represents the opening displacement at
the distance from the crack tip, rm (Figure 22).
Ideally the distance rm is held constant, which
can be easily done in finite element analyses.
Several techniques for determining the CTOA

Force

Figure 21 SE(B) specimen showing rigid rotation
definition for CTOD measurements.

Figure 22 Definition of the CTOA (ISO DIS 22899,
2005).



24 Classical Fracture Mechanics Methods

have been proposed; they are briefly described
in the following.

The probably most obvious method to mea-
sure the CTOA is the optical measurement of i//
on the specimen side-surface. However, if i// is
to be determined experimentally in the neigh-
borhood of the moving crack tip, it turns out
that in reality, on a microscopic scale, the crack
flanks are quite irregular, making the determi-
nation of \p difficult (Figure 24), and leading to
large scatter (Figure 25). In addition to that
irregularity, the low values of \p contribute to
scatter, as well as the difficulty to identify the
actual crack tip which is frequently obscured by
the large amounts of plasticity occurring at the
crack tip. Usually, the CTOA is defined by two
straight lines going through the crack tip and a
pair of points located on opposite sides of the
crack flanks (Figure 26). The difficulty in find-
ing the actual position of the crack tip can be
avoided if the crack tip is replaced by a second
pair of points (Figure 26). In order to reduce
scatter, it is recommended to perform these
measurements using several pairs of points as
shown in Figure 26 and to take the average of
these individual measurements, i/f,

[20]

where
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Figure 23 Finite element analysis of stable crack
extension in AI 2024-T3 showing linear crack flanks
(deKoning, 1978).

[21]

The digital image correlation technique
employs a video camera, which is translated
parallel to the specimen surface, thus keeping
the crack tip within the field of view (Sutton
et ai, 1994; ISO DIS 22899, 2005). A high-
contrast random pattern is applied to the speci-
men by spraying white acrylic paint on the
specimen surface and adding diffusely spread
black toner powder. The pictures taken by the
camera are evaluated for displacements across
the crack and then for the CTOA.

Probably the earliest method for obtaining the
CTOA uses the infiltration technique which is a
multiple specimen method because one specimen
is needed for each data point. A number of
nominally identical specimens are loaded up to
different displacements. A replica material is
then infiltrated into the crack, whereby the speci-
men should be under load. The replica
represents the open crack and can be sectioned
parallel to the crack extension direction to reveal
the through-thickness variation of the crack pro-
file and hence of the CTOA.

A hybrid method uses a finite element analysis
along with the experimental force-displacement
and crack-length data (Sutton et ai, 1994). This
analysis extends the crack through the material
by keeping a chosen value of the CTOA constant.
This procedure is repeated with different values
of i/f until a characteristic quantity (e.g., the max-
imum force attained in the test) is met within a
certain accuracy (Newman, 1984; Seshadri et ai,
1999). The same procedure can then be used to
analyze cracks in structural components by using
the known value of the CTOA for the crack
extension analysis for the determination of the
load-bearing capacity of the component (Hsu
el at., 2002; Seshadri et al., 2002).

There have also been attempts for determin-
ing the CTOA from <55 R-curve measurements
(Heerens and Schödel, 2003; Brocks and Yuan,
1991). Here 6 is given by 65 and rm = Aa. The

Aa= 1.32 mm

Distance from
initial prefatigue
crack position

100 um j

-100|im -

1.5

Figure 24 CTOA determination complicated by irregularity of crack flanks (ISO DIS 22899, 2005). Randy
Lloyd, Idaho National Laboratory, unpublished work.
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A 2 C(T), W- 50 mm. a/W=0.5
i A C(T). kV= 150 mm, a/W=0.5
<> M(T), W= 150 mm. a/kV=0.2
O M(T). W=50mm, a/W=0.3
• 2 Cruciform, W= 150 mm. a/W=0.2. X=0.5
D Cruciform. IV=150 mm, a/W=0.2. X = -0.5

0 10 20 30 40 50 60 70 80 90 100 110

Figure 25 CTOA data determined as per Figure 26
on various specimen geometries showing large
scatter (Schödel, 2006).

r-i =0.1-0.2 mm

rn < 1-1.5 mm

Figure 26 CTOA determination with the four-point
method (Heerens and Schödel, 2003).

Optical determination

Indirect determination from <55

Figure 27 Indirect determination of the CTOA from
the slope of the S5 R-curve (Schwalbe et ed., 2004).

principle is depicted in Figure 27. From the
illustration, it follows that

AI 5083,
= 3 mm,

2 C(T), W=50mm
C(T). W=150mm
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Figure 28 CTOA determined from the slope of the
R-curve compared with optically obtained values:
a, C(T) specimens; b, M(T) specimens (Schödel, 2006).

Since the 65 R-curve is relatively easy to
obtain, exploitation of eqn [22] provides a
very simple technique for determining the
CTOA. Figure 28a shows good agreement
with direct measurements, whereas the agree-
ment in Figure 28b is less good. The
observations made so far suggest that eqn
[22] can serve as an estimate rather than an
accurate method for determining the CTOA.
If the CTOA has to be used for structural
assessment, it is recommended to determine
i// on C(T) specimens with a minimum width
of 150 mm.

11.02.4 FRACTURE BEHAVIOR

This section deals with the response of a
specimen to the loading applied in a test.
Crack extension is characterized using the
tools presented in Section 11.02.3, whereby
the choice of the analysis tool depends on
the global specimen behavior in terms of the
force versus displacement record. Specimen
behavior is also discussed by means of the
micromechanisms of fracture and in particu-
lar as a function of the deformation
constraint present in the specimen, a para-
meter of paramount importance in fracture
mechanics. Detailed reference to specific test
standards is made as appropriate.
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11.02.4.1 Regimes of Behavior of a Specimen
in a Fracture Toughness Test

11.02.4.1.1 Deformation behavior

Unfortunately, the fracture process depends
on numerous parameters, given by material,
test temperature, loading rate, environment, as
well as constraint conditions in the specimen or
component. The latter in turn depends on size
and geometry of the specimen or structural
component and the proximity of the applied
force to the yield force, which is a measure of
the degree of plasticity, to name only the most
important factors. For more details, see Section
11.02.4.4. In the following sections, the various
kinds of behavior are described in detail;
however, the effects of environment, high
loading rate, and (high) temperature are
discussed in separate chapters, in Chapters
11.03, 11.04, and 11.05, respectively.

An important aspect of fracture behavior is
related to the amount of deformation a speci-
men undergoes during a test:

• The specimen may fail within or shortly
beyond the linear-elastic slope of the force-
deformation record (for the deformation,
usually the CMOD or the load-line displace-
ment are used). Such behavior is called
brittle since the global behavior of the speci-
men is close to linear elastic.

• If the specimen fails after substantial plastic
deformation, which is manifested by a
sizeable nonlinear section of the test record
beyond the linear-elastic slope, then this
behavior is called ductile since the global
deformation characteristics of the specimen
are elastic—plastic.

The terms 'brittle' and 'ductile' are frequently
confused with the micromechanisms of frac-
ture: the cleavage micromechanism occurring
in steels at lower temperatures represents a
'brittle' mechanism since experience shows
that when steels fail in a brittle manner, then
cleavage is the dominant micromechanism.
Figure 29 shows an example of cleavage frac-
ture in a typical pressure vessel steel. However,
cleavage may also occur after much plastic
deformation and after stable ductile crack
extension. The mechanism giving rise to dim-
ples on the fracture surface is usually called
'ductile', since these dimples are a consequence
of extremely large deformations on a micro-
scopic scale. A fracture surface of the same
steel shown in Figure 29, but now at a higher
temperature, exhibits the dimple mechanism
(Figure 30). However, dimples can also be
formed if the high deformations are restricted

Figure 29 Fracture surface of steel pressure vessel
22NiMoCr37 covered with cleavage facets.

Figure 30 Fracture surface of steel pressure vessel
22NiMoCr37 covered with dimples.

to a very small plastic zone at the crack tip. In
this case, fracture occurs also in a brittle man-
ner since the global failure characteristics are
linear elastic.

A further aspect is given by the fracture
toughness evaluation related to the amount of
crack extension:

1. Single-valued fracture toughness, or
point values of fracture toughness, are deter-
mined if little or no stable crack extension
occurs prior to failure. Then the fracture
toughness value is taken at the point of fail-
ure of the specimen.

2. However, even if substantial crack
extension occurs, frequently point values of
fracture toughness are determined near the
onset of crack extension, since in many cases
structural assessment is based on a single
value of toughness.

3. If substantial crack extension occurs dur-
ing a test, then the variation of fracture
toughness (or of resistance to crack extension)
with the amount of crack extension can be
determined. The result is the /?-curve.
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In all these cases, the resistance of crack
extension can be evaluated in terms of K, J, 6,
or i/f, as appropriate.

11.02.4.1.2 Crack behavior

Loading a precracked specimen leads at a
certain, material-specific, point to the extension
of the existing crack. The following statements
refer to tests with force control, which occurs
also in many structural situations.

Note: This is the more conservative case,
since displacement control leads to more
stable behavior of a test specimen or struc-
tural component. The problem with
displacement control is that strict displace-
ment control is difficult to achieve. Although
closed-loop servohydraulic test machines can
react very fast to sudden load drops and keep
a specimen stable in this way, the elastic
energy stored in the loading chain may
be sufficient to break a specimen with low
toughness. An extremely stiff test setup is
depicted in Figure 31. A further stiff arrange-
ment is realized by testing DCB specimens
as discussed in Chapter 11.03. In both tests,
the stress intensity factor decreases with crack
length and even relatively brittle materials can
be tested in a stable manner. These brief com-
ments show that the terms stable and unstable
crack extension have to be seen in the context
of the actual test method.

1. Crack extension may occur under increas-
ing force; this process is then called stable crack
extension. Crack extension can be stopped if
the applied force is held constant.

2. Crack extension may also occur in an
unstable manner, that is, during this process
the applied force drops and the crack can no
longer be prevented from extending. Initiation

of cleavage cracks in ferritic steels is a typical
example of such behavior. However, unstable
crack extension may also occur if the dimple
mechanism is active. This is typical of high-
strength, age-hardened metallic alloys.

3. Unstable crack extension may occur with-
out any or after only very little prior stable
crack extension.

4. Unstable crack extension can be observed
after substantial stable crack extension.

11.02.4.2 Unstable Fracture with Little or No
Prior Stable Crack Extension

11.02.4.2.1 The KIc standard test method

Unstable fracture with little or no prior
stable crack extension is of greatest concern
for the integrity of an engineering structure,
because it may lead to a sudden catastrophic
failure of the entire structure. All kinds of
micromechanisms may be involved here,
because, as it was pointed out above, the global
response is not related to a specific microme-
chanism of fracture. Therefore, and due to the
occurrence of some spectacular failures, stan-
dardization of fracture mechanics test methods
had been focused on just this kind of structural
response, leading to the K\c test standard.

The plane strain, linear-elastic, K\c test was
the first standard fracture mechanics test devel-
oped which used a fatigue precracked specimen.
It was first standardized by ASTM E 399-70T
(1970). The original test method was based on
work by Brown and Srawley (1966) and desig-
nated a tentative standard in 1970. Its
organization and procedure became a model
for other fracture mechanics test standards.
Later, other standards organizations developed
a Klc test (BS 5447, 1977; ISO 12737, 1996), but

Wedge

Specimen

Split pin

Bose block

Figure 31 Wedge-loaded compact specimen (C(W)) (ASTM E 561-98, 2005g).
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the form of the standard was very similar to the
original ASTM version.

The K]c measures fracture toughness which is
characteristic of predominantly linear-elastic
loading with the crack-tip region subjected to
near-plane-strain conditions through the thick-
ness. The test was developed for fracture
conditions with a microscopic ductile mechan-
ism but can also be used for cleavage fracture.
For ductile fracture mechanisms, stable crack
extension usually occurs, accompanied by an
increase of the fracture resistance. However, a
single point to define the fracture toughness
was desired. To do this, a point where the duc-
tile crack extension equals approximately 2%
of the original crack length was identified; this
represents a single measurable point on the
7?-curve. This criterion for choosing the measure-
ment point gives a fracture toughness which is
somewhat dependent on the specimen size.
Therefore, validity criteria were chosen to mini-
mize the size effects as well as to restrict the
loading to essentially the linear-elastic regime.

The five specimen geometries shown in
Figures 1, 5, and 9 are allowed. Whereas the
C(T) and SE(B) specimens are used in most
tests - including tests other than K\c tests - the
other three are special geometries representing
structural component forms. Continuous mea-
surement and recording of force and CMOD is
required during the test. The force must be
applied so that the increase in K is in the range
of 0.55-2.75 MPa m1/2 s"1. The loading is done
in displacement control.

The force versus displacement record com-
prises the basic data of the test. The data are
then analyzed to determine a provisional A"Ic,
labeled A'Q. This provisional value is deter-
mined from a force, FQ, and the crack length.
The FQ is determined with a secant line of
reduced slope on the force versus displacement

record (Figure 32). The construction for FQ
involves drawing the original slope of the
force versus displacement record; then the
secant slope which is 5% less than the original
one is drawn. For a monotonically increasing
force, the FQ is taken where the 5% secant slope
intersects the force versus displacement curve;
this is illustrated as type III in Figure 32. For
other records in which an instability or other
maximum force is reached before the 5% secant
slope, the maximum force reached up to and
including the possible intersection of the secant
line is the FQ. Type II illustrated in Figure 32 is
an example of one of the other test records. The
5% secant corresponds to about 2% ductile
crack extension, that is, 0.02 of the original
crack length. This raises two fundamental pro-
blems (Münz et al, 1976; Munz, 1979):

1. The compliance does not distinguish
between nonlinearities of the test record which
are caused by crack extension or plasticity.

2. The intersection point is not a point on the
7?-curve at an absolute amount of crack exten-
sion, but an amount that increases with
specimen size; therefore, the thus-determined
fracture toughness may somewhat depend on
specimen size. Unstable failure before reaching
the 5% secant also marks a measurement point
for FQ.

The FQ value is used to determine the cor-
responding KQ value from the K expression
for the specimen type tested. The subscript
Q used with F and K indicates provisional
values of these quantities. If KQ passes
the requirements for a valid test, then it is
a valid K\c value. The two major validity
requirements are
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which limits the R-curve behavior to an essen-
tially flat character and ensures some physical
crack extension, and

[24]

This is to guarantee that the specimen is large
enough to ensure linear-elastic loading and plane
strain thickness. In this equation, o\ is the mate-
rial's yield strength, either the 0.2% offset yield
strength or, for materials with a Lüders plateau,
the lower yield strength, 7?eL. Equation [24]
shows clearly that low-strength/high-toughness
materials sometimes require very large speci-
mens. As a consequence, the limits of the test
machine capacity may be reached; furthermore,
the available material may not allow the fabri-
cation of specimens with a size meeting the
requirement of eqn [24], The standards contain
many more requirements which have to be met
for a valid plane strain fracture toughness test.

11.02.4.2.2 The CTOD standard test methods

This method appears in several standards
(ASTM E 1290-02, 2005i, ASTM E 1820-05,
2005k; BS 7448-1, 1991, 7448-2, 1997a; ESIS
P2-92, 1992; ISO 12135, 2002). All methods use
the standard C(T) and SE(B) specimens with a
near-square ligament which is achieved by the
geometric conditions W=2B and a/i¥~0.5.
When testing weldments, which is the prime
area of application of this test method, a further
SE(B) geometry is allowed, where B=W.

The CTOD test method is useful when the
thickness of the material to be characterized is
not sufficient to determine a valid Klc value,
which is the case for high-toughness structural
steels. The specimen thickness is usually equal
to the thickness of the material. Therefore, no
validity criteria related to the specimen size are
applied to the test result.

For the determination of a 6 value, eqn [18]
represents the original evaluation method. To
avoid using this rigid rotation model, a new set
of CTOD equations have been formulated in
ASTM (2005i) using the area under the force
versus displacement record modified by coeffi-
cients which relate the area directly to the
CTOD. In this way, the calculation is similar
to that for J and emphasizes the similarity of
both parameters.

The basic idea of the test method is to calcu-
late a fracture toughness point for brittle
fracture or to evaluate a safe point for the case
of ductile fracture. The brittle fracture tough-
ness is measured at the point of instability. The
ductile fracture toughness is measured at the
onset of the maximum force; this is not included

in the standards ESIS P2-92 (1992) and ISO
12135 (2002). The fracture points to be evalu-
ated are:

• 6C, 65c is a point of unstable fracture after less
than 0.2 mm of stable crack extension. In
steels, stable and unstable crack extension
can be distinguished from each other since
the former exhibits a dimpled fracture sur-
face whereas the latter occurs by cleavage.
Both mechanisms can be easily recognized.

• <5u> 5̂u ' s a point of unstable fracture after
more than 0.2 mm of stable crack extension.
Some standards (ESIS P2-92, 1992; ISO
12135, 2002) require that the amount of
stable crack extension has to be reported.

• <5uc> ŝuc is the symbol to be used if the
amount of stable crack extension cannot be
measured.

• <5m; 5̂m 'S the CTOD at the point of max-
imum force.

The CTOD test is frequently used to charac-
terize the fracture behavior of steels and their
weldments in the ductile-to-brittle transition
regime (see Section 11.02.4.2.4). In addition to
the determination of single-valued fracture
toughness, the CTOD is also used for the deter-
mination of/?-curves (see Section 11.02.4.3).

11.02.4.2.3 J testing

Characterization of a material with the
/-integral follows the same principles outlined in
the previous section. In particular, the same sub-
scripts are used to indicate the kind of crack
extension behavior. J is evaluated as described
in Section 11.02.3.3.1 Critical J values are fre-
quently converted to critical K values (ASTM
E 1921-05, 20051) for use in structural assessment:

[25]

11.02.4.2.4 Ductile-to-brittle transition of
steels

It has been known for about a century that
Charpy tests on specimens made of ferritic steels
exhibit a sharp drop in the toughness value when
the test temperature is lowered. This is known as
the ductile-to-brittle transition of steels. The same
effect is observed in fracture toughness tests.
Figure 33 shows this behavior in a schematic dia-
gram which also shows the regimes of the various
toughness designations introduced above. The
broad band shown in this diagram indicates the
large scatter observed in the transition region.
Individual data points are plotted in Figure 34
which were obtained on a large number of C(T)
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Figure 33 Schematic showing the behavior of ferritic steels in the ductile-to-brittle transition range.
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and some M(T) and DE(T) (double edge cracked
tension) specimens (Zerbst et al., 1993). Below a
J value of 150Nmm~', cleavage occurs right
from the blunting phase or with ductile crack
extension less than 0.2 mm; hence these values
are labeled as Jc. The data above 150Nmirr '
are Ju values, since here cleavage is preceded by
more than 0.2 mm of ductile crack extension.
Among other less obvious items, the diagram
demonstrates that scatter of toughness data
increases with temperature.

A different way of demonstrating fracture
toughness scatter is depicted in Figure 35, where
for different temperatures and specimen sizes the
critical 7 values are plotted versus crack extension.
This way an 7?-curve is constructed where each

data point was obtained on one specimen, that is,
the diagram represents a multiple-specimen
7?-curve. It is seen that the R-curve is inde-
pendent of specimen size and temperature
and also that the amount of crack extension
prior to cleavage tends to be smaller for
larger specimens. The diagram shows the
two mechanisms of fracture in ferritic steels
which are typically observed in the transition
region, namely, stable crack extension and
cleavage. Stable crack extension is character-
ized by the trend of the J versus Aa curve
and cleavage is characterized by the scatter
of the point on the 7?-curve where an indivi-
dual specimen fractures. The amount of
stable crack extension prior to cleavage
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Figure 36 Influence of test temperature and specimen size on the amount stable crack extension visible on the
fracture surface of C(T) specimens, which failed due to the initiation of cleavage (Heerens et al., 2002).

increases significantly with increasing test
temperature (Figure 36), as does scatter.
The reverse trend is observed with increasing
specimen size.

In order to obtain a meaningful characteriza-
tion of cleavage initiation toughness, several
statistical methods for analyzing small specimen
test data have been developed. The statistical
methods are based on the assumption that clea-
vage initiation can be described by a weakest link
model. It is assumed that cleavage initiation spots
- representing the weakest links - are randomly
distributed in the material where each spot has an
individual critical stress for cleavage initiation.
Brittle fracture of the specimen occurs if at one
of the randomly distributed initiation spots the
critical stress is reached. In case of testing pre-
cracked laboratory specimens, this idea is
qualitatively visualized in Figure 37. The maxi-
mum principal stress ahead of a blunted
precrack tip in relation to randomly distributed
cleavage initiation spots ahead of the blunted
crack tip is shown. With increasing load, the max-
imum principal stress is shifted toward the
uncracked ligament. Depending on the distance

between the crack tip and the initiation spots and
their individual cleavage initiation stress, brittle
fracture initiation may occur at lower or higher
loads. Because of the statistical spatial distribu-
tion of the cleavage initiation spots including their
individual critical stresses, large scatter of the
cleavage initiation toughness has to be expected.

According to Figure 37, an increase of the
specimen size, in particular the specimen thick-
ness, increases the amount of material sampled
by the crack-tip stresses; hence, the probability
to find a cieavage initiation spot near the crack
tip increases, which promotes smaller tough-
ness scatter and lower cleavage initiation
toughness. Initiation of stable crack extension
is expected to occur in cases where the distance
between the active cleavage initiation spot and
the fatigue precrack tip is large. In such cases, it
is likely that the displacement applied to the
specimen has to be increased beyond the level
of stable crack initiation, until the stresses reach
the critical value at the initiation spot.

In view of the large toughness scatter, assess-
ment of structural components, which may fail
by cleavage, should be performed on a
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statistical basis for low failure probability. To
this end, methods for analyzing cleavage initia-
tion toughness data have been developed,
which are aimed at estimating a lower-bound
cleavage initiation toughness of the material.

A standardized statistical procedure is out-
lined in ASTM E 1921-05 (20051) as the master
curve method. It was developed by Wallin
(2002). The main items of that method are
shown in Figure 38. A minimum of six tough-
ness data are required in order to apply the
master curve approach (see Chapter 11.09). In
this method, the toughness scatter is modeled
using a three-parameter Weibull distribution.
Two parameters of the distribution are fixed
and one parameter has to be calculated from a
set of cleavage initiation toughness data. The

CTyy

'c (min)

SZW

Figure 37 The stress distribution ahead of a crack
acts as a probe for weakest links. Increasing applied
load shifts the stress distribution along the x-axis.

Fitting to data scatter at T= const.

Reference temperalure T

Temperature, T

Figure 38 Basic outline of the master curve method
for statistical treatment of cleavage fracture toughness
data (ASTM E 1820-05, 2005k; Wallin, 2002).

method also includes the prediction of speci-
men size effects. In addition, the master curve
can be used to assess the temperature effect on
cleavage initiation toughness. At the end of the
analysis, the method delivers a temperature-
dependent lower-bound cleavage initiation
toughness, related to a particular probability
of cleavage initiation. For more details on the
master curve method, see Chapter 11.08.

Besides the master curve method, other
nonstandardized methods have been deve-
loped, which are mainly used as in-house
procedures for benchmarking. The engineering
lower-bound method, developed at GKSS
(Zerbst et ai, 1998), allows the determination
of a lower-bound toughness value from single-
temperature data sets. A minimum of six valid
data points are also required in order to obtain
a lower-bound toughness estimate. The method
is summarized in Figure 39. It shows a prob-
ability plot Pf—fiJc), which is fitted to an
experimentally derived single-temperature
toughness data set. In this method, the upper
part of the probability curve is modeled using a

re
o
i/)

AB 6 T= const.

Aa

Linear fit

J L B = 0.26 Jc ß

ß = 1 + 1.286p

Jc = mean of all valid Jc-data in a data set

p = fraction of nonvalid data in a data set

Validity requirement: Jc < <T7 (W- ao)/3O

Figure 39 Engineering lower-bound method for the
statistical treatment of cleavage fracture toughness data
(Zerbst et ed., 1998). Reproduced from Schwalbe,
K.-H. Heerens, J. 1993. .R-curve testing and its
relevance to structural assessment. Fatigue Fract. Eng.
Mater. Struct. 21, 1259-1271, with permission from
Blackwell Publishing.
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two-parameter Weibull distribution and the
lower part, Pt < 50%, is modeled by a linear
fit. This linear fit is motivated by the observa-
tion that experimentally derived probability
plots based on very large data sets seem to
follow a straight line rather than a curved one.
In this procedure, a lower-bound toughness
value is obtained by the intersection of the
straight line with /c-axis.

The exponential curve-fitting method shown in
Figure 40 has been developed to derive a lower-
bound toughness from very large multiple-
temperature cleavage initiation toughness
data sets (Neale, 2002). In contrast to the
master curve method, no predictions of tem-
perature and specimen size effects are
involved in this data-fitting method. In this
method, all toughness data, preceded by
stable crack extension, have to be replaced
by the initiation toughness of stable crack
extension. In Figure 40, J02 designates a
measure of ductile crack initiation (see
Section 11.02.4.3). Jc data greater than Jc

are set equal to /0.2- Then, two exponential
curves are fitted through the toughness data
as illustrated in Figure 40. These exponential
curves describe the mean of the toughness
scatter. A log-normal distribution is assumed
for describing single-temperature toughness scat-
ter. Similar to the master curve method, a lower-
bound estimate can then be obtained by choosing
a toughness level that corresponds to a low clea-
vage initiation probability of about Pf = 5% or
lower. In contrast to the master curve method, a
successful application of the exponential curve-
fitting method requires a very large number of

Data
censoring:

Data fitting:

EXDO J ' ' "^ O

0.2 mm Aa

Mean

\ P, = 5%

T<Tt

T>Tt

Figure 40 Exponential curve-fitting method for the
determination of a lower bound of cleavage fracture
toughness (Neale, 2002).

cleavage initiation toughness data. This is
because of the three independent parameters
Ao, A\, and A2, which need to be determined
with high confidence by the statistical analysis.

Examples of application and validation of all
three statistical methods are provided by
Heerens et al. (2002, 2005), Neale (2002), and
Wallin (2002).

11.02.4.3 Stable Crack Extension

11.02.4.3.1 Introduction

The typical microscopic process of stable crack
extension in metallic materials is characterized by
the formation of dimples on the fracture surface.
This mechanism is frequently called ductile tear-
ing. The deformations near the tip of a crack lead
to the formation, growth, and coalescence of
voids in the ductile matrix of the material (see
Chapter 2.06 in Volume 2). As demonstrated in
Sections 11.02.2.5.2 and 11.02.2.5.3, stable crack
extension, Aa, is measured either visually or
using an indirect method. The values thus
obtained of Aa are usually plotted as functions
of K, J, 6, or S5. The resulting curve shows the
variation of the crack extension resistance of the
material tested and is designated R-curve, with R
being the symbol for resistance. The data points
are fitted by an analytical curve; alternatively, the
R-curve can be presented as a table of the data
points. If the visual determination of crack exten-
sion is used, then one speaks of the multiple-
specimen method, whereas the single-specimen
method is based on indirect methods as, in
principle, these allow the determination of the
R-curve with just one specimen. From the
initial part of the 7?-curve, point values of
fracture toughness can be determined which
are based on various definitions of the initia-
tion of stable crack extension.

11.02.4.3.2 High-constraint testing: J and
CTOD R-curves

These R-cur\e methods are usually applied to
high-toughness materials in relatively thick-
walled configurations, such as pressure vessels.
Consequently, elastic-plastic R-curve test stan-
dards have been developed for this area.
Various J and CTOD R-curve test standards
have been developed by, for example, ASTM,
BSI, ESIS, and ISO. Since the various stan-
dards deviate from each other in several
places, the following discussion is based on
ISO 12135 (2002) and ESIS P2-92 (1992), rather
than national standards.

The specimens for elastic-plastic R-curve test-
ing are the same as those used for K\c testing,
with the C(T) and SE(B) specimens being the
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most popular. As pointed out in Section
11.02.3.3.1, the specimens for J testing require
a measurement of displacement on the load line
(or a displacement measurement which can be
related to the load-line displacement), because J
is an energy-based parameter. The CTOD is
either inferred from measurements of the
CMOD (see Section 11.02.3.3.2). For the deter-
mination of /^-curves, eqn [18] has been modified
for crack extension (Hellmann and Schwalbe,
1986):

< - * 2 ( l - v 2 )
2ER p0.2

[26]

Alternatively, the surface measurement in terms
of 65 according to Figure 12c can be used.

For the determination of an i?-curve, infor-
mation on the crack extension as a function of
the fracture parameter must be available. This
can be achieved using either the single- or multi-
ple-specimen techniques.

Validity limits, Aamax , have to be imposed in
the Aa data. These limits are

Aamm = 0.25( W - a) for S and 85 [27a]

or

Aa m a x =0.\{W-a) {or J [27b]

For the multiple-specimen method, at least
six nominally identical specimens should be
tested to provide a data distribution satisfying
the requirements of the standard. The speci-
mens are loaded to different amounts of
displacements to achieve different amounts of
crack extension. The specimens are then
unloaded and the amount of crack extension is
made visible, as described in Section
11.02.2.5.2. The data pairs of J or 6 versus Aa
are plotted as shown in Figure 41. Ideally, the
data points should be evenly distributed. Each
of the four crack extension regions in Figure 41
should contain at least one data point. Single-
specimen methods provide a large number of
data points so that the required data point dis-
tribution can be easily achieved. The various
techniques for determining the amount of
crack extension are demonstrated in Section
11.02.2.5.

The data points are fitted using the equation

<5,<55, o r 7 = C{Aa)L [28]

where A and C > 0 and 0 < D < 1.
On this curve, validity limits for the fracture

parameters are imposed since beyond certain
values these parameters are no longer represen-
tative of the crack-tip field, and to achieve
conditions of plane strain,
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Figure 41 Data point distribution for /?-curve
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where the flow stress, Rf, is (Rp02 + Rm)ß-
From an 7?-curve, information on single-

valued toughness parameters, which character-
ize initiation of stable crack extension, can be
derived. As there is a gradual transition from
crack-tip blunting to crack extension by ductile
tearing, the onset of crack extension has to be
defined; this is done in a manner similar to the
definition of a proof stress in a tensile test.
Three different definitions have been devel-
oped; these have been proved to be feasible in
a comprehensive round robin (Schwalbe et ai,
1993):

1. (50.2, <*>5,o2> JQ.2- This engineering definition
of initiation is defined by a vertical cutoff of the
7?-curve at a value of stable crack extension of
0.2 mm, that is, by the intersection of the
/?-curve with a straight line parallel and offset
by 0.2 mm to the vertical axis. This magnitude
of Aa has been chosen since it can be easily
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measured using a low-magnification optical
microscope.

2. S0.2/BL, 65,0.2//?/., JO.IIBL- This is the second
engineering definition of initiation; it is based
on the assumption that crack-tip blunting
(which is included in the parameters listed
above) does not contribute to stable crack
extension which is supposed to be due to ductile
tearing only. In this case, the data point distri-
bution (Figure 42) follows in principle that of
Figure 41, however, with the straight lines
separating the four crack extension regions
drawn parallel to the blunting line:

[31a]

for the <57?-curve,

ÜB~

for the <55 7?-curve, and

AaB =
3J5Rn

[31b]

[31c]

which is an estimate of the blunting process at
the crack tip. Figure 43 depicts the construction

of the fracture parameters. Additional data
points needed for this construction are shown
in Figure 43.

3. <5„ <55i, and J\. These parameters are sup-
posed to represent true values of initiation.
Their determination requires the use of a scan-
ning electron microscope to determine the
width of the stretch zone which develops at
the fatigue precrack tip before the dimple
mechanism of stable crack extension becomes
active. Due to its microscopic nature the stretch
zone width, Aa s z w , exhibits large scatter; there-
fore, the initiation values of stable crack
extension are also subject to large scatter. The
stretch zone width has to be determined at the
nine local positions shown in Figure 13. At each
of these positions, at least five individual mea-
surements have to be performed (Figure 15) and
the results have to be averaged to obtain the

< stretch zone width representative of the speci-
men investigated. Since the stretch zone width
varies substantially from specimen to specimen,
at least three specimens have to be analyzed.
The thus-obtained A«Szw values are then
plotted as shown in Figure 44. The intersection
of the average stretch zone width with the
7?-curve defines initiation of stable crack
extension.
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Figure 42 Data point distribution for determining
fracture parameters (ESIS P2-92, 1992).

Figure 43 Determination of initiation parameters
after 0.2 mm of ductile tearing (ESIS P2-92, 1992).

11.02.4.3.3 Low-constraint testing

As already mentioned above, the fracture
mechanics test standards are designed for
lower-bound fracture toughness measurements.
The increasing interest in lightweight structures
with high exploitation of their load-carrying
capacity and residual life has initiated the devel-
opment of test methods for thin-walled
materials whose fracture toughness is so high
that the limits of LEFM are exceeded.

<5U, <$5 iorj ,

• &-, 65-, or J-Aa data

o Valid stretch zone
width data

© Invalid stretch zone
width data

AaQ 1
/ / 0.2 mm

Crack extension, Aa

Figure 44 Determination of initiation parameters
(ESISP2-92, 1992).
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Although a test method for this purpose, based
on the 65 parameter, was proposed over 20
years ago (Hellmann and Schwalbe, 1984),
and later written in procedural form (GKSS
EFAM GTP 94, 1994), and although the
CTOA has long been known as a crack exten-
sion parameter (e.g., de Koning, 1978; Shih
et al., 1979), standardization using these para-
meters has been started only recently.

. (i) The K R-curve standard test method

This is also one of the earliest fracture tough-
ness tests, however, designed for testing
specimens made of thin sheet material which
behave in a linear-elastic manner. Due to pre-
vailing plane stress conditions, thin materials
usually exhibit substantial increase of fracture
toughness with crack extension which is repre-
sented as an R-curve. In that case, structural
assessment with a single-point interpretation of
the fracture behavior would lead to unduly con-
servative results. The standard ASTM E 561-92
(2005g) determines the R-curve as a plot of K
versus the effective crack extension, Aas. The
method allows three specimens: the C(T) speci-
men, the M(T) specimen, and the crack line
wedge-loaded (C(W)) specimen; the latter one
is shown in Figure 31. The C(W) specimen does
not need a test machine; it is wedge-loaded to
provide a stiff displacement-controlled loading
system. This can prevent rapid, unstable failure
of the specimen under conditions where the
R-curve toughness is low, so this allows the
R-curve to be measured for larger values of Aae-

The instrumentation required on the speci-
mens is similar to that of the Klc test except
for the case of the C(W) specimen. The basic
test result is a plot of force versus CMOD.
From this, an effective crack length is deter-
mined from secant slopes (Figure 45). The
secant slopes are analyzed using elastic compli-
ance for the determination of an effective crack
length, ae. The effective crack extension is the
difference between the original crack length and
the current effective crack length. The effective
crack extension can be a combination of physi-
cal crack extension and crack-tip plasticity.
Therefore, the effective crack length is equal
to or greater than the actual physical crack
length.

K is determined as a function of the force and
corresponding effective crack length, using the
appropriate equation for the C(T) or M(T) spe-
cimens in the Section 11.02.3.2.1. In a C(W)
specimen test, the force is not measured. The
data collected are a series of displacement
values taken at two different points along the
crack line, one near the crack mouth and
another near the crack tip. From the two

Elastic
slope

Displacement, v

Figure 45 Construction of K R-curve. (ASTM E
561-98, 2005g).

different displacement values, an effective
crack length can be determined from the ratio
of the two displacement values using a calibra-
tion given in the standard. From the crack
length and displacement, a force is inferred
and a K value can be determined and the K R-
curve constructed, which is a function of the
material thickness. Therefore, there is no valid-
ity requirement relating to a thickness level as
with the K\c standard.

The resulting R-curve is subjected to a valid-
ity requirement that limits the amount of
plasticity. For the C(T) and C(W) specimens

[32]

where b is the uncracked ligament length and
Kmax is the maximum level of K reached in the
test. For the M(T) specimen, the net section
stress evaluated using the physical crack size
must be less than the yield strength.

(ii) 55, CTOA, and J tests

The K R-curve discussed above has so far
been the only means for characterizing materi-
als in thicknesses so small that plane strain
conditions are either not possible due to the
thickness available, or plane strain characteri-
zation would lead to overconservatism.
Furthermore, due to the validity limits for lin-
ear-elastic behavior, in many cases, the
specimen sizes have to be very large, thus lead-
ing to substantial material consumption for
testing purposes and large test machines.
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Therefore, standards are under development at
ASTM and ISO (ISO DIS 22899, 2005) which
are aimed at providing test methods using elas-
tic-plastic concepts. These concepts are based
on the <55 definition of the CTOD and the
CTOA.

The standardized specimens are the C(T) and
M(T) types, both of which have to be tested
using antibuckling guides (see Section
11.02.2.2). The specimen dimensions have to
meet the following requirement:

ao,(W-ao)>4B [33]

so that the 7?-curve is independent of the in-
plane dimensions of the specimen. However, it
is in general dependent on the thickness of the
material tested.

Validity requirements for the <55 7?-curve deter-
mined on C(T) specimens are the same as in
Section 11.02.4.3.2. If M(T) specimens are tested,
then the maximum allowable crack extension is

= W - a0 - AB [34]

In GKSS EFAM GTP 02 (2002), guidance is
also given for evaluating tests for the /-integral.

In thin-walled materials, the crack plane of
the fatigue precrack (which is perpendicular to
the applied force) may deviate during stable
crack extension from its original plane to form
shear planes at the specimen surface. When
these shear planes have the same slope to the
precrack, then crack extension takes place in a
single shear mode. When they develop different
slopes forming a roof-type fracture (the mating
fracture surface then forms a V-groove), crack
extension occurs in a double shear mode. Shear
fracture slopes are typically 30°^0°. In that
case, the fracture resistance is higher than that
of single shear mode, and the results are not
qualified according to the standards. In addi-
tion, the direction of crack propagation may

deviate from that of the fatigue precrack. If
the angle included by the two directions exceeds
10°, the result is not valid.

The <55 tests are basically identical with those
described in Section 11.02.4.3.2.

11.02.4.4 Constraint Effects on Fracture

Experimental research has shown that the
resistance to fracture depends substantially on
the size and geometry of the specimen, on the
loading geometry as well as on some other
parameters. Therefore, the fracture properties -
either in terms of a single-valued fracture
toughness or an 7?-curve - cannot in general
be regarded as material parameters. As a
result, a transferability problem arises in that
a structural component may exhibit a fracture
resistance that is very different from that
determined on a specimen fabricated in the
form of a standard test piece. A typical case
is given by fracture properties determined on a
high-constraint specimen, that is, a bend or
compact specimen (see Section 11.02.4.3.2),
thus representing lower-bound properties,
and a structural component subjected to a
membrane stress state which may exhibit rela-
tively high fracture values. At first glance, the
effects of numerous parameters on the fracture
behavior is confusing; however, all these para-
meters affect the triaxiality of the stress state
which, in turn, is responsible for the experi-
mental observations. A more popular, though
less precise, designation is constraint effect on
fracture. In Figure 46, the most important
parameters affecting constraint are compiled
in a schematic manner.

Numerous papers have been published in this
area; in fact, the item 'constraint effects' on frac-
ture was one of the major research fields in
fracture mechanics in the 1970s and 1980s, in
particular for elastic-plastic specimen behavior.
ASTM dedicated two conferences to this topic

0.5
S Crack depth, a/W

Strain hardening

Tension Bending 1
aJa. Ligament/Thickness

/
I

0 90°
Crack front angle, O

Figure 46 Parameters affecting constraint.
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Figure 47 Schematic showing the effect of ligament
slenderness on crack extension resistance for
specimens with predominant bending loading.

(Hackett et ai, 1993; Kirk and Bakker, 1995). An
example of constraint effects on fracture in the
ductile-to-brittle transition of ferritic steels is
seen in Figure 34: the low-constraint M(T) speci-
mens exhibit much higher toughness values than
the C(T) specimens. Even within a specific speci-
men geometry, constraint can exhibit substantial
variations: constraint in a C(T) specimen is highest
for a square ligament, that is if (W — a) ~ B. This is
why the standards for high-constraint testing
require W — B and aj W in the neighborhood of
0.5. If the ligament becomes greater than B, which
can be achieved for specimens with W much
greater than B, then constraint decreases and the
fracture resistance increases; this is the area of
low-constraint testing described in Section
11.02.4.3.3. The fracture resistance increases with
increased ligament slenderness, S = (W— a)/B,
until a saturation value of 3-4 has been reached
(Schwalbe and Heerens, 1993; Figure 47).

It may be worth mentioning here that the pro-
cedure GKSS EFAM GTP 02 (2002) is a unified
method, containing the methods for low- and
high-constraint testing, statistical evaluation,
testing of weldments, and some other items.

11.02.5 FRACTURE TOUGHNESS TESTS
FOR NONMETALS

The standardization of fracture toughness test
methods for nonmetals is relatively new compared
to standards for metallic materials. However, in
the past 10 years, several new standards have been
written for ceramics and polymer materials. These
are usually patterned after similar standards for

metallic materials. The requirements to use the
fracture mechanics approach for fracture tough-
ness determination is that the materials are
homogeneous, isotropic, and have a macroscopic
defect. Since no material meets this requirement at
all levels, it is required that they fit this criterion at
some size scale. Usually, this could be a size scale
that is related to the defect length. If the inhomo-
geneities are small compared to the defect size,
their effect does not disturb the continuum
mechanics assumptions on which the fracture
mechanics approach is formulated.

To develop the correct test procedure, the
deformation behavior of the material must be
considered to determine which fracture para-
meter will be used to characterize the fracture
toughness results. To determine whether the
fracture is characterized by a single point or
by an R-curve, the fracture behavior of the
material must be considered. A brief discussion
is given here for fracture toughness testing of
ceramics and polymer materials.

11.02.5.1 Ceramics

A discussion of the fracture toughness testing
of ceramics should consider two different
groups, monolithic ceramics and ceramic
matrix composites. The monolithic ceramics
are brittle and fracture in a linear-elastic man-
ner. Therefore, the toughness can be
characterized by the K parameter. A fracture
toughness test procedure could be similar to the
Klc test procedure given in ASTM E 399-90
(20050 or ASTM E 1820-05 (2005k) following
the methods used for metallic materials. A
major problem for the fracture toughness test-
ing of ceramics is the introduction of the defect.
Since the toughness is so low, failure can occur
during a fatigue precracking procedure. One
fracture toughness method that has been used
for brittle materials including ceramics is the
chevron notch fracture toughness test (ASTM
E 1304-97, 2005j). This is one of the test meth-
ods that does not require a fatigue precrack.
ASTM E 1304-97 (1997a) was developed for
metallic materials but could be used for many
brittle ceramic materials. Since the fracture
behavior of ceramics is brittle, the toughness
can be measured as a single-point value. The
chevron notch test has a decreasing K drive as
the crack extends through the changing thick-
ness portion of the specimen (Figure 48).
Therefore, it provides some stability and allows
an easier fracture toughness measurement. It
should be borne in mind that most ceramics
exhibit a rising 7?-curve, and due to this fact
different test methods may lead to different
K]c values.
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Figure 48 Examples of chevron notch specimens.

A new standard, ASTM C1421-01b
(2001), has been developed for the fracture
toughness testing of advanced ceramics at
ambient temperatures. In this standard,
three different types of toughness values
can be generated: fracture toughness from
a precracked beam, A"Ipb; fracture toughness
from a chevron notch, K]vb; fracture tough-
ness from a surface crack, A"Isc. The test
specimen is beam-loaded in three- or four-
point loading. For the precracked beam,
Klpb, the defect is generally introduced
with a Vickers hardness indentation at one
or more places. The precrack is then popped
in or it forms during loading. The precrack
could be popped in using a compression
loading fixture; however, fatigue loading is
not used for precracking advanced ceramics.
The chevron-notched specimen, A^t,, uses a
procedure similar to ASTM E 399-90
(20050, so a precrack is not used. The sur-
face-cracked specimen, A"Isc, introduces a
defect using a Knoop indenter. The three
different specimen types can give different
toughness values with generally K\vb being
the highest, /flsc being the lowest, and Kipb

being intermediate to these. The validity
requirement centers around the testing of a
standard-sized beam specimen. This is
usually 3 x 4 m m 2 in cross-section but can
have different lengths for the different test
types.

Ceramic matrix composites have a more duc-
tile-looking toughness character. These
materials exhibit an /?-curve type of behavior.
In some cases, the deformation has a nonlinear
characteristic. The nonlinear behavior can be
related to the formation of microcracks or the
breaking of bonds between the particles and the
matrix and not to plastic deformation.
Although the deformation process may not be
the same as plasticity in metallic materials, the
nonlinear fracture parameters may still apply.
Fracture toughness testing for these materials is
still largely in the experimental stages, so the
testing procedures have not been standardized.

A comprehensive overview on the fracture
behavior of ceramics can be found in Munz
and Fett (1999).

Fracture toughness testing for polymers has
been studied extensively (Williams, 1984). The
fracture toughness behavior of polymers usually
falls into two classes, below the glass transition
temperature, T&, and above T&. Below T&, the
deformation is nearly linear elastic and fracture
is unstable. Therefore, a single-point toughness
value characterized by A" can be used. Above T6,
the deformation is nonlinear and the fracture
behavior is stable cracking. A ./-based 7?-curve
approach can be used. Two problems that must
be addressed in developing test standards for
polymers that make them different from stan-
dards for metallic materials are the viscoelastic
nature of the polymer deformation behavior and
the problem of introducing a defect by fatigue
loading. The viscoelastic deformation character
makes the fracture toughness result dependent
on the loading rate; therefore, the loading rate
must always be specified in the test report.
Comparison of toughness results for polymers
should always be made with awareness of the
effect of loading rate. Also, due to the viscoelastic
nature of polymers, the introduction of the defect
is not easy with fatigue loading and the crack is
usually introduced with a razor blade cut.

Fracture toughness testing of polymer materi-
als has been standardized in the past few years.
ISO has a standard for measuring Glc and K]c in
plastics (ISO 13586, 2000). ASTM standardized
a method for determining fracture toughness of
plastic materials that fail under essentially plane
strain and linear-elastic conditions (ASTM
D5045-99, 1999). It has a basis in the method E
399 and follows many of the same methods. It
has a fracture toughness result given as a Kic or
Gic. For this standard, only the C(T) (Figure 1)
and the SE(B) specimens (Figure 5) can be used.
Rate is important for this test. A recommended
loading rate of lOmmmin"' is given in the
standard. A correction for indentation of the
loading rollers in the bend specimen can be
used. The validity requirement in this standard
is the same as in the Kic standard for metals (see
Section 11.02.4.2.1).

For more ductile polymers, a second method
(ASTM D6068-96, 1997b) develops the J R-
curve fracture toughness for plastic materials.
It also uses the C(T) and SE(B) specimens. The
precrack is introduced with a razor cut. The
analysis method has provisions for discounting
indentations that may occur during the test. It
follows the original ASTM E 813-89 (1990)
method in that a multiple-specimen technique
is used where each test generates a single point
on the J Ä-curve. It does not have a near-initia-
tion J analysis but uses the entire R-curve as the
fracture toughness characterization. The
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7?-curve can be fitted with a two-parameter
power law like the one in eqn [27]. To obtain a
proper fit, the data must be spaced by a distri-
bution law given in the standard.

A single-specimen method for developing the
J R-curve has not been standardized for
polymers; however, the normalization method
for developing the J R-curve has been shown to
work well as a single-specimen method for
several of the more ductile polymers (Landes
et al., 2003).

For more details on the testing of polymers,
see Chapter 7.12 in Volume 7.

11.02.6 REPORTING

The results must be reported according to a
format specified in the standard. The list of
items to be reported can be extensive including
all specimen dimensions, crack length, the
details of precracking, the test temperature,
and information on other mechanical proper-
ties of the material tested, for example,
hardness, strength, and Charpy value. These
other properties may come from other tests.
With such an extensive list of information that
must be reported, it is important to remember
to include the fracture toughness result in the
test report. Often a reporting sheet is supplied
with the standard to ensure that all of the
required data are included in the report.
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GKSS gehört zu den 15 nationalen Forschungszentren der Helmholtz-

Gemeinschaft Deutscher Forschungszentren (HGF). 700 Mitarbeiter

arbeiten in den Standorten Geesthacht und Teltow. Mit insgesamt

24.000 Mitarbeitern ist die HGF die größte deutsche Wissenschafts-

organisation.

Etwa 85 % des GKSS-Finanzbedarfs von zur Zeit 75 Millionen Euro

werden von Bund (90%) und Landern (10%) aufgebracht. Die ver-

bleibenden 15% werden durch Auftragsforschung, EU-Projekte und

Lizenzierung eigener Produkt- und Verfahrenspatente erwirtschaftet.

Die Zentren der Helmholtz-Gemeinschaft unterliegen den Grundsätzen

der Programm orientierten Förderung. Die Forschungsprogramme wer-

den regelmäßig durch internationale Gremien evaluiert. Auf dieser

Grundlage erfolgt die Budgetierung der Haushalte einzelner HGF-

Zentren.

GKSS ist mit vier Programmen in den Forschungsbereichen der HGF

vertreten:

GKSS is one of the 15 centres that make up the Helmholtz Association of

National Research Centres (HGF). A total of 700 employees work at the two

GKSS locations in Geesthacht and Teltow. With over 24,000 employees, the

HGF is the largest scientific organisation in Germany.

Around 85 percent of the current GKSS budget of 75 million Euro is

provided by the German government (90 percent) and the German federal

states (10 percent). The remaining 15 percent comes from research con-

tracts with industry, EU funds and revenues generated through the licensing

of patented GKSS products and processes.

All research centres within the Helmholtz Association are subject to a

programme-based system of funding. International committees regularly

review the research programmes conducted within the HGF. This process

then forms the basis upon which individual centres are awarded funds.

GKSS participates in programmes of four research fields covered within the

HGF:

• Forschungsbereich Schlüsseltechnologien:

Funktionale Werkstoffsysteme

ü Forschungsbereich Struktur der Materie:

Neutronen und Synchrotronstrahlung

• Forschungsbereich Erde und Umwelt:

Küstenforschung

• Forschungsbereich Gesundheit:

Regenerative Medizin und Organ unterstützende Systeme

• Research area Key Technologies:

Advanced Engineering Materials

ü Research area Structure of Matter:

Neutron and Synchrotron Facilities

• Research area Earth and Environment:

Coastal Research

• Research area Health:

Regenerative Medicine and Organ-Assist Systems
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