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CONCEPTS OF FRACTURE TOUGHNESS
AND STRUCTURAL INTEGRITY

INTRODUCTION

Fracture toughness is a property of metals that def ines their resistance to brittle
fracture. This report explains the concept of fracture toughness and its dependence on
such variables as temperature , strain rate , section thickness, and strength level. A de-
scription is given of the linear-elastic fracture mechanics (LEFM) approach which lends
itself to a quantitative analysis of fracture in terms of critical flaw sizes and stress levels.
Also discussed are the more common engineering tests that provide qualitative measures
of toughness beyond the region of LEFM applicability .

In design with ductile materials, the failure-safe load carrying ability of an engineering
structure is normally based on a stress analysis to assure that nominal stresses are below
yield.* Failures that occur under the resulting elastic loading are broadly classified as
brittle fracture . These failures can result from the effects of small flaws or cracklike
defects that do not greatly alter the nominal stress distribution and are customarily neglected
in stress analysis. Nevertheless , a conservative analysis of the structural integrity of welded
structures must be predicated on the existence of such flaws (e.g., weld discontinuities).

Under conditions of high mechanical restraint , a flaw can greatly decrease the high
ductility that may have been predicted on the basis of smooth tensile specimens and could
cause brittle fracture in the structure . It is apparent that a complete fracture-safe analysis
requires proper attention to the role of the flaw . For alloys of high toughness, the loss
of ductility due to the flaw may not be significant and an exact knowledge of the location
and size of flaws may not be required . With low-toughness alloys, however , the toughness
must be well characterized in terms of environmental factors and especially in term s of
metallurgical variations within a structure , often associated with heat treatment and welding.
In addition , the exact size and location of potentially critical flaw s and the stress distribu-
tion in their vicinity must be ascertained.

The motivation for the application of fracture mechanics is the possibility of designing
safely against the effects of flaws and discontinuities that normally occur. For example , a
designer may wish to use welded joints that are entirely free of flaws , but this is not
realistic. The practical approach is to recognize that flaws are present or may occur during
service and to place a limit on their size. While conventional toughness testing procedures
are not able to deal with this problem directly, fracture mechanics tests, where applicable ,
specifically define a relationship between flaw size and fracture stress for a given material -

~~~~

and thus permit a direct estimate of allowable flaw sizes for different geometric config-
urations and operating conditions.

Manuscri pt submitted November 9, 1976. -
~~~

4 Faj lu r t ~ e°n occur even when stresses are below y iel d , due to such other phenomena as fatigue crack
prop Igation . stre .,s-corrosion cracking, hy drogen embr itt lement , etc. However , these are beyond the
scope of the preselIt disc u ssion.
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As new materials and designs evolve there will be less engineer ng experience upon which
to rely, and thus a greater need for the designer to take an analytical approach to fracture-
safe design in the presence of flaws.

To maintain perspective in the discussion of structural integrity, one must realize that
structures may be so complex that it is impractical to accomplish the stress analysis required

r by a fracture mechanics approach. En other cases, 6dvanced designs may use high-strength
alloys of very low toughness for which flaws of critical size cannot be precluded during
fabrication or after a short service lifetime. In that case , use of an alternate alloy of higher
toughness may be indicated . Conversely, a redesign resulting in lower stresses or the use
of redundant load-carrying members may be required. Clearly, there is no single method
for fracture-safe assurance for all toughness levels and structural design s. The wide current
emphasis on LEFM procedures , in college curricula , design codes , and technical publications ,
tends to give a misleading impression that LEFM can provide assurance of fracture safety
in all instances. For this reason it is necessary to define the limitations of LEFM and to
understand other procedures for evaluating toughness and how they relate to structural
behavior.

CONCEPTS OF FRACTURE TOUGHNESS

Mechanical Constraint

The concept of mechanical constraint is central to a firm understanding of fracture
toughness. This concept can be illustrated by the behavior of a notch in a uniformly
loaded plate in tension (Fig. 1). The tensile stress 0)? causes a small element bordering
the notch tip to contract in the x direction and to assume a new shape (shad ed). A
similar element further removed from the flaw will contract less because the stress ele-
vation in os,, due to the notch , diminishes with the distance from the notch. Consequently,
a stress a~ is created between the two elements. A similar stress o~ results in a direction
normal to the plane of the figure and limits contraction in that direction. The tri axial
stress distribution thus created inhibits plastic flow of the metal and results in the phenom-
enon of mechanical constraint. For example , -~ 

and a~ stresses will restrict stretching
(or plastic flow) in the y direction. All real metals exhibit some plasticity at the tip of a
flaw in a stressed body, however , and the fracture resistance, or “fracture toughness,” is
directly proportional to the extent of this plastic zone. Consequently, the reduction in
plasticity attributable to triax ial stresses (mechanical constraint) is equivalent to a reduction
in fracture toughness.

With nominal section stresses still below yield , the triaxial stress distribution near the
notch tip may cause the local stress to reach a magnitude several times greater than the
value of yield stress as measured in a smooth tensile specimen. This local stress elevation ,

I- by inhibiting plastic flow , may cause the metal grains to separate by eleavage* (a brittle -
.

mechanism ) in low-alloy structural steels , rather than by a ductile tearing process (e .g.,
shear or dimpled ruptu re in a fractographic sense) . The magnitude of triaxial stress, or

•High-strength steels exhib it  brittle fracture as a result of a ducti~e or shearing micromod e process . F~~r .
‘

~

these steels, however , the local ducti l i ty (af l  be so low that the elastic stresses provide suff ici ent  energy

for un stable or br ittle separat ion of the metal gra ins. :.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _
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simply the “triaxiality,” increases with thickness and notch depth to a maximum or plane-
strain value, as described below. To prevent brittle fracture due to localized reduction of
ductility at the notch tip, the metal must exhibit a corresponding resistance to fracture or
fracture toughness. Unfortunately, the toughness of a given alloy is fixed for a given
temperature , strain rate , and metallurgy and does not increase to offset the effects of
increasing triaxiality . To deal with conditions of insufficient toughness that may therefore
arise , one may (a) eliminate the flaw , (b ) reduce the stress, (c) change the design , or
(d) substitute a new alloy of higher toughness.

Fig. I — Stress in the x- and z-directions result
from nonuniform elongation of the elements in
the direction of applies stress (the y-d irection).
This triaxia l stress distribution inhibits plastic
flow and pro duces mechanica l constraint.

5

The degree of triaxiality or mechanical constraint developed by the notched body of -
Fig. 1 depends on both notch depth and section thickness . With a shallow notch , the
illustrated elements at the crack tip “sense” the presence of the free surface , and the o,
and a~ stresses cannot greatly exceed the yield stress level. Similarl y,  if the body is thin ,
the a,, stress cannot achieve a level above the uniax ial yield stress. A condition of plane-
strain constraint (It is important to note that the defin ition of plane-strain constraint used
in reference to fracture toughness does not correspond to that used in theory of elasticity
111.) is said to exist when fu rther increases in notch depth or section thickness do not
fu rther increase the stress triaxia lity ( Fig. 2). A grasp of this thickness-induced mechanical -

constraint is vital to an unders t anding of fracture test methods. Without it serious errors
in fracture safety projections could result. It is wort h emphasizing that fracture toughness
is customarily assessed by testing a small, i nexpensive test specimen . Because of its small
size (t hickness ) , the specimen may not exhibit plane-strain conditions. The resulting un-
conservative (high)  value of measured toughness will not represent the fracture resistance
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of a structural prototype of thicker section. On the other hand , if the thickness of the
test specimen is identical to that of the structure , but the test specimen does not exhibit
plane-strain constraint , a requirement to test thicker , but plane-strain , specimens can result
in unduly conservative assessments of the fracture toughness of the structure.

PLANE
STRESS

MIXED
MODE

E -- PLANE
0 

~~ THIN . STRAIN

20 . 2 0 ’
4

I I I I I
0 0.2 0.4 0.6 0.8 1.0 In
I I I I I I
O 5 10 IS 20 25 mm

THICKNESS (B)

Fig. 2 — Effect of specimen thickness on
fracture toughness

Temperature and Strength Transitions

The fracture toughness of ferritic alloys exhibits significant variations with changes in
L yield strength and temperatu re . The interaction of toughness with strength level and

temperature is illustrated in Fig. 3 by a three-dimensional plot of these variables. Here
fracture toughness is taken simply as energy for fracture of a test specimen: later the cor-
respondence between fracture toughness and energy absorption will become clear .

Consider first the plane of energy and yield strength in the figure . The “strength
transition ” illustrates the characteristic decrease in toughness, fro m ductile to brittle , w ith
alloys of increasing yield strength. However , these items are subject to certain qualifications :

• The ductile level of toughness means that brittle fracture will not occur even under
the adverse conditions of large flaws and plane-strain constraint: the material will fail by
plastic overload . —

4 -.-

• The label “brittle ” does not mean that these alloys will always exhibit brittle
behavior , for without high tr iaxial stresses and appropriately large flaw s, these alloys can
exhibit significan t ductility.

— 

— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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• The strength transition curve depicts the behavior of the best (highest toughness)
alloys of a given strength level . Because of poor heat treatment or high impurity content
it is possible t~~~ncounter brittle behavior at any strengt h level.
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Fig. 3 — The interrelationship of fracture energy , temperature ,
and strength level with respect to fracture behavior

The “temperature transition ” in Fig. 3 illustrates the change from brittle to ductile
behavior with increasing temperature. The characteristic S-shaped curve reaches a plateau
or upper shelf at which toughness is no longer temperature dependent. Note that the
temperature dependence of toughness diminishes with increasing yield strengt h and (.bat

- 
I the toughness of the ultrahigh strength steels is relatively insensitive to temperature vari-

ations.

It can be generalized that ultrahigh strength steels always behave in a brittle manner
under the appropriate conditions. On the other hand , the more common structural steels.
with yield strengths between 200 and 900 MPa (30 and 130 ksi), can exhibit a range of
toughnesses, depending on the alloy and the temperature .

Unfortunately, a single method by which to define all levels of fracture toughness
does not exist. Alloys in the shaded band of Fig. 3, labeled “plane strain (brittle)” can
be best characterized through LEFM procedures , which yield a quantitative relat ionshi p
between fracture toughness and the critical flaw size and stress level required for britt le . -

• fracture. However , these methods are restricted to toughness levels in the brit t l e fractur e
zone . The region labeled “ductile fracture ”is not considered to lie in the province i~f

• fracture in the present context , since alloys at th is toughness level generally fail by plastic
overload , with or without flaws. Thus , it appears that most common structural steels fall
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within the nominal ductile range at ordinary service temperatures , and outside the scope
of LEFM . Recal l , though , that Fig. 3 depicts the behavior of only the best (toughest) alloys .
Many common structural steels still being produced may be classified as “brittle ” at ambient
temperatures.

The region betw een the “brittl e fracture ” and “ductile frac tu re ” areas in Fig. 3 is
termed the elastic-plasti c regime. Current research , like LE F’M , emphasizes quant itative
analysis of Iracture toughness in this re~~me , with the hope of evolving new techniques such
as the J-integral [2 ] .  However , conven tional characterizations of elastic-plastic beh avior for
engineering applications are largely empirical and subject to different interpretations.

Strain Rate Dependence

Figure 4 illust rates the sharp change with temperature of the size of the crack-tip plastic
zone (and thus toughness ), refer red to earlier as the temperature transition. The fracture
toughness variation in this regime is comp lex , since it is influenced not only by tempera t u re
but also by loading rate , or more specifically, strain rate at the crack tip. In practice , the
strain-rat e dependence of fracture toughness can b~ quite significant. For exam ple , at a given
temperature the large plastic zone formed under quasi-static (slow) loading conditions may
preclude high mechanical constraint and thus result in improved toughness. On the other
hand , dynamic loading niay result in sufficient reduction in ductility (and thus plastic-zone
size) to cause brittle fracture . This phenomenon is believed to result primarily from the
st rain-rate dependence of yield stren gth for these alloys.

FRACTURE MODE
a I TRANSITION

-60 -30 Tc .30 +60
TEMPERATURE (°C )

Fig. I - Brit t le-duct i le  transition in toughness w i t h  increasing
temperature , known as the fracture  mode transition , exhibited
by ca r bon and l ow alloy slIels . Dyna mic l oadi ng of th ese
steels reduces the toug h ness below Ih e “ s t a t i c ” va lues.

•1

G
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The question of what loading rate a fracture toughness specimen should be subjecte d
to simulate structural conditions has been raised. Fracture experts disagree on this for
structures, such as pressure vessels, tha t are subjected to constant or slowly changing loads .
One school feels that toughness is best determined from a notched test specimen loaded
slowly as in a conventional tensile test. Another school maintains that the toughness of
a structure , especially a welded structure, is not unifo rm throug hou t because of material
inhomogeneities. If a preexisting defect should grow (b y fa tigue, stress corrosion , etc.
into such a region of low toughness the flaw could exhibit sudden , unstable propagation
over the distance perhaps as small as a few grains (called pop in) .  The metal grains at t h &
peri meter of this popin behav e as if dynamically loaded and therefore exhibit a dynamic
toughness value h~~low that of the static toughness. Hence , a dyna mic fracture toughness
test is required.

It appears that a conservative fracture-safe assessment requires use of the lower ,
dy namic toughness of the metal . If static toughness values are emp loyed , the fracture
analyst must be confident that the toughness in all regions of his structure is above some
mini mum value and devoid of local inhomogeneities that may lead to a popin . This may
require a difficult statistical analysis. In some cases the use of static toughness can li e
justified. An example is a plate that has no welded connections and whose materi al has
bee n produced by a high-quality melting practice resulting in a low inclusion level ( i. e.,
slag or other oxides). For general engineering structures this may be the excep tion rathe r
than the rule.

If dynamic analysis is justified , the proper loading rate for the test specimen mus t

be chosen . Again , diffe rences of opinion exist. Some maintai n that the relevan t strai n
rate is the average value experienced by the structure. Others clai m that the average
strain rate of the structure is irrelevant when a popin occurs . In other words , the POl) i fl
can result in a rapid (localized ) strain rate that may bear no relationshi p to the overal l
structural loading rate. Partly because of these uncertainties , dynamic fracture toughness

• tests are usually conducted by impact loading of the entire test piece with the h i ip i  that
this may result in a lower hound value of toughness. The field of strai n rate effects on
fracture toughness is an open question and the subject of current research .

1.
LINEAR-ELASTIC FRACTURE MECHANICS

Basic Relationships

F’ra( ture mechanics , or , more corre ct ly ,  linear-elast ic f ractur e mechanics , refe rs only
to fractu re behavior und er  plane-strain conditions. ~\s indicated prev iously . this anal ysis
(an  he app lied only if the plastic zone at the crack t ip  Is smal l enough ( om l ) a r e ( l  with
the dimensions of the crack to ensure overall l ine ar  behavior . The concept of hE E~ l can
he traced to Griff i th 13], who in 1920 evolved a means to j )r edi ( t the ( ondl t i OflS for
fracture of a brittle solid (glass) containing a crack . . -\ balance of the stored ~las t i r  strai n
i’n i’r~ and the energy needed to form new surfaces asso(-Iated wi th  crack i x t en s i o n  y ielded
a relationship for crac k instabilit y. Modern LEFM , however , has abandoned the energy
app roach of Gri f fith in favor of a stress ;in al sis approach more easily rel at ab l i I th e

-4

_ _ _  

~~~~~~~~L. ~~~~~~~~~~~~~~~~~~~~~~ 4J
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language of the designer. Irwin 14 1 and Williams (5 1 are credited with n oli  l y i n g  Iii f f i th’ s
approach for glass to (a) include the notch-tip plasticity associated with real metal s and
(b)  describe the behavior of the material close to the leading edge of a sharp crack in
terms of a stress analysis like that illustrated in Fig. 5. The stresses in Fig. 5 ~avi ’ r i ’su lted
from an infinite series expression in which higher order terms in r have been n i - ~l i i 1 t ’i.i .
Hence , the use of LEFM is restricted to the region where r is smal l compared ~ ith ih er
dimensions in the x-y plane.

CRACK TIP STRESS FIELD
APPROACH

y

~~~~~~~~~ I SIN~~ SlN~~- 2 2

~~~ cos-~- [I+ sIN-~ SIN~~ ]

- 
1<1 SIN ’~- COS’~ COS-~~Y 1 2 7 2 2 2

~~ 
v(a ’5 +~~y ) PLANE STRAIN

° 
PLANE STRESS

Fig. 5 — Elastic stresses near the
crack tip for a through-thickness
crack in a linear-e l astic , isotropic
body subjected to Mode I loading

Parameter K 1 in ~~g. 5 is the plane-strain stress intensity factor for Mode I , or the
- “ opening mode (e.g., tensile opening of the crack surfaces). The cracked re g i on can also

be loaded in shear, that is, M odes 11 and I l l .  (Mode II ‘ &‘fers to the in-p lane shearing
(sliding) of the metal at the crack tip whereas Mode Ill  refers to out-of-plane shearing.
or tearing. ) However, Mode I has received the greatest emphasis because it comm only
occurs in structures. At 19 0, the stresses achieve t-he maximum value :

K,
UX °~. - 

( 1 )

The unique feature of the I /.~/?crack-tip stress distribution of Eq. ( i t  is that t i n .  h h a ~i~-r

is common to all cracks , regardless of the shape of the bod y containing the crack , h i-  II

a laboratory specimen or a prototype structure. For this impo r ~ant  reason , a laher ~itor y
specimen can be used to simulate conditions in a structure provided that p larie-s tr~un
conditions are main tained. Note that Eq. (1) predicts an infinite stress at 0 = 0 . In
reality the metal at the crack tip assumes some finite radius , due to plasticity , so tha t
the stresses are finite.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - ~~~-—- --_~~-- _ _ _ _



- - - - --,--—----
~ 

—
~~~~~~~ 

—.--
~~~~~~

---‘-- -
~~~
,-—---.—--

~ ~
,—

~
-—.— -- —,-- -.,- -.--- -- 

~~~~ 
.— .  -,—-———

~ 
- -- - —--.--.-

~~~
,—- --

~~
---.--,.-.---. - - -

~
-.
~~~ 

-
~~~~

-.- .-— -

~
—---

NRL REPORT 8085

Inspection of Eq. (1) indicates that the stresses in two different bodies will be iden-
tical for identical values of K 1. Hence , K1 provides a single-parameter characterization of
the stress field near the crack tip. The K1 parameter, in turn , is a function of’ the geometry
of the body, the loads at the boundaries , and the size of the crack. For a given geometry ,
the value of K 1 may be computed by a stress analysis at the crac k tip, where all terms in
the expressions for a, or ~~ except ii~/ ~~~ are combi n ed to give stress in tensity K 1. Ex-
pressions for many different loadings and body configurations have been catalogued by
Paris and Sih 161 . All expressions for K 1 have the fo rm

(2)

where a is the nominal stress field in which the crack resides , C- is a function of the
specimen geometry, and a is the depth of the crack.

The level of K 1 at fracture initiation (under plane-strai n condi t ions )  is termed K j~ .
‘I’his quanti ty is a property of the material in the same sense as the yi e ld stress (o~~ );

that is, both vary with temperature , strain rate , and metallurgical structure. The ut i l i ty
of Eq. (2) is readil y apparent when it is realized that the form or shape of the stress
distribution in a notched laboratory specimen is identical with that in a flawed prot otype
structure and differs only in intensity as expressed by K 1. The K j~ value determined
from Eq. ( 2 )  therefore provides the means to relate the critical flaw size and stress level
from a simp le specimen to those of a more complex structure .

Measurement Procedures

A standanl method for measuring K,~ Is given ny ~\S’i~ .l Standard E-399 1 7 1 -  The

specimen geometries (a three-point bend specimen and a compact toughness (“I 1 specimen I
are (lescrihed in this standard; the CT specimen is illustrated in Fig. 6. In ( i n e p t , a
value can he obtained for any geometry for whrnh a s tn ss dn aiy si s  is available. I l n w c v i r .
all spec imens must have a sharp notch terminat ing in a fatigu e precrack. The K,~ level
is defined exp erim ental ly with a laboratory specimen record of load vs crack mouth

p 
- 

opening (us ing  a displacement or clip gage ) by noting the load at which the (‘rack extends.
Typical records nf lht-sc inea suren ients are illustrate d in Fig. 7. Some b r i t t l e  materi als

• t ’x h i h i f  comp lete f racture  at the m a x i m u m  load (line a, Fig. 7) .  whereas others exhibit a
roundin g  ( l i i i  c, l ig .  7 for which the critical load is determined by methods S 1)O . l f i l ’ ( l
in Ref. 7. K 1.  is computed from an expression , similar to Eq. (2) ,  for the geometry of
,nti ’r i ’st  i i i  ( ‘( injunction w i t h  the critical load (or stress) and crack length. The l i i i  t i ’r

q u a n t i t y  is ( ( is i  i i i i ; i r i l y  det ermined from post -test measurement -s of the comp letely frac-
tured Sl)4 ’( ’im On

‘I n  en sure p lan( ’~~t r a in  condi t i o n s . \S ’l \l l-:-d99 places the fo l l owin g  r e s t r ic t ion on th e
th i ckn e ss  I? an d crack depth u.

kIIILg*Ili~ LaA — : 
- ______
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Fig. 6 - - T h e  compac t toughness (UT1 spec-
inwn . ‘rhi s speci men and the three -point
no tched-bend specimen are used to measure
the p lane strai n Fr ae t i . re t oug h ness A k
a(’cor d an ct’ with ASTM E-399 .

_________________ 
N I T  IA L C R A C ’

~IijIIllII~ll Cr1 ‘~ - F R 0 Nt
lllhullllhllui A~~F E ~ PU P IN

t O A D

D l  S P ~ A C E  ME NT

7 — Tvpu-al  o ~t r e,- r k  of load ~s crack mouth opening  or
displace m ent  of -i notch ed  spi’ci men - ‘I ’ ’, ~~

- 0 i ’~d ? ~(‘0 I’, r. i V ’

un a n i h i g i i o i i s  to i t  o n u s  w i t h  w h i c h  to ‘ o n h I c -  K h - ‘rhe ~~~~
c record , however , is i y ~i u. ’ i i of I b r  duc t i l e  h ’- i c u v i o r , I i i

I - - h - m inI ’  if  t h i s  r n - n o b is UsefU l m r  A ~a i c u t a t r o i i s  req uires
u i  i l l ,  m mci’  I i i  t i n -  \~~l ’ \1 ~ i t i i i l n l  M n - l I n t  7 1 -

-
-a’.
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This requirement is unusual in that it is not possible to assess the “validity” of the result
until completion of the test and computation of a “tentative ” K i t .  The rati o
is an indication of the size of the l)lastic zone at the crack tip . The actual shape of j his
plastic zone is not simp ly defined. There fore , the region of plasticity is formally repre-
sented as a circle , centered on the crack tip, whose radius is

1 ( K 1 \
2

ctir ~~~~ )
where cs 6 for plane-strain conditions and ct = 2 for p la ne~stress * conditions , Not e that
rp varies with the applied K-level (K 1).  Failure to meet the requirements of Eq. (3) will

result in fracture values t-hat are larger than the true Ki~ values , as illustrated in Fig. 2. These

values are usually refe rred to as K~ and occur because the constraint in the specimens is in-

sufficient .  The increase in K~ from the K 1~ level represents a geometry dependence: this

phenomenon masks the K i~ value and prevents the translation of the stress intensity fro m a

specimen t ’) a structure of different geometry.

A common flaw geometry encountered in servi l e is the surface flaw . The equat ion for
this geometry is given in Fig. 8 for a plate in tension , where o is the nominal  stress and Q ~s

a geometry factor that depends on th e flaw ’s aspect ratio ( ra t io  of depth to len~ t h ) .  Critical
crack depths are plotted in terms of the K j eJU s s  ratio , which determines t h e  specimen m h!c k ne s s

required for that level of toughness in accordance wi th  \S’l NI E-399 (E q. ( 3 m m .  The K k .e~\

~i t io  is the more appropriate expression nt  toughness than Is K j~, b y i tself . sin ce  the former

is a measure of the plastic zone size: as discussed previousl y ,  i t  is t h e  siz” of the plas t i c  Lone .

i.e., th i ’  amount of plast ici ty,  that  correctly reflects the le~~-l of fract  ar ’ t i > u g h n . ’ss.

Figure 8 point- s out a simple grap hical mean s  for s t r u c t  u i - al  app l ica t ion  of LFF ’M i or

L ‘ the ease of surface flaws. Given ( a )  the K ,~ of t h e  mat er ia l  at t h e  si .‘i~~f t  - t i ’ n i 1  ,n ’r at a r -  and

strain rat e and ( b) the nominal  stress at the point  ot i a t i - r n - s t  - it is I , ( i s s t l u l ( -  1 a n n I W -  the

critical defect size from Fig. S and to ascertain t h -  appl’o t l r t l i t  n - ~~ ’ c  ~ of i .i: h- ’~l r u t  ~~~‘

inspection required to preclude fractur e . H owever ,  an imp or t an t  l imi t a t ion  of I E l ’ \I h ’conieS

apparent in this exercise , If O f ’  postulates the i ’ x i ~~t cue ’ of , saY , a 25-mm U -in - )  f law in a

region t h a t  approaches yield st resa loading , it is seen that  the in n:  er t al mu s t  e~ h t h i t  a toughne ss

ratio between 7 and 11 ~~~~~~~~ (1 -1 and 2.2 \/T~7’l . depending on ( l ie  ist i - i - i ratio , Fo r t  berm ire .

a , ;n-c t i -  in size of I 2 ’i to 300 nim (5-12 in . )  is r e d l u i r n - i l  I - )  n i -asu rn tb l ’ ~ . -l n ) f t n u g h : in ’~s . I f .

on the o ther  han d , the str ~ ictu ía t th ickne s.s is less than t h a t  r eq Ii  ifl ’( l . P l u m ’  -5 1 ra in  ‘00(111 tons

would nes t h . achieved ; this inhibits the use of L EF M exi t -pt as conserva t ive  lower hound

that  could Pr eclude 051’ of t b  - material. lii  the absence of plan t ’ s t ra in , the ann I\’~ t~ me si hi ’

L r a t -c t iv m i ii ’ sophisticated n ’ la c t ic- -~ la s t i i  I n - c h t n i h l n ’ S . c ’ i i r reuut  lv in th e r i -s ’ari -h stag ’ . \s

an m u I t  - r u u a t i v r ’ , empirical m n - t b  a I- ; of li ’ s s-- r q m i a n t i t a t  i v ’  accura cy (clescrihed in th e  fo l lowing

~“ i ’ t l o t i )  na he n ’ r i i 1 i i ~~ ’ i ’d.

I - -an ‘‘ p h i . , s train ” is d i f f i c u l t  to u m l n ’ r a r , - l  since the fr ac t u r e  n u n - i  u ; n u , ( ’ t m  n i t  i . n s  (i f  p l ane st r e ss
mi p la ne st r a in  - In o i l  cIr ce w i t h  those of n - i : ~~ b t i m ’ . thn nn r~~, l~, ,r  purpos ’s of t he m . sn ’ n I i - ,n ’ i s s i , u n  — .

i.. i i ’i n ’ i ’ ” st  to t h i n k  ( I F j da ne si r , ’~ s .s o ’ t m m t c d  t o v ie td n i r  t h ro u t t h l i i i ’  s e - - I f l , u ’i t h i c kn e s s ‘.
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Fig. 8 — Critical crack depths for a plate containing a surface flaw and subject to a
nominal tensile stress 0, These depths are plotted in terms of the Is’i . fG ’.,~ 

ra tio: this
ratio determines the thickness specimen required for that level of t ou ghr~ess in nea r-
dance with ASTM E-~t 99 (Eq . (3)).  The family of curves represents the values of 0
for two different  flaw geometries. The Q factor in the K j ~ equation is a tabulated
function of the flaw geometry.

Another limitation to the practical application of LEFNI is illustrated in Fig , 8 For
commonly used section thicknesses of 50 mm (2 in . )  and less , subjected to yield stress
loading, the cri tical depth for a fully constrained flaw l i e , ,  one meeting t-he requirements
of Eq. (3))  is only a fraction of an inch . Larger flaws can be tolerat ed only when stress
levels are appropriately reduced . This limitation must be seriously considered , since most
structures have regions of stress concen tration where the stresses reach t h e  y ield level, It

-
‘ is apparent that the use of LEFM must he approached with caution for these regions where

it is most needed. If follows that the application of LEF’M to areas of high str ~’ss may
require elimination of even very small flaws , which may escape nondestructive inspection .

Dynamic Kid Charactenzation

Lip to this point , LEF ’M methods have been described in term s of static ’ loading.
Because the toughness nf fe rritic structura l steels decre ases with elevation in st rai n rate , t -

dynamic (K id ) an alyses are import an t to c’onsi ’rvat ve assessments of st ructural re l iah u l it v .  I 
- ‘

Unfo rtunately.  a stand ard test method for dynamic  KH testing similar to tha t  of .\ST\l  •.~~,

E-399 17 1 for static testing, has no yet been evolv al .  l her e fo re . inves ( iu ~ator s of th e
K 111 toughness trends have generally applied the concept s and rn ’ st r ~u - t i o n s  of E-399 I 8.9) . - - -

12
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One difficulty with dynamic testing lies in defining the load at fracture initiation.
n cli ’r rap id loading the mass of the test specimen creates “inertial loads” which are trans-

t m i i t t n ’ c l  to a transducer , e.g., load cell , in the loading train [10) . The inertial load does not
represent the true load on the specimen and in general cannot be used to compute K id .
Current research is exploring the use of transducers mounted directly on the specimen to
-ircu mv ent  t ; m n ’  inertial problem. For relatively slow loading rates, say, K less than 1.1 X

iO~ MP U \”TT s~~ ( 1O~ ksi~/I~T s 1 , the dynamic effects are not large and the load cell appears

to give an acceptable representation of the specimen load. For these “slow ” dynamic tests ,
K ia is determined from the maximum load in conjunction with the statically derived K-
equation (viz Eq. (2)) .  This method is expected to be of engineering value but may not
achieve the same accuracy limits as those for static tests conducted in compliance with
ASTM E-399 17 1.

.\ second diff icul ty  with dynamic testing rests in the determination of the crack length
at fracture ini t iat ion .  This length is defined from post-test measurements in which the profile
of the  fatigu e precrack has been exposed. Near the upper levels of the plane-strain regime
and into the elastic-p lastic regime it appears that crack extension can occur prior to maximum
load. In this ease , the use of the maximum load is not consistent with the crack lengt h at
fracture initiation and could result in unconservative (high) Kid values.

Conside rable effort is under way to investigate dynamic toughness testing procedures
and to ‘vu i lve  standard methods. The ASTM Committee E-24 on Fracture Testing of Metals
is developing standardized procedures for dy namic K id testing using the three-poiut bend
and compact specimens. Because of its small size the precracked Charpy-V (PC 0 ) specimen
has been invest igated by several laboratories as a way to characterize K id and Committee

I :s m u l s i )  investigating this specimen in terms of a standard test method. Unfortunately ,
c ’ .ulT ent , , t u I ) l i e m u t t c ) f l S  c o m s i d er  only the maximum load point in K id determinations from
th i s  -.p e i -m u ’n ,  Ot h e r  investigators t i l l  have evolved procedures that minimize the effects
of ine r t i a l  load s by l i m i t i n g  the maximum impact velocity and attaching restrictions to the
elto- t roni c response of the associated instrumentation so that the toughness based on the

• m a x i m u m  load may better reflect the K id values. It should be cautioned that a straightforward

ai .p licat ion of P(’1. techniques in the elastic-plastic region , using maximum load in conjunc-
t-ion wi th  .1-integral methods , can result in an overestimate of the K id value as determ ined
w i t h  larger specimens that exhibi t  plane-strain behavior 1121-

Structural Applications of Linear-elastic Fracture Mechanics

,\t  pi - t ’sent , Li ’l’Nl procedures ar t -  for several reasons not widely used in indust~ - First ,
mi ~ t r n ’ s s  a n mml ~’sis of th e  structure is required; this may not be economically feasible for
- i r a - t u rn ’-: of complex c~eometr\’ . Second , most commerical structures (e.g., bridges , ships ,

i m u i h l i i m g s i are c , m n s t r c i c t n - i 1  from rc~latively thin sections , say 25 to 50 mm (1-2 in.) .  These
m , I ’ n t jO i l S t on y  ex h i b i t  an n ’tmis t i c ’ -p las t i i ’ level of toughness at the service temperature for which

- f  I - , u i - u t  pc i ’msmh lt ’ I c ,  measure a p lan e - st ra in  K 11.. val ue , Finally, the cost of LEFM testing u s
c , n i i s i n h - r : i t u l v  er -mite r t h a n  that for c-onventiona l (albeit , less qualitative ) engineerin g procedures.
Pr imar y  l ,EF\1 m u t i p l u t - a t u o n s  have been in (a) the aerospace industry 113) , which em ploys
high -~ t r ’’~~ th . lo’.~ - t  uughne ss alloys , anti (h ) the nuclear industry, which deals wi t  h low upner-
sh elf t c ) u g h nn  SS i ’:iusetl by neutron homhardm n”mt and with t h i c k - s n - c t  m o m  mild steels in t ern-
p e r a t tu r n .’ regions where the metals do not exh it full  upper-shelf (p lastic) toughness levels. 

.-- - - - --
~~~- - -~~ 
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In the nuclear industry , the concepts of LEFM are employed in the ASME Boiler and
Pressure Vessel Code , Sections III and Xl [14]. Section III , on Nuclear Power Plant Corn-
ponents, employs a concept call the K IR curve to assess the fracture safety of nuclear
structural components. This curve represents a lower bound of dynamic K id data as a
function of temperature for bainitic pressure vessel steels (SA 508 Class 2 and SA 533-B
Class 1). (The K 1R cur ve is based also on K 1~ or “arrest ” values determined from the
loads and crack lengths when a moving crack is arrested. This concept is beyond the scope
of the present discussion.) This technique is attractive in that full-thickness measurements
of K 1~ from the actual material are not required. In other words , it is assumed that the
toughness-vs .-temperature trend of the material is predetermined in a conservative manner
through the K IR curve. Possibly, further use and statistical documentation of this concept
may permit application of LEFM to other structural steels without the requirement for
large-section testing once a K IR curve is established for the al loy of in terest . W ith respect
to thin sections , of sufficient thickness to achieve plane-strain constraint , a conservative
fracture safety analysis could be evolved through the use of the K IR concept. On the
other hand , such a lower bound toughness analysis may necessitate structural redesign to
li m it stress concen tra t ions or otherwise limit the stress levels and allowable f law sizes to
the point where the structure is noncompetitive from an economic standpoint.

ENG INEER ING PROCEDURES FOR ELAsTIc-PLAs-rlc TOUGHNESS

It was pointed out in connection with Fig. 3 that LEFM applies only to a limited
toughness regime where plane strain conditions can be achieved. For this region LEFM
presents a reliable , quantitative method for assessing critical flaw size levels. Similar
quantitative analysis procedures for the elastic-plastic regime are in the research stage 115,
16] and are n ot yet available for general engineer ing applic at ion s. As a result , presen t

• engineering methods for characterizing elastic-plastic fracture behavior are largely empirical
and rely on either experience or service failure correlations.

A variety of fracture toughness procedures are used throughout the world and , in the
in terest of brevity, only fo ur procedures will be discussed here: the crack-opening displace-
ment (COD) test [17 1, the Charpy-V (C 0) test [181, the Dynamic Tear (DT) test [191,

c . and the Drop Weight-NDT test [201. The COD test is a tentative British Standard Irustitu-
tion (BSI) test. Both the C 1, and drop-weight tests are ASTM standard methods ; the DT
test is a military standard and has been published as an ASTM recommended practice.
Several other procedures are used in the United States and Europe but will not be described
because of their limited applications or comp lex natures. For example , the Drop W eight
Tear Test (DWTT ) [21 1 is a derivative of the DT test that uses a fracture-appearance
criterion to assess the toughness level. Its primary application has been to line pipe steels.
The PC L, as previou sly discussed , is receiving limited application in terms of a J-integral
an alysis , but this technique is not yet ready for general engineering application. For thin
sections , K~ [22 ,23) and R-curve approaches [24 ) are employed in the United States.
These methods represent more complex analyses that are n ‘t. suitable for inclusion in the
present context. In Europe , the Robertson Crack Arrest Test (CAT) (25 1 procedure s
are widel y used . The Robertson test wil l he discussed briefly in connection with the - 

-
~~

1)’f’ test.
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Crack-Opening Displacement Test

One of the tests developed to measure toughness primarily fo r elastic-plastic conditions
is the crack-opening displacement (COD) test. This test permits fractur e toughness assess-

-
. - ments to be mad e from specimens that do not meet the requirements for linear-elastic frac-

ture toughness. The specimens used for these tests need not be different in configuration
or size from those used in LEFM tests, but may merely use ‘iif erent toug hness criteria than
those applied to the test data in LEFM tests. For example , when ma king tests of f ractur e

toughness using the K j ~ approach , the load on the specimen is used to determine the K1
value at fracture. In COD tests, the clip gage opening (crack-mouth opening displacement)
at onset of fracture is measured and used to calculate the crack-opening displacement (COD)
at the crack tip. The critical value of COD at fracture , know n as 

~~~~~
, is bel ieved to he a

critical strain parameter analogous to the critical stress intensity parameter K j~. The val ue

of 
~~ 

is ca lculated fro m the COD and specime n geometry [171. It should be no ted th at
in both types of tests the fracture toughness specimen has a fatigue-crack sharpened notch to
serve as the sharp-ended flaw required by th e analysis.

The COD concept assumes that prior to fracture the material at the crack tip p lastically

st rains to a bl unt  crack. Th u s 
~~~

- can he considered a measure of crack toughness in terms
of the amount of plastic st ra in that  a material will t olerat e at a crack tip before failure. Like
K~, 

~~~~ 
can be related to stress and flaw size , and can thus provide a quantita tive measure of

allowable stress for each flaw size. To provide applicable data , the speci men must  have the
same thickness as the structure for which the data are intended . It should he noted that the

COD concept is similar to the J-integrai approach used in the I ~mmi teci States to characterize

elastic-plastic toughness. llowever , the COD concept  has generaten.l litt le support in tht’

United States.

Charpy-V Test

The Charpy-V (
~~

‘
~~

) test was developed in 1905 to gi~’r qualitativ e assessmen ts of the

influence of notches on the fracture behavior of steels in the transit ion -tern j )er atUre range .

This procedure has gained worldwide at -ce p l ane - and t u n a is Use(l rout in e ly  for steel sflei l-

f i ca t ion  and qual i ty  assurance. The test determines the n - t m ~’rey absorbed j im f ractur ing a

— I thre e-point head bar - The bend specimen contain s a re latively I - nb u t  not (  ii and is fractured

by impact  loading with a p endulum . Dy n a m i c  load ing ~ usn’d in rn ’ i -ng i n t  ion of the strain

rate sensitivity of nm il d st n ’ eb s .  G u n - r a i N , - , the t n - s t  procedure is used to gi ’ i mn ’rat i  a c -urv n’ of

energy vs temperature similar to that shown in l” ig .  ~b .  The a s y m l u t u u t a ’  n ’ tmn ’ r ’ In ’ vn ’ l  ( l i - f ined

liv the curve at higher temper atur n ’s is railed ‘‘u~npr r . shn ’lf n ’ u I n ’ r g \  - 
‘‘ T b ’  n ’fl n ’ r L’y a h s u i r l n c ’,I is

-onsidered liv some t o  }) (  a n leasu rn t i f  I r ma - t u rn ’  t oughness .  but fracture n ’ ~ 
- rt s (lisagr(’e as

t u u  the practi cal use f umbr , n ’’~s e, f t h n  t n ’ - ~i -

In t he  1940s , u - i i r u n ’ l m , t  ii - i u ~ uvn- r -  ‘volv n ’t I  ; i n  :‘ - I m i t  - -  i bm ’’  i n a \ i n i u m m  (‘
~ n ’ f l n r1~V I i i  tb .  f r ac tu re

behavior u i f  ship h i n t -s I 2t - S , i n ’ci fj n m i l l v  it V~m n s  ( I o i - ’ u ~ i - r ( - d t h a t  f r a n - t o r i - s  wou ld i n , t t : ~t n from

- ,,~~ 
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small cracks when the C~, energy at the service temperature was below 14 J (10 ft-lb). These
fractures continued to propagate in plates having a maxin mum energy of 27 J (20 ft-tb ) at the
fracture temperature but arrested in plates having a maximum C 1, energy in excess of 27 J.
By 1952, a 20-J (15 ft-lb) CL, energy was accepted as a criterion for purposes of design and
metallurgical improvement [27 1.  Unfortunately , it was soon demonstrated [281 that for
steels whose chemistry and steelmaking practice differed from that comprising the original
ship fracture correlations , the critical value of C~, energy for fracture-safe assurance was not a
unique value of 20 J. Consequently, engineers could not use a particular C 1, energy for
prediction of structural integrity without first evolving a correlation of service failures using
the specific steel of interest. To make matters worse , variations in C1, energy-vs temperature
trends for a given ASTM steel specification could be as great as the variation between different
steel types of comparable chemistry, yield strengt h , and metallurgical structure . Consequently,
it has been extremely difficult to use the C~, test as a rational procedure for fracture-safe as-
surance. Nevertheless , steel producers have gained wide experience with the C~, test and con-
tinue to use it as a means for quality control for steeL

To evolve a more useful structural interpretation of C1, behavior , we of ten define the
fracture toughness in terms of the lateral expansion (LE) of the specimen at the point where
it is impac ted by the hammer. The lateral expansion is said to provide a fixed level of ductility
(and hence toughness ) regardless of the energy absorption values [291. Proponents of this
approach claim that it circumvents the problem of (‘

~ 
energy variability . Consequently, LE

values have been incorporated in the ASME Boiler and Pressure Vessel Code and in certain
-\ ST M steel specifications. However , a critical evaluation of the LE criterion leads one to
conclude that it does not appear to of fer any adva ntage over the C1, energy by itself . In fact ,
there exists :i 1:1 correlation between C1, energy and LE [30], so that one qu an ti ty is iden tically
equal to the other.  The problem rests with the design of the C1, specimen itself. The fo llowing
features of the (‘ i, specimen l)r i’vent its simulation of the critical structural aspects related to
f racture -

• The dul l  and shallow notch that can prevent propagation under plane strain conditions.
(Clausing ( 31) has shown a state of plane-strain stress to exist at fracture initiation in the C1.
specimen . h owever , this fact does not necessaril y have a hear ing on C1, energy absorption ,
which is related to fracture propagation.)

- 
- • Tile constraint level fixed by the specinwn thickness may be inadequate to simulate

struc tural ( in lli t ion s .

• The unbroken ligament is insufficient to simulate a full y developed fracture.

I’uzak and Lange [30 1 have illustrated the linear correspondence between C1, energy
1111(1 LE trends in the temperature-tran sition region. A subtle difference in the slope of this
l in ea r  correspondence is evident for steels of different microstructurt (pearlitic , hain itic , or
m ar ten s i t ie ) .  Possibly it is t h u s  difference that has led others to conclude that LE values

ri o - u t  and advantage over th e  use of Cr energy values. h owever , this advantage evaporates -
. -

-

4-
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when one considers structural safety assessments for steels of a fixed rn it -ro st ru (-tur e , as an-
usually required . Further discussion of the problems with LE interpretation is given in
Ref. 30.

With the advance of LEFM procedures , attempts have been made to evolve empirical
correlations between C 1, energy and the static Kit .  Barsom and Rolfe (32 ]  produced a cor-
relation within the temperature-transition region for a limited number of steels t pri rn ari ly
rotor steels). Corten and Sailors (33] evolved a correlation somewhat different from that of
Barsom and Rolfe in the transition region when different steels were cons dered. Corten and
Sailors concluded that no single correlation between K i~ and C 1, energy in the transition
region could be devised to accurately fit all the available data. On the other hand , Ro lfe and
Novak [34] evolved a correlation between C1, energy and static K j~ for the upper-shelf region
of steels having yield strengths above 760 MPa (110 ksi). This correlation appears to have a
rational basis and fits the available data well.

It should be cautioned that the above correlations are not generally applicable to all
steels and must he restricted to the alloys for which they were developed. In particular , it
is not possib le to extrapolate such correlations beyond the range of data comprising the
correlations , even tho ugh this is tempting. Also , it should be noted that the correlations
app l y only to LEFM behavior and therefore may not suffice for engineering requirements
necessitating elastic-plastic behavior.

Drop Weight-NE)T Test

Because of a lack of correlation between C~ energy values and critical flaw size and
stress level for structura l safety analysis , i t was clear that improved test procedur es were
required . This need led to the development of the Drop Weig ht Test , beginnin g in 1953,
as a means of indexing the brittle-ductile transition behavior of carbon and low-alloy steels.
This test is now an ASTM standard (ASTM E-208).

The Drop Weight test specimen design was based on service failures resulting from br ittle
fracture initiation at small flaws located in regions of h igh stress . To simulate this behavior ,
a specimen consisting of a small plate section containing a brittle weld region was devised.
Tb’ ’ sp. -ct rn - ’i i  (F ig .  ~) i .~ dvi - iamica lly loaded in bending by a falling weight ~vhich -ausos t h e

spt ’cln n ’n tn tJ ’ -f l ec t a fj ~ , - i h  distance (restricted liv ‘‘stops”). During thi- test- thn’ weld is
fr actur n ’d and the plate is subject to a strain of several percent if the base metal does not
f r an - n or .

TI-i c fractures il lustrated in Fig. 9 ( to 1)) show a change froi~; break to no-break performanc e
that ev ( , lv n -~ sharply within a 6 - 1  1°C ( 10° -20 ’~F’) temperature increment. The highest li -rn -
perature at which the sp i ’c im n ’ui  breaks is termed the Nil Ductility Transition I N D F )  tn- rnp’ rn-

tur n - - The sharp e~manpn ’ in break-vs-no-break pi’rforiuiance is an imida- ati on of tb .  h~ m~t l e~ I u t - l i u i  - r
transit 1(11 - .i m nomenon exh i  ni ten] liv the in i111 ~tn ‘n - I s  - I b m -  specirnm -n 1 .n’havior with n. dn’fln’cti mm

~

- -

~

r- - —---

~

- - -  ~~ - -~~~~- ~~- 
.-

~~- ---~~~



F. J .  1, ( l~~.m

- i ~ ’s - -m ’ m ivcd ( I” ig .  9 , t ) ( n t t o m  ) i l lus t ra te s  ~lw sharp increase in the steel’s capacity for plastic

li - I  , r m ,u i  i n  w i t  hj n  ml fn ic mI. -~ r ’-~-~ mdii  ye t he  NI) F t emp era ture .  It should be apparent , how—

y r . t i n  an N 1) 1 ’  t e n i p i - - ’  in - i can Iu ~ obtained only for steels that do exhibit a sharp tem-

- _ i l  m l i i  rmin ~a t m n i i i , t l m n ’ r n ’ t i ~ n ’ X ( l i l i l i l i g  t i e ’  high - . t r - n g t l i  steels. Also excluded from the test

tb  ‘.1 -~,n ~t ‘ik  ~l eit di v -i a tough I n - a t  -affected zone ( I I A Z )  resulting from the brittle

‘ i i  -
~ - ,~ i - In  other ‘,i rds . the I r~t In ’  wi ld fracture could arrest in the tough HAZ and

c i  V r i l u m i  - ‘ -  an , r r i i i n - . i u s I \  low va~un -  for t b -  N l ) 1 ’  temperature.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ + 11°C

N DT +6° C

- ~~~~~~~~~~~~~~~~~~~~ N D T
-‘IuI~~ Pu~~~~Pr , 

~~~~~~~

- 

~~~

~~~~ ND 1~— 6 ° C

- ~~~~~~~~~~~ 

- 

NDT -+- 17°C

~~~~~~~ - - -

N DT + ~

- ‘n - t   . ,  , , r , . , - . , f n . . i ,  lt, -~~~t-, \ i )  ‘ ~ I~~
- - ni’-’ — t hn- i p t n ’ l

i _ n  , ,  - t  i i~~ e d  , . - )~~1 i I . i i \ t  F ~~~ In  h l’ ,w ”r
1 S ~I I t I ~’ t I  n i i , ’ I l ~ , In  ~i , i ’’  I i i  n ’ )  ,~~ t ‘ . 1 ‘ ‘ ~ c i n , -. E t .i l( ’ t h e

n - . , . -  , i . i , i r i o  ni  . - - - - i - , i - - t ’  - - m l , ,  - - i  , i . • ~ w i l l , I i  (

- i n  . - , -, , - - - i n -  : -2~ ~ I
-
. - , 

~- ‘- • 1 :-~ .

~

--  ~ --- - - -  -



-- -~~~ —~--.-~~~‘--- -~~~-——--~~~ --- —----. ‘-_--- ~~
—

~~---- - --~~ -- ------ -- - - -- -~~ — --- —-  ~~- - ~~~~~~~ - ~~- --- ~~~~ -

N R L  REPORT 8085

The NDT temperature has provided a means for correlation with the World War II ship
fractures as well as other service failures. On the basis of such service failures, Pellini and
Puzak [35] have evolved a fracture analysis diagra m (FAD) for the correlation of critical
flaw lengths and stress levels with temperature above the NDT temperature. In the FAD
anal ysis it was shown that the NDT temperature corresponds to fractures that initiated from
small (thumbnail-size) flaws subjected to yield stress level loads. It is noteworthy that the
NDT temperature determined from a dynamically loaded specimen has been correlated
to failures of structures loaded statically in service. Althou gh developed over 15 years ago ,
the FAD is still used in various parts of the world. However , the FAD analysis has been gen-
erally superceded by Dyanmic Tear (DT) test techniques , also developed by Pellini and co-
workers [26].

On the basis of an analyt ical fr acture mechanics analysis fo r a fl awed p late in bending
it has been shown that the NDT temperature corresponds to a K Jd / u~d ra tio of approximatel y
2.5~ /~ii~i (O. 5Vr

~~ ) where 0yd is the dynamic yield strength [36 1. Shoemaker [8] has
measured a KJc / o vd rat io of ~~~~~~~ (0.63 ~,,/iir) at -the NDT temperature for 25-mm (1 in.)
bend specimens loaded dynamically. Tetelman and Server [37], on the other ha n d , h ave
measured a K f d / oY d ratio of 2.0 ~/i~~ (0.4 ~/i~T) for PC~ specimens loaded to a higher rate
than the ones in the preceding investigation. These experimental results are in agreement with
the theoretical analysis and give a firm basis for the interpretation of the NDT temperature
in terms of LEFM. In other words , given the K ,d / o v d  ratio at the NDT temperature , one can
judge the critical flaw size/stress level correspondence for the structure from plots similar to
those illustrated in Fig. 8 for the geometry of interest.

Confusion has occasionally acco mpanied the interpretation of the NDT temperature for
the fracture behavior of very thick sections. Some investigators have stated that the NDT
temperature for a given heat of steel increases with thickness. However , this has no basis
in fact. It can be seen that the thickness of the smallest Drop-Weight specimen (16 mm or
5/8 in.) is sufficient to measure a K id/ cy d ratio of 2.55 mm (0.5~,/~T~ ) according to Eq. (3).
Consequen t ly, the Drop-Weight specimen is under plane-strain constraint at the NDT tempera-
ture ; further increases in thickness cannot by definition provide increased constraint (and
lower associated toughness). This fact has been demonstrated experimentally by Puz ak and
Bab ecki[38].

Dynamic Tear Test Procedures

As j ust discussed , the Drop Weight test serves to defin e the beginnin g of the brittle-
ductile temperature-transition region and , in conjunction with the FAD , can be used to
project structural integrity. In the early 1960s it became appar ent that a new fracture test
procedure was requir ed to characterize the prop ert in ’s of (a ) ultrahigh-strength stn -el s as well
as a luminum and ti tanium alloys , which do not exhibit  temperature-transition behavior , and
(h) steels of intermediate strength level , which f at -ore a low value of upper-shelf el i i -r ~~
(above the brittle-ductile transition ran ge).
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In view of the m i bo v i - ’ needs , the Dynamic Tear ( DT I test sp i - - m o m - m m  I mc - 
1 ( 1  

~~~~~

~IL’it n ’ ( I to simulate the critical structural features L i i a t  affect t rw . u n  - t i i~~ l m ~ n -s- - ~~ .

specimen th ickness may be adjusted to match tha t  of t i e -  s t ru c t  ure anil l h u ~. -r i ) i u - - t it i-

proper mechanical contraint. However, the standar d speciment (F ig.  10 , top)  i ~ I
of 16-mm ( 5 8  in . )  thickness. The DT specimens feature a d c i . ma ’ m m - i  mm i t  -h  ‘- - ‘~ mi h
mi km fn- -~-h - - ‘~~‘d tip so as to ach i’ve maximum i- ons tr ommmt fer a u~m v -n uh ‘-kmios ~ Tin- ~~~ -

hr  ~-: n ’ ~~ ime mi t  is of . mm i f , i n t  i - m tl h to s i m i i l m i t - a h i h ~ i I i - v n - 1 i i ~ _ 1 t r a i t n i -  I — ‘ -

mm. t n - s l i d i ;  : : t i t i m m  nad:n~t , l o  mi t - i - i - m i n t  for  rIm ~t r a i o  r m~m u - ~- - ; m  - m u - . t - ~ i t  yme s t - - k -k . , m d  i t

ai m ~orto ’ct i - i m t - r m ~v is recorded. l ’h , ’ a i i m  vt ’  f i - a t m m r n ’ s  c o ro l i m m ie  t i m  r i i d m m i mm t i ’ .st m i t  h i gh ~- ‘~- i’ r l ’ .

that has n n ) t  been exceeded by any other known ti ’S t  r m m i ’t l m m ; -  1 . i i  i t l i  i - r ~~i ~ ,ls . if d ci i Ii -
ø ’ I i a v i c - r  is indic ated by th e  DT test for a giv ’-n t h i c k n n ~ss . temper atur e . ‘and load inc ra i- -

there appears to be no possibility for that alloy t o  e x h m i m i t  h r m t  t i e  f r a 1 t  or , - in s.’rve. i -  under
h n -  same -n ii it ions  (hostile environments exui - i ’t i -d  . .-\ simi la r  - t a l ’ n e - m l ca n n o t  he mad -

for ‘~h .’ C1, t est - In some cases a very h igh  (~ i’m mi ’ r i ~v ( i i - . ,  die t Ii I~~-ii ’a v i -  in - --in t i n ’  ~~‘ i ) O~~t i

mous w it l i  brittle behavior in service.
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Fig. 0 — Dynam ir Tear ( IlT i O’sl st , ‘ ~~~- -
~ cor) ti ~ti m i m - i n  Thn ’ ~t c m t , r -  - -

si,( ’ c nt& n ‘ i n - i  [ 19 1  l , m , t m m r , - m  a r n m m c l ii ed - m t - b w i l l ’  , k n i t ,  ~ . -~ - t  m m

i h n  n i h , , S ~‘‘ ‘i— Un ’ I t S  ( h n n u t ’ i n m  I ~
, ,, I) r ~l. .  , - - - r mm , ,mtmi r lt’r n , ’ mc , r m i ‘I m, n

of - ii ,  n i d  ru

- m m’- i , In- -~Ilc s’ a I - r u ,  wr ImI  r - i :, i in t n - , -  ,, ~lin i’ m. hin d ‘ m l  ~~,m a -  k ~~~m t ,,

hardnn’ss above IIRC ml ; a kni ’ ’- bunt.- w i l  c m -  ‘ i n ,- - O, i i  ‘ - i i  lb ’ ri ,;nrt -ln ’’ I i t , . t ,  I i~ in- ’ - i f i t  i~~ - ,

i n r n ’e rack I,  I i , , - , - ,  n s , , l r -

2 11



~~~~~~~~~~~TT~~~~~~~~~I~~~~~ _ _ _ __ _ _ _ _ _ _ _ _

NRL REPORT 80-35

The important features of DT test performance are illustrated in Fig. 11 for a steel
that exhibits a temperature transition. For steels such as these, which have high upper-
shel f energies , the DT energy exhibits a sharp increase above the NDT temperature. It is
important to note that the NDT temperature is consistently indexed by the lower toe
region of the 16-mm DT curves.
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t ei000 rm i imare , the initial crack will arrest in the test plate or result in a complete h r ( -ak  -

The curve or “run ” vs “stop ’ behavior as a function of temperature is called the Um\ I’
curve. The correspondence of the DT and CA’F curves illustrated in Fig. 11 gives t im -
former a structural significance (since the Robert son t-est specimen is , in effect , a structural
m e inb u r i  -~1so note that the middle energy range of the DT curve relates to yield st r emm c
loadiimii i i i  t h e  Robertson test. Hence the energy level of the DT t( ’sL ~~~ )C related to
nommal str— ss level in a structure. Further discussion of this ~ioint  is g iv i ’ m iii i u f ~. . 39 and
40.

- “. DT test analysis has also been developed for the structural interpretaton of upper-
shelf level behavior (i.e., the energy-vs-y ield strength plane of Fig. 2) [41] . This procedure
is termed the Ratio Analysis Diagram (RAD) and is illustrated in Fig. 12. The RAD for
steels was formed by plotting the DT shelf energy values for a range of structural steels in
the ‘w i - a L ”  fru’ture orientation. (Similar RADs have been developed for aluminum and
t i t a l m i l l m m  i l l  i s.) The upper boundary of the RAD is a technological limit that mn d em ’n - s
thi- best ‘iua lity stem ’ls .  As improved steels are developed , the technological li m it l ine is
(‘k -v o te-  t ac iio~i ii g lv .
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in t bn  l i i , a r - u - i o s t i t  re~j ’ i c - , t i c  DT energy has been u -~nr r n ’ia t c-ci ~s m i i i  K ,~,. ‘~a i U t - s

imi t c ’rm ’uma te  stret im ~t I i  stn ’i3 [ 1’~ - S c i I - t these -4teel s arc’ not generally u’cnsidernd s trm tm r m
rate sens i t ive , the i om - ri - 1~i t m o m ~ betwi emi s t a t i c  and dynamic test procedures is c-on Ic -red
a. -ceptalil e b y experts in th is  field.  The use of Kj ~ and y ie ld  :ttrn cmgtl i 5cah s pe r 1mm ~ I - r u i n  -

lation of l i n e ,  of constant K 1~. ‘u ,•5 ratio (hence the name t -~atio Analy ~m s I tma ~ m m i rs 1 hese-
ratio lines are used to define the critical flaw sizes and stmn ’s s  levels  as I1l im ~. t r , s t - J  in Ftc. 8
Furthermore , the K j~. scale permits a three-part division of t h e  R .\li into p i u s i e -  . t i o i m 1 ,

n ’ ias t i n - -u - l a ;t ic , and plastic b ehavior .  The ratio that separates the e1asta - - r I ~ia; i i - and  plane-
strmun regions is based on Eq. t 3  for the section thickness of intere.5t The b — m m i i: lmm r : m
I m i ’ t w e n ’ i the elastic-plastic and plasti c regions is computed fro m Eq. i 3; using a 1 • O f , i m - t - r
in pla i n - of the 2. 5 value; this is based on engineering judgm ent  (401. Vm u r u - i u r ’  R.AL) ciia-
gr ains  hav e  TL’ n ’Ii i c-vm ’io pi-d at the Naval Research Laboratory to n m i 1 ’ - •~ sneIT’ i fm - ~ e - 1
t i t an ium,  and alu m inum alloys and to illustrate the effects of melting raes~ - -am h a ,  turn ’
1k r f u r n t a n c -i’ [41 J  . A~ a r i -as i t .  the RAD can be of considerable vai~m~- in • rat-  -m f I  ~ i - I i i ’ s

between fru -tur e r m m  hncss amid strengt h level for alloy selection in design .

Dynamic [i-ac Ttst Correspondence with Linear-elastic
Fracture Mechanics

-\s previously d i - s i  ru -k - i l , the DT t 4 i~~i - i i f l t - f l  provides max imum ons t r m m m t  for  t i , , - be -k -
n ess of in t e r e s t  ~~ ‘ i i I l i e s  wi t  It  Dl’ spn ’cimen s up to 300 mm I 12 in - th ick  bsv ’  ci~- m ’u  -:a n-
ducted to m v  s t m g a t e  the effect ef i h i  kness for transition-te m perature St, .’n :ts 431 - t i n s

t~searc-h defined an elevation of ’ the transition region along the t i - n i  p ins !  m l -  - - wu  th
increasing thickness me ’~ iflustrated schematically in Fig. 13 (based on th ’ - S•~ 53.s-l -i ~tc i- I
desc’ribed in R e f .  - 131 Also shown in the K id trend based on large sp i ’c- n~ - i m s  of t h  ~m , i m i c

steel plate ( 9 1  - ‘I’he corrc -spondence between the t )T curves and the K 1 e~ md is • m i pai•’ - i t i  -

Thr ’ Di’ i - k i r v e for a particular thickness t ra ek s ’’ the  K id ‘~~~‘e to ( I i i -  h ’ - -I t h a i  - - ,m i n ’

measured with  a civen t h i c k n e s s  (Eq. ( 3 ) ) .  The increase in 111’ energy h - c - n i  this - - t i m i
is a t t r ib u tu ’ul  I n ;  the loss of plane-strai n con stra int and mark s f-lie Lr a i ms t t  i n .  to to ly h i - die
(upp er-shr ’lf)  perfo i-manre .

~\ t  the oppu - r - sh n ’ ) f  vner ’~v for a g’iLe f l  L l n m i -k ta’s s . faiIu~e can occur onl y 1 ‘v -, i la ~t m m - over-
load ( s i - i - t~~i-  ‘‘ I Li st  i n ’’ r n . t ’ i l r m  in Fig. ~ 1. Therefore , the flawed stru cturn - ~ il l  t sli - i t I  - - \ aid

sI e’ss n ’ vn ’k  prier I n  f a i lu re  at somn ’ 1)1 c ’mie r py level I ietw n ’n ’1i the t o t ’  and s h ’~f - n i -  - i i  In
View of th i s l i i - 1 ia~- i e r  ant i on the h am , i s of Robertson test correlations ) T i ’v l i  r i s k  - Ia- l .
it appears r i ’ m i s i nu im ’ In t  ‘ t o  appr ox irn atn.’ f b i ’  eri erg~- and temperature associated ‘~ it i ’ the  ‘sield
i (ni i ( l it i t )f l  I V t  

- ) in the si ruct urn ’ b y the middle energy ran ge of the Di’ - ‘ i rv -  - I - c  t h. ot t - h -

ness of m t t n ’ r i ’ s l  It is important t -  , i-tote the unc i -cast-  in YC t n ~n t I m n i m 1 m I m m n  w it i t h m c k  
al l t  its inler 1ir eta t i on .  For examp le , at a t empera tu r e  of 38 ‘C ( I O L I  - Ft  - a 16-mm ( ‘ ~- m i i . t
Sen i un w i ’ I  , - x l i i l i i t  plas tk- behavior i i i  the  ~‘ im -u i ul y of m m fu l ly  i - i ’ m - , s t rmm!r , e ’ !  f l a w , ~s I i e r ’  - is a
I b t )  r im ( i n  m i t . )  - , . - n - t i n n i t  i -n milc l  u ’x h i l i i t  l i r i ’ t l i ’  t i m e - t o r n ’

H ip- ‘i t . ,-%-i ’ I  ii F - - i - , le ss - In hi iliIIi. x ! r na t n  ii i > ,  I t~u DT midd le ‘ :un’ rr\ I into ’ ,iili -, suen ’ ,

-~ ‘i i b m t  t~~i -j ;  ;i p~
- i  -.h i n i u ~l u ’ m , - ’ .s . 5 i -u ’ I ~ of tow shell t o u g h i m n u ~u. Sri ’  m i i , .I i  , n -d  •~ ‘ t I ,  R A D  ~a. -
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Fi g. 13— Schematic i i )  correspondence b etween DT ant i K 11. m im am li -

n~ss t rends. Curves from both tests repr esent i c s i l t s  t , m r e  t h R k

specimens , as required for plane -strain cond iti ons. Tin ’ .~ Ih scale

defines the Kfd /Oyd ratio.

The structural significance of the DT energy is apparent fiom t i t i ’  correspondence is m l i i
LEFM. However , t-he I)T curve is not limited to tl~e plane-strain l egion , as is the c a - n ’ wi th

— fracture mechanics , but  defines the full range of toughness . W ith  fur ther  correlation of
DT and K id trends for various steels it should he possible to use only the 16-mm UT curve
for engineering design and specification purposes. The fo regoing has h i eu ’n suggested by
1-tolfe and coworkers [44 1 in evolving fractu re contro l guidel ines for ship hulls.  In effect ,
Rolfe suggests that a given level of K f(f /O id ran h i ’ guaranteed by s p e ci f y i ng  a m m n l m u n i
16-mm DT level ; to maintain a fixed K ,1j ’/ o~ 1j ra tio the 16-mm lif -n n- r g \  is adj u sted for
steels of di f f n ’r i ’  it v in ’k l  strength. -

Dynamic ‘I’ear and ( ‘  Test Comparisons

‘Fhe problems of structural  i i m t c r t i m n ’ t a i m i n m  of C,. - m i ” i g y  \ sn - r i -  i I t s i ti~sn ’ uf - a r l m n - i  S ni s ’
examples of this behavior art- p r ( -m- n ’ n i i ’u I l i n ’ iow in terms iY (-lie Di t . -~ t .  f” igure -1 m i l m i ~ t r i t e s

2-I • ‘ i
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the  (~~. i d  h i  l n ’ i n t L  icr Ut  d i f f e ren t  grades of shi p hul l  steels [- 15 1 - ‘l’he top p or t ion in-
i i i cmi t  c~ a r ’  (P I cu ir r i m - i t  ide nt -c between the two test procedures at ‘lie NDT t i -mt  it-rat i ; rn

for .\ )h~ I A m m ’ r i  a i m N - rea m s -~- f -dii ; i p i n g )  Grade B mat erial.  When t l i i - en i - r cv  curves an-

nurm al i  ~n - i l  to f l i t -  sani ’ position on the figure (as for plate I. -2 1 t , how ver , i t  is ; - u - ; i  t ha t

the C- , t e s t  ind m ; - a i , -s the attainment of upper-shelf toughness at temperatures that (‘an cor-

F - respond 10 ih i -  middle  ‘-n”rgv range of the DT test . Figure 1 1 (bo t tom I i~ an example ‘,f
die i - - i  ‘ i t l i ’S in l u - h ~ i i ,  f the t sv ~i im - - i ;n -ss . I i c r - . t l  - - eu - ; gy fr mi ( - ‘~~~‘ - L , ; i & ~ii

wat; s l m f f i i i i ’ i u l  I i u  ;k i I i  t h e  (~~‘ 
tes t in g machine  m i t  I l~~ - NDT t i - ; ; m a - r a t u n i  - ‘l iii - n ig h  (‘ , n-mme- r a~.

sug SIS tha t  the structure will fail only by plastic overload ( I . e .,  corresponding with the
“ ( I ( ( - t I l t  regime in Fig. 3). However , the previous description ‘f th e  Drop \\‘e ight -NDT
ti - si has s m ’ i W i i  1 h - m t I hi ’ N D I  temperature is indicative of h r i t t l i -  behavior , given th e  proper

flaw size and stress ln ’~ ‘l. Clear l y,  the different interpretations from the tw u te~ t procedures

ar - in ut  i n k y  i -:~t - lui-mii ’e .

~ ut - e t j l U i  ( ( m c  (‘ gv at the NDT temperatur € ’ for th e  stei ts in ~~~ 14 rm ngt ’s from

20 -) more than 24 .1 (15 to I i3d f t - l b l .  Recall that  the NDT t empera iur  ru ; -r ’~,eil t  ‘S

fixed r at io  of ‘ougl iioss (i.e., K ia ~~~~~ 
2. 5~~’~Ti~m . If this  is the ease , then a 20-J 

~~~
-

t - u r r e s t i n n ( I s  to K j u IC y d = ~~~~~~~ ( 0 55  i n J  for one S t e - i  w hem -mis for another st e & -l  of

i !i ; ,r x i n ia lm’ l ’  t in ’  sami ne , a C , , en . ’rgv greate r than 2 1 ‘ 3 t -u rr i ’sp - inds to the sam-t~e K id !

-~ r i t a -  O ther  ,‘xani lul i ’s of t h e ~m ; r h i 1 ’ m t t 1 v  of th i-  (~~ t -u ’ i ’r gy  at a fixed level of t i - ug l i nes s

i t  I - s  is ms t i m , -  \ f I  t i - m t  - - - r i t i m r i -  are i~i o -n  in Re fs . 12 , 5 . ari d -1h . In v ,u -w of these facts
t s dif f icu l t  i~ n I t  me - h a p r a - t a - a i  si~~~ i f u ’ - . i n -  n t i m a frau-lure t n u c i i n ( - ss va l ue  based on (‘

,

i n n - r a y  in t b ’  t r a ! - . 1 i t I I m u - t l - m p i  m a t u r e  nn - ~~i i t m i .

- i u I m - i ~ - - t ; ’ m .  w i t  ii t n -  i i l i i , v t ’ , it  should be noted il  a t  C1, enera~’ r - ; ; t : i i i - n m i ’ i m t s  form

— 
a l u l l  - - n  of t i l t -  -m -

, 
- i u - - ~ for t n - r t a i i m  ~ t n - n - I  al loys, it  is unfortunate that  th esn ’ sped-

f t  ml ‘ - - mis  d i i  i n - C  , t l s , i  m i t - - a •t nt  u - I - i - m t of their  structural s ig m u fu ; - a i i c n - . tha t  is , the frac-

tur n ’ ‘ -  t , r n I l n - ~ t E n  I , - \ ) ‘ , - n t i ’ d  a~ a •, - s m m l t  of i i l l u , - r u ’ n i - , ’  to thn !se energy r i - q i u n n - m u  its . \ ,

n . ., - a - n i i f  :i ’ i l l s Ir e - n r t t n  i i . a d n ’ smr i t ’r woo Is unfamil iar  wi th  the toughness behavior of

a i - a r t  t u ~ ii tl ~i ’\  ‘ - r - ~ a t  b-.’ u m i s l i ’ t i  into a ’ l i ’v i i i g  ti -t at i l - ; ti\  imp ly a civen level of fracture

te~~~~. - n ’s .s t . m ’ t v , ‘ - -  t } i n ’ v n ’  f : u - u s  tend t i ’  disprove such an assumption.

1~
\~ I’!~f lHI F\!~ oF VO - lJ)I’ I) - R ) l \ l S

1 h ’ is ‘-~~- I j  - ‘ ;- r t - sn- ’  j  .., u i - ; - i a l  I - r -  — 1 - n i  in n’valuatmg fracture t o t i g ~~ness bi’cm usi-

it  I , ‘‘ ‘ i l i~~ ~‘ n i  ~~n t ’ , i i t  n u f m a  r n . . i r u i n - t u r n - s  i - n t - t i l e d  as thin lavi’r~ adia cent to the  w.’ld

m lii i ~\ - ~ u . - ’ ‘ - nr v a k i - n m  m i r t h , -  t i n m i r i l , I t ss of w i - t i l ed  m o at s . thern ’fcnre. sl i t  - a l i t  assi -s
!-

~

. t s  o w  s ir! ’” l  mier ’ - - I r  t a r , - - m i c - t  if possible assign a t i - n g h m i n - s s  i ndex  to each.

h i .  m i ’  t I m ’  i- m i ‘ - i  i ’~ t i i I n s l i i u i ~ wh lch  of t l u i ’sn st r i m , t u i r n’s is the most critical , the ‘‘weak
l i n k : ’  a u u - (  ~~ t i , i~ ‘ I - - i. b.m i v , -  l n , - h , n i t i i r  of ‘ -m u - l i  t u n e -  is . It is , l iowt ~~i - r , not at all certain

- n isu ’ak l - - i ~ is a - n i n n  i - - l i i , i l  ~. u -\  i -  - F- ’r - ‘m a f l i p l i - . in ~i i n m u -  s tee ls  l i i i ’  I t i ’ m i t - a t l , ; t n ’ i l

/ - n m ’ -  I I ~ kiu ’isn I n ,  I - , - l ’ s.. u n ~ h t i t a n  u t ,  t i m i ~ n- m m m l i i i  ‘nr  weld metal . l l ow -ver , t h u s

i~ n~p - u n a %  ~. ‘ m i l l , .  I ma r- iii - ‘  t mr -so lar : n u - m  f b i -  ~m : ni - t  i n n - max’ c i i i  be restricted ( i i  it . .\‘~

- i  r ’ q i i t , i r  i - I - - r n  - ‘ i - o a r  in n s not r i - H i - i - i  i i i . ’  toughness of the ll.\/. alone, hu t  may l ie

, i f t n n .~l h~~~i u u ’  - r n - u ;  -l  t P n -  crack r i - i l l  tha t  1 1551 .. t l i r - i t i - s l i  tougher re gni - os . Since i i

r n - p i i r . ’i ’ Iii l i i  tlw n . ’ t i  I i  - - r  r mm- -k fl h it ’ ..l i - i - i m i - i i  I in - ~i ’ ’ - l i e  / i i i i i’ , t ha t  zone

‘— h ’~’ 1kl  th n u - - I -  ur ’ t.’nd I n ’  n l o m ; i , i l n ’  the fran urn ’ l r i i ! i n rt in ’ s t h a t  art’ measured - 

--_-~~~~~~~_-~~ --- _ _



_ _ _ _ _ _

F .J. LOSS

- ABS GRADE B
0 ‘.‘.i’ -_ CODE

‘ 0 4  •

ABS GRADE CS
I MAr L ~~~

U 24

‘20k ~ 6 J 6-:

- / El
~

-

~~~~~~~~~

- 
-
l 

/
7

L ~ / 
I

/ P401 7

— 

- 
4C~~ 2 -  /

C 
?~~~
‘

~~~~~~~~~~~~O O  

~~~~~~~~~~~~~ ~~~~~~~~~ 

4
‘EM Pf54 ~~iRt

Fig. 14 — Comparison of c,, and 25-mm ( I  in ,)  DT energy trends for ABS ship
hull steels. The NDT temperature is consis tently ind exe d by the toe regio n of
the DT curv e , whereas the C1, energy u-an exhibit a wid e range at the same tern-
perature. For the sak e of c larity onl y the (‘

~ 
energy po int -s are illustrated ; the

D’~ dat a appear in Ref. 45 . ‘-~~
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- 
; Fatigue precrac-king of t hn- specimens may caUSe d i f f i c u l t y  in i - r i - U r ns [~s I - -

COD test specimens. Although t h e  ini t ial  n ot n - l i  may an’ lui .-ated in mi s I ’ l ’ e t i  iou - 1

been observed that the fatig ue crac k s may e n r v n -  m is vmi , fr i - it t i n s  r i i i t t -  again , a mimi l i i i ’  I i ;

ture may not run in this zone. Thus a t ’- st intended for th ~- I l .-\Z m a y  - ‘~ - - - t i l l hI ’ ~ - 
- - I ui ~ -

failing in the weld metal or u(- i1~ base umi et a l . ant i d mm ~m u i i i t ’ I i i l i ’  I to r n - t i m  . sn- m u i  t ( in ’  I 1 / 1  m m m \

in fact , not represent this zone at all. It h a s  t i n - n - i ,  foun d that  iii s a in t -  , - u i ; i l m l m ) m n t ~ n - n - - .1

weld metal , base meta l , and HAZ , the loc us uf  a (‘tal k I n - - l i d  in to  one of t h e  i - - i ; ’ ” .

especially the HAZ , is very hard to control ,

Another problem in these tests is the L ’on up . n -x  m -ia t u m n -  ‘ ml  th in -  zoi i t ’~ t l u t  mr - u  - I In
HAZ in reality encompasses a series of zones. Ther eli)re a j ud gm - u ; ;  must  i i i -  m nm m ~l~ m m

which par t of this zone to test . Most t ’ i i in r i ( ’em r prefer in.’ 1w- I th e r i m , ,  i i i  mt- s  . - : ‘ - ~ h , -. , - ; t  b

regio n , the coarse-grained zone near the fusion line.

The HAZ also differs from the  other z om i ; ’~ ii  ano ther s u m 4 i i i l m ( m m ; u 1  i t s I ~n - ~~ , I I  5 - ’  - -

exist by itself in a specimen and is usually too sm all I -r i l u - s i  ;t loui . ’ , \Vn ’I t i i i i  i~ m l - i --  -

meta l may he tested by cut t ing a specimen from t Im ’ m c g u m i l i s  of h u n - s t  - If th i - ii - - I I I  a r t
itself is too small a region to test , it may he built up with ~dd~ insul l’m Iss ,-s I - ;nah -  m .
weld metal pad to use for testing. This is not i ios smtd t - ‘.-. l l b  t On ’  I I A Z m  wh ~~- l ow- u I n -  ~, ‘ u-

either in position or as an artificial zone created k use of thermal  - -v i  ‘ i n -  i i i  u u l a t i o n  - ~‘i i  i , i

lated heat-affected zones are currently available only in sma ll  si /el-  i ( ’harpy sp - t i - mi  , i z l ’i

and are thus not su itable for other tests .

In any case, removi ng small specimens f i i - i n  w n - l u h e u l j o i n t s  i t ’ m ; ; l s  i i i  m ’i - l I i - ~ ,‘ r, - s . - I -

stresses and thus can change the fracture c-hara t erusti i s. ‘[‘hi - h i - s t  I i - st i . .  inca ’ t h a t  ~- t . u ~ -

the residual stress pattern around the weld . and such l i s i  S m i s u i a l l y  1 . - I IS ’  a b ins -  - i-
specimen. The larger specimen also preserves th e , - l m i s t t , - l oo st i  m~ i t  1)1 - t i n  - i ‘i t t’ , s I ;  hi mu —

a hard HAZ , on surrounding zon es, and l b is ma O n ’ m i l l  i i ’ t , I i l iii  ,s, - l i l i -  I l i SS  tm , - h m , n t i i , i

The geometry problem in t n ’ s t i m - - ~ i~n l ’ l t - t I  J o t ~i i - . 1.. i l . . t m a i ] y . - ; i ’ r m - a i n e  i s mi ~ - -  - ‘

weld groove preparations , especially wi th  m e- ~~’n ’ l I t o  t h e  welil i i  \ i~ - ( 
~t te i t  the  n ’ i i - r  -

common methods is to prepar e a “K” type of u n i t ,  vs - t i m  ‘ m m i i ’  si li ’ cut . I i m u i h t ~ ‘i t1 1 k - -

other cont aini ng a dou ble bevel. This joint i l ~~t - i t 1 n ’ r a s t r ~ m t t h i i  - s i - h u h  I I . - ’i/ .  for o u t ;  h u i i i - s

and testing, In this case , h owever , t h e  joint - is not  r u - a l t - s t e front t I m e  st , l i  - l~~- m i n t  i i  -.n

joints , which do not often contain straight hI ~-\ Z.  ‘[‘ t i n ; t ’ t i t s  ( I f  a ”  hi  u - ‘a m - ‘ -. . u i - - . n i l

he argued , must use geometry that t r u l y  i - n ’ po -st ’n i  the ~n ’ r v i u - e  u ’ i u i t  - i- or k h u ~ ‘ i -m i s - t n - H --
are a number of tests to he conducted on specimens ( ‘Ut from actual , i m i t h  n - i  t i l m I h t  m s r t  ii-

joints so that failure is not prejudic ed by arh i f  rarv jo i n t  - h ’ c ; gmm.  l i t  n i na .  I n ’ s I  - 1 5  l i i i . - i s

a more realistic test since fai lur es that at i - u n  im 5( 14 n i f i n -  jonit  hn - m n t i ~ i u is  s.t\ i i i  l i i , -  lIms. ‘, n t

-
‘ a weld toe) must- always traverse soiiie b~m ’  nu ’ttil , antI i in i ’h i , i l  is  n \ n i i  -~ - - i t n u t  i i . I - -  r i ;

gate through the joint ,

Weidment tests that meet the aliovn ’ r c q i i m n n - m i l i - u i u  s h m m i v n ’  In -en n - v , , I m  , -  I t i e  h I m , -  ~\ m i v m i (

Research Laboratory. Known as explosion bulge and n X h i l n  i s i ( i i i  i ‘ - m r  I i ’Si ~ - t h i n ’  i i i ,  I t-

are realistic - from a structural point of view iii that th i n ’  ,~ , n’i i i i m n i1 s s m i i i t i l m m t n  al l  t 5 l ’ t ’ t - , ( i f

weld joints in flat p latt ’s ( i.e., welding process , nmec hani cal I i rn ( ’n ’ss , ’~, m iuii ~ r’-~ti t u i r ’  I si ‘, s - ’ ’ s I

- 

j
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l’he spet -mmen is fabricated by welding together two plates, and the weld metal contains a
n-rat -k-sta rter region. The entire specimen is explosively loaded to provide a dy namic (lower
hound)  toughness characterization. The crack , while initially placed in the weld metal , is
fret - to choose its own path as the fracture progresses. Like most engineerin g toughness
tests, the results are qualitative and require Interpretation as to the specific flaw s ize ari d
stress level that will be tolera ted by the structure.

SUMMARY

Since real structures do contain flaws or cracklike defects, structural integrity mi s- sn ’s— -

ments must take into consideration their presence and ensure that the material exhibits
sufficient toughness to prevent unstable flaw extension. Fracture toughness of structural
steels is -J function of temperature , strain rate , mechanical constrain t , and metallur gi cal
condition. These factors interact in a complex manner such that  t O n -  t o u m g h i m u n ’ s s  must h i ,

established experimentally, with properly designed test specimens ti -tat reflect the cri t ical
features of the structure.

Linear-elastic fracture mechanics (LEFM ) has received wide n - i a i m h a s i s  as a qu an t i t a t ive
meth od for relating crit ical f law size and stress ( n -vn ’ l . Careful examtuation of the  restriction s
that accompany LEFM formulations points out i t s  major l imitat ion , nam t ’hy : it applies only
to alloys that can exhibit brittle behavior. On the other hand , it is gen erally the  intent  u f
the designer to choose structura l steels that have suffi n -t ent  duc t i l i t y  t i n  p’ec lu du- br i t t le  be-
havior. U nfor t una tely, the toughness of the re sulting structures does not always meet t i - t n ’

designer ’s expectations. In either event , LEFM methodology has not ceneral ly been applied
to eng ineering structures. Notable exceptions are the nuclear and aerospace indu stri”s , which
pio neered the development of fracture mechanics.

The conditions necessary for using LEFM may be st atn - d as fohl owsm

• The fracture toughness of the steel , including welds and heat -affe ctt ’ih loan ’s , must
he well characterized . This may entail a statistical analysis of toughness data.

• The stress distribution , including weld residual stresses and thermal stn t ” uu n s, in all
- 

- 
regions of the structure must be defined,

• A commensurate nondestructive inspection is usually required to define the na ture
of exist in g flaws and their subsequent growth during service.

The above limitations are difficu lt to achieve in any bu t the simp lest designs . The use of
LEFM , the refore, may require redesign of complex structures or to simplify stnn ’ss analysis
and permit nondestructive inspection.

For certain cases (e.g., bridges), a recent design philosophy that applies the  prin ciples
of fracture mechanics but does not fully adhere to the above conditions has evolved, In-

stead , redundancy in the load-carry ing members is substituted to partially off set the need
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for rigorous inspection or stress analysis. Thus , a brittle steel may be employed provided
it exhibits sufficient toughness to prevent crack extension . In this case it should be under-
stood that once a crack begins extending in a brittle manner , it is not usually arrested and
the entire section wil l fracture. The structural redundancy is then called upon to preven t

- - complete collapse.

The ASME Boiler and Pressure Vessel Code (Nuclear Power Plant Components) has
incorporated LEFM principals to a limited extent since 1972. There also appear s to be
a trend in ASME Code committees to revise existing fracture criteria to include LEFM
procedures. In this way the existing rules , which have an empirical basis , may be replaced
by more rational procedures , permitting updating as new data and methods become available.

Many engineering structures contain materials that exhibit an elastic-plastic level of
toughness , which precludes the use of LEFM analysis. To address this problem , advanced
research methods, such as the J-integral approach , are being developed in an effort to pro-
vide a quantitative assessment of the critical flaw size and stress level on a parallel with
LEFM. For the most part , these procedures are not yet available for engineering applica-
tions. Consequently, toughness in the elastic-plastic regime is often determined with test
methods that do not provide for an explicit relationship between critical flaw size and
stress level. The validity of these procedures has been justified through correlation with
service failures or through experience gained over long periods.

The C~ test is perhaps the most widely used of the qualitative test methods. Unfor-
tunately, it is difficult to demonstrate a firm correlation between C~, energy absorption
arid serv ice fai lures , especially the brittle-ductile temperature-transition regime. The Drop
Weight-NDT test represents a major improvement over the C~ test , in that the former pro-

• vides a reliable indication of the beginning of the plane-strain to elastic-p lastic temperature
transition for carbon and low-alloy steels. With this knowledge it has been shown for most
structural steels that the critical flaw size or stress level increases dramatically within , say,
28° to 56°C (500 to 100°F) above the NDT temperature. Consequently, structura l integ-
rity can be assured by restricting minimum service temperatures to values only slight ly
above the NDT temperature ,

f , ,  More recentl y, the Dynamic Tear (DT) test has been developed to characterize the
newer , high strengt h steels as well as nonferrous alloys such as aluminum and titanium
that do riot exhibit temperature transitions. The advantage of the DT test is its ability to
define the comp lete constraint transition fro m brittle to ductile behavior. This permits
th e dn ’signu ’r to choose the level of toughness desired for the structure. The DT energy
levn-ls must he correlated with structural performance , just as in the C1, test. However.
the excellent correspondence of the l)T test with dynami( ’ LEFM values , in the appro-
priate toughness regimn’ , has shown it to he superior to thn - C~, test .

F’raeture ’ toughness is not widely employed in codes and standards except in a few
indu str ies .  CIn’ar~y , expansion of existing n-odes is desirable , to provide for inclusion of
rational t n -s t  procedures for the elastic-plastic regime as well as the linear-elastic regime.
Different er t t n -r ia  must he formulated for the different levels of performance desired . Fui r
n ’x am plv . to pr -vent fai lure  r t~sul tin g from a small flaw rn ’sidin g in a stress ( ‘Ofl( ’t”fltrat ion
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at yield stress loading, an elastic-plastic level of toughness is required ; plane-strain materials
will generally not suffice. This fact emphasizes the dominant role that must be assigned
to the material ’s fra cture resistance in achieving a part icular reliability level, With a choice
of fracture-safety criteria the risks associated with the structure can be logically related to
the probability and the consequences of failure. This action will provide the designer with
the option of assigning the reliability level of the structure .
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