
DIRECTION DES ÉTUDES ET
RECHERCHES

SERVICE RÉACTEURS NUCLÉAIRES ET ECHANGEURS
DÉPARTEMENT MÉCANIQUE ET TECHNOLOGIE DES
COMPOSANTS

l l
FR9703379

Gestion
Doc. enreg. 13
N° TRN : £ * 3
Destination

. •

1NIS,

. I.I + D.D

Septembre 1996

WANG Y.Y.

KIRKM.T.

GORDON J.R.

HORNET P.

ERIPRET C.

RECOMMANDATIONS PRATIQUES POUR LA
DETERMINATION EXPERIMENTALE DE LA
TENACITE DE JOINTS SOUDES EN SITUATION
DE MISMATCHING

RECOMMENDED PRACTICE FOR FRACTURE
TOUGHNESS TESTING OF WELDMENTS WITH
STRENGTH MISMATCH

Pages : 17 97NB00007

Diffusion : J.-M. Lecœuvre
EDF-DER
Service IPN. Département PROVAL
1, avenue du Général-de-Gaulle
92141 Clamart Cedex

VOL 2 8 N6 2 2

©EDF 1997

ISSN 1161-0611



SYNTHESE :

Mesurer la ténacité nécessite de connaître la relation entre les grandeurs
mesurables expérimentalement, comme la force et le déplacement, et J ou l'ouverture
en pointe de fissure (CTOD). Cette relation, proposée dans les procédures codifiées
(ASTM E813, El 152, E1290, et BSI7448:Part 1) a été construite en considérant que
les éprouvettes sont homogènes du point de vue de leurs propriétés mécaniques.
Pourtant, ces procédures sont couramment utilisées pour tester les joints soudés malgré
les variations importantes de propriétés mécaniques. C'est pourquoi la validité des
valeurs de ténacité (J et CTOD) peut parfois être mise en cause.

Des études numériques par calculs aux éléments finis ont été conduites de
manière systématique pour des geometries d'éprouvettes de flexion trois points
(SENB) ayant une fissure au centre d'une soudure. L'effet de différents paramètres,
comme la largeur de joint, le rapport de mismatch (rapport entre la limite d'élasticité
du métal de base et celle du métal déposé) et la profondeur de fissure ont été
considérés. L'exactitude des procédures codifiées de détermination expérimentale de J
et du CTOD quand elles sont appliquées à des éprouvettes SENB en situation de
mismatching est examinée. Cette évaluation systématique est étendue à plusieurs
procédures proposées récemment comme celle de Joch et al. ou celle de Homet et
Eripret. Les précisions obtenues, si on utilise les procédures codifiées ou ces nouvelles
procédures, sont présentées en fonction du niveau de mismatch et de la largeur du
cordon de soudure. Des recommandations sont finalement proposées pour l'utilisation
de ces différentes procédures pour une grande variété de niveaux de mismatch et de
longueurs de fissure.
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EXECUTIVE SUMMARY :

Fracture toughness testing requires relationships between experimentally
measured quantities, such as load and displacement, and J and crack tip opening
displacement (CTOD). The relationships provided in the presently codified procedures
(ASTME813, El 152, E1290, et BSI7448:Part 1) were derived under the assumption
that the specimens have homogeneous mechanical properties. However, these codified
procedures are frequently used for testing of weldments despite their strong
mechanical properties variations. As a result, the accuracy of the toughness values (J or
CTOD) is sometimes in question.

Systematic finite element studies of mismatched single-edge-notched-bend
specimens (SENB) having a crack on the weld centerline have been conducted to
resolve this question. The effect of various parameters on these relationships, such as
weld size, degree of mismatch, and crack depth, is investigated. The accuracy of the
codified J and CTOD testing procedures when applied to the mismatched SE(B)
specimens is examined. This systematic examination is extended to several newly
proposed procedures, such as those from Joch et al. and Hornet and EripreL New J and
CTOD estimations procedures are proposed. The expected error in applying the
codified and the new procedures are shown are proposed. The expected error in
applying the codified and the new procedures are shown in terms of mismatch level
and weld width. Recommendations are made on the use of those procedures for a
variety of weld mismatch and crack depth conditions.
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Recommended Practice for Fracture Toughness Testing of Weldments with
Strength Mismatch

Y.-Y. Wang. M.T. Kirk, and J. R. Gordon
Edison Welding Institute
Columbus, Ohio. U.S.A.

P. Hornet and C. Eripret
EDF

France

1.0 INTRODUCTION

Fracture assessments of welded structures often require fracture toughness testing of
weldments. The presently codified testing procedures (e.g., ASTM E813"'. El 152(2), E1290<3\
and BSI 7448:Part 1(4)) are often used for such tests, even though these procedures are strictly
valid for specimens with homogeneous mechanical properties. In a welded structure, the weld
metal, the heat-affected zone (HAZ), and the base metal usually have different mechanical
properties. Consequently, the application of these procedures without proper consideration for
the inhomogeneities produced by welding could result in inaccurate estimation of a material's
fracture toughness.



In this paper, we first examine the accuracy of the codified J and CTOD estimation
procedures for mismatched SE(B) specimens having a crack on the weld centerline. The range
of applicability of these procedures is investigated. Other non-codified procedures are
discussed and their accuracy is examined. The expected errors in using these procedures are
described for various weld widths, mismatch levels, and crack depths.

2.0 ANALYSIS BACKGROUND

2.1 Geometries and Finite Element Mesh
A SE(B) specimen and associated geometric parameters are shown in Fig. 1. The specimen

width, W, was set at 50 mm. Specimens having a wide range of crack depths (a/W=0.1 to
0.5) and weld widths (h/W=0A to 1.5) were analyzed. All the welds are parallel-sided.

Figure 2 shows a typical FE mesh of a SE(B) specimen with a/W = 0.5. Due to the
symmetry conditions along the crack plane, only one-half of the specimen is modelled. There
are 16 rings of elements around the crack tip. The typical size of the crack tip elements is
on the order of 10'ya. Each model has about 400 8-node quadratic plane-strain elements with
reduced integration (ABAQUS® Type CPE8R).

2.2 Material Properties
The stress-strain relations of the base metal and weld metal are modelled using a Ramberg-

Osgood power law strain-hardening relationship:

(1)

where o* and e are engineering stress and engineering strain, respectively, o"0 is the reference
yield stress. e^c^E is the reference yield strain, E is Young's modulus, or is a dimensionless
material parameter, and n is the strain hardening exponent. Using the yield stress from the
Ramberg-Osgood stress strain relations, the mismatch level is defined as follows:

(2)

°o

where <T0
B is the yield stress of the base metal, and <Tn

w is the yield stress of the weld metal.
Most of the analyses were performed with a low (H=20) and a high (n=5) strain hardening
rate. A small portion of the analyses were performed with a wider range of strain hardening
levels («=4, 5, 10, 20, 50). In all cases, the strain hardening exponents of the base metal and
weld metal are equal.

The yield stress of the weld metal is fixed at 85 ksi (586 MPa) for all the analyses. The
yield stress of the base metal is adjusted to give two undermatching (A/=-25% and -50%), and
two overmatching (A/=25% and 50%) conditions.

2.3 Analysis Procedures
All the FE analyses are performed using ABAQUS® assuming small strain formulation and

deformation theory of plasticity. Values of /-integral are obtained using the domain integral
method as provided by ABAQUS. The difference in J values among the different contours
is less than 0.5%. All the contours are located inside the weld. The CTOD is calculated



using the 45° interception definition on the crack-tip deformation fields.

3.0 J ESTIMATION PROCEDURES

3.1 Codified J Estimation Procedures

3.1.1 General Description
The codified procedures use a partition of the total J into small-scale yielding and fully

plastic components"241. The small-scale yielding component of J is expressed as a function
of the stress intensity factor, K. The fully plastic component of J is determined from the
plastic component of the area under the load vs. load-line displacement (LLD) record (i/pl).
Therefore. J is given by:

j ()
E B(W-a)

where £ and v are Young's modulus and Poissons ratio, respectively. In the current ASTM
and BSI standards"241, r/p is equal to 2.

3.1.2 Accuracy
Figure 3 shows the average errors in estimated J values by using the ASTM J estimation

procedure (Eq. (3)) for deeply-cracked mismatched SE(B) specimens with low strain hardening
(w=20). The average error is calculated as:

Err yiï
"* N

where /„., is the estimated J from Eq. (3), and Jral is the calculated / directly from the domain
integral, respectively. The total number of data points. N, represents the number of load
increments in a FE analysis which gives J > 100 N/mm. Data points at smaller values of J
were neglected because r/p did not approach a constant value until large plasticity was
developed. Figure 4 shows the average errors for SE(B) specimens with high strain hardening
(n=5). For overmatched SE(B)s, the ASTM procedure overpredicts the J values (i.e.. a non-
conservative J estimate for a fracture toughness specimen). For undermatched SE(B)s. the
ASTM procedure generally underpredicts or slightly overpredicts the J values. The magnitude
of the error is small at either small or large values of hlW.

It is assumed in Eq. (3) that rjp is independent of the magnitude of deformation once
plasticity dominates the deformation. Our FE results indicate slight variation of r;p with
respect to deformation level. The variation is generally within 3-4% once the plasticity is
fully developed. Therefore, an error (or difference) in estimated J of 3-4% should be viewed
as insignificant and within the accuracy of the analysis procedures.

In summary, the current standard J estimation procedures is accurate to within 10% error for
deeply-cracked SE(B) specimens with:

1. a mismatch level of 50% undermatch to 25% overmatch for low strain hardening, or,
2. a mismatch level of 50% undermatch to 50% overmatch for high strain hardening.



3.2 Other Non-Codified Procedures

3.2.1 General Description
Sumpter'51 first proposed to use the plastic component of the area under load vs. crack mouth

opening displacement (CMOD) record (Apl) to calculate the plastic component of J. Kirk and
Dodds16' proposed the following formula using Apl,

E B{W-a)

where

TI = 3.785-3.101 — +2.018 — «>)

Wang and Gordon'71 proposed a slightly different 77C expression:

TI = 3.50 - 1.42f—) (7)

Part of the difference between Kirk and Dodds and Wang and Gordon is attributed to the
J value at which rjc was taken. The rjc values from Kirk and Dodds were taken at a higher
value of J than that of Wang and Gordon. As indicated in the previous section, a small
variation of rjc exists over a loading range from small scale yielding to large plasticity. It
should be emphasized that Eqs. (6) and (7) provide essentially the same values of TJC, in the
range of a/W=0.1-0.5, with a maximum difference of about 3%. Indeed, even at a/W=0.7, the
difference between Eqs. (6) and (7) is less than 4%.

Joch'81, et al., obtained T]p values for mismatched SE(B) specimens by assuming a simple
deformation field. The rçp values were tabulated for different weld widths and mismatch
levels. The assumed field is only valid for deeply-cracked SE(B)s. A somewhat similar
approach was taken by Hornet and Eripret"1 to obtain values of rjc for mismatched SE(B)s.
They used load vs. CMOD record and the homogeneous solution of Wang and Gordon'71 as
the basis for their solutions. These solutions have been applied to shallow-cracked, as well
as deeply-cracked SE(B)sll0). An iterative process has to be employed to solve for rjc.

3.2.2. Accuracy
Potential errors introduced by using the various new J estimation procedures are evaluated.

Figure 5 shows the variation of the average error with respect to weld width for deeply-
cracked SE(B)s with low strain hardening («=20) using Eq. (6). The average error is
calculated using Eq. (4), with the usual limitation on the range of J values. For overmatched
SE(B)s, Kirk and Dodds' procedure overpredicts the J values (a non-conservative J estimate).
For undermatched SE(B)s, the procedure underpredicts the J values (a conservative /estimate).
The maximum error is about one-third of the degree of mismatch. For instance, if the
overmatch is 50%, the maximum overprediction by using Eq. (6) is about 50/3=17%. The
error produced for shallow-cracked SE(B) specimens with low strain hardening (n=20), shown
in Fig. 6, is similar to that of deeply-cracked SE(B)s. The SE(B)s with low strain hardening
were chosen since the mismatch effect is more pronounced in such materials than high strain
hardening materials.



The averaged error introduced by Wang and Gordon's expression (Eq. (7)) is illustrated in
Figs. 7 and 8 for deeply- and shallow-cracked SE(B)s. respectively. As expected, the variation
of the averaged error with respect to the weld width is similar to that from using Eq. (6).
Overall. Eq. (7) gives a slightly larger error than Eq. (6) for deeply-cracked SE(B)s. while it
reduces the error for shallow-cracked SE(B)s.

Figure 9 shows the averaged error for deeply-cracked SE(B)s with various weld width by
using tabulated rjp values given by Joch, etc.'8' The proposed rçp values provide accurate J
values for overmatched specimens. However, significant overestimation can occur for
undermatched SE(B)s with a certain weld width. A comparison was not made for shallow-
cracked specimens since the procedure provides no provision for crack depth corrections.

Figure 10 shows the variation of averaged error vs. weld width for deeply-cracked SE(B)s
by using the rjc values of Homet and Eripret'9'. For overmatched SE(B)s, the typical error is
within 5%. However, significant overestimation occurs for undermatched SE(B)s at h/W=0.3.
Figure 11 shows the errors when such a procedure is applied to shallow-cracked specimens.
A large overestimation occurs at hlW~ 0.7 for the 50% overmatched specimen. Comparison
of rjc values from the current FE analysis and those of Hornet and Eripret191 is made in Figs.
12 and 13. Good agreement is evident in overall trend. However, Homet and Eripret give
significantly high rjc values for undermatched SE(B)s at certain values of h/W. These high
values of rjc contribute to the significant overestimation shown in Figs. 10 and 11.

4.0 CTOD ESTIMATION PROCEDURES

4.1 Codified CTOD Estimation Procedure

4.1.1. General Description
The procedure of calculating CTOD (8)°4) adopted by both ASTM and BSI testing standards

is to partition the total CTOD into small-scale yielding and fully plastic components:

2Eoy rp{W-a)+a+z

where Vp is the plastic component of CMOD measured at knife-edge height z, rp is the plastic
rotational factor, and cy is the yield stress. The ASTM El290 specifies a plastic rotational
factor of 0.44, whereas BSI 7448 specifies a rp value of 0.4.

4.1.2 Accuracy
When applied to welds, the accuracy of the codified CTOD estimation procedures depends

upon crack depth, level of weld metal mismatch, weld width, and strain hardening level.
Figures 14 and 15 show the average errors in estimated CTOD values produced by using the
ASTM CTOD estimation procedure (Eq. (8) and rp=0.44) for deeply-cracked mismatched
SE(B) specimens with low and high strain hardening, respectively. The average error is
calculated as:

_ Si? fflL-OCl (9)
«* N

where &„ is the estimated CTOD using the ASTM procedure, Ôcal is the CTOD calculated
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from crack tip deformation using the 45° interception definition. The number of data points.
N, represents the number of loading increments in the FE analysis with CTOD greater than
0.05 mm. In general, the ASTM procedure is accurate for the SE(B) specimens with low
strain hardening. The average error is independent of weld width and mismatch level, except
for the 50% undermatched specimen with h/W < 0.2. In contrast, the ASTM procedure
significantly overpredicts the CTOD values for SE(B) specimens with high strain hardening
(n=5). as shown in Fig. 15. The average error is slightly dependent on weld width, but
strongly dependent on the mismatch level. Higher overmatch levels produce higher
overpredictions. The averaged error produced by the BSI estimation procedures (Eq. (8) and
rp=0.40) for deeply-cracked mismatched SE(B) specimens is similar to that of the ASTM
procedure.

The standard CTOD estimation procedure. Eq. (8), is premised on the existence of a plastic
hinge at the position rp(W-a) ahead of a crack. This hinge mechanism is strictly valid for
perfectly plastic materials with a deep crack under predominantly bending loads. For
materials with low to moderate strain hardening and a deep crack, the plastic hinge assumption
is approximately accurate. However, such a plastic hinge does not exist at a fixed location
ahead of a crack in a high strain-hardening material. Consequently, a significant error can be
introduced when Eq. (8) is applied to high strain-hardening materials'6". Figure 16 shows the
relationship between the plastic component of CTOD (CTODp) and the plastic component of
CMOD (CM0Dp) for homegeneous SE(B)s. The existence of a plastic hinge predicts a linear
relation between the CTODp and CMODp. It is apparent that this linear relation does not exist
for high strain hardening materials. In Fig. 16, the linear relations between CTODp and
CMODp associated with rp = 0.44'31 and rp = 0.40(4) are also shown. These lines are close to
the «=50 line. Therefore, Eq. (8) should only be used for deeply-cracked specimens with low
to moderate strain hardening.

4.2 Other Non-Codified CTOD Estimation Procedures
Another method of obtaining the plastic component of CTOD is to use the plastic area under

the load vs. CMOD record {Ajbl):

__
2Eoy

The CTOD may also be calculated using its relation to JO):

where m is a dimensionless factor relating J and CTOD.
The CTOD estimation procedure based on the plastic component of the area under the load

vs. CMOD record, i.e., Eq. (10), has been found to be suitable to calculate CTOD of SE(B)
with large ranges of alW ratio and strain-hardening rate. However, such a procedure is less
accurate than the J to CTOD conversion procedure, i.e., Eq. ( 11 ), at small values of CTOD(7).

An m expression was proposed by Wang and Gordon*7':

Combining the current FE results and those in Kirk and Dodds(6), Kirk and Wang0 0 found

11



m=-0.0757+0.802—+1.317* (12)
W

slightly different coefficients for Eq. (12):

a_
W

= -0.111+0.817—+ 1.360/? (13)

(6).For Ramberg-Osgood material, R can be calculated as1

*f-2SL.r (M)
U-718xnJ

For a non-Ramberg-Osgood material, R can be taken as the ratio of tensile strength to yield
stress. It has been shown that Eq. (13) is accurate for such materials011.

4.2.1 Accuracy
Figures 17 and 18 show the variation of m vs. weld width at different degrees of mismatch

and low strain hardening (n=20). The value of m for the homogeneous SE(B)s (from Eq.
(13)) and the lines denoting 20% deviations from the homogeneous values are also drawn in
the figures. The m values of overmatched specimens are generally smaller than the
homogeneous values, while the opposite is true for undermatched specimens. The m values
diverge from the m value of a homogeneous specimen when the weld width decreases.

Potential errors introduced by using the new CTOD estimation procedures for mismatched
SE(B)s are shown in Figs. 19 and 20. The average error is calculated using Eq. (9), where
ôesl is from Eqs. (5), (7), (11), and (13). For overmatched SE(B)s, the procedure generally
underpredicts the CTOD values (conservative CTOD estimates). For undermatched SE(B)s,
the homogeneous procedure overpredicts the CTOD values (non-conservative). Similar trends
are evident in Fig. 20 for shallow-cracked SE(B)s with low strain hardening. Our analysis
also showed that the new procedure provides more accurate CTOD estimation for materials
with higher strain hardening than those with low strain hardening.

5.0 CONCLUSIONS
Ideally, a fracture toughness estimation procedure should be simple to use and provides

reasonable accuracy when compared with other experimental complications. Our attempt is
to provide simple estimation procedures which would cover most welds of engineering
structures, and more specific procedures for other more specialized application. With this in
mind, some general comments may be made on J calculation:

( 1 ) The codified J estimation procedures may be used for deeply-cracked SE(B) specimens
with the following limitations:

(a) a mismatch level of 50% undermatch to 25% overmatch for low strain
hardening, or,

(b) a mismatch level of 50% undermatch to 50% overmatch for high strain
hardening.

(2) The non-mismatch corrected procedure of Eqs. (5) and (6) or (7) is recommended if
the specimen satisfies the following conditions:

(a) 0.1 <a/W< 0.5

12



(b) -509c < M < 30%
No limit is placed on the weld width. Most welds of practical application should be
covered under those conditions. A maximum overestimation is about 10% for
overmatched specimens. For undermached specimens. J will be underestimated (by
as much as 14% for certain weld widths). This procedure can potentially be extended
to a/W > 0.5. but further verification is needed.

(3) The procedures of Joch, et al.'*1 and Hornet and Eripret'" provide accurate J estimation
for overmatched specimens with Joch's procedure limited to deeply-cracked specimens.
However, for moderately overmatched specimens, e.g., M < 30%, it may not be
necessary to resort to these more complex procedures for a possible gain of a few
percentage points of accuracy. Therefore, the explicitly mismatch-corrected procedure
of Hornet and Eripret'91 is recommended for specimens with M > 30% for both
shallow- and deeply-cracked SE(B)s.

(4) The procedures of Joch, et al., and Hornet and Eripret can provide accurate J
estimation at either small or large h/W, but they may significantly overestimate J for
certain h/Ws in between. Since the non-mismatch corrected procedure provides
reasonably accurate and conservative J estimation for undermatched specimens, the
benefit of using those mismatch-corrected procedures is presently limited. However,
they can be very useful if the potential overestimation is corrected.

Applying the same principle as the J estimation, the following conclusion can be made for
CTOD estimation:

(1) The codified CTOD estimation procedure is accurate for deeply-cracked specimens
with low strain hardening and mismatch level M > -25%.

(2) A non-mismatch corrected procedure of Eqs. (5), (6), (11), and (13) is recommended
for overmatched SE(B)s with 0.1 < a/W < 0.5 and no strain hardening and weld width
restriction. This procedure is expected to underestimate CTOD values for overmatched
SE(B)s. The underestimate could be greater than 20% for h/W < 0.2. This procedure
can potentially be extended to a/W > 0.5, but further verification is needed.

(3) The above procedure can be applied to undermatched SE(B)s with additional restriction
on weld width, i.e.. h/W > 0.2. Overestimation of less than 10% is expected when this
weld width restriction is applied.

(4) A mismatch and weld width corrected CTOD estimation procedure is needed for
specimens with narrow weld and high mismatch levels.

Our analyses were focused on high strain hardening (n=5) and low strain hardening (n=20)
materials. Since mismatch effect is more pronounced in materials with low strain hardening
than high strain hardening, a low strain hardening should be assumed for materials with a
strain hardening rate falling between «=5 and n=20 when mismatch effect is considered. This
will ensure conservative estimation of the mismatch effect. The strain hardening rate may be
estimated by using Eq. (14), where R is the ratio of tensile strength to yield stress.
Alternatively, a curve fit of the Ramberg-Osgood stress-strain law may be performed.
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Fig. 1 The SE(B) geometry and the associated parameters
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Fig. 2 A typical FE mesh for deeply-cracked SE(B) specimen
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Fig. 3 Expected error when ASTM
procedure is applied to deeply-cracked
SE(B)s with low strain hardening (n=20)

Fig. 4 Expected error when ASTM
procedure is applied to deeply-cracked
SE(B)s with high strain hardening (n=5)
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Fig. 5 Expected error when the TJC of Kirk
and Dodds*6) is applied to deeply-cracked
SE(B)s with low strain hardening (n=20)

h/W
Fig. 6 Expected error when the rjc of Kirk
and Dodds(6) is applied to shallow-cracked
SE(B)s with low strain hardening (n=20)
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Fig. 7 Expected error when the T)C of Wang
and Gordon*7) is applied to deeply-cracked
SE(B)s with low strain hardening (n=20)
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Fig. 8 Expected error when the r\c of Wang
and Gordon^7) is applied to shallow-cracked
SE(B)s with low strain hardening (n=20)
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Fig. 9 Expected error when the rjp of Joch,
etc.<8), is applied to deeply-cracked SE(B)s
with low strain hardening (n=20)
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Fig. 10 Expected error when the r}c of Hornet
and Eripret<9> is applied to deeply-cracked
SE(B)s with low strain hardening (n=20)
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Fig. 11 Expected error when the tjc of Hornet
and Eripret(9> is applied to shallow-cracked
SE(B)s with low strain hardening (n=20)

4.0

3.5

#3.0

2.5

2.0

O W=50%
O M=25%
A M =-25%
O M =-50%

[solid lines: present F t
•broker̂  lines: l-jomet and Eripret

o.o 0.1 0.2 0.3

h/W
0.4 0.5 0.6

Fig. 12 Comparison of ^values
between the present FEA and Homet
and Eripret<9> for deeply-cracked SE(B)s

4.5

4.0 -

£3.5 -

3.0 -

2.5

: ^ ^ ^
• solid lines: present F
• broken lines: |Homet

o M =50% :
O M =25% "
A M= -25%_
O M = -50% '

,• ^5 «J

cA
and Eripfet

30

^ 2 0
Q

t - 10
o

^ -
JO
œ-20
>

-30

i

. Q g

- 0——0
o o

. 3 0

. cr

i i ' I

W= 50%
M= 25%
M= -25%
M =-50%

V""H
P ,f 4-4- X I

4
fi ]

J
. . . . . . . 1

0.0 0.5 1.0 1.5

h/W
Fig. 13 Comparison of rjc values between
the present FEA and Hornet and Eripret^
for shallow-cracked SE(B)s

0.0 0.1 0.2 0.3 0.4 0.5

h/W
Fig. 14 Expected error when ASTM
procedure is applied to deeply-cracked
SE(B)s with low strain hardening (n=20)

17



60

—SO
D

I"

0)10

3

0.012

G—e—e—e—e—•
M= 50%
M =25%
M =-25%

9 o M=-SQ%

0.4
0
0.0 0.1 0.2 0.3

h/W
Fig. 15 Expected error when ASTM
procedure is applied to deeply-cracked
SE(B)s with high strain hardening (n=5)

0.5 0.01 0.04

m

M =50%
M =25%

O O W = -25%
Q O W =

0.0 0.1 0.2 0.3 0.4 0.5

Fig. 17 Variation of m for deeply-cracked
SE(B)s with low strain hardening (n=20)

0.02 0.03
CMODp

Fig. 16 The effect of strain hardening on
the relationship between plastic
components of CTOD and CMOD.

0.05

m

G——o M=50%
O O M=25%
0 O W=-25%
O o W=-50%

0.0 0.5 1.0 1.5

h/W
Fig. 18 Variation of m for shallow-cracked
SE(B)s with low strain hardening (n=20)

Af=50%
M =25%.

O M =-25%
o M =-50%

0.0

Fig. 19 Expected error when recommended
procedure is applied to deeply-cracked
SE(B)s with low strain hardening (n=20)

30

Q 20

o
10o

i
tr

- 2 0

\
\

- \ ^ .

o

o o
0 o
o o
Q O

M-
M =
Ms
M =

50%
25%
-25%
-50%

0 -

0.0 0.5 1.0 1.5

h/W
Fig. 20 Expected error when recommended
procedure is applied to shallow-cracked
SE(B)s with low strain hardening (n=20)

18


