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Introduction. "Low stress fracture’ occurs when a structural or a ma~
chine member fractures in service ata level of nominal stress (gross section
stress) below or near the yield strength, Such fractures initiate at a "flaw" or
“erack” in the member. While the nominal stress may be below or at the yield
strength, the stresses and strains very close to the crack front reach high val-
ues, values sufficient to cause onset of rapid crack extension.

"Fracture toughness’ is a measure of the resistance of a member to on-
set of rapid crack extension. "Subcﬁdcal crack extension” accompanying re-
peated loading, environmental attack, or monotonically increasing load, fre-
quently precedes onset of rapid crack extension. As the flaw or crack extends
slowly, the intensity of the stress and strain field at the crack tip is increased.
When the crack tip stress and strain field reaches a critical value, onset of
rapid crack extension occurs. The purpose of a fracture toughness test is to
measure a parameter such as load, deformation, energy, fracture appearance,
Kier K. COD, Jj.» € preferably in a small specimen that is related to
onset of rapid crack extension in the full scale member.

Observations of fracture surfaces have led to descriptive terminology
such as "brittle appearance’ which may mean separation on a plane normal to
the nominal tensile stress (flat fracture) based on a macroscopic observation or

it may mean "cleavage” separation if the observation is made with a micro-

scope. Further, a member is said to exhibit "brittle behavior" if the load-
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deformation curve exhibits no measurable plastic deformation prior to fracture.
While it is true that for ferritic-pearlitic steel structures "low stress frac-
tures" usually are "brittle" in terms of both appearance and behavior, this
terminology frequently is inappropriate for high strength (martensitic) steels
and non-ferrous metals.

Similarly, "ductile fracture appearance” may mean separation on a plane
at 45° to the nominal tensile stress (slant fracture) or fibrous appearance on
the macroscopic scale and "dimpled rupture” on the microscopic level, "Duc-
tile behavior"” means that plastic deformation is observable in a load-deforma-
tion curve prior to fracture,

Each of these terms is useful and related to "low stress fracture,” how-

t

ever, they are not synonymous with "low stress fracture.” In this paper, the

primary interest in "fracture toughness” is in relation to "low stress fracture.’

Relationship to Conventional Mechanical Properties. “"Fracture toughness’

is related qualitatively to the conventional mechanical properties, specifically
strength, ductility, and area undex the stress-strain curve. The features that
distinguish "fracture toughness' from these conventional properties arise from
the fact that the flaw or crack causes a severe stress and strain concentration
at the crack front, reduces the "gage length” to a minimum, and (because of the
high stress and/or strain gradients) introduces a multiaxial state of tensile
stress and strain in the region close to the crack border. The "mean normal
stress" is increased substantially more than the "stress deviation” due to the

1

crack (1). This phenomena is referved to as transverse "constraint, " Con~
straint is observed to substantially reduce the ductility as compared to the duc~
tility in the conventional tensile test (2,3,4). Both because of the difficulty of
analyzing the stresses around flaws and cracks, especially in the plastic zone,
and because of the lack of knowledge of the reduction of ductility under these
conditions, most engineers have preferred to measure “fracture toughness'

using specimens that to various degrees simulate the flawed or cracked member,
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Relationship to Members that Have Fractured in Service. When "low

stress fracture' has occurred in service or proof test, frequently, it is found
that factors in addition to those mentioned above are present (5,6). Among
these are:

(1) residual stresses which may add to the load induced stresses,

(2) material embrittlement caused by any one of several mechanisms
(temper embrittlement, hydrogen, reversed straining or strain
aging, irradiation, etc,) associated with fabrication, heat treatment,
or service, and

(3) environmental influences such as low temperature, high strain rates,
(particularly for ferritic-pearlitic steel structure s) and aggressive
enviromments,

Most of the above mentioned features have been recognized and studied for a
number of years (5, 6). Fracture toughness tests are needed specifically to
evaluate and control the material embrittlement and environmental influences.
While these factors influence "frécture toughness" and may be variables in a
study, most of them can be separated from the question of methods of measure-

ment of fracture toughness,

Fracture Toughness Measurement Parameters, While many parameters

have been proposed as measures of fracture toughness, two types of parameters
can be identified, The first type can be characterized as empirical and involves
a quantity which is both related to fracture toughness and measurable or cbserv-
able in a particular test. Examples in this category include: total energy to
fracture a member (Charpy, Izod, dynamic tear test, etc,) fracture appearance
(percent fibrous or percent "crystalline™), lateral expansion (or contraction),
and the "transition temperature" corresponding to particular values of energy,
fracture appearance, or lateral expansion.

In large preflawed wide plate tensile specimens, gross and net section

stress as well as total energy for onset of rapid crack extension have been
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measured (5). From results of this kind obtained over a range of temperatures,
a "'transition temperature’ may be defined.

A related series of tests allow determination of a temperature correspon~
ding to "crack arrest” under various load conditions (5). The first tests of this
kind, the Robertson and Esso crack arrest tests, measured a temperature for
crack arrest starting with a particulax nominal stress. A smaller limited-
deformation bend test, the "nil-ductility transition” test (NDT), allows deter~
mination of the highest temperature at which a small {arc strike size) crack
started in a brittle weld bead is propagated through the base metal of the NDT
specimen (5).

The second type of fracture toughness parameter involves identifying a
parameter based on a StIess, strain, or energy analysis of the crack tip region
of both a structure and a specimen. When a single parameter uniquely chax-
acterizes the crack front stress or strain field in both the structure and the
specimen, a critical value of this parameter, defined by the onset of rapid
crack extension, 18 ideal for characterizing fracture toughness, This approach,
kmown as fracture mechanics, has been most extensively developed for the smalil
scale yielding (linear elastic) situation (7, 8, 1) A critical value of Kl, the
stress intensity factoT, (ox equivalently, el P the crack extension force),
which characterizes the crack tip stress field, serves as 2 measure of frac-
ture toughness, When hoth small scale yielding and maximum transverse con-
straint are present, 3 single parameter, KIC’ is sufficient to measure frac#
ture toughness. * Gmall scale yielding and maximum transverse constraint are
gpecilied in terms of the allowable size of the "formal plastic zone" as com-
nared with the in ~plane dimensions of the specimen including the crack length,
and the specimen thickness respectively (10,1,9). These velatioaships will be
defined quantitatively in a later section.

*(yther requirements for K, include a properly fatigue cracked .»:;pe.cimven
and a small but detectable amount of crack extension precedes the determination

of the critical value, KIC {9).
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In a higher toughness regime, large scale yielding and limit load beha-
vior frequently are observed, still in the presence of maximum transverse
constraint. Fracture toughness parameters include: crack opening displace-
ment (COD) (11) or stretch designated & (conceived of as occuring close to the
initial crack front), and the J-integral (1,12). Preliminary work indicates that
specimen size requirements are necessary to insure maximum transverse con-
straint for these specimens. From a blunted crack slip line field, a region of
"intense plastic strain” directly ahead of the blunted crack but buried deep in
the plastic zone has been identified as a significant dimensional parameter (1).
Even deep within the plastic zone, the large crack front plastic strain gradients
generate transverse constraint wi thin this region, The size of this region of
intense plastic strain is approximately 2 5. Preliminary results suggest that
specimen thicknesses from 25 6 to 506 may be sufficient to maintain maximum
transverse constraint even for fully plastic yielding (13). In addition, prelimi-
nary data indicate that the minimum fracture toughness can be measured only
when the in-plane specimen dimensions are adjusted so that the dominate plas-
tic deformation also is in-plane.

The j-integral represents a generalization of i/, the crack extension
force. | was developed for non-linear elastic material behavior (equivalent to
deformation plasticity theory). In the instances where it has been investigated,
the critical value, Jic’ determined from a small specimen was substantially
the same as the value of 7 Ie obtained using a specimen sufficiently large to
satisty the K’Ic size requirements (14).

Returaing to the realm where fracture of specimen occurs hefore the
nominal stress reaches the yield point, the parameter K has been extensively
used as a measure of fracture toughness when the transverse constraint is re-
laxed., Considering thin sheet material where the thickness is small compared
with the plastic zone size and the planar dimensions of a structure or specimen

(including the crack), the transverse constraint approaches a small value,
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With loss of transverse constraint, the plastic zone size is increased, Further,
starting with a Mode I crack, small amounts of crack extension lead to cracking
on a 45° slant. It is observed that even though the crack has extended an incre-
ment, Aa, and is longer, the crack arrests, presumably because the new 45°
slant crack configuration is tougher than the original Mode I crack configura-
tion. Subcritical crack extension is observed to varying degrees during rising
load tests, prior to onset of rapid crack extension, depending upon the material,
For materials where the amount of subcritical crack extension during a rising
load test is considerable, usually it is found that geometrically similar speci-
mens of different sizes (same thickness) give different values of K at onset of
vapid crack extension. This dependence of the critical value of K on specimen
dimensions and particularly crack size is disturbing, however, it is not diffi-
cult to understand. Fracture toughness depends upon the plastic deformation
mode (in-plane vs., 45° transverse slip) in front of the crack tip. During sub-
critical crack extension, transverse constraint is reduced and the deformation
mode changes from in-plane to 45° transverse slip. Presumably the fracture
toughness is increased by this change in deformation mode at least as much as
the K factor is increased due to the longer crack. This discussion leads di-
rectly to consideration of R curves as a means of describing fracture toughness.

Resistance Curves and the Onset of Rapid Crack Extension, The concept

of "vesistance curves' or R Curves is not new, however, quantitative investi~
gation was undertaken only recently (1, 15,16). A fracture toughness parameter,
such as 7, K, or emergy, is used as a measure of resistance to crack exten-
sion as a function of the crack length. A series of three R curves are shown
schematically in Fig. 1. These three curves might represent three different
materials of rather different toughnesses, or they could represent the same
material tested in three widely different thicknesses (constraint). In this later
case, curve 1 (or 1) is appropriate for a thick specimen with maximum crack
tip transverse constraint, and conversely, curve 3 {oxr 3") is appropriate for

thin sheet material, PT, TT-121

Consider a large plate specimen containing a small central crack of
length, 2a . For simplicity R will be measured in terms of the &/ value cor-
responding to a particular crack length. Since /4 is a linear function of a,
short straight lines have been drawn through the origin cutting the R curve at
different points. These short lines represent the change in o for small in-
creases in crack length (at constant load), When for a.small increment of
crack extension, Aa, beyond ao, thesesﬁ lines are well below the R curve,
suberitical crack extension is very limited. As the load is increased the ¥/
lines interesect the R curve at higher values of R and finally a Y line is just
tangent to the R curve. Now any small increment at crack extension, Aa,
leads to a value of ¥/ that is larger than the R corresponding to the new crack
length (a + Aa). Thus the tangency point of the \ line to the R curve marks
the onset of rapid crack extension and the value, /4 .

Now consider a second specimen of the same material and same thickness
but twice as large in all in-plane dimensions. The initial half-crack length,
2ao, is shown on the abscissa as the starting point for a second set of R
curves. This second set of R curves was drawn in Fig, 1 by simply displacing
the first set (a.O) to the right along the abscissa to 2 . Experimental evidence
suggests that the R curves developed from specimens geometrically similar in
in-plane dimensions (same thickness) will approximately superimpose following
an appropriate horizontal shift. When this second specimen is tested, the onset
of Tapid crack extension is denoted by the point of tangency between the v/ line
and the R curve., Comparing the critical values of ¢/ from these two experi-
ments, it is evident that the v/ values for R curves 1 and 1' will be nearly
identical due to the sharp knee in these R curves., Conversely, for R curves
3 and 3', a significant difference may exist between the critical values of
for the two specimens of the same material and thickness.

Typical R curves obtained using a double compliance method are shown

in Fig, 2 for an aluminum alloy sheet for two different specimen configurations

{15). Heyer and McCabe elected to measure R in terms of the K value, The
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crack line wedge loaded specimen (CLWL) allowed R values to be measured
over a wide range of values of Aa, because the K value decreases during
crack extension Aa (at constant load). The center cracked tension specimen
(CCT) data compares favorably with the CLWL data. Most of the R curves
that have been obtained for either different specimen configurations or different
specimen sizes (same configuration) agree well, however, mote experience
with R curves is needed.

A second type of R curve is shown in Fig. 3. Pellini and Judy (17) elec-
ted to measure R in terms of the average energy per unit area to completely
fracture a dynamic tear specimen tested on the upper shelf, Using the same
specimen thickness and crack configuration, the unfractured ligament (depth)
of the specimen was varied. The quantity, b, in Fig, 3 is the uncracked liga-
ment, The ordinate values, E/A, are the average for the entire run of the
crack through the wuncracked ligament, b. The mechanical properties of these
steels are listed in Table 1, Steel F-1 exhibited a flat fracture and no increase
in average fracture energy, E/A, as the uncracked ligament was increased;
steel L-1 exhibited a mixed mode fracture (approximately 50 percent slant)
and the average value, /A increased modestly, Steels H-6 and H-7 dis~
played 100 percent shear fractures and rapidly vising R curves as b increased.
The slope of the E/A-b curves increased as the upper shelf value increased for
the standard 1 in. D.7T. specimen. Anincreasein B /A accompanies the devel-
opment of the shear lip (17). Further, the development of the sheaxr lip is a
function of the specimen depth to thickness ratio.

Viewed in the perspective of "unique” R curves for a given material and
thickness, the point of onset of rapid crack extension is, in general, a function
of member geometry including crack length, and specimen thickness and depth.
To amplify on this point, specimens which meet the ch size requirements
(small scale yielding and maximum transverse constraint) behave according to
curve 1 {or 1"} in Fig, 1. The onset of rapid crack extension is abrupt and

nearly independent of crack fength (22). In this case a single parameter, K‘ic’
PRy Th429

is adequate to characterize fracture toughness.

For large scale yielding and fully plastic behavior where maximum trans-
verse constraint is maintained, onset of crack extension remains reasonably
abrupt. An R curve between curves 1 and 2 (Fig. 1) appears to describe the
behavior (14,18). Again a single parameter, either J; = or 6Ic' appears to be
adequate to characterize fracture toughness.

For situations where the transverse constraint is reduced, it appears that
the R curve is modified in the direction 1—> 2——> 3 (Fig. 1). One excep-
tion to this generality is apparent: temperature and strain rate sensitive metals
such as ferritic~-pearlitic steeis tested below and in the transition temperature
range, It appears that the strain rate sensitivity is responsible for the abrupt
onset of rapid crack extension, since the fracture toughness decreases signifi-
cantly in the presence of the increased strain rate sensed by material elements
ahead of the moving crack.

For high strength steels (martensitic structure), some strainless steels,
aluminum alloys, and ferritic-pearlitic steels (tested on the upper shelf), a

reduction of transverse constraint tends to modify the R curve from 1—>

Consider steels that exhibit R curves in the range from curve 2 to curve
3 (Fig. 1), or steels L-1 thru H-7 (Fig. 3), In a structure made of laxge flat
plates of one of these steels, the R curve depends upon both the material tough-
ness and the plate thickness, In the structure, the run of the crack will develop
the complete R cuxve up to the point of tangency in Fig, 1. The point of tan-
gency depends upon depth of the cracked member and the loading (tension, bend-
ing, combination, etc.). To make a fracture toughness test that reflects the
toughness that will be realized in service requires a reasonable modeling of the
behavior of the service member in a laboratory specimen. An R curve is re-
quired that is obtained from a specimen of the material in the thickness that will
be used in sevvice. To be useful, the R curve must be obtained up to the point

of tangency for the service configuration, From the data in Fig, 3 for 1 im,
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thick plate, it appears that a werack run" (subcritical crack extension) of 4 to

5 inches may be necessary to develop an adequate R curve in an impact bending
specimen, Other "low energy blow" tests, conducted by Pellini and Judy (17),
suggest that the R curves are beginning to flatten out for steels L-1 and H-6
at or beyond 3 inches of crack run,

When tests are conducted on specimens where the "crack run, " b, is too
amall to adequately model the structural configuration (same ;hick:ne ss assumed),
the value of fracture toughness (regardless of the toughness parameter used)
will be lower than the value that will be realized in service, For a particular
application and material, tests in this category that are employed for quality
control purposes sexve the intended purpose adequately. However, when the
purpose of the test is to select and judge the adequacy of a higher strength metal
for the same service, the use of a specimen that does not adequately model the
R curve for the structural configuration can easily lead to questionable conclu-
sions,

In Table 1 and Fig., 3, steels L-1 and M-5 differ only in heat treatment.
Assume, for purposes of comparison, that onset of rapid crack extension occurs
in a structure corresponding to a crack run, b, (unfractured ligament) of 4
inches for both materials, Similarly, assume that measurements of toughness
are made with specimens which have crack runs, b, of 1 inch, From Fig. 3,
energies per sq. in, of approximately 800 ft.1b. /in.2 and 250 ft,1b. /in.2
would be known from laboratory tests for steels M-5 and L-1 vespectively.

The actual toughness available in the structures would be 2000 ft, Ib, /in. 2 and
600 ft. 1b, /in.2 for the M-5 steel to the L-1 steel respectively. While the ratio
of laboratory measured toughnesses are approximately the same as the ratio of
the toughnesses realized in service, it is difficult to specify what quality control
measures would be necessary to insure the same degree of fracture free service.

With regard to "crack rum, " ¢the standard Charpy V (or keyhole) notch

specimen with an uncracked ligament smaller than the thickness appears to be

an unsuitable specimen configuration fox measurement of fracture toughness

T
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intended to simulate a large plate structure which will reach onset of rapid
crack extension well up on an R curve, The R curves for many tough metals
will be in the region between curves 2 and 3 in Fig. 1. The cracked struc-
ture likely will develop a 45° thru-thickness plastic deformation pattern accom-
panied by large shear lips or a completely slant fracture surface. Conversely,
the deformation in the Charpy specimen is dominantly in-plane and approaches
the plane strain slip-line pattern (24). TFurther, depending upon the thickness
of the cracked plate structure, the degree of transverse constraint in the Charpy
specimen is not likely to be the same as in the structure at the onset of rapid
crack extension,

These differences between the behavior of a structure (45° thru-the-~
thickness deformation) and the behavior of a small specimen (in-plane deforma-
tion) may well be important if thru-the ~thickness (shoit transverse) anisotropy,
caused by variations in the steel making and rolling practices, plays an impor-
tant role in determining the toughness of flat plates (1).

Some of the important csn(;epts regarding measurement of fracture tough-~
ness emerging from these consideratons of R curves are summarized in Fig. 4.
With regard to transverse constraint, the extremes, full constraint and low con~
straint, have been emphasized. The transition region between the extremes

appears to be more complex and requires further work aud clarification.

Measurement Point. In discussing R cuxves, the point of tangency be-

sween the Jf curve and the R curve was noted as point of onset of vapid crack
extension. I the region of low transverse coustraint {Fig. 4), it is desirable
to use a specimen from which an extensive portion of the R curve can be devel-~
oped. From apalysis of cracked styucture, & /! curve can be superimposed
upen the R curve to estimate the fracture tughness to be realized in the struc-
tural element.

Turning attention to the region of full constraint, onset of rapid crack

extension for low stress and near vield strength fractures of structures is
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reasonably abrupt (23). When small specimens are employed to measure frac-
rure toughness of tough metals, their behavior is elastic-plastic and frequently
fully plastic. Following onset of rapid crack extension in a small elastic-
plastic specimen, the high stiffness of many deformation type testing machines
leads to rapid unloading and crack arrest. As the test proceeds, this process
may be repeated several times. A question arises as to which of the small
irregularities in the slowly rising load-deformation curve is significant with
regard to structural fracture (18,19). Frequently, with an R curve between
curves 1 and 2 (¥Fig. 1), a portion of the crack front will move forward pro-
viding a small increment of suberitical crack extension. When the irregulari-
Hes on the load deformation curve associated with crack extension and arrest
are small and comparable with the electrical noise in the recording system, the
joad -deformation curve, by itself, provides information unsuitable for determi-
ning onset of crack extension. This problem requires other methods for detect-
ing onset of rapid cra ck extension, and attention to an "operational definition” of
2 measurement point.

When very tough metals are tested using specimens that develop maximum
transverse constraint and a fully plastic hinge, the onset of rapid crack exten-~
sion may be delayed unril the maximum load point or bevond. The load-
deformation curves (0T M-8 curves) for 1T CT specimens shown in Fig. 5
(19) approach a constant maximum load at a displacement of from two to ten
times the elastic displacement. These curves were carefully reproduced from
the original records. For larger displacements, the load decreases slightly.
For a compact tension specimen or a notched beam specimen, strain hardening
will increase the bending moment, however, at a decreasing rate as the defor-
mation increases. Expansion (compression side) and contraction (tension side)
change the shape of the notch cross-section and shift of the neutral axis, how-
ever, the bending moment should be little affected. The fully plastc bending

moment constraint factor for a beam with a crack or sharp notch is decreased
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as the notch is blunted, Using Green and Hundy's results (24) and assuming
that the crack opening stretch, &, is equal to twice the root radius, the moment
may decrease up to 5 percent.\ The decrease in constraint factor may be re-
sponsible for the long horizontal portion of several of the curves and possibly

to initial decrease of load in Fig, 5. In addition, there is the obvious possi-
bility that small increments of crack extension caused the load to remain con-
stant and eventually to decrease.

For a forging steel, it was observed that onset of cracking in beam speci-
mens occurred just after the maximum load point for a rounded curve or just
beyond the horizontal portion of a flat top load-deflection curve. For cerlxter—
cracked tension members (plane strain), onset of crack extension occurred
somewhat beyond the point of maximum load (14b). Recent experiments on
1 T-CT structural steel specimens indicated that the onset of crack extension
was shifted from a point beyond maximum load for a/w = 0,5, to smaller dis-
placements on the rising portion of the load-deflection curve for a/w in the
range 0.6 to 0.9 (25). These coﬁsiderations suggest that it is premature to

select the maximum load point as the measurement point,

Nimensional Parameters. Size effects in fracture testing have been ob-

served for many years (20). The introduction of crack length, a, through the
stress intensity factor, K (or W1y for small scale yielding accounted for one
maijor effect of size, the crack length, This was followed by the rationalization
of thickness, B, as itinfluences transverse constraint (21), In the abseuce of
an elastic-plastic three-dimensional stress analysis, rwin introduced the con-
cept of dimensional parameters. For the small scale yielding region, Ixwin
identified the plastic zone size, 2 Ty, 88 the sigm"ﬁczmt dimension, The formal

plastic zone size was defined as:

Ty Taw \o“} n

where K; is the stress intensity factor and oy is the appropriate yield strength.
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For plane stress conditions, the 0.2 percent offset yleld strength o
-ty 3
been used, i it rer
d or plane strain COHdlthnS, constraint elevates the yxeid st gﬂl

, has

to a value averaged thru the thickness of approximately V3o
Y yg
Irwin suggested that K would be a useful fracture toughness parameter

when the i i -
plastxc zone size, 1., was small compared with the crack size, a
3 ) s d

This i £ .
s requirement allows the use of only the singular term of the linear elastic
Sh‘{“.f ane —.‘* 3 ~ - o e 7

ss analysis to characterize the crack tip stress field, This concept was
employe 7 AST i »
employed by ASTM to establish the empirical requirement for crack length for

a plane strain Kk test as (9),

P 12
. K
aZz2.5(6m) 1y = 2.5 (i‘i)
Y g
Vs
in g stimilar manner, [rwin identified the mid-range of the "thickness

{racture mode transition" as occurring when (21)
$
Iy, =
v B {3}

The variation of (X _/ 3 i .
arx Vies W s ratio | B -
o 'y'f') vith the ratio J(]’ p x| 1is shown in Fig. 6
) LA, Uvs) V
for a steel and ¢ i 26 : the e
d an aluminuwm ailoy (26,21). Depeudin 7 upon anisot opy e ele
§ 5011 Vs e
varion of fractuve toughness, K hove K
Siure Hghness, 1 L Anove K { i il e
1' ol for thin sectiens (45 v 2 r‘f}"
does not aiways reach the mag itudes shown in Fig, 6
ot = 3 i

I :
[o R $eve ransverse Cons 1 Speb > CRCeed
f achieve full NS Vers onstraint the thicks £588, B, must exceed the

value give ; Eg. 3 by an a
due given by Eq. 3 by an amount that ASTM empirically established as (9)

Bz 2.5 (6m) S|
z 2, ) x., = )
)Ty =255 4
pys
In Egs. 2 and 4 i (o i
T » Ty is the formal plastic zone size associated with the average
s ‘ — "O
vield strength elevation caused by full constraint

178 53y o - = b
Krafft (28) and othel§ (28,1, 29) recognized the need for an additional

dimensi P g s a 3 H 3

imensional parameter, associated intimately with the crack front fracture

process and, therefore, much smaller than the plastic zone, Mechanics
Zone, >chanic
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analysis (1) suggested that Well's paraneter, the crack opening stretch, 6,
defined for an elastic-perfectly plastic material as,

2

K = J
5 =iy e ()
O'Y Eo—\{ GY

ag the appropriate parameter. Refined analysis suggests @ ~/ 0.5, however,
for the dimensional considerations employed here & w.i.ll be taken as 1.0. Not
only is & representative of the separation of the crack faces close fo the crack
tip, it also characterizes the size of a region of "intense strain’ directly in the
path of the "blunted” crack (1), Because of the large in-plane strains in this
region, there is a strong tendency toward thickness contraction, The sur-
rounding material, experiencing smaller plastic strains, constrains the trans-
verse contraction and elevates the mean normal stress (1).

For fully plastic plane strain behavior, slip line fields around cracks
indicate very different mean normal stress elevations for different specimen
configurations (30)., Thus, even for plane strain conditions, as the mean nor -
mal stress changes, it is expected thata "mean normal stress parameter, ' in
addition to a fracture toughness parameter, may be needed to adequately chax-
acterize the fracture toughness of a component (30,1). Data for a forging steel
using thick center cracked tensile members and notched beams did not show
evidence of this need fora second parameter: each specimen type fractured in
a fully plastic condition at essentially the same value of }Ic (14b). This ques-
ton requires furthex clarification,

A qualitative pattern of fracture toughness behavior was suggested in
Fig, 4. Using the size of the plastic zone, T, and the specimen dimensions,
the region of small scale yielding with full transverse constraint was delineated,
An ocbvious next step is to delineate the other Tegions in Fig. 4.

A primary division in Fig. 4 is between two crack tip modes of deforma-

tion and separation, namely in-plane plastic deformation, Mode I, and 45° out~

of-plane plastic deformation, combined Modes [ and 111, Important specimen
PL TI-121
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dimensions are thickness, B, and unfractured ligament b, For notched beams Recent developments in Charpy-type specimen testing including (1) fa-

and tensile specimens strained into the elastic-plastic and fully plastic region, tigue cracked specimens with deeper cracks (a/w —> 0.5) and (2) instru-

the transition occurs in the range when B = b, In-plane plastic deformation mentation to record both load and deflection (time) (31,32), promise signifi-

and Mode 1 crack extension are promoted by B > b, Preliminary data for beam cant advances in quantitative measurements of Mode I full transverse constraint

and tensile specimens suggests that B = 2D is sufficient to lead to dominantly fracture toughness. It appears that a fatigue precracked Charpy-type specimen,

in-plane deformation and Mode 1 fracture behavior (25). Conversely, 45° out- scaled up by factors of 2 and 3, would cover the entire range of toughnesses

of-plane plastic deformation and combined Modes I and 111 crack extension are of low strength high toughness metals. [For measurements below and in the

promoted by B < b. To develop full slant fracture may require 3B~ Aa, transition temperature range, the impact test will remain an essential tool for

. TP o o R W
where Aa is subcritical crack extension. Thus, to develop complete R curves measuring toughness and "transition temperanire of ferritic-pearlitic and low

in the fully plastic region generally requires that B << b (15). strength tempered martensitic steels. For strain rate insensitive metals (non-

For in-plane elastic-plastic and fully plastic behavior, full transverse ferrous, austenitic stainless steels, precipitation hardening steels, etc,) and

constraint is specified in terms of B and 51(1’ the size of the crack tip region the ferritic-pearlitic and martensitic steels above their transition temperature,

of intense strain, By analogy with the small scale yielding, Paris (13) esti~ slow bend and tensile tests appear to be more appropriate.

mated that full transverse constraint would be achieved in the elastic-plastic In the 45° out-of-plane deformation region, Mode I plus I11, with low

and fully plastic range when, transverse constraint, methods suitable for measuring R curves over the en-

tire range from small scale yielding to fully plastic behavior have been devel-

258, =B S 506, (6)
oped to the point that extensive exploration of the R curves for a number of

Work is underway to more fully validate this condition, metals in different thicknesses is in order. In the fully plastic range, Heyer

The measuring capacities for full transverse constraint of a fatigue © .nd McCabe have observed a limitation on the ievel of the plateau of the R
cracked Charpy specimen (a/w = 0.5, B/b = 2) and a 1 T-CT specimen (a/w curve that can be measured with a particular size specimen, BEven when b >>
= 0.5, B/b = 1), in the small scale yielding and the fully plastic range are B, the plateau level increases as b is increased (16). At present, R curve
shown in Fig. 7. Cleaxly the measuring capacity for full transverse constraint determination is reasonably sophisticated. Another purpose of exploration
has been markedly increased for these two specimens when fully plastic beha- should be to develop simplified methods for R curve determination once the
sior is allowed and either ﬁic or Ji. is employed as a fracture criterion, Tor patterns of behavior are established.
roughnesses higher than the measuring capacity shown in Fig. 7, these speci- From results in the small scale yielding range (Fig. 6), itis anticipated
mens give values of toughness that are somewhat too high, Note that & = 50, that low constraint fracture toughness will exhibit a peak in toughness over
was employed in Fig, 7; probably this is a conservative value of @, It would ’ some range of thicknesses, For small scale vielding, this peak occurs at
appear that one of these specimens would have the capacity to measure a frac- approximately 4B =2 ry,"i“he location and breadth of the peak should be studied
ture toughness sufficient to insure the safety of most structures even when low in the elastic-plastic and fully plastic regions.
vield strength high toughness metals are emploved. PL IT=121
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From a fracture toughness point of view, the thickness range correspond-
ing to this peak toughness is the most efficient range of thickness in which to
employ a particular metal, The thickness range of peak toughness may be a

consideration in design, including selection of a particular metal as well as the

thickness of the section,

Having separated toughness measurements into at least two categories,
in-plane full transverse constraint Mode 1 separation, and 45° cut-of-plane low
transverse constraint Modes I plus 111 separation, itis clear that the struc-

tural application must guide the selection of the appropriate type of measure-

ment, Regaxdless of the fracture toughness parameter that is selected (total

energy to fracture, load and deflection from instrumented tests, R curves, 6 Ie

or jlc)’ it is a forward step to proportion a specimen to "model” the gross de-
formation and fracture separation features anticipated in the machine or struc-

tural application, Further, as quantitative studies using sophisticated tech-

niques (instruwnented tests) and fracture toughness parameters (R curves, 6! :
c

EIQ) are extended, a2 sound foundation is layed for the interpretation of simpler,

less expensive guality control tests,
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