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Résumé

Les essais de fracture sont généralement effectués parce que
l'on est convaincu (quelquefois sans trop savoir pourquoi)
que de tels essais garantiront un certain niveau de protection
contre la défaillance des métaux. Les essais qualitatifs,
comme l'entaille en V de Charpy, produisent des résultats que
l'on ne peut pas rigoureusement associer à une mesure de la
tolérance aux fractures; ils renseignent plutôt sur la quali-
té du métal a partir de laquelle on peut déduire la tolérance
aux fractures. Par contre, les essais quantitatifs donnent
des paramètres que l'on peut utiliser directement dans les
équations pour déterminer la probabilité des fractures. Les
deux types d'essais ont des limitations qu'il faut comprendre;
on s'efforce dans ce rapport de décrire les avantages relatifs
des deux types d'essais pour une fin particulière et on donne
un aperçu de méthodes d'essai, attendues dans un proche avenir,
qui agrandiront la portée utile des essais quantitatifs.
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ABSTRACT

Fracture t e s t s are conducted usual ly out of a c o n v i c t i o n
(sometimes only vaauely defined) that they wi l l guarantee a c e r t a in
level of protection from metal fa i lure . Q u a l i t a t i v e t e s t s , such as
the Charpy V-notch, produce r e s u l t s which cannot be r i g o r o u s l y
related to a measure of fracture t o l e r ance : r a t h e r , they ind ica t e
metal quali ty so tha t f rac tu re to lerance may be i n f e r r ed . Quanti-
t a t ive tes t s on the other hand provide parameters which may be used
d i rec t ly in equations to determine the likelihood of f r ac tu re . Both
types of t e s t s have l i m i t a t i o n s which should be understood: the
paper t r i e s to provide guidance on the r e l a t i v e meri ts of e i t h e r
approach for a par t icular purpose, and gives an ins igh t into near-
future t e s t methods which wi l l extend the range of usefulness of
Quantitative t e s t s .
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1. WHY DO FRACTURE TESTING?

There are several reasons why we conduct tests on specimens to
study their fracture behaviour. Underlying all of them is the
realisation that breakage is normally an undesirable and unexpected
interruption to the useful life of a metal structure. Breakage is
frequently associated with economic penalties, and in its more
dramatic manifestations, with loss of human life. We know that all
metal structures will break if we apply sufficient stress, even
though most common structural metals are extremely forgiving. It is
the failure of an apparently sound structure, stressed well within
its measured strength capability, which concerns us most. And so we
try to prevent such failure by qualifying the structural materials
using one or more of several test methods.

We can list several reasons for fracture testing:

1. To ensure that a structure will serve for its designed life
without failing.

2. To ensure public safety.

3. To compare candidate materials to find the toughest for a
given purpose, at an economic cost.

4. To compare the quality of a selected material against a
specified standard.

5. To permit us to predict the effects of service factors, such
as fatigue or stress-corrosion on material toughness, and thus
on a structure.

6. To study effects of metallurgical changes on material
toughness.

More than one of these reasons for testing are usually involved in
the course of engineering design, material selection, construction,
and operation of a metal structure, whether it be a bridge or a
bathysphere, a nuclear reactor or an earthmoving machine. The
reasons, to a large extent, determine the tests to be chosen.

2. TESTS AND THEIR INTERPRETATION

We can separate toughness tests into two broad groups:

a) Tests producing data which can be used qualitatively in
failure prevention.

b) Tests producing data which can be used quantitatively in
failure prevention.



Depending on the reasons why we are testing, we can choose a
test technique from either qroup, or both. If, for example, we wish
to select a steel for use outdoors in an Arctic environment, we would
want a test which showed that the steel would not break unexpectedly
at the service temperatures. This is a qualitative test, determining
material suitability rather than providing a measure of structural
performance. If, however, we want to know how flaws, such as cracks,
will affect the fracture safety of a structure, then a more
quantitative result may be needed. Often, results of hoth types of
test are combined for maximum fracture control.

2.1 Qualitative Tests

Rather e a r l y in h i s deve lopmen t , Man l e a r n e d t h a t t h i n q s
tended to break more e a s i l y if he h i t them with something hard and
heavy, r a t h e r than j u s t p r e s s e d them, and imnac t - i nduced f r a c t u r e
techniques (s tone chipping) were put to c o n s t r u c t i v e use by our ea r ly
a n c e s t o r s .

With the rapid development of metals for s t r u c t u r e s during the
I n d u s t r i a l Revolut ion, a quick check on the f r a c t u r e toughness of a
metax was e a s i l y o b t a i n e d by h i t t i n g i t wi th a hammer. In a more
p r e c i s e form, the technique is p a r t i c u l a r l y useful in de l i nea t i ng the
change in f r ac tu r e p r o p e r t i e s of body-centred cubic meta ls (p redomi-
nant ly s t e e l s ) with tempera ture . Various hammer t e s t s were dev i sed
over the l a s t 70 or 80 y e a r s , and today the most common t e s t of t h i s
type is the Charpy V-notch impact t e s t .

2 .1 .1 Charpy V-Notch Impact Test

The Charpy V-notch (Cv) impact t e s t i s an ASTM s t a n d a r d ( 1 ) .
The standard t e s t specimen (Figure 1) conta ins a 2 mm deep notch with
a roo t r a d i u s of 0 .25 mm.. The spec imen , cooled or hea t ed to the
se l ec t ed t e s t t empera ture , is supported h o r i z o n t a l l y at i t s ends and
then s t ruck with a pendulum-mounted hammer. The energy absorbed in
f r ac tu r i ng the specimen i s r e co rded d i r e c t l y as a f u n c t i o n of the
h e i g h t to which the hammer swings a f t e r impac t . Normal ly , t h r e e
specimens are t e s t ed at each of s e v e r a l s e l e c t e d t e m p e r a t u r e s , and
the r e s u l t s are p lo t t ed as absorbed energy versus temperature (Figure
2 ) . Other measurements which may be made in t h i s t e s t i n c l u d e
l a t e r a l s t r a i n a t t h e r o o t of t h e notch ( n o t c h c o n t r a c t i o n ) or
oppos i te the notch (MLE, or mils l a t e r a l e x p a n s i o n ) , and p e r c e n t a g e
of shear f r ac tu re in the f r ac tu re surface (Figure 2 ) .

Charpy r e s u l t s normal ly vary with working d i r e c t i o n in the
m a t e r i a l , m a t e r i a l t h i c k n e s s , and b e t w e e n d i f f e r e n t h e a t s of
nomina l ly i d e n t i c a l m a t e r i a l . The Charpy t e s t was d e v e l o p e d
p r i m a r i l y for use wi th s t e e l s , and minimum Charpy impact e n e r g y
l e v e l s are often spec i f ied for s t e e l s , sometimes in con junc t ion with
minimum MLR v a l u e s , as in the ASME Boi ler and P r e s s u r e Vesse l Code,
Sect ion I I I , Nuclear Power Plant Components.



Metallurgical Significance of Impact Energy Curves

The impact energy curve (Figure 2) represents a temperature
dependence of the mode of deformation in the steel. At low tempera-
tures (-118°C in this case) fracture occurs by cleavage. This means
that the concentrated tensile stresses at the notch tip are
sufficiently high to initiate a brittle mode of failure in which the
atomic bonds between certain atom planes are broken. There is for
all practical purposes no plastic deformation in the fracture
process, and the broken specimen exhibits shiny facets which are the
cleavage planes in individual crystals. As temperature increases,
yield strength decreases, and thus plastic flow becomes easier. The
broken Charpy specimen now exhibits shear lips on the edges, and the
impact anergy curve rises because more kinetic energy is absorbed in
plastic work. With further temperature increase, more energy is
absorbed by increasing plastic work. Eventually the fracture is 100%
plastic fibrous rupture. Above this temperature the impact energy
absorption remains essentially unchanged, and is termed the upper
shelf energy. Thus the Charpy curve can be thought of as showing the
change in amount of plastic deformation with temperature.

It cannot be too highly stressed that an accurate, calibrated
test machine is essential (2) and for nuclear industry work,
calibration is mandatory. Calibration specimens are available from
the U.S. Army Materials and Mechanics Research Centre,

Interpretation of Charpy Data

Having obtained a Charpy curve for a material of interest,
some point of the curve is selected as representing the "ductile-to-
brittle transition temperature" (TT for short). Unfortunately there
are at least three different criteria for selecting the TT , as
follows (3).

1) Average energy criterion (i.e., the temperature corresponding
to an energy that is one-half the difference between maximum
and minimum energies).

(223 K, -50°C)*

2) The temperature corresponding to an arbitrary value of impact
energy such as 20 J (15 ft.lb).

(168 K, -105°C)*

3) The temperature corresponding to a certain proportion of
crystalline fracture to shear fracture in the fracture
surface of the impact specimen (e.g., 50% crystalline,
50% shear) .

(223 K, -50°C)*

*The figures in brackets show the TT values for the curves in
Figure 2.



The transition temperature may vary considerably depending on
the criterion selected, so when reading of a "transition temperature"
in the literature, it is obviously important to know the criterion
that is being used.

Within the past few years Charpy data have been increasingly
related to a duc t i l e -b r i t t l e transit ion temperature obtained in
another standard test, the Drop-Weight test (4).

2.1.2 The Drop-Weight Test

This test establishes a reproducible, well defined boundary
between ductile and brit t le behaviour in steels.

The test specimen (4) is a plate containing a br i t t l e weld on
one surface, the weld in turn containing a saw-cut to localize the
fracture (Figure 3). The specimen is loaded as a simple edge
supported beam with a stop placed below the cent re . The stop
re s t r i c t s the deformation to a small amount (3%); thus general
yielding is prevented, and the deformation is kept constant for
steels of different yield strengths. A weight fal ls freely between
guides to strike the specimen directly opposite the crack-starter .
Tests at 5 K (10°F) intervals define precisely the break/no-break
temperature. This temperature is termed the Nil Ductility Transition
1N.DTJ- temperature and is a very important parameter "in modern
fracture-safe design of steel structures. It. marks the temperature
below which fast unstable fracture is highly probable in the presence
of even a very small defect: above the NDT temperature, fracture
toughness increases rapidly with temperature. This definition is
more precise than a Charpy-based transition temperature, as will be
shown later.

Because the drop-weight test employs a sharp crack, moving
rapidly from the notched br i t t le weld bead into the test plate , i t
will come as no surprise to find that the NDT temperature defined by
this tes t correlates well with the beginning of an increase in
fracture toughness with temperature measured in quantitative, sharp-
crack t e s t s , which I shall describe l a t e r . The t e s t provides,
therefore, a useful link between the qualitative 'transition tempera-
ture1 and quantitative "cr i t ical stress intensity1 approaches to
fracture prevention.

There are other qual i ta t ive t e s t s based on impacting of
notched specimens, but there is insufficient space here to discuss
them a l l . t The Charpy V-notch and the Drop Weight NDT tests are
certainly the most common in industrial use today in North America.

One other simple, qualitative test is worth mentioning for
comparing and sorting materials.



2.1.3 Notch Tensile Test

The notch tensile test is particularly useful for evaluating
the fracture toughness of material in thin sections where Charpy
V-notch or Drop Weight tests are not p rac t i ca l . A notch, normally
having a 60° flank angle and a t ip radius of less than 0.025 mm
(0.001 in.) is introduced into a round (circumferential notch) or
flat (double edge notch) tensile specimen (Figure 4). The net load-
bearing cross section is equal to one-half the gross cross section.

During tensile loading, the notch imposes elastic constraints
on the material in the reduced section, raising the load that can be
suoported by the material (assuming that the mate r ia l does not
fracture below the net-section yield s t ress) .

The net-section ultimate stress is measured and compared with
the ultimate tensile strength measured on an unnotched specimen. The
rat io

Notched (net-section) ultimate stress
UTS of smooth, unnotched specimen

is termed the Notch Sensitivity Ratio (NSR) of the material.

The t e s t i s useful for comparing the e f f ec t s of h e a t -
treatments, environment, temperature, etc. on the notch s ens i t i v i t y
of the alloy. In ductile materials, or where specimen dimensions are
unable to impose considerable e l a s t i c constraint at the notch, the
NSR can exceed unity. In general, an NSR value of less than about
0.7 is an indication that unstable fracture may occur in service.

Specimens of this type are also able to provide quant i ta t ive
data if their physical proportions are related to yield s t rength.
This is discussed briefly in a later section.

2.2 Quantitative Tests

2.2.1 Tests to Measure KI(-;

The principles of linear elastic fracture mechanics are out-
lined elsewhere (5 ) . Frac ture mechanics t e s t s , as p r e s e n t l y
standardised, have as their objective the measurement of the plane
s t ra in fracture toughness of the mater ia l , character ised by the
cr i t ica l stress intensity factor Kj^. There is no standard test
technique for measuring cr i t ical Kj values in specimens where
full plane s t ra in constraint is not present. [However, I sha l l
present later details of a techniaue for measuring the ' J - integral ' -
a technique which is now close to ASTM s t a n d a r d i s a t i o n . This
technique permits a quantitative estimate of fracture toughness where
plast ici ty exceeds that permitted by the linear elastic approach.]



To ensure a valid KJQ test result, specimen dimensions
must be chosen so that the plastic zone size at the stress intensity
(usually a notch extended by fatigue to a sharp crack) is relatively
very small. The lower limit of thickness for a valid result on a
given material cannot be predicted, and must be determined by trial
tests. Specimen dimensions are selected (Figure 5) as multiples of
the ratio (Kjc/OyS)2 (OyS is the tensile yield stress) which in
itself requires initial guessing at the fracture toughness one is
trying to measure. For most engineering materials, valid Kj^
determinations demand large test specimens, but some aerospace
materials fracture in plane strain in very thin sections. This is
illustrated by the following table.

Material Yield Strength
MPa (ksi)

Fracture Toughness
MPa•/m (ksi./HT7)

Minimum Specimen
Thickness to
Ensure Plane
Strain
mm (in.)

Carbon steel
casting
(A216-WCC)

Titanium
alloy
(Ti+6 Al,
6V, 2.5 Sn)

310 (45)

1240 (180)

143

38

(130)

(35)

297

1.9

(11.7

(0.075)

EFFECT OF YIELD STRESS AND FRACTURE TOUGHNESS ON TEST SPECIMEN
THICKNESS FOR KIC MEASUREMENT

The two specimens in common use today for KJQ deter-
minations are the single edge-notched compact tension specimen and
the 3- or 4- point bend specimen. Both have fatigue-sharpened deep
notches (Figure 5). Test techniques and data analysis for both types
are fully explained in the ASTM Standard Method E399 (6). In each
case, elastic response is measured as a function of applied load by
attaching suitable displacement gauges across the notch.

The load-displacement curves obtained from the tests must be
carefully analysed to determine the point of crack instability. Only
infrequently will one find a curve exhibiting a distinct, drop-in-
load 'pop-in' of the crack following completely elastic loading
(Figure 6a). More often the crack extension region is revealed by
small step-wise increments in the load-displacement curve (Figure
6b). A scheme of curve analysis now used by ASTM (6) constructs a
secant-offset line (Figure 6c) which establishes the upper limit on



permissible deviation from linearity before 'pop-in' is indicated.
Assuming that the teat record is valid to this point, one proceeds to
calculate a provisional Kg value which is then used to estimate
the validity of the test specimen dimensions. If valid, Kg is
enual t-.o Kj^: if invalid, a larger specimen must be used in a
subsequent test. Other information concerning fracture appearance is
also recorded.

Circumferentially notched tensile specimens, Basically similar
to the ones described earlier, may also be used subject to dimen-
sional limitations. Their principal disadvantage lies in the
difficulty of fatiguing an evenly sized crack at the root of the
circumferential notch, and for this reason the compact tension or
bend specimens are usually preferred.

The fracture mechanics approach is immensely useful, but is
limited by the requirement that crack tip plasticity must be very
small to avoid invalidating the elastic analysis. Many common
engineering alloys are used in sections which are too thin to produce
sufficient elastic constraint at flaws large enough to give concern
(as indicated in the table above), and considerable local plasticity
may be present. Plasticity usually confers increased toughness,
through crack blunting, and so K±Q values may give an unneces-
sarily conservative estimate of tolerable flaw size. For the same
reasons, it may not be possible to measure a valid KJQ in
specimens of material in commonly used thicknesses. This limitation
has led to intensive study of techniques which can take localised
plasticity into account.

2.2.2 The J-Integral

This technique is based on a different mathematical method for
defining the situation at the crack tip. The analysis will be
discussed in a later paper (7). A precise definition is deliberately
circumvented by integrating to find the work done in extending the
crack through a small increment vrhile accepting the presence of
limited local plastic deformation. The value of the integral is not
strongly affected by the actual shape assumed for the work zone close
to the crack tip - mathematically defined as a path-independent line
integral.

The test technique has developed close to the point of
standardization and it extends the usefulness of fracture mechanics
into the region where some localised plasticity can be accepted.

All current J-integral tests have in common the measurement of
the area under a curve of load versus load point displacement (i.e.,
force x distance) for a cracked specimen. J is directly related to
this area. Both compact tension and bend specimens are suitable, as
for fracture mechanics tests.



The steering committee of the ASTM E24-01-09 task group on
elastic-plastic fracture has proposed a recommended procedure for
determining the critical value of J (Jic)> 'rne procedure
reauires a minimum of four specimens to be tested, each being loaded
to give different amounts of crack extension (Figure 7). J (the area
under the curve) is calculated for each specimen from the expression

J - Bb

where A = area under load vs load-point displacement curve.
B = specimen thickness,
b = remaining (uncracked) ligament width.

Each value of J so derived is plotted against Aa, the crack
extension obtained froin each specimen, by heat tinting the specimen
after test, then breaking it open.

A 'best line1 is drawn through the J points, and a 'blunting
line' drawn from the origin to account for plastic deformation
preceding the onset of cracking. The blunting line is given by:

where a f l o w =

w • Aa

°ultimate

The intercept between the J line and the blunting line is
considered to be JjQr the critical value of J at which crack
extension commences.

At first sight the procedure seems complicated, but all one is
really doing is to work backwards, using measured crack extension, to
define the point at which a crack would just start to extend in a
material where localised plasticity makes direct measurement very
difficult. The work done per unit area of specimen cross section at
that point is the critical J value,

J is formally related to K:

;•¥
where E = Young's modulus.

Thu in its present form, JJC is used to find Kj£ and
thus permit a quantitative measurement of fracture toughness from a



r.nociinen probably too small to satisfy the rigorous requirements of
Klc tests.

2.2.3 Application of Fracture Mechanics Test Results

The ouantitative nature of fracture mechanics test results
becomes clear when one recognises that the valid KJQ value
obtained can be used in an equation which relates Kj to the
r.tresfis aoplied to a structure containing a sharp flaw. In its
simplest form, if the clastic analysis of the flaw in its applied
stress field shows that the Kj value associated with that flaw is
less than Kj^, then the structure will not fail.

An example of such a structural relationship is the equation
for a through-crack in a pressure vessel, where the one-half critical
crack length

acr

(i.e., the total critical crack length = 2 a c r ) .

where KT_ = plane strain fracture toughness obtained in a valid
i C test.

a = applied tensile stress normal to crack.

a = uniaxial tensile yield strength of material.

A similar expression exists for partial thickness cracks, where the
critical crack deoth (one-half depth for internal crack)

KIC 2 Qcr
aa ° r 1.21-rr a 2

Q c r being a flaw shape parameter for which values are
available, e.g., in reference (8).

The literature contains many expressions for calculating
Kj factors developed at flaws of various shapes in many different
structures (joints, bent plates, holes in rivetted sheets, etc.),
which can be used in evaluating the safety of the structure.

3. A CRITICAL ASSESSMENT OF FRACTURE TOUGHNESS TESTS

We have looked at the principal test methods, both qualitative
and Quantitative. What do they tell us, how can we use the
information, and what are the limitations?
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3.1 Charpy V-Notch Test

The curve of energy, or notch ductility (MLi-1) or % shear
fracture, against temperature gives a valuable indication of the
temperature range below which brittle fracture becomes more probable.
It is important to realise that the values associated with a given
curve are not fundamental in any way: each steel will show z.
specific curve, and it must not be assumed that a certain value (say
20 J, 15 ft.lb) provides equal reassurance that fracture is unlikely
in all steels.

We noted in discussing fracture mechanics tests that, large
specimens are frequently required to ensure sufficient notch-tip
restraint. This points to one limitation of the Charpy specimen. It
is small, and its size is constant and unrelated to the strength of
the material under test. The machined notch is not as severe as a
sharp crack. It is fairly easy to see then that Charpy data must be
used against a wide background of recorded experience, cat'.ior than as
a set of numbers having significant intrinsic meaning. The necessary
wide background is well established for families of common structural
steels, and for these materials Charpy criteria provide a quick and
inexpensive check of the pedigree. It is becoming increasingly
common for more than one Charpy criterion to be measured, to guard
against freak results being accepted. A.: an example, Charpy criteria
for U.S. nuclear reactor pressure vessel steels are defined in terms
both of absorbed energy and MLE: this ensures that the fracture
process absorbs energy in plastic strain rather than simply because
the steel is stronger, thus guaranteeing ductility during fracture.

3 . 2 The Drop Weight Test

By identifying the Nil Ductility Transition (NDT) temperature,
the DWT affords a means for simple quality control, and for grouping
different types, batches or heats of steelr,. For many steels,
knowledge of the NDT temperature can be translated into safe minimum
operating temperatures at a given stress. The Drop-Weight NDT is
more reliable than a Charpy V-notch value un^ss the Charpy value has
been calibrated to the NDT temperature fci the specific material.
Figure 8 illustrates this point: the vessel steel was capable of
brittle fracture (i.e., below its NDT temperature) although Charpy
tests indicated that it was very tough.

The DWT is applicable primarily to steels in the 18 to 50 mm
thickness range. NDT temperature is not affected by section sizes
above about 12 mm because the restraint is established by the small
notch configuration and limited deformation, rather than by specimen
cross section. The test is a "go/no-go" type and yields the single
result of NDT temperature - no other data can be obtained.
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3 . 3 Fracture Mechanics Tests

The f r a c t u r e mechanics t e s t s a re intended to p r o v i d e an index
of minimum f r a c t u r e t o u g h n e s s under c o n d i t i o n s of maximum e l a s t i c
c o n s t r a i n t s . I t was shown e a r l i e r t h a t , for v a l i d d e t e r m i n a t i o n of
plane s t r a i n f r a c t u r e toughness (KJQ) l a rge specimens are
f r e o u e n t l y n e e d e d . T h i s r e a u x r e m e n t o f t e n demands l a r g e t e s t
machines , which t o g e t h e r with the need for f a t i g u e - t i p p i n q of s t a r t e r
n o t c h e s , use of s e n s i t i v e d isp lacement g a u g e s , and t h e d i f f i c u l t i e s
in i n t e r p r e t i n g t h e l o a d - d i s p l a c e m e n t c u r v e s , makes t h e t e s t s
expens ive and unsu i ted to product ion t e s t i n g .

As shown e a r l i e r , p lane s t r a i n loading c o n d i t i o n s in e n g i n e e r -
ing s t r u c t u r e s imply l a r g e s e c t i o n t h i c k n e s s e s in low s t r e n g t h
m a t e r i a l s or a l t e r n a t i v e l y , h igh y i e l d s t r e n g t h s in t h i n s e c t i o n s .
For s t r u c t u r e s where p l a n e - s t r a i n c o n s t r a i n t s a r e u n o b t a i n a b l e ,
Kjr; va lues from v a l i d t e s t s suggest low l e v e l s of f r a c t u r e tough-
ness t h a t in fac t cannot be a t t a i n e d in t h e s t r u c t u r e . While t h i s
approach may be c o n s i d e r e d c o n s e r v a t i v e and t h e r e f o r e s a f e , i t
ignores the fac t t h a t the d u c t i l i t y of the m a t e r i a l ( i . e . , f o r m a t i o n
of l a r g e p l a s t i c zones at s t r e s s c o n c e n t r a t i o n s ) r a i s e s t he f a i l u r e
s t r e s s to high l e v e l s . Consequent ly , l i m i t a t i o n s could be imposed on
t h e d e s i g n e r w h i c h would n o t be j u s t i f i e d in r e l a t i o n t o t h e
l o a d - b e a r i n g c a p a b i l i t y of the s t r u c t u r e .

F r a c t u r e mechanics t e s t s are most u s e f u l l y employed in l a b o r a -
t o r y i n v e s t i g a t i o n s of high s t r e n g t h or t h i c k eng inee r ing m a t e r i a l s ,
and p a r t i c u l a r l y in s t u d y i n g f a t i g u e and e n v i r o n m e n t a l e f f e c t s on
crack behav iour . Fa t igue crack growth r a t e s a re r e l a t e d to the range
of s t r e s s i n t e n s i t y (AK) a p p l i e d .

We can e x p e c t t h e J - i n t e g r a l t e s t t o become more common as
r e s e a r c h e r s and d e s i g n e r s seek to d e v e l o p Q u a n t i t a t i v e f r a c t u r e
toughness da ta for more d u c t i l e m a t e r i a l s . The p rospec t of d e f i n i n g
c r i t i c a l flaw s i z e s for many s t r u c t u r e s i s a t t r a c t i v e , and p r o v i d e s
much impetus for t h e J - i n t e g r a l and s i m i l a r e l a s t i c - p l a s t i c t e c h -
n i q u e s . For c o n d i t i o n s where l a r g e - s c a l e p l a s t i c i t y d e v e l o p s , no
g e n e r a l l y a p p l i c a b l e q u a n t i t a t i v e t echn ique yet e x i s t s .

4. LINKS BETWEEN QUANTITATIVE AND QUALITATIVE TESTS

4 . 1 K I C and t h e NDT T e m p e r a t u r e

S i n c e bo th t y p e s of t e s t a im a t t h e same o b j e c t i v e , v i z . t o
provide a measure of a mater ia l ' s propensity for f rac ture , i t is
natural that researchers have sought to link the two approaches. The
cr i t ica l stress intensity factor, Kj^, can be considered a
material property in much the same way as yield s t r e s s , and i t too
varies with temperature. For s teels , KXQ shows a marked increase
with temperature corresponding to the increase in Charpy energy, and
the KIC versus temperature curve can conveniently be indexed to
the NDT temnerature determined by the drop-weight t e s t . An example
of this indexing, for U.S. nuclear reactor pressure vessel s teels , is
shown in Figure 9 (9). Indexing in this manner suggests that a given
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level of fracture toughness ( K J C ) is found at a certain tempera-
ture interval from the NDT temperature. Thus in comparing two
of similar types, havinq different NDT temperatures, it is reasonable
to assume that their fracture resistance (defined by Kj(;) will be
different at a given temperature. To put it another way, one of them
can be used at a lower temperature than the other and yet give the
same degree of fracture protection. This is implicit in the purely
qualitative Charpy test technique, but the indexed curve allows
quantitative interpretations to be made. Obviously, curves have to
be developed for various groups of steels before KJQ can be
inferred simply from a knowledge of the NDT temperature and the
desired service temperature. Such a 'wide background' has already
been shown to be essential even for interpreting Charpy data, after
which the material user is still larqely unable to quantify the
degree of fracture protection. K-it- curves indexed to NDT tem-
perature may become very valuable tools in the future.

4.2 K I C from Charpy Tests?

Test equipment is now commercially available for obtaining
much more information from the Charpy test. The striking hammer is
equipped with strain gauges, and when the specimen is struck an
autographic record is created on a cathode ray screen showing load
versus time. The curve can be analysed using similar procedures to
those described for Kjrj tests. Notch restraint is sometimes
increased by machining side grooves into the test specimen, and for
appropriate materials and strengths, Kj£ can be determined. The
techniques are not yet in common use, but will probably develoo
increasing support, combining as they do the cheapness and sneod of
Charpy testing with the predictive ability of fracture mechanics.
Fundamental limitations are imposed by the small specimen size which
will limit the technique to stronger alloys.

It may be possible to derive Kjrj values from ordinary
Charpy tests, without the need for specially instrumented equipment.
Empirical correlations between KJQ and Charpy shelf energy levels
have been developed, the two best-known perhaps being:

K = 5 a (CVN) j ^ - . . . ( 1 0 ) and
YP |_ J

K J C = 1 5 . 5 (CVN)^ . . . ( 1 1 )

[where CVN = C h a r p y s h e l f e n e r g y ( f t . l b ) , K I C i n ks i-i
i n k s i . ]

S i n c e c o n s i d e r a b l e p l a s t i c d i s p l a c e m e n t s p r e c e d e c r a c k
e x t e n s i o n i n b o t h C h a r p y t e s t s ( a t u p p e r s h e l f v a l u e s ) a n d i n
O - i n t e g r a l t e s t s , R i c e s u g g e s t e d (12) t h a t i t was n o t s u r p r i s i n g t h a t
some c o r r e l a t i o n s h o u l d e x i s t b e t w e e n Charpy and K J Q v a l u e s . I t
s e e m s q u i t e l i k e l y , t h e n , t h a t m o r e f o r m a l c o r r e l a t i o n s w i l l b e
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developed between Charpy t e s t r e s u l t s and f r a c t u r e m e c h a n i c s v a l u e s
a s t h e f i e l d of e l a s t i c - p l a s t i c f r a c t u r e b e c o m e s more f u l l y
u n d e r s t o o d .

c>. S U M M A R Y

For convenience, we have discussed fracture toughness tests as
either 'qualitative' or 'quantitative', depending on the subsequent
application of the data they provide. The Charpy test is widely used
as a qualitative test for steels, and, because of the large volume of
information available for comparison, Charpy data provide a reliable
indication of fracture toughness for common types of steels. But
they give no fundamental information about a structure's ability to
withstand flaws. One is advised to use Charpy test results carefully
in specific fracture-control plans where the properties of the steel
are not very well known. E'or comparing steels, and for quality
control of steel products, the Charpy test is invaluable. Whatever
the purpose of the Charpy test, an accurately levelled and calibrated
machine is essential.

Many other qualitative tests have been omitted because of the
limitations of space: dynamic tear tests, crack-arrest tests, and
variants of the Charpy. All have in common measuring the response of
a notched specimen to a suddenly-applied load, and all provide some
estimate of the probable serviceability of a metal component. For
the same reason, I have not discussed the excellent U.S. Naval
Research Laboratory Fracture Analysis Diagram, which condenses the
known behaviour of steels into a usable fracture control scheme based
on qualitative tests.

The quantitative tests are well established for conditions in
which a high degree of elastic restraint is present at the tip of a
sharp crack. The critical stress intensity factor generated is
directly usable in an expression to determine critical flaw size in a
component. The techniques are now being extended to maintain their
predictive ability into the elastic-plastic regine.

Other tests of this type have been left out because they are
not yet in widespread use: however, both the crack-resistance (R?
curve and crack-opening displacement (COD) tests are being actively
pursued in many laboratories. The latter is advanced in Britain to
the level of being a British Standard Draft for Development.

The division of tests into 'oualitative' and 'quantitative'
types allowed a comparison of the principal modern approaches to
fracture control. It was shown though that the difference is
becoming less pronounced with time: correlations are available, and
theoretical justification of the correlations is developing rapidly.
The desired end product is a quantitative fracture control plan based
on simple, inexpensive tests.
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In conclusion, one should remember that a clear definition of
the reason for ter' ing goes a long way towards selecting a suitable
test method. With the objective clearly understood, well-plannod
fracture tests and carefai interpretation of their results will
provide valuable supporting information for the designer and user of
metal products. Reference 5 is an excellent review of basic theory
and application of fracture control in metal structures. You will,
note that Part 10 of the Annual ASTM Standards includes four of the
twelve references qiven for this paper. The volume is vorth study by
anyone interested in more detailed knowledge of fracture test
techniques. In addition, the Special Technical Publications of ASTM
provide excellent source books on current research into fracture
testing and its application, and are recommended to those interested
in pursuing the subject further.
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DISPLACEMENT

Fig. 6 Typical load-displacement curves in fracture
mechanics tests.
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