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TOUGHNESS CHARACTERIZATION AND CRITERIA
FOR STEEL IN CRITICAL APPLICATIONS

INTRODUCTION

All metals by definition have elastic and plastic properties. In structural design elastic
gtress analysis is simplified by the linear relationship between stress and strain, but the
analytical treatment of elastic-plastic behavior can be extremely complex because of the
variability of localized plastic flow. Plastic flow can be significantly decreased by the intro-
duction of mechanical notches that tend to build up triaxial stress systems, and ultimately
a fully constrained ligament fends {o perform in an elasiic manner.

Unfortunately, a metallurgical crack, such as a crack from fatigue or hydrogen, makes
the worst mechanical notch and the best stress concentrator. As a crack increases in size, it
tends to make the net section fracture elastically rather than deform plastically. Defining a
metal’s resistance to the extension of a crack under various mechanical conditions is called
“toughness characterization.”

The most rigorous portion of the technology concerning toughness characterization is
M ad 66 limnne alaakia fenadiimn mennalinmia ! T TRV M. f0 o neolodinal armmwsnanh wbdal
canen 2EICAL TV ™LIAU VLY (TICCIHIAaIIICE LA Ivi . LILLD i3 dll dilaly Wival appriracil wilicll
becomes more complex when the plastic zone at the crack tip is sufficiently large to cause
the net section to deform in a nonlinear manner. Although attention has been given to non-
linear, elastic-plastic fracture technology, the analysis of elastic-plastic fracture remains
essentially empirical or short range in application [1-3].

The application of LEFM to improve the integrity of structures has primarily con-
cemed the ulfrahigh-strength alloys. The fracture problems in structures of the lower-
strength steels frequently permit a LEFM analysis to be conducted, but a LEFM analysis

only applies when brittle fracture occurs. Although LEFM has its place, complete fracture-
toughness characterization of high-strength low-alloy (HSLA) and conventional structural
steels involves the development of relationships between the mechanical and the metal-
lurgical parameters that control the fracture process and the transition in toughness from
elastic to plastic behavior. Using information concerning toughness in the transition region
and service factors concerning the minimum temperature, stress level, and constraint con-
ditions, a designer can specify the quality level that is needed to certify the performance of
any steel used in fracture-critical structural elements.

In the design process, the selection of materials for fracture-critical a applications starts

with the consequences of failure. The consequences of failure set the level of performance -
that should be certified for the structure and the monetary base to achieve it. This part of
the design process is called a Structural-Integrity (SI) Analysis; it considers the trade-offs
with respect to design refinement, material quality, and controls for fabrication and inspec-
tion. All of these factors are optimized with respect to economics and availability as a part
of the SI analysis.

Manuscript submitted February 16, 1978.
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E. A LANGE

¥ is usually emphasized by material producers that the integrity of a stracture does

not depend on the fracture toughness of the material alone. However, fracture mechaniciang
emphasize that in most structures where nominal stresses exceed 15 ksi {108 MPa} the
criterion used for fracture toughness is the key to certifiable performance. The need fora
certified performance also becomes a justification to speecify and use high-quality materials.
In other words, the criterion for fracture toughness that is set by the designer in a material
gpecification is the clement that assures the performance of critical members of a structure
‘i3 the presence of any credible flaw, 1t is hoped that the increased use of 81 analyses and
guantitative criteria for fracture totughness not only will result in a demand for more materi-
als of high quality hut will also provide documentation for protection from a product-
Hiability lawsuit in the case of misapplication or an accidental overload [4].

FRACTURE TESTS FOR TOUGHNESS CHARACTERIZATION
Analytical Fracture Tests

A fracture test for characterization purposes must provide resuits that can be related to
structural performance in terms that a designer ean understand, such as a critical flaw size
and stress relationship. Since the conventional structural steels and the HSLA steels have
elastic and plastic fracture properties, a plane-strain (elastic) fracture test provides excellent
analytical criteria for toughness, but plane-sirain tests cannot characterize the full range of
fracture properties in these steels. Therefore, with respect to analytical tests methods, cur-
rent regearch concerns elastic-plastic tests, such as the J-integral and Crack-Opening-Dis-
placement (CODY} tests, which extend toughness-measurement capabilities bayond the plane-
strain regime. The plane-sirain regime may be defined by the consiraint requirement in the
American Society for Testing and Materials Standard ASTM E399 with respect to section
thickness, ie.;

B> 25 (K loy)®, 34

where thickness B must be equal to or greater than 2.5 times the square of the ratio of the
stress-intensity factor Ky, over the vield sirength oy,.

A significant amount of stable crack growth can ocecur in an elestic-plastic fracture test,
bt the critical load derived from these tests is independent of geomeiry only when it relates
to the first extension of the crack front. This makes the J-integral test useful for obtaining
a plane-strain fracture-toughness value without the above regiyvictions an B, but the applica-
bility of such critical J-integral (J1.} values to indicate structural performance when soms
stable crack extension can ocewr is highly questionable. The calculated performance may ot
may not be highly conservative when the value for toughness does not pertain to a critical
or unstable condition in the section of concern. Even if this dilemma did not exist, the
analytical tests require instrumenting the specimen, and this makes the tests too expensive
to eonduet for routine characterization or quality-control purposes.

Although the plane-strain and elastic-plastic test methods with instrumented specimens
are nat suitable for routine testing of H8L A and conventional, low-strength siructural
steels, the results of the more practical tests can be correlated to the basic fracture-toughness
parameters [5]. The basic criteria for plane-strain tougbness Ky, and related terms such as
B, where
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B =1/B(Ky,/0y,)? (2)

can then be used for defining the boundary conditions for elastic or elastic-plastic behavior.
The plane-strain limit has been referred to the condition in Eq. (1) where § = 0.4, and the
upper bound for the elastic-plastic regime has been taken as § = 1.0, indicating that under a
tensile load through-thickness yielding will occur prior to the crack becoming unstable
{1,3]. When the toughness of the material in a structural element falls within these regimes,
the relationships between stress and flaw size can be based upon the principles of LEFM.

High Strain Rate Considerations

The need for toughness characterization at high strain rates is evident from service
experience. Well-documented failure analyses have shown that the majority of catastrophic
failures are caused by cleavage fractures [6,7] . Cleavage fractures travel at high speeds, and
AV e e b bt e il aduniie wado at bla Aawanls Pencd Thawafous aner lasnl nnmAidiaes dhat
LIIEY CIedlT LUCLIL UWIL LilEM Julalll }abt: at Lo viavh 11UHV. LUTITLUIC, dily 1UCAL VULIMIUVIVEL vliaw
can initiate a small cleavage crack, such as a hydrogen-embrittled heat-affected zone in a
weldment, inherently creates a high-strain-rate condition even though the nominal load
stress is static. Certainly, structures with static loads can be protected, by a high-static tough-

ness, but this protection can be circumvented by a small pop-in crack.

A high strain rate is most easily attained in a specimen using a bending load; this is why
three-point-loaded specimens have dominated the dynamic-test procedures. In these practi-
cal tests, the specimen is completely broken, and either a fracture appearance or an energy

Awmitamiaem 10 110ad o o v anorwn A btk sans
CLILCLIVILL 3D UDTU QD & MITADULT U] LUIULELLIITDD,

Complete toughness characterization should include information on appearance and
energy, but an energy parameter is a more quantitative and practical criterion than fracture
appearance, especially in the elastic-plastic regime. This is particularly the case for materials
with fine substructures, such as quenched-and-tempered products, where the brittle-fracture
mode does not have a bright appearance as in as-rolled or normalized products. Also, other
appearance criteria, such as percent slant (shear lip), can be limited because fractures that
are propagated in the rolling direction are often flat in appearance, but they are fully ductile
in performance, One significant advantage of an energy criterion for elastic and elastic-

plastic fractures is that it can be related to the LEFM criteria [5,8] -

Standard Dynamic Fracture Tests

The four dynamic fracture tests that have been standardized by ASTM are listed in
Table 1 with information concerning specimen design and criteria of performance. A de-
tailed discussion on the effects of specimen design on test results and the interrelationships

hotween tegt resulic fran ha found in Raf 4 Only a hriaf digmigeinn af +ha nerinainlaa nf
TN Srisan VLown S LUSSAUS WbeLi prhy AN ALILE AL LUAcLs s WSILLY O RLLLL WAV WWIILILL WA WL yllll‘-“t’lcg L

specimen design and the objective of the committees that standardized these particular tests
will be given here.

The Charpy test was designed many years before steels were welded or LEFM was
conceived. It was known, however, that notches tended to make steel products fracture in
a brittle manner, and therefore a small specimen was devised with various notch configura-
tions which could readily be machined. In the 1940’, many studies were made of the test

3




E. A. LANGE

Table 1 — ASTM Standard Tests for Dyvaamic Fracture Toughness

o . . . ASTM Criterin of
*
Tests Specimen Size Notch Dresign ASTM Committee Standardization | Pecf
Energy
c 10X 10 mm Machined E-28 E-23-33 % Shear
v Lateral
Expansion
5/8X 2X 5in.
(16 X 50 X 127 rm}
: 24X 2X5in. X ) _ Break
DWE-NDT [ 10 8 E o oy | Brittle Weld  ASTM-ASME B208-66 | pome
1X 3X 14 in.
{25 X 75 X 356 mm)
¢X3X12n, Pressed Notch £24.03.01 E486-71 % Shear
DWIT (% 75X 305 mm) sed Note: 03 )
. Machined Noteh
5/8 X 16/8X Tin. | K ]
DT (16 X 41 X 178 mm) g:;h a Pressed E24.63.02 Kead.-77 Eneryy ;

*C, = Charpy V-Neotch; DWT-NDT = Drop-Weight-Nil-Ductility-Transition; DWTT = Drop Weight Tear;
DT = Dynamic Tear

results obiained from the various Charpy specimens, and the energy value from the V-notch
specimen {C,) was the anly criterion that could be correlated to the performance of any
structure. The first and most noteworthy was the correlation of the C,, energy value of 1%
ft-1b {20 7} to World War I ship fracfures [9] . Subsequently it was found that if was neces-
sary to develop separate C, correlations for each specific steel, and therefore a “ductility™
criterion was proposed as a more general criterion for toughness [107.

All of the criteria for foughness from & £, specimen, energy, shear, and lateral expan-
sion, are manifestations of the plasticity involved in the fracture of a Charpy specimen, and
therefore they are all interrelated [111. Unfortunately sucti metalturgical parameters ag
microstructure influence the relationships to a greater extent than mechanical parameters
such as vield strength {Fig, 1}. The cause of the variations in the correlation of energy to
lateral expansion, as shown in Fig. 1, makes any criterion from a C, specimen difficult to
interpret except a very low value {(<{10 fi-1b [<14 J1), which indicates that the material is
brittle. Simitar provlems have been found in attempis 1o corvelate resulis with fatigue
cracked C, specimens to Kj,. values where an overestimation of toughness by a factorof 2
can be made when the C, specimen enters the elastic-plastic regime [12,13].

The Drop-Weight-Nil-Ductility-Transition {DWT-NDT) temperature test was devel-
oped to provide a retiable index to the start of the transition region. In other words, below
the NDT temperature, dynamic toughness is so low that simall cracks can initiate cleavage
fractures that can destroy a structure catastrophically. The DWT-NDT fest was the first
standardized test to use a specimen with a natural crack for the noich. Based upon the size of
this erack and a bending load, the break to no-break index is equivalent to Ky, /o 4 = 0.5
[141. This level of toughness requires a section at least 5/8-in. {18-mm) thick to ;:vrwiée a
plane-sivain fracture condition, and this limitation in specimen thickness and the singular

4
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index to the start of the temperature-transition region are limiting features of the DWT-
NDT test. In addition, the DWT-NDT test uses a brittle-weld bead as a crack starter, and the
heat of welding may improve the properties of the base material in the heat-affected zone
and arrest the small pop-in crack. Thus, the DWT-NDT can only be used reliably with steels
having a pearlitic microstructure,

The Drop-Weight Tear Test (DWTT) has been widely usegd for the assessment of the
percent shear fracture in line-pipe steels. Problems emerge when the test is extended to sec-
tions thicker than the current 0.75-in. (19-mm) limit or when an energy measurement is
attempted [15]. This is partially due to the relatively shallow notch in the specimen which
makes the net section deform piasticaily prior to the initiation of the fracture even in thin
specimens. This action simulates the mechanics of a crack propagating in a pipe, and it
probably accounts for the correlation between cracks arresting in certain line pipes when
the fracture is greater than 80-percent shear. The DWTT is relatively simple to perform, but
the results must be directly correlated with structural performance, because there is no cor-
relation between appearance and the analytical parameters for toughness, such as Kj,.

The test that was developed for broad range measurement of fracture toughness is the
Dynamic Tear (DT') test. The key features in the design of the DT specimen are the notch
and the net section. A machined notch with a sharp tip (Fig. 2) effectively simulates a crack
without the expense of growing and controlling a uniform fatigue crack in low-strength
metals. The pressed tip with <0.001-in. {(<0.025-mm) root radius was extensively studied

5
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MACHINING DIMENSIONS PRESSED TP DETAILS

{W-a} to .
= 1,
& R _‘{ 3
ai:l

L

DIMENSIONS AND TOLERANCES
FOR NOTCH TiP
PARAMETER UNITS DIMENSION TOLERANCE

NET WIDTH tW-a} ;:;'4 zéj;zs :tg:gee
MACHINED NOTCH WIDTH, Ny ;”* ?:ggas ggﬁs
MACHINED NOTCH RODT ANGLE, Ny DEGREES 60 rz
MACHINED NOTCH ROOT RADIUS, Ny o) el e
PRESSED TIP DEPTH, 1y o g:gisﬁ fgfg"
PRESSED TIP ANGLE, 1, DEGREES 40 5
PRESSED TIP ROCT RADKSS, 1, " g:gg; el

Fig. 2 — Detail design of the notch in a Dynamic Tear specimen
{ASTM E804)

by the ASTM commiitee that standardized the specimen. As with ail toughness tests for
steels conducted at temperatures in the transition region, the reproducibility of test resulis
depends upon the alloy and the microstructure in the various product forms [18]. The net
section of the DT specimen is nearly equal to twice the thickness that provides a sufficiently
long fracture path for the crack to develop its natural shape. This design feature also allows
the plasiic-zone size to fully develop and expands the energy range in the elastic-plastic
regime,

The imporiance of specimen design on toughness characterization has been demon-
strated many times by the data generated in failure analysis. One recent example will be
given here {o illusirate the analytical capability of the DT fest and the difficulty in relating
Cy data to structuxal performance. From average C, and DT data, the franstilon-tempera-
ture characteristics of the ABS-B and ABS-C steels that were respectively in the deck and
gunnelg of the Tank Barge I08 3301 being propelied by the Motor Vessel Marthe Ingram are
presented in Fig. 3. This bavge fractured in a catastrophic manner from a fast propagating
crack that started from a small flaw at the toe of a reinforcement weld on the deck [17}.

The faifure temperature of the barge was 45°F {7°C}, which was 20° {0 30°F (11° to

17°C) above the NDT temperature. For both steels, the fracture surface was less than 20-
percent shear in appearance. This low-toughness hehavior ean be seen by the shape and

8
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Fig. 3 — The effect of specimen design on the toughness characteriza-
tion of the ABS-B (a) and ABS-C (b) steels in the Tank Barge I0S 3301
that fractured catastrophically on Jan. 10, 1972
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position of the DT energy curves for the full section, 1 in. (25 mm), and the 5/8-in. (16-
mm} specimens. In the Class B steel, only a slow rise in toughness occurred above the NDT
temperature until the midtransition temperature was reached, and then toughness increased
sharply with temperature, In contrast, the increase in €, energy was very pronounced at the
NDT temperature;in fact, the C, energy for the ABS-B steel at the failure temperature was
55 £5-1b {75 J). This high value is not normally associated with fractures that initiate from
small flaws. Note that the €, energy of the ABSB-C steel (as rolied} in the gunnels was even
higher, 80 ft-1b (81 J), at the failure temperature. The fracture appearance of the fracture in
the €, specimen was more than 90-percent shear while the fracture appearance of the steel
in the shructure was less than 20-percent shear. The data from the C,,, DWT-NDT, and DT
tests for these two conventional structural steels iilusirate the need for proper specimen
design when toughness in the temperature-transition region is being determined for charac-
terization purposes.

Toughness-chavacterization studies must also congider the metallurgical effects of
mechanical processing when specific alloys are evaiuated. The metal-processing effects are
egpeciatly important when mechanical properties are subsequently developed by heat treat-
ments such as quench-and-temper {Q&T} or quench- and age {Q&A). The variations that can
oceur in the temperature-transition characterisiics of the same alloy in various produet
forms are Mlustrated in Fig. 4 for alloy IN 787. This alloy has vecently been given the ASTM
designations of AT10 for plate and ATO7 for forgings,

In Fig. 4(a) are shown the temperalure transition features of IN 787 steel in 5/8-, 1-,
and 2-in. {16-, 25-, and 50-mm }-thick piates from the same heat of stesl and the same aging
heat {reatment after rolling. Noie that the midpoint in the DT energy transition of the 1-
and 2-in. (25- and 50-mm) plates has shifted approximately 60°F {33°C) above that for the
"~ B/8-in. {16-mm}-thick plate. The midtransition temperature of a 2-in. (50-mm)-thick sec-
tion will occur at an additional 40°F (22°C) higher temperature, placing the midtransition
temperature of a 2-in. (50-mm)-thick plate at 40°F {4.4°C). In this heat-treated condition,
the thinner plates would have good toughness characteristics for fracture-critical structures
in aretic locations, but a different heat freatment would be recommended for thick plates.

In Fig. 4{b}, the temperaturetransition features of IN 787 sted in two thick forgings
are shown. Both forgings were given a Q&A heat treatment which may have accounted for
the stecpness of the {ransition region compared to that for the IN 787 stesl in the plate
products. Low carbon contents (<{0.19 pereent) are common to many HSAL steels, and
steels with low carbon contents tend to have a narrow fransition-temperature range, a8 seen
in Fig. 4(b). Note also that there is a 50°F (28°C) shift in the location of the transition
region for the steel in the ingsert-nozzle forging compared to that for the stedl in the weld-
neck flange. This is a significant variaiion in toughness, and it {lustrates the need for good
process control fo maintain optimum mechanical properties in components of the HSLA
steels.

CRITERIA FOR BPECIFICATIONS
The criferia used for fracture teaéhaess in material specifications do not necessarily
have ta relate to a specific level of structural performance. The criferion selected for many

steels, such as a 20-ft-1b (27-J7) value or a G.015-in. {0.38-mm} lateral expansion value fora
C, specimen, is an arbitrary measure of a minimum guality with no relationship to the

8
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performance of the maferial in a structure. Since a variety of products is usually covered in
a material specification, and they may be used in a wide range of structures, it is not practi-
cal for a toughness criterion in a general specification to be quantitative.

Toughness criteria in military specifications, such as MIL-8-16218 for HY- 80 steel
which is used in critical military structures, are more restrictive than toughness eriteria in
industrial specifications. For example, the 50-ft-1b (68-J) C,, energy at ~-120°F {-84°C)
criterion in MIL-8-16216 for HY-80 steel ensures that this material in plate sections un to
2 in. {50 mm} thick will have a fully ductile performance af ice-water temperatures. This
high levet of performance is needed for combatant structures, but it would he excessively
conservative for most conventional structures. Except for regulated structures, such as
nuclear pressure vessels, or structures designed to the minimum standards fixed by some
cotes or rules, the minimumn level of performance is a matter of engineering judgment that
can only be sel by the design enginecr, and he shoutd have all of the necessary information
to make a proper udgment.

t: was previously stated that using materials with high levels of fracture toughness is
the economical way to achieve a high level of structural performance {4]. Although high-
qualify materials may be a good investment, they are not aiways available, and a selection
must be made from alternative materials. When a fracture-safe level of toughness cannot be
ensured {plastic regime}, a certain minimum toughness level is selected, and structural
inteprity can be assured by surveillance proceduires that preclude cracks from becoming
criticat in size. The other alternatives {o structural infegrity are redundancy or low nominal
stresses,

Operating welded structures below the transition region of the material is hazardous,
because of the small size of critical pop-in flaws. Therefore, a good minimum level for
toughness in highly siressed but not fracture-critical structural members is the dynamie
planie-3train Hmit. For example, this means the NDT temperatiire of the steel should be
below the minimum setvice temperature when sections ave between 5/8 in, (16 mm} and
1.5in. (38 mm]} in thickness. For thicker sections with potentially larger pop-in cracks, the
plane-strain limitl iz some incrempent sbove the NDT temperature. The DT energy that cor-
responds to the plane-strain limit (§ = 0.4) for the conventional siructural steels is shown in
Fig. 5(a). The DT values were obtained from an empirical relationship between Ky and DT
energy {8]. The applicability of these relationships for HSLA steels has not been investi-
gated, but they can serve as a guide where specific correlations are not, available.

For fracture-critical members, the index of performance should be higher than the
plane-gtrain limit, for example, a § = 0.9 level. This criterion has been recommended hecause
it provides better proteetion from undetectable flaws, and it is a readily understandable
structural-performanee criterion [11. This criterion implies that under a tensile load with
nominal stress at 1/2 Oy 8 flaw can grow unif it penetrates the section before ¥ becomes
critical. This large a flaw should be detected before it becomes critical and initiates an
unstable fracture, and any small pop-in flaw will be arrested. For complex struetural details,
such as welded intersections, the thickest section should be considered as the controlling
thickness,

The DT energy values for conventional steels that provide a § = 0.9 level of perform-

ance are shown in Fig. 5(b). Note that the DT energy index for sections thicker than 5/8 in.
{16 mn) reguires an adiustment in temperature as well as increased DT energy. The reason
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