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CRACK ARREST TOUGHNESS

DATA BASE F1R KlR-CURVE

by

G. T. Hahn, P. C. Gehlen, R. G. Hoagland
J. Lereim and A. R. Rosenfield

INTROL41'; TION

The KlR-curve, specified in Section III of the ASME Boiler
and Pressure Vessel Code is used in vessel integrity assessments to
determine allowable pressures consistent with the postulated defect.
The K -curve (see Figure 1) reflects the variation of the lower1R
bound of fracture toughness with temperature. The curve was defined
in 1971 on the basis of then available measurements of several tough-
ness parameters *. As shown in Figure 1, measurements of the crack
arrest toughness figured prominently in the positioning of the K1R-
curve. Crack arrest values also enter into the crack propagation
calculations specified in Section XI, Article A-5000 of the code.
Since 1971, the understanding of crack arrest toughness and its
measurement have been substantially refined. These developments have
been applied in a program designed to provide a significant and more
reliable body of crack arrest toughness measurements. This paper
presents results for unirradiated A533B and A508B steel and a weldment.

Crack arrest test specimens of a high copper veldment have been
irradiated and will be tested in the near future.

CRACK ARREST MATERIAL PROPERTY

There is general agreement that a material'- ~ ' m nce to
penetration by a fast moving crack may vary with cra;k velocity. This
fracture resistance can be expressed in terms of the fast fracture

toughness, KID, which is the stress intensity requirement to sustain the
advancing crack tip. Figure 2 illustrates the possible variation of

KID with crack velocity for a medium strength steel. The smallest value
of stress intenstiy that can maintain continued crack propagation is equal
to K the minimum toughness value on the KID-crack velocity,

*These included the conventional fracture toughness parameter K1c, the
high loading rate toughness K d and now called Kre(li), and the crackI
arrest toughness KIa and now called KIm-
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curve. The minimum toughness is a measure of the crack stopping
capacity of the material because crack arrest must occur under LEFM
conditions when the instantaneous stress intensity is reduced below the
minimum toughness value. Studies of 2 heats of A533B at temperatures

between RTNDT + 17 C and RTNDT - 66 C, which facilitate the study of a
wide range of crack velocities, point to the existence of a shallow,
flat bottomed toughness minimum extended from a crack velocity of about
300 ms-1 to 900 ms-1

CRACK ARREST TEST PROCEDURE

The general strategy for conducting KIm-measurements is out-
lined in Figure 3. Two essentially similar methods implementing this
strategy have been proposed to ASTM by workers from Battelle and
Materials Research Laboratory, Inc. The 2 test methods and an ongoing
Cooperative Test Program involving 30 different laboratories are
described more fully in the following paper. The present study
employed the Battelle method:

Duplex-DCB (140 x 380 x 50mm) and duplex-compacte

(254 x 247 x 50mm) test specimens (see Figure 4)

Transverse wedge loading (see Figure 5)e

e Measurement of the load point displacement
existing at the onset of fast fracture and after
arrest. These 2 displacements are essentially the
same because of the stiff wedge loading (see
Figure 6)

Measurement of the size of the crack jump af tere

arrest with the aid of heat tinting (Figure 7).

The value of KIm is defined using the reference curves of Figure 8 which
are the result of dynamic finite difference analyses; the value of K

Ia
is obtained using the conventional static LEFM analysis. The assump-
tions implicit in the 2 analyses are given in Figure 9. While the
authors regard the dynamic analysis more reliable than the static
interpretation, this remains controversial and both sets of results
are presented here.

*It has been recommended by the ASTM Dynamic Initiation and Crack Arrest
Task Group E 24.03.04 that the minimum value be designated as the crack
arrest toughness, KIm. It should also be noted that the symbol KIan
which is frequently used to designate estimates of the crack arrest
toughness obtained from a static analysis, appears in Section XI of the
code since this section predates more recent dynamic analyses of crack
arrest.
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DATA BASE MATERIALS AND TESTING CONDITIONS

Crack arrest measurements were performed on 3 heats of A533B,
3 heats of A508, and a submerged are weldment. These materials are
described in Figure 10. The test temperatures were in the range from
RTNDT, to RTNDT + 100 C. The steady state crack velocities produced in
these tests are in the range 350 ms-1 to 750 ms-1

19(nyt and will be-
see Figure 10)Test specimens of a high copper weldment

described in Figure 11 have been irradiated to 10
tested in the next quarter.

RESULTS OF KIm AND Kla MEASUREMENTS

The results of the dynamic LEFM analyses of the crack arrest
tests (KIm-values) are summarized in Figures 12 and 13, the results
of the static interpretation (Kla-values) are given in Figure 14. These
figures illustrate the temperature dependence of the crack arrest tough-
ness. They also show how well heat-to-heat variations can be described

by a simple RTNDT or NDT shift. Taken together, the KIm-results indexed
with respect to RTNDT in Figure 12 show a significant spread reflecting
variability within the different heats, as well as the variability from
heat-to-heat not accounted for by the RTNDT shift. Comparison with
Figure 13 shows that indexing on NDT tends to reduce the data spread.
The KIm values calculated from measurements reported by the Materials
Research Laboratory and obtained using the alternative test method fall
within the same scatter band. The comparisons with the KIc-values for
these same heats * and the KlR-curve reveal the followin ; important
points:

(i) At the RTNDT the KIm-values are about equal to KIc.
The KIm-values tend to increase more slowly with
temperature than K c above RTNDT, but they remainI

well above the level of KIc(K)-values which is close
to the KIR-curve.

(ii) The KIm-values for the A533 and A508 plates are
considerably above KIR demonstrating a sizable
element of conservatism in the KIR-curve as a
design criterion. While the crack arrest values
for the SA-weldment were substantially lower than
the base plate, even the weldment Kin-values fall
significantly above the KIR-curve.

*The average trend of KIc-values for the different heats is indicated
in Figures 12-14 by the curve labeled (slow loading) K c-I
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(iii) The K a-values are on average 32 % smaller thanl

the corresponding KIm-values for these materials.
Still, all the KIa-values for the base plates lie
above the KIR-curve, while the lower values for the
weldment straddle the KIR-curve. It should be noted
that these results also reflect conservatism because
Kla-values tend to understate the crack arrest
toughness.

Fractographic studies indicate that the relatively high KIm-levels
displayed by the base plates can be traced to uncoordinated, out-of-
plane crack front movement, which tends to produce a rough fracture
surface, ductile ligamente and regions of high energy ductile shear
failure (see Figures 15-17).

APPLICATION

In addition to the support they provide for the KIR-curve,
the crack arrest toughness values make it possible to assess the
likelihood of crack arrest when the onset of rapid fracture cannot be
precluded. Such assessments can be performed using conventional
static LEFM analyses as illustrated in Figure 18a and c.

e A lower bound estimate of the extent of fracture can
be obtained by assuming all the excess (kinetic) energy
released in the process of crack extension (shaded area
in Figure 18a) is dissipated prior to arrest. This
assumption is valid in the limit of small crack jumps.

An upper bound estimate is obtained by assuming all ofe

the excess energy (shaded area (1) in Figure 18c) is
conserved. This is a good approximation for crack
jumps large relative to the component dimensions.

The report of the PVRC/MPC Task Group on Fracture Toughness
Properties of Nuclear Components * notes that the crack arrest
methodology in Section XI of the Code, which is based on the small
jump-static analysis approach, is likely to be valid for less than
1-inch extensions in a vessel. This conclusion is supported by a
dynamic analysis of a run arrest event in a thermally stressed
cylinder produced by Cheverton and coworkers at ORNL. Methods of per-
forming dynamic analyses of run arrest events in cylinders subjected
to thermal stresses are currently being perfected at Battelle with the
aim of establishing analytical procedures for large crack extensions.

*PVRC/MPC Report dated August 1973.
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The curve illustrates a possibleness KIc.
variation of the fast fracture toughness, KID *
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FIGURE 3. FEATURES OF LEFM CRACK ARREST TESTING

1. PRODUCE UilSTABLE CRACTURE EVENT

GENERATE K -LEVELS INITIALLY HIGHER THANI

KIC AND KIM UNDER LEFM CONDITIONS
-- USE BLUNT NOTCH TOGETHER WITH HARDENED STARTER

SECTION CR WELD EMBRITTLED SPECIMEN

2. ARREST CRACK

DESIGN SPECIMEN GE0 METRY AND LOADING TO GIVE

DECREASING Ky-FIELD WITH CRACK EXTENSION
-- USE DC8 CR CCMPACT SPECIMEN WITH STIFF LOADlHG

3. PROMOTE FLAT, PLANE STRAIN FRACTURE

-- USE i ACE GRCOVES

4. REDUCE SPECIMEN-TESTING MACHINE INTERACTION

-- USE LONGITUDINAL OR TRANSVERSE WEDGE LOADING

5. SIMPLIFY MFASUREMENT A|D ANALYSIS TASKS
.

-- VEAMRE LOAD POINT DISPLACEMENT AT ONSET OF
FRA :.'TURE OR AFTER ARREST AND CHANGE IN
CRA.'K LENGTH (BY HEAT TINTING)

-- USE TABLES OR REFERENCE CURVES DERIVED FROM
STATIC OR DYNAMIC LEFM AVALYSES TO INTERPRET
MEASUREMENTS
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FIGURE 7. FRACTURED AND HEAT TREATED CRACK ARREST TEST-

SPECINENS OF A508 STEEL
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FIGURE 9: ANALYSIS OF CRACK ARREST MEASUREMENTS

Kkm o g .

b Ksm
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/. STATIC APPROACH B. DYNAMIC APPROACH

e DERIVES K13 FROM LOAD POINT DERIVES K n FROM DISPLACEMENTI.

DISPLACEMENT VALUE AND CRACK VALUE AT ONSET OF FRACTURE

LENGTH MEASURED AFTER ARREST AND CRACK LENGTH AT ARREST

e USES 2D, DYNAMIC LEFM ANALYSIS
e USES STATIC LEFM ANALYSIS

C LC' LATE KINETIC ENERGY
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FIGURE 10. DATA BASE MATERIALS

ALLOY (HEAT) NDT, C RTNDT, C CVN(SHELF)FT/LBS

A533B (BCL) -12 -12 134

A533B (CBI) -29 -12 ~ 90

A533B (CE) -12 -12 118

A533B (CTP) -40 -20 75

A508 (B&W/B) 7 -7 120

A508 (B&W/D) 4 4 148

SA WELDMENT (CE) -57 -57 130

SA WELDMENT* (BKS) -46(80)** -18(110)** 78(45)**

HIGH COPPER / PHOSPHOROUS WELDMENT (Cu: 0.30, P: 0.014).
*

/ALUES AFTER IRRADIATION TO 1.1019
**

NVT.
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FIGURE 11. ARRANGEMENT OF TEST SPECIMENS IN IRRADIATION CAPSULE

top O -

.

_

-

g. _

.

-

i I.

! l.
.

8" \ @ 4 DCB's
' '

-

' 4x9x1 INCH-

@' @ 16 TENSILES

"|,@
,,, ,

. 3.5x7/8x1/8!
--

87-
~ '

INCHi
.

.!
-

clo ole oh_o!o ok c!o of @ 20 0.5T-CT's
'

-

oro of g 1.25x1.2x0,5- f@,
'

,

, i,t .
INCH-

i:|j i-

| | @ 28 CHARPY-V's-

@ ! 0.39x0.39x2.17

2.. " |, |h ,b
-

INCH._

: : 1_
.

'
; .:.

i ;.

o:<!
-

><
: ,

9

e

f I E E G A A G g

o 4- 8"



. .

300

- Upper Bound of kid,KIa
250 - Tn .WRC-175)

T(Slow Loading)KIc KIR
/

O O / {200 - 0 54
+ /c ?

E /
~

a .

a' 4: 8 O /g 150 4 :: O O

!g K Results
/T Im

/ 3 Material Source
_

/ T 0 A533B BCL
#p 0 A5338 CBI

A A533B E
50 - + A533B CTB

O A508 BBW

v SA Weld CE

O I l ! I' i i i '

O 20 40 60 80 100

TRTNDT (C)

FIGURE 12. RESULTS OF CRACK ARREST TOUGHNESS MEASUREMENTS

ON DATA BASE MATERIALS DERIVED FROM THE DYNAMIC

ANALYSIS APPROACH AND INDEXED ON RTNDT
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FIGURE 13. RESULTS OF CRACK A.lREST TOUGHNESS MEASUREMENTS

ON DATA BASE MATERIALS DERIVED FROM THE DYNAMIC

ANALYSIS APPROACH Al'D INDEXED ON NDT
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FIGURE 14. RESULTS OF CRACK ARREST TOUGHNESS MEASUREMENTS
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Figure 15. Appearance of fast fractures in 250 x 50 mm
duplex-compact crack arrest specimens of
nuclear pressure vessel steel: (top) SA-

weldment tested at RTET + 57'C, KIm = 127
MPaml/2, (bottom) A508 tested at RTET + 30 *C ,

Im = 157 MPaml/2 The fractures initiated inK
4340 steel from the root of the blunt slot on
the right side of the photograph, entered the

test section at the weld (3-5 mm-wide electron
beam weld), and arrested. The newly created
surfaces were darkened by heat tinting, before
breaking the specimens at -76*C to expose the
fractures. The light (unoxidized) regions
behind the crack front are ligaments which
were unbroken when the crack arrested



FIGURE 16. CONSEQUENCES OF OUT OF PLANE CRACK FRONT
MOVEMENT
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FIGURE 17. FRACTURE SURFACE OF CRACK ARREST SPECIMEN OF ( D)A508 TESTED AT
39 C (ESTIMATED CRACK VELOCITY ^ 500 MS-1): LOWER RIGHT - LOW

MAGNIFICATION SHOWING LIGAMENT; LEFT AND UPPER RIGHT - HIGHER

MAGNIFICATION OF THE SAME AREA REVEALING DUCTILE SHEAR MODE OF

LIGAMENT RUPTURE AND BRITTLE CLEAVAGE MODE OF SURROUNDING
MATERIAL
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Figure 18. Schematic representation of the crack driving force ( J ) andI
material fracture resistance ( J Ic e # 10 # m) in energy termsI
for the long axial surface flaw extending rau. lly from thea
inner wall of a cylindrical vessel, corresponding to the stress
intensity values given in Reference 62: (a) static approximation,
(b) dynamic analysis, and (c) energy approximation. Note that
aj is the initial crack length which is just unstable for the
indicated driving force and resistance values; a2 is the crack
length of arrest, with the superscript SA, D, and EA referring
to the static approximation, dynamic analysis and energy approxi-
mation. The scales on the ordinate and abcissa have been in-
cluded to facilitate comparisons betweens i and Ky in Fig.1,
while the fracture resistance curve corresponds with the KIc'
KID' KIm curve in Fig.1, it k strictly schematic and not a
representative of a real material .


