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Foreword

The symposium on User’s Experience with Elastic-Plastic Fracture Toughness
Test Methods was presented at Louisville, KY, 20-24 April 1983. The sym-
posium was sponsored by ASTM Committee E-24 on Fracture Testing. E. T.
Wessel, Westinghouse R&D, and F. J. Loss, Materials Engineering Associates,
presided as chairmen of the symposium and are editors of the publication.
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Introduction

Interest in elastic-plastic fracture has increased significantly over the past
decade. New approaches to analyze structural performance under elastic-plastic
conditions have been accompanied by the development of test methods to char-
acterize material behavior in a manner compatible with the analysis. Key issues
that must be addressed in test method development are characterization of ge-
ometry factors in the structure with respect to crack-tip constraint, specimen size
effects, crack initiation, stable crack extension, and fracture mode. A rational
test method should provide information from a laboratory specimen, which lends
itself to a standard approach with due regard to these key issues such that useful
information can be developed for the assessment of structural integrity.

Several test methods have been developed as a result of advances in elastic-
plastic fracture mechanics, for example, J-integral R-curve, tearing instability,
and crack-tip opening displacement (CTOD) approaches. A few of these methods
have been standardized in the United States and other countries, and other
methods are under development. A critical review of these procedures was
considered necessary for others to benefit from the experience gained to date.
This information will lead to improvements in existing standards and provide
the basis for new test methods. The Symposium on User’s Experience with
Elastic-Plastic Fracture Toughness Test Methods was held in Louisville in April
1983 to provide a forum for an exchange of ideas among scientists and engineers
who are actively engaged in test method development and application. This
symposium provided a unique opportunity for representatives from several coun-
tries to present and discuss their views relating to experimental characterization
of elastic-plastic fracture behavior in terms of laboratory specimens. Primary
objectives were to define the problems and limitations associated with current
test methods as a means to assess the state of the art, to describe new experimental
techniques, and to highlight areas requiring further investigation.

The content of this publication will be particularly useful to experimentalists
working in the field of elastic-plastic fracture. This should include researchers
involved in material property studies, test laboratories, and organizations in-
volved with structural safety and licensing. The contents of this book represent
the current status of the elastic-plastic test methods that are in widespread use.
Empbhasis is placed on techniques used by different laboratories in measuring
the parameters required by the various test methods. Since many of these tech-

Copyright© 1985 by ASTM Internationat www.astm.org



2 ELASTIC-PLASTIC FRACTURE TOUGHNESS

niques are new, it is expected that some will be refined and perhaps incorporated
in appropriate test methods. This symposium was meant to provide a report of
progress aimed at focusing investigations in this field worldwide.

Four major areas were addressed by the symposium: comparison of standards
in various countries; problems encountered with test methods; improvements in
techniques and methods; and problems associated with material characterization
in the brittle-to-ductile transition region. The symposium concluded with a work-
shop that provided the participants with an opportunity to critique the papers.
Emphasis in the presentations was on application of the methods to characterize
material behavior in terms of the J integral, R curve, and CTOD approaches.
Methods to measure stable crack initiation and growth were also discussed with
emphasis on the compliance and electric potential drop techniques.

The collection of papers from this symposium represents the first of its kind
in the United States and provides an assessment of the state of the art in many
of the elastic-plastic test procedures in current use or under development. Reviews
of developments on this topic in Europe and Japan are provided. It is hoped that
this volume will encourage further progress in the field and provide the basis
for future symposia on this topic.

The editors would like to acknowledge the assistance of J. D. Landes, J. P.
Gudas, W. R. Andrews, and M. E. Lieff in planning and organizing the sym-
posium. We also express our appreciation to all of the attendees for their open
and fruitful presentations and discussion at the symposium, and for their sub-
sequent suggestions and recommendations pertinent to improvement of the test
methods; to the authors for submitting the formal papers that comprise this
publication; and to the many reviewers whose high degree of professionalism
ensured the quality of the publication. The editors also wish to express their
appreciation to the ASTM Publications staff for their contributions in preparing
the STP.

F. J. Loss

Materials Engineering Associates, Lanham, MD
20706, symposium co-chairman and co-edi-
tor.

E. T. Wessel
Westinghouse R&D Center, Pittsburgh, PA 15235;
symposium co-chairman and co-editor.



Hideo Kobayashi," Haruo Nakamura,' and Hajime Nakazawa'

Comparison of J,, Test Methods
Recommended by ASTM and JSME

REFERENCE: Kobayashi, H., Nakamura. H., and Nakazawa. H., ‘“‘Comparison of J,
Test Methods Recommended by ASTM and JSME,”’ Elastic-Plastic Fracture Test
Methods: User’s Experience, ASTM STP 856, E. T. Wessel and F. J. Loss, Eds., American
Society for Testing and Materials, 1985, pp. 3-22.

ABSTRACT: The elastic-plastic fracture toughness J,, test method recommended by the
Japan Society of Mechanical Engineers (JSME) Standard Method of Test for Elastic-Plastic
Fracture Toughness J,. S001-1981 is outlined. Its applicability and utility compared with
the ASTM Test for J,,, a Measure of Fracture Toughness (E 813) are discussed in this
paper. It appears that JSME Standard S 001-1981 offers a superior approach to ASTM J,,
determination in some aspects.

KEY WORDS: ductility, tearing. fracture tests, elastic-plastic fracture toughness, J in-
tegral, J,. test, blunting line, R curve, stretch zone, ductile tearing, tearing modulus. plane
strain, metallic materials

In Japan, the Japan Society of Mechanical Engineers (JSME) Committee S781
on Standard Method of Test for Elastic-Plastic Fracture Toughness J;, (Chairman:
H. Miyamoto, Vice-chairman: H. Kobayashi) standardized a J. test method,
which was published in October 1981 under the designation JSME S 001-198].

The objective of the J,, test method recommended by JSME is to determine
Ji., the value of J integral at the onset of Mode I, plane-strain, ductile tearing
for metallic materials. The recommended test specimens are compact (CT) or
three-point bend types that contain deep fatigue cracks. The JSME standard
includes two multiple-specimen techniques and three single-specimen tech-
niques. In the former, the J,; value is determined by the stretch zone width SZW
technique or the R-curve technique. In the latter, the electrical potential, ultra-
sonic, or acoustic emission techniques can be applied. This method is not rec-
ommended in cases where unstable cleavage fracture occurs before the deter-
mination of the R curve. Under small scale yielding conditions, however, the
JSME standard includes the modified ASTM Test for Plane-Strain Fracture
Toughness of Metallic Materials (E 399) as a special case.

! Associate professor, research associate, and professor, respectively, Department of Physical
Engineering, Tokyo Institute of Technology, Ohokayama, Meguro, Tokyo, Japan 152.
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4 ELASTIC-PLASTIC FRACTURE TOUGHNESS

On the other hand, ASTM Test for J,., a Measure of Fracture Toughness (E
813) was published in August 1981. A J,. criterion and its test method were
developed by Begley and Landes [/] and ASTM Task Group E24.01.09 {2].
Their test method was adopted into ASTM E 813. In ASTM E 813, attention
is directed mainly to processes of ductile tearing, and the following J versus Aa
blunting line is assumed

Aa = 8/2 = J/2a, (1)

where 8 is the crack-tip opening displacement, and o/, is the average of the yield
stress o, in uniaxial tension (offset = 0.2%) and the tensile strength o;. The
R curve is determined by the multiple-specimen technique or the single-specimen
technique (unloading compliance). The J), value is defined as a J value at the
intersection of the blunting line and the R curve. There are several differences
between the two methods recommended by ASTM and JSME.

The purpose of this paper is to give a brief description of the J,. test method
recommended by JSME and to discuss its applicability and usefulness with special
attention given to a comparison of this method with that recommended by ASTM.

Stretched Zone Width Technique

The stretched zone width SZW technique has been proposed by the present
authors [3]. This technique is the most important one recommended in the JSME
Standard. The procedure is summarized as follows.

1. Statically load two or more specimens to selected different displacement
levels that are lower than those at the onset of ductile tearing. Calculate the J
integral of each specimen by a modified Merkle-Corten equation [4] in terms of
an area under load versus load-line displacement record.

2. Unload each specimen and mark the crack extension caused by plastic
blunting that occurred during loading by an appropriate method such as subse-
quent fatigue cycling. Then, break each specimen open to reveal the fracture
surface.

3. Measure microscopically the subcritical SZW from the fatigue precrack tip
to the tip of the marked crack at three or more locations spaced evenly from %
to ¥ of the specimen thickness as shown in Fig. 1. Determine the average SZW.

4. Plot all J-SZW data points, and determine a best-fit blunting line through
an original point as shown in Fig. 2.

5. Pull three or more identical specimens apart by overload.

6. Measure microscopically the critical stretched zone widths (SZW,) by the
same method as the measurement of SZW. Determine the average SZW..

7. Mark J, as a J value at the intersection of the line SZW = SZW, and the
blunting line as shown in Fig. 2.
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FIG. | —Schematic illustration of SZW measurements in the JSME standard.

8. J,, = J, if the requirements on fatigue precracking, and the following
validity requirements are satisfied

by
B

W — ay = 25(Jln/o-fs) (2)
2500/ ) 3

v

where b, is the initial uncracked ligament, W is the specimen thickness, and a,
is the original crack size. Equation 2 is not necessarily required if J;, is confirmed
to be constant irrespective of B by an additional test for specimens that have a
different B from the original B. It is desired to change B to more than twice as
large or less than half as small as the original B.
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FIG. 2—Schematic illustration of SZW technique in the JSME standard.
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R-Curve Technique

The R-curve technique recommended by JSME is almost identical to that
recommended by ASTM except for the following four points.

1. The blunting line is determined experimentally in the same method as the
SZW technique.

2. Four or more specimens are loaded up to displacement levels so as to cause
ductile tearing. By following the procedure described in the SZW technique, the
physical crack extension Aa is determined as the average of the measurements
that are made at three or more locations spaced evenly from % to 3% of the
specimen thickness as shown in Fig. 3.

3. Using a method of least squares, a linear regression line of J upon Aa is
determined as shown in Fig. 4. All data points that do not fall within Aa < 1
mm are eliminated, and at least four data points must remain. This linear regres-
sion line represents the beginning stage of material resistance to ductile tearing
(R curve). The intersection of the R curve with the blunting line marks J,, as
shown in Fig. 4.

4. J,, = Jy if the following validity requirement is satisfied in addition to the
requirements of Item 8 in the SZW technique.

(dJ/da)g < (1/2) (dJ/da), @)

where (dJ/da)y is the slope of the regression line and (dJ/da); is the slope of
the blunting line.

Single Specimen Techniques

The JSME standard includes three single-specimen techniques. The electrical
potential, ultrasonic, or acoustic emission techniques can be used to make the
following measurement nondestructively and continuously during loading: (1)
the difference of electrical potential, (2) the variation of ultrasonic signal am-
plitude, or (3) the variation of acoustic-emission event count, accumulated energy

Stretched Zone

Fatigue Precrack Ductile Tearing
Notch \y
Aa3
Aaz f [
m
Aa1 [ "~
al3|x
al=

FIG. 3—Schematic illustration of Aa measurements in the JSME standard.
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count, or amplitude distribution of event. The procedure is summarized as fol-
lows.

1. Each single-specimen technique actually requires three specimens, namely,
A, B, and C, to compensate for the uncertainty of the technique.

2. Determine a load-line displacement, 3,,(A), of the first specimen A at the
onset of ductile tearing by one of the single-specimen techniques.

3. Load the second specimen B up to a displacement level that is larger than
3;,(A) but is smaller than 1.15,,(A).

4. Load the third specimen C up to a displacement level that is larger than
0.9%,,(A) but is smaller than §,,(A).

5. Monitor the specimens B and C during loading by one of the single-
specimen techniques so as to confirm the onset of ductile tearing on the specimen
B but no onset on the specimen C.

6. Determine a load-line displacement §,,(B) of the specimen B at the onset
of ductile tearing.

7. Unload, mark, and break each specimen by following the procedure de-
scribed in Item 2 of the SZW technique. Examine fractographically the fracture
surface of the three specimens and confirm the onset of ductile tearing on the
specimens A and B but not on the specimen C.

8. Determine J;, as an average of two J values corresponding to 3,,(A) and
3,.(B).

9. J,, = Ji if the requirements of Item 8 in the SZW technique are satisfied.

The comparison of the Ji. test methods recommended by ASTM and JSME
is summarized in Table 1.

Evaluation of Blunting Line

For an “‘ideal crack’’ (a saw-cut crack or a fatigue precrack where the previous
fatigue loading effect can be considered negligible compared with the following

¢ -
'E K] *3:,1-/ !
o0 4
O 1
- ]

5 1 K
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= ]
4
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3 ! Datum
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1
)/3 )
Jinlz"‘/,"| ' :
~~Eliminated Datum 1
I ST

o] Aain Aamin Aamx 1.0
Aa mm

FIG. 4—Schematic illustration of R-curve technique in the JSME standard.
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TABLE -—Comparison of J,. test methods recommended by JSME and ASTM.

JSME Standard

Item S001-1981 ASTM E 813
Specimen thickness B B = 25J,/04 B = 25 Jyloy
Applicable multiple- SZW technique or R- R-curve technique

specimen techniques curve technique
Blunting line to be determined experi- Aa = Ji20,
mentally®
Location for measure- midthickness average at through-thickness
ment of Aa 3 or more locations average at 9 or
more locations
Limit of Aa Aa < 1.0 mm between 0.15 and 1.5
mm offset lines
Applicable single- electrical potential, unloading compliance
specimen techniques ultrasonic, or acoustic technique

emission technique

“Not necessarily required if J;, is confirmed to be constant irrespective of B.
*Recommended equations on blunting line can be used without experimental determination for
some specified materials.

monotonic load), a relation between the crack-tip opening displacement & and
the stress intensity factor K, or the J-integral of the form

8 = (I — v?) K*/\Eo, (5)

in the linear elastic fracture mechanics case or

in the elastic-plastic fracture mechanics case under the plane-strain conditions
has been found, where v is Poisson’s ratio, £ is Young’s modulus, and X\ is
about 2. A schematic section profile of the subcritical stretch zone is shown in
Fig. 5. The geometric relation between Aa or SZW and d is given by

Aa = SZW = 3/2tanf = J/2\ogtanB 7N

—a Crack Growth
Direction

Fatigue Pre-Crack

FIG. 5—Schematic section profile of subcritical stretch zone.
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where 2B is the crack-tip blunting angle, and the quantity 2tanf has a value
between 1.4 and 2.

In recent years, many experimental data of SZW have been accumulated in
the results of the Ji. tests carried out by the present authors [5] and other
researchers [6] in Japan. Figures 6 and 7 present all the results on a double-
logarithmic plot of SZW for various materials as functions of J/o, and J/E. If
we assume relationships of two types of form

SZW =
SZw

®)
&)

C‘l (‘I/Gﬁ)
D, J/E)

the values of C, and D, are as shown in Table 2. As the present authors [5,6]
have shown, the J-SZW blunting line of the ideal crack depends not on o, or
on o but on E.

A specific examination in Fig. 6 shows that the values of C, for alloy steels
(0.23 < €, < 0.57) and aluminum alloys (0.23 < C, < 0.44) have a tendency
to become larger as o, becomes larger [7]. It should be noted that if J/ o, instead
of J/oy is taken as a parameter, dependence on o,, becomes more remarkable.
Therefore, it is evident that the relation between & or Aa and J does not obey
Eqgs 5 or 6. For intermediate-strength materials (o, = from 500 to 800 MPa for

i
o
»®
[ ]
. b
10 e -
E Qg‘gﬁ&
00
= 0 3o
& o B8
p gy ¢
£10° 2t 1
= 2 R
g K &
2 SZW v, oy
£ 20 %n S
S [°,'E1 &
=10° Y |
t on 88 ooo
o
@ Alloy Steel
o © Oeg > E/200
£ . o E/400 < o , < E/200
§ 10 [ Geg < E/400 T
« v Cu Alloy
§ a Ti Alloy
=] o Al Alloy
5
&10° |
10 10° 10" 1
J/dfs mm

FIG. 6—Comparison of SZW and S as functions of 1/ oy, and A /oy,
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| |
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FIG. 7—Comparison of SZW and S as functions of 1/E and AJ/E.

Striation Spacing (S) or Stretch Zone Width (SZW)

alloy steels, and o, = 200 ~ 400 MPa for aluminum alloys), however, Eqs 5
or 6 can stand, and the value of C, is [7]

C, =1/4 (10)

This value is plausible, since it can be obtained assuming that A\ = 2 and B = 45°
in Eq 7. In the JSME standard, Eq 10 is recommended as the blunting line and
can be used without experimental determination for some specified materials.
On the other hand, the value of D; shows the structure-insensitive property as
stated earlier. Metallurgical variables, such as heat treatments [5], anisotropies
[7] and weldments [8}, and test temperatures [3,9] have little influence on the
value of D), although they have a large influence on o,. This is the reason why
the experimentally determined J-SZW blunting line is utilized in the JSME stan-
dard. It may be concluded that Eq | in the ASTM standard generally should not
be used as the blunting line.

TABLE 2—Values of C, and D, with assumed relationships of Eqs 8 and 9.

Mean Values Deviations for 90% Confidence Limits

C =037 0.152 < €, < 0.90
D, =89 54.7 < D, < 143
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For comparison, the striation spacing S in fatigue crack growth when the stress
ratio R is about O are plotted in Figs. 6 and 7 as functions of AJ/a; and AJ/E,
where AJ is the cyclic J integral converted from the stress intensity factor range
AK. Note that the use of AJ does not mean the elastic-plastic fracture mechanics
case, as all the data on § satisfy small-scale yielding conditions. If we assume
relationships of two types of form

S = Cz(AJ/Of/:v) (11)
S = D,(AJ/E) (12)

the values of C, and D, are as shown in Table 3. The values of C, show the
same tendency as C,. It should be noted that not C,, but ratio C,/C, or D,/D,
becomes the structure-insensitive property.

From the structure-insensitive property of C,/C,, it is clear that the values of
SZW and S for the same J value are as different as approximately one order of
magnitude. The reason for the smaller width of the striation should be attributed
to plasticity-induced crack closure under the cyclic load [/0]. A specific ex-
amination in Fig. 6 shows that the values of C,/C, are 0.12, 0.18, and 0.11 for
the alloy steels, the aluminum alloys and a Ti-6A1-4V alloy, respectively [7].
The mean values of C,/C, for the three alloys become about 0.13. The present
authors have shown that the fatigue crack acceleration during a single peak
overload can be exactly evaluated from the ratio C,/C, [//]. The result is given
by the following expression in the case that R of the previous fatigue load is
about 0

where

GS = giant striation spacing formed during single peak overload,

S = striation spacing formed by previous fatigue load,

J, = experimentally determined J integral for single peak overload,
J, = (1 — v})(K,?/E), and
K, = stress-intensity factor for previous fatigue load.

For J, >> J,, GS would become SZW, and the crack can be considered as the
ideal crack. The comparison of predictions and experiments for the three alloys
is shown in Fig. 8.

TABLE 3—Values of C, and D, with assumed relationships of Eqs 11 and 12.

Mean Values Deviations for 90% Confidence Limits

G, = 0.039 0.0179 < C, < 0.085
D, =94 6.0 <D, < 14.8
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FIG. 8—Fatigue crack acceleration during a single peak overload.

The fatigue precrack requirement in the JSME standard is almost identical to
that of the ASTM E 399 and is given by

K; < 0.6[EJ/(1 — 1)) (14)

where K is the maximum stress-intensity factor at fatigue precracking and can
be converted into J;. Upon the substitutions of J, and J, for J;and J, respectively,
Eq 14 becomes

JiJy > 2.8 (15)

As shown by Fig. 8, Eq 15 prescribes a reasonable range for the ideal crack
from the engineering viewpoint.

Evaluation of R Curve

A comparison of the J-R curves based on Aa,, and Aa,,, obtained by the
multiple-specimen technique was made for the /2 CT, 1 CT, and 2 CT specimens
of an A533B-1 (Unified Number System [UNI] K12539) steel (quenched and
tempered, o, = 585 MPa), where Aa,,, is the average physical crack extension
in the ASTM E 813 and Aa,,, is the maximum physical crack extension near
the midthickness of the specimens. These two different measurement techniques
result in markedly differing Aa-values caused by crack tunneling near the mid-
thickness of the specimens (see Fig. 9).

The tearing modulus [/2]

T, = (Elo)(dJ/da) (16)

was evaluated by making a statistical curve-fitting to the R-curve data. The
equation form is

Aa =Y CJ (17)
k=0
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where C, is a constant. Changing n from 2 to 15, the value of n to give the best
fit was chosen. Differentiating and substituting Eq 17 into Eq 16, T, was obtained
as shown in Figs. 10 and 11. In Fig. 10, the plateaus of 7, exist in the early
stage of crack extension. The value of 2 CT is larger than those of 1 CT and
2 CT. This arises because the data of 2 CT did not satisfy the following validity
criterion of J

B, b > 25(J/ay) (18)

It is clear that the Aa,,, range of the plateau decreases with decreasing specimen
sizes. On the other hand, T, becomes constant for a wide range of Aa,,, as
shown in Fig. 11.

Figure 12 shows a relation between Aa,, and Aa,,, for each specimen. In
the early stage of crack extension, the following equation stands

Aa,, = 0.38 Aag,, (19)

As the crack extends, Eq 19 ceases to hold, and the data approach the line of
Aa,,, = Aa,,. The deviation points from Eq 19 correspond to occurrence of

L A533B-1 ASTM method
0.8

4a=0.5J)Id
’

MN/m

J
=}
o
T
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o 2¢7 ’
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a 1ct )
0.2} s ,
,015mm o 2¢T /- 1.5mm
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FIG. 9—1J-Aa curves in A533B-1 steel: (a) ASTM method and (b) JSME method.
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FIG. 10—Tearing modulus T, as a function of Aa,,.

shear lips at the specimen surfaces. So, mixed mode fracture appears thereafter.
Moreover, these points agree well with those where the plateaus of T, end. On
the other hand, the relation between Aa,,,/b and Aa,,/b shows little influence
on b or a/W as shown in Fig. 13. The Aa range where Eq 19 stands is given
by

Aa,,/b = 0.23 (20)
Aa,.,/b = 0.09

And Eq 20 also prescribes the plateau range in Fig. 10. Within the range of Eq
20, the following equation stands between T, based on Aa,,, and Aa,,,

T!(Aamax) = 038 T!(Aaavg) (21)
A533B-1

300F
— 112CT
—-—1cT

200} Tooo

=
100

0 2 4 6 8
Admx MM
FIG. 11—Tearing modulus T, as a function of Aa,,,.
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FIG. 12—Relation between Aa,,, and Aa,,,.

Figure 14 shows the effect of the side groove on the plateau of T,. It is clear
that the side groove has no effect on the plateau if 7, is evaluated from the J-
Aa,,, curve. So, the Mode 1, plane-strain, ductile tearing resistance can be
obtained not from the J-Aa,,, curve but from the J-Aa,,, curve.

In the Jy. test, the linear regression line of J upon Aa should represent the
beginning stage of the J-R curve. So, it may be concluded that the J-Aa,,,, curve
is more useful than the J-Aa,,, curve because the former becomes a straight line
over a wider range of Aa compared with the latter.

Evaluation of J,. Test Methods
SZW Technique

Figure 15 shows the /-Aa,,, curve in an HT60 steel (T-L orientation, o, = 617
MPa), where the blunting line is determined experimentally [7]. After the onset
of ductile tearing, a scatter is observed reflecting the wide variation of J,. of
each specimen. In this case, it is not reasonable to determine one R-curve using
multiple specimens. Furthermore, it was difficult to control the Aa value because
of the low value of dJ/da, which resulted in insufficient data being obtained

[o]
A533B-1 ./
0.4
o 1/2CT(a/W=05) /
® 12CT(aw=0.6) Og
o = & 1CT(aiws0.5) éA/
g o 2CT(a/W=05) /
[~} )
S 0.2 &
' g
/o//m:avg=o.3euum.
m’ﬁfé/ ~
0 0.2 0.4 0.6
A0max/b

FIG. 13—Relation between Aa,./b and Aa,,,/b.
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FIG. 14—Effect of side groove on plateau of T,.

within the offset line. The R-curve method can not be applied for this kind of
material.

The relation between SZW and J in HT60 is shown in Fig. 16 {7]. Open and
solid symbols in Fig. 16 represent data of SZW and SZW,, respectively. All the
data before SZW reaches SZW, fall on a J-SZW blunting line with little variation.
On the other hand, a fair amount of scatter on SZW, exists. Fractographic ob-
servation revealed that splitting by elongated and pancaked dimples occurred
along the alloy-rich band oriented at right angles to the crack front. Accordingly,
the critical stretched zone is divided into several parts. Also, its width, SZW_,
for each specimen has a wide variation caused by the material inhomogeneity.
The Ji. value for each specimen, however, can be evaluated exactly at the
intersection of the blunting line and each SZW..

Figure 17 shows the relation between SZW and J in A533B-1 (Q and T). The
data include the results in the longitudinal (L-T), long transverse (T-L), and

HT60 (T-L)

a2t 1T aiw=05
£
Z | Bunting line °

24a=05 s
[} [}

"o °o °

0 05 0 15 70

daavg mm
FIG. 15—J-Aa,, curve in HT60 (T-L).
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FIG. 16—Relation berween SZW and 1 in HT60 (T-L).

short transverse (S-L) orientations. All the data before SZW reaches SZW, fall
on a J-SZW blunting line regardless of the orientation. On the other hand, a fair
amount of differences on SZW. exists. So, the J;. value for each orientation can
be evaluated at the intersection of the blunting line obtained for the L-T orien-
tation and each SZW_.

Figure 18 shows the relation between SZW and J in an A533B-1 steel (nor-
malized and tempered, o, = 597 MPa) [9]. The data include the results over
a high-temperature range from room temperature to 573 K. All the data before
SZW reaches SZW, fall on a J/E-SZW blunting line regardless of the temperature.
So, the J. value for each temperature can be evaluated at the intersection of the
blunting line obtained for the room temperature and each SZW.. In this tem-
perature range, however, the SZW,_ values show the temperature-insensitive prop-
erty, and an upper shelf J;. value exists.

The temperature-insensitive property of the blunting line has been found in a
4340 (UNS G 43370) steel (o, = 1100 MPa) over a low-temperature range

€ - AS533B-1 SZW=0.3J/0s
2 / _
I » u A
100 ‘fﬁ—'—"
3 - é/ I
& =]
N /_,%
: oe
50+ £ 5 a }L—T
o tFe o
Lo ! vy T—L
O & S—-
1 1 1 ;l L L
0 100 200 300 400
J KN/m

FIG. 17—Relations between SZW and J in A533B-1 steel (L-T, T-L, S-L).
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FIG. 18—Relations between SZW and J/E in A533B-1 steel (N and T) over a high-temperature
range.

from 133 K to room temperature as shown in Fig. 19 [3]. In this case, the J,.
value increases with increasing the temperature.

Figure 20 shows the relation between SZW and J in weldment of a 304 steel
(o = 431 MPa) [8). It also includes the result of base metal. All the data
before SZW reaches SZW, fall on a J-SZW blunting line. So, the J,. value for
the weldment can be evaluated at the intersection of the blunting line obtained
for the base metal and SZW, for the weldment. It should be noted that the J,.
value in the weldment is considerably low compared with the conservative J;,
value in base metal where the transitional stage of crack extension exists.

The blunting line shows the structure-insensitive property as stated earlier.
The SZW technique is useful for the establishment of this property. If the property
is established for a wide range of metallic materials, there is a possibility of
evaluating J;. more simply by measuring SZW, from a few specimens broken by
overload. Also, the SZW technique is useful for the partial confirmation of the
statistical Jj, test results obtained by the single-specimen techniques.
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FIG. 19—Relations between SZW and J in 4340 steel over a low-temperature range.
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R-Curve Technique

The relation between J and Aa in 304 steel is shown in Fig. 21 [7]. The
assumed blunting line given in Eq 1 does not represent the experimentally derived
one. The slope of the J-Aa curve after the onset of ductile tearing (J > 490
kN/m) is almost identical to that of the blunting line. So, it is not possible to
determine J. by the R-curve technique.

The total average Aa,, (ASTM E 813), the midthickness average Aay..
(JSME standard), and the maximum Aa,,, physical crack extensions were mea-
sured in an HT80 steel (o, = 789 MPa). A comparison of the R-curves for three
measurement techniques is shown in Fig. 22 [7]. It is clear that the three different
techniques result in markedly differing Aa values caused by crack tunneling near
the midthickness of the specimens. However, this difference has little influence
on the J). value. Figure 23 shows the relation between SZW and J in this material
[7]. The J;. value obtained from the SZW technique is in good agreement with
that obtained from the R-curve technique, because the misfit of Eq 1 for the
actual blunting line is not so large.
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g Y
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° // //
[+] /s /’
- F il ’
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1.0} o /7 .
“ .’ ASTMmethod
© X4 7’
L 69 7 015 mm L7155 mm
&/, Off set 7 Off set
s P
4 A l/ A 1
0 1 2 3 4
404y mm

FIG. 21--J-Aa,,, curve in steel 304.
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Figure 9 shows the results of the R-curve techniques in A533B-1 steel (Q and
T) where (a) and (b) represent the ASTM and JSME methods, respectively. The
JSME method utilizes the data just after the onset of ductile tearing. So, all the
valid data in the JSME method are regarded as invalid in the ASTM method
because of the data limitation of 0.15-mm lower offset line. However, the
difference between these two methods has little influence on the valid J,. values,
which are almost identical to those obtained by the SZW technique (see Fig. 24).
Strictly, the Ji. value of the ASTM method is somewhat larger than that of the
JSME method. The reason may be attributed to the misfit of Eq 1 for the actual
blunting line in the ASTM method.

In the ASTM method, the valid J,. value of the 2 CT specimen was not
obtained because of the following specimen size restriction

B, b > 15(J/cy) (22)

where b is the uncracked ligament. If the restriction of Eq 22 is neglected, the
conditional value J, of the /2 CT specimen becomes larger than the valid J,.
values of the 1 CT and 2 CT specimens.

On the other hand, according to the JSME method, the J,. value of the »
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FIG. 23—Relation between SZW and J in HTS0 steel.
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CT specimen can be obtained, because the Aay,,. data near J,. are utilized. The
R-curves for different specimen sizes obtained in this method have a pivot point
at Jy, although the specimen size influences the dJ/da value. In the JSME
method, the restriction of Eq 22 is not needed necessarily for the R-curve data
if the J;. value satisfies the restrictions of Eqs 2 and 3. So, it may be concluded
that, according to the JSME method, the J;. value can be evaluated using smaller
specimen size compared with the ASTM method. Furthermore, the d.J/da value
for Ady. is smaller than that for Aa,,, and this gives a sharp intersection of
the R curve and the blunting line, which results in the clear determination of J,.

As shown by Figs. 9 and 10, the J-Aa,,, being nonlinear, the slope of the
curve decreases with increasing Aa,,, and tends to show the plateau. Therefore,
in some materials, the use of the linear regression line of J upon Aa,,, for large
values of Aa,,, between the two offset lines in the ASTM method can overestimate
Jr. Also, it should be noted that the use of Eq 1 instead of the experimentally
determined blunting line in the R-curve technique can overestimate J; for some
low- and intermediate-strength materials as stated earlier.

Single-Specimen Techniques

The JSME standard accepts three single-specimen techniques. The electrical
potential and ultrasonic techniques yield fairly good results in some intermediate-
and high-strength materials. The acoustic emission technique is affected strongly
by the microstructure of materials, so that the applicability of the technique to
the Jy. test depends on the material type [/3]. The unloading compliance technique
in ASTM E 813 is not particularly recommended in the JSME standard because
of the inaccuracy of the technique for small values of Aa.

Conclusion

The elastic-plastic fracture toughness J,. test method recommended by JSME
S001-1981 is outlined. Its applicability and utility compared with ASTM E 813
are discussed in this paper. It appears that JSME S001-1981 offers a superior
approach to ASTM Jy. determination in some aspects.
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ABSTRACT: Three techniques are described for growing uniform fatigue cracks in fracture
toughness specimens originally containing welding residual stresses. These are local
compression, reverse bending, and the use of a high R-ratio in the fatigue cycle. The
possible effects of the techniques on the subsequent measurements of fracture toughness
are assessed. The relative merits of the three techniques are summarized, and the main
conclusion reached is that local compression is the best defined technique at present, and
that reverse bending and high R-ratio, although probably more convenient, require further
research and development.

KEY WORDS: welded joints, residual stresses, cracking (fracturing), test specimens,
standards, fracture toughness, K, crack-tip opening displacement

Nomenclature

a Crack length
B Specimen thickness
CTOD Crack-tip opening displacement
HAZ Heat-affected zone
K Mode I stress intensity factor
K. Critical value of K
Krmaw Maximum value of K imposed during fatigue
K;. Plane strain fracture toughness for Mode I loading
Kisce  Threshold value of K for stress corrosion cracking
P Load
P, Limit load
R-ratio Ratio of minimum to maximum applied K during fatigue
S Loading span
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Abington Hall, Abington, Cambridge, England CB1 6AL. Mr. Towers is now a principal mechanical
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SMA Shielded metal arc
W Specimen width
AK: Range of K applied during fatigue cycle
9.,9,,0,,,0;, Measured values of the crack-tip opening displacement (CTOD) as
defined in British Standard Methods for Crack Opening Displace-
ment (COD) Testing (BS 5762-1979)
oys Material yield, or 0.2% proof, strength

Introduction

As a general rule fracture toughness tends to decrease with increased notch
acuity. It is therefore normal to use fatigue precracked specimens for fracture
toughness tests. Fatigue precracking however involves considerable expense.
This results from the capital invested in test equipment, the necessary labor, and
the occasional requirement for retests because of invalid fatigue crack shapes.
The cost of testing weldments tends to be higher than that for plates because of
complications caused by weld profiles, distortion, and the presence of residual
stresses.

Research on precracking at The Welding Institute has been directed towards
maximizing the number of valid fracture toughness tests results. For weldments
this involves two main issues. First, how can the effects of welding residual
stresses on fatigue crack shape be dealt with? Second, when fatigue cracks are
obtained that are of unacceptable shape to the criteria of the present standards,
what should be done with the results? This paper describes the research performed
to help solve the first of these issues. Work carried out at The Welding Institute
to help answer the second issue has recently been described elsewhere by Tow-
ers [1].

Effects of Welding Residual Stresses on Fatigue Crack Shape

Figure 1 shows the most common orientation of a fracture toughness specimen
used for testing weldments. When this orientation is used for a weldment in the
as-welded condition, that is, without stress relief, it is common for the welding

FIG. 1—Common specimen orientation for fracture toughness tests on weldments.
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residual stresses to adversely affect the fatigue crack front shape. Figure 2 gives
a comparison between fatigue crack front shapes in specimens that

(1) are virtually free from residual stresses (Fig. 2a) and
(2) contain welding residual stresses (Figs. 25 and c).

The most common problem is that illustrated in Fig. 25, where little or no growth
of the fatigue crack occurs in the center of the specimen. This general shape,
which is characteristic of specimens with through-thickness notches in multipass
weldments [2-9], is consistent with the residual stresses present in the specimen
as a result of welding [2,8,9]. The situation depicted in Fig. 2c, where excessive
fatigue crack growth occurs in the center of the specimen and little or no growth

FIG. 2—Fatigue crack front shapes for various situations: (a) residual stress free parent material,
(b) through-thickness crack in as-welded multipass weldment, and (c) through-thickness crack in
as-welded single-pass electron-beam weld.
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occurs at the edges, is less commonly experienced. Here the through-thickness
notch is sampling a single-pass electron beam weld in an austenitic stainless
steel. The crack front shape in Fig. 2¢ is consistent with tensile residual stresses
being present at the center of the specimen. This is not unexpected for a single-
pass weld because the molten pool will solidify last at the mid-thickness.

The fatigue crack front shape is not unduly affected by welding residual stresses
when they are approximately constant across the notch front. Thus, it is unusual
for there to be problems with fatigue crack shapes for fracture toughness spec-
imens with surface notches into weldments. In addition, it is unusual for problems
to occur because of welding residual stresses for specimen thicknesses less than
15 mm.

In weldments there can be a wide variety of microstructures present, including
the parent material, heat-affected zone (HAZ), and weld metal. Also, the yield
strengths of the various regions can differ markedly. Dawes [2] showed, how-
ever, that the type of crack growth shown in Fig. 2b occurs if the material in
the specimen center is of lower or higher strength than the material near the
edges. Thus, it is believed that the prime cause of variable fatigue crack shapes
in weldments is the residual stresses rather than being caused by variable mi-

FIG. 3—Fatigue crack growth in chevron notched specimen with through-thickness notch into a
25-mm thickness butt weld {2].
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crostructures or yield strength. In addition, it should be remembered that un-
welded materials can also contain residual stresses (for example, caused by
uneven cooling or plastic deformation), which on occasions can lead to uneven
fatigue crack shapes, for example, for aluminum alloy forgings in Ref /0.

The use of chevron notches might be expected to obviate the problem illustrated
in Fig. 2b. Various investigations have however shown that the welding residual
stresses for through-notches cause crack growth to be more pronounced from
the sides of the chevron than from the tip [2,4,7]. In the extreme, Dawes [2]
found that crack growth could occur on two different planes, one originating on
each side of the chevron, as illustrated in Fig. 3.

The slightly bowed fatigue crack front obtained with through-thickness notches
in nominally residual stress free parent material is consistent with theoretical
predictions and numerical computations, as reviewed in Ref /. This crack front
is relatively close to straight fronted and is thus not far removed from the
assumption of a straight fronted crack that is implicit in most fracture toughness
testing standards. The fatigue crack shapes of Figs. 2b and ¢ are clearly unde-
sirable. Also, work performed by Dawes {5} showed that elevated values of
fracture toughness could be obtained with a crack front shape similar to that in
Fig. 2b when compared to a uniform crack front, as illustrated in Fig. 4.

Methods for Relief of Residual Stresses

One of the most well established means of relaxing residual stresses is thermal
stress relief, which when required is usually performed at around 600°C for
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FIG. 4—Effect of fatigue crack shape on fracture toughness of a 38-mm thick double-V multipass
SMA weld metal measured using three-point bend specimens to BS 54471977 procedures [5].
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welded structural steels. Although thermal stress relief can relax the residual
stresses sufficiently to prevent the problems with nonuniform fatigue crack shape
[2], it is not desirable when an attempt is being made to measure the fracture
toughness appropriate to a weldment in an as-welded structure. This is because
the thermal stress relief can markedly affect the fracture toughness because of
metallurgical changes, some of these being described in Refs /7 and /2 for weld
metals and HAZs, respectively.

An alternative method for relieving residual stresses is to load the section
containing residual stresses so that plastic straining occurs. When the load is
removed, the residual stress levels will be reduced. The greater the load is, the
greater is the reduction in residual stress levels, as shown, for example, by
Kihara et al [/3]. In principle, if a uniform stress of yield stress magnitude is
applied the residual stresses remaining on unloading should be negligible. Ap-
plying a tensile load to a test specimen and unloading before notching should
reduce the residual stresses in as-welded specimens. However, early work per-
formed at The Welding Institute indicated that insufficient stress relief could be
achieved in the weld metal without inducing unacceptable deformation in the
adjoining parent material, which generally has a lower yield strength than the
weld metal. Instead, techniques have evolved whereby the strain is concentrated
in the notched region, so that effective residual stress relief, or redistribution,
is achieved. One of these techniques is ‘‘local compression,’’ others include
“‘reverse bending’’ and the use of a high R-ratio and high loads in the fatigue
cycle during precracking (where R-ratio is the minimum load in the fatigue cycle
divided by the maximum load). These techniques and various studies on them
are described in turn.

Local Compression
Development of Effective Technique

Local compression is a technique whereby mechanical stress relief is achieved
at the weldment by pressing a platen into the local region in front of the machined
notch before fatigue precracking [2,5,6]. For this ‘‘local compression’’ technique
to be effective in relieving residual stresses sufficiently for uniform fatigue cracks
to be obtained, a total plastic strain applied across the specimen thickness of 1%
of the specimen thickness was found to be the minimum practical [2,5]. This
can be performed using a variety of platen shapes and sizes, as indicated in Fig.
5. The approximate loads P required to indent material of yield strength oy and
thickness B are given in Fig. 5.

Research has been performed to assess the effectiveness of the various tech-
niques illustrated in Fig. 5 in relieving residual stresses [8]. Experiments per-
formed on 25-mm thick double-V multipass weldments showed that the residual
stress levels are reduced to lower levels when a single cylindrical pattern of
diameter equal to the section thickness B is used for local compression than they
are if the multiple-indent technique is used with a platen diameter equal to half
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FIG. 5—Alternative local compression treatments for as-deposited steel weldments. o is the
weld metal yield strength.

of B, as in Fig. 5c. (The measured residual stress distributions are given in Fig.
6.) Despite this, after local compression using either technique, uniform fatigue
cracks were obtained that were a considerable improvement on fatigue cracks
obtained in the as-welded specimens [8]. In this study the sequence of the
multiple-indent procedure (Fig. 5c) had little apparent effect on the reduction in
residual stress levels.

The above research indicates that local compression relieves residual stresses
more effectively when it is performed using one large platen than if multiple
indents with a smaller size platen are used. Unfortunately, the limited load
capacity available in most laboratories forces one to use the multiple indent
procedure (Fig. 5¢) if the section thickness is large. However, a survey of the
shapes of fatigue cracks in fracture toughness specimens (with widths W equal
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FIG. 6—Transverse residual stress distributions measured before and after local compression
for 25- by 50-mm notched CTOD specimens sampling a double-V multipass weldment [8).
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to twice the thickness B) tested at The Welding Institute has indicated that where
a multiple-indent procedure is used for as-welded specimens of large thicknesses,
far more unacceptable fatigue cracks are obtained than for a ‘‘general’” sample
of specimens including a mixture of plain materials and stress relieved and as-
welded (and locally compressed) weldments. The data are plotted in terms of
the rate of rejection of fatigue cracks to current fracture toughness testing stan-
dards versus specimen thickness in Fig. 7. The following features are apparent
from these data.

1. The rates of rejection of specimens according to the requirements of ASTM
Test Method for Plane-Strain Fracture Toughness of Metallic Materials (E 399)
and British Standard Methods of Test for Plane Strain Fracture Toughness (K)
of Metallic Materials (BS 5447-1977) are generally much greater than the re-
jection rates to British Standard Methods for Crack Opening Displacement (COD)
Testing (BS 5762-1979). This is because the former have more stringent limits
on the amount by which the crack front can deviate from being straight. (The
limits in the current ASTM K|, standard E 399-83 are however more lenient than
those in ASTM E 399-78 and are in principle quite close to those of BS 5762:
1979.)

2. For specimen thicknesses where a single platen can be used for local
compression, that is, for thicknesses less than the maximum platen diameter in
Fig. 7, the rejection rates appear to be slightly lower for as-welded specimens
than for the general sample. This may, in fact, be due to the occurrence of
residual stresses in the plain materials and stress relieved weldments which in
part made up the general sample [/]. Poorly shaped fatigue cracks have been
shown to occur in some plain materials [/,/0], presumably because of residual
stresses resulting from rolling, heat treatment, or plastic bending.

3. If the data are ignored for specimens where the local compression is ap-
parently less effective, that is, for specimen thicknesses larger than the maximum
platen size, there is a general trend for the fatigue crack shapes to be relatively
better in thicker specimens. This can be considered to be due to there being
relatively larger plane stress regions for the smaller specimens for the same
maximum stress intensity factor Kr,, in the fatigue cycle [/]. Fatigue crack
growth is retarded in the plane stress regions because these are more compliant
than the central, near-plane-strain, region or because of crack closure effects or
both [1].

The most important implication of the data of Figs. 6 and 7 to the local
compression technique is that the platen size for local compression should be
comparable to the specimen thickness, and multiple indents using a platen smaller
than the section thickness should be avoided if possible. This observation is not
surprising for two reasons. First, for a platen size comparable to the specimen
thickness B, the whole uncracked ligament can be locally compressed without
reverting to a multiple-indent procedure. Second, with a platen size comparable
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to the section thickness the through-the-thickness yielding induced by a 1% local
plastic compression (which occurs as slip lines that are orientated at an angle of
approximately 45° to the specimen surface) reaches the opposite surface of the
specimen to that which is being indented. An example of this is shown in Fig.
8. Unfortunately, high loads become necessary to indent large thickness speci-
mens when using a platen with a diameter equal to the specimen thickness. For
instance, the load of approximately 1.4 oB? (Fig. 3a) is 175 000 kg (175 tonnes)
for B = 50 mm and oy = 500 MPa. Thus, one probably would require a
200 000-kg (200-tonne) load capacity test machine in this instance. For larger
thicknesses and higher strength materials the load requirements are correspond-
ingly greater. These machine load capacities are in fact somewhat higher than
is required for fatigue precracking and testing. For instance, an approximate
calculation indicates that the loads required for local compression using a cylin-
drical platen of diameter equal to the specimen thickness B are eight times the
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FIG. 8—Yielding patterns on a 25-mm thick block of high nitrogen steel after 1% B local
compression from one side using a 25-mm diameter platen, sectioning, and finally etching using
Fry's reagent [5].

limit load, which is expected in fracture toughness tests on the preferred geometry
(2B X B) three-point bend or compact tension specimens. This requirement for
large load capacity test machines is one of the major disadvantages of local
compression.

Another problem arises with local compression of full-thickness specimens
when geometric discontinuities are present, such as those illustrated in Fig. 9.

fc) ’

FIG. 9—Three specimen shapes that impede local compression: () weld overfill, (b) weld dis-
tortion (despite removal of overfill), and (c) pipe curvature, such as is present when testing girth
welds.
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FIG. 10—Influence of local compression on the fracture toughness of a 38-mm thick double-V
SMA weldment (tests on compact tension specimens to BS 5447:1977) [5].

Effects of Local Compression on Fracture Toughness

An important consideration is the extent to which the plastic strains induced
by local compression affect the fracture toughness. The effects of local compres-
sion by 1% of B on fracture toughness for a range of test temperatures are shown
in Figs. 10 and 11, for a 38-mm thick double-V weld and for a 25-mm thick
low alloy steel plate, respectively. Results of tests on compact tension specimens
at —20 and —100°C test temperatures are given in Tables 1 and 2, respectively.
In general, local compression appears to reduce the fracture toughness for the
materials tested, for example, for the specimens tested at —100°C the mean of
the critical values of stress intensity factor K, was 28% lower for locally com-
pressed specimens (Table 2). However, tests performed by Dawes [2] on spec-
imens with machined notches having a 0.075-mm radius tip sampling mild steel
bar and a submerged arc weld in a 25-mm plate, together with the results of
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FIG. 11—Influence of local compression on fracture toughness of 25-mm thick normalized NiCrMoV
plate, Grade 281 10 BS 1501 :Part 2: 1970 (tests performed to DD 19:1972 procedures) [5].
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TABLE 1—Results of fracture toughness tests ar —20°C on compact tension specimens sampling
double-V SMA welds in 38 mm thickness produced using American Welding Society (AWS) E7016
electrodes {5).¢

Thermally Stress Relieved Thermally Stress Relieved, Locally
and Fatigue Cracked Compressed by 1% B and Fatigue Cracked
Critical Stress Critical Stress
Specimen Intensity Factor Specimen Intensity Factor
Identification” K., MPa - m'? Identification” K., MPa - m'?
8-55 93.6 8-58 61.2
8-61 105.5 8-62 49.7¢
8-63 83.8 7-54 67.6
9-66 127.9 9-65 90.4
9-68 118.5 9-67 78.6
9-72 55.3¢ 9-71 104.0
Mean = 97.4 MPa - m'" Mean = 75.3MPa - m'*

 Tests performed and analyzed to BS 5447:1977 procedures.
® Panel number and specimen number, respectively.
¢ Valid K.

Fig. 10, indicate little consistent effect of local compression on fracture tough-
ness. Although there is a tendency in the data presented in Fig. 10 for the scatter
in fracture toughness values to be greater after local compression than without,
this is not expected to be generally the case. Indeed, the opposite trend occurred
for the tests on specimens with a machined notch sampling mild steel bar, that
is, local compression tended to reduce scatter. Dawes argued that different
materials have different sensitivities to embrittlement caused by the 1% of B
plastic strain applied at room temperature [5]. He also made the point that strains
of this order can occur in the manufacture of welded structures, and it is not
unreasonable to include the effects of small strains in the fracture toughness test,
particularly if the material is susceptible to room temperature embrittlement at
such relatively low strains. Finally, it is preferable to measure fracture toughness
in a specimen that has a fatigue crack that is close in shape to the straight front
implied by the testing standards, albeit with the fracture toughness at times
reduced by local compression, rather than to measure fracture toughness values
that may be inaccurate and indeed not conservative (see Fig. 4).

A final area of study on the effects of local compression on fracture toughness
has been to assess the effects of the different local compression techniques (Fig.
5). Research reported by Bramat and Doucet [3] indicated that for two separate
multipass submerged arc welds (single V and double V) the fracture toughness
was lower after local compression by 1% of B on one specimen side than it was
after local compression by 2 of 1% of B on each side (making a total of 1%
of B). In another study, reported by Leggatt and Kamath [8], there was little
apparent difference between fracture toughness values measured after multiple-
indent local compression (Fig. 5¢) and those measured after a single-platen
procedure (Fig. 5a with 2 of 1% of B applied to each side). The results are
given in Table 3. The application of 2 of 1% of B to each side of the specimen
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TABLE 2—Results of fracture toughness tests at — 100°C on compact tension specimens
sampling single-V SMA welds in 38 mm thickness produced using AWS E7016 electrodes [5}).*

Thermally Stress Relieved

and Fatigue Cracked

Critical Stress

Therma]ly Stress Relieved, Locally
Compressed by 1% B and Fatigue Cracked

Critical Stress

Specimen Intensity Factor Specimen Intensity Factor

Identification® K., MPa - m'? Identification® K., MPa - m"*
3-25 61.2 3-34 52.7
4-27 60.7 4-26 55.5
4-32 63.2 4-31 49.1
5-35 40.5° 5-34 45.9
5-37 53.0° 5-36 45.0
5-40 81.2 5-38 54.3
5-42 771 5-41 33.4
6-44 65.6 6-43 46.4
6-46 71.8 6-45 38.0
6-48 61.1 6-47 39.4
6-51 69.9 6-49 49.9

Mean = 64.1 MPa - m'?

Mean = 46.3 MPa - m'?

“ Tests performed and analyzed to BS 5447:1977 procedures.

* Panel number and specimen number, respectively.

¢ Valid K.

rather than 1% of B to one side only has been the preferred and the usual practice
at The Welding Institute in recent years.

Reverse Bending

Development of Effective Technique

It is understood that many laboratories, particularly in the United States and
Japan, use ‘‘reverse bending’’ before fatigue cracking as a means of redistributing
welding residual stresses in specimens. There are however relatively few pub-

TABLE 3—Results of fracture toughness tests at 5°C on three-point bend specimens tested to

BS 5762:1979 and sampling a SMA double-V weld metal [8].

Local Compression Technique

(with 0.5% B plastic strain CTOD Type of
applied to each side) Specimen Value, mm Instability”
Using a platen diameter equal 1200-2 0.27 d,
to the specimen thickness 1196-1 0.35 d,
(Fig. 5a) 1200-1 0.54 S
Mean: 0.39
Using multiple-indent procedure 1200-9 0.27 3,
with platen diameter equal to 1196-7 0.38 3,
half the specimen thickness 1200-8 0.44 3,
(Fig. 5¢) Mean: 0.36

¢ 8, and 3, being to BS 5762:1979 definitions.
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lished reports on the use of the technique for weldments [4, /4], and most of the
background work has seemingly been done ‘‘in-house’” and has not been re-
ported. Reverse bending is performed before fatigue cracking by loading the
notched specimen in the opposite mode to a conventional fracture toughness test;
so that the notch tip is loaded in compression, and residual tensile stresses are
induced at the notch tip when the specimen is unloaded. Reverse bending is in
fact allowed by such fracture toughness testing standards as ASTM E 399-83
and BS 5447:1977 for K|, testing, and BS 5762:1979 for CTOD testing, as a
means of speeding up initiation of fatigue crack growth from the machined notch.
The reverse bending loads allowed by these codes are however generally not
high enough to create sufficient residual stress redistribution in as-welded spec-
imens. This was demonstrated in tests on a single-V multipass shielded metal
arc (SMA) butt weld in a 25-mm thick section where single reverse bending
loads were applied at two levels, and the fatigue cracks obtained were compared
with specimens for which no reverse bending was performed. As seen in Fig.
12, for the specimens reverse bent at loads low enough for it to be possible to
subsequently measure valid K, values, only a small amount of fatigue crack
growth was induced in the center of the specimen. Presumably the tensile residual
stresses induced by reverse bending initially aided growth across the whole front,
but as soon as the crack reached the edge of this zone of tensile residual stresses
the crack was again influenced by the welding residual stresses. Thus, a greater
improvement in fatigue crack shape would be expected for higher reverse bending
loads. This appears to be in part demonstrated in Fig. 12, because the fatigue
crack shapes obtained are slightly improved for a higher reverse bending load,
although the increased fatigue load itself (to the maximum permitted by the
standard for CTOD testing BS 5762:1979) may also have improved matters.

Cycling the load during reverse bending has been reported to be effective in
improving fatigue crack shape in as-welded test pieces [4]. Experiments on weld
metal specimens from a 25-mm thick single-V SMA multipass weld have in-
dicated, however, that there is no noticeable difference between the fatigue crack
shapes obtained when the reverse bending is applied only once or 10 000 times
(Fig. 13). In the same series of tests it was shown that local compression was
effective in producing a uniform fatigue crack despite a much lower fatigue
cracking load level (Fig. 13). What seems to be important is that the reverse
bending load should be effective in redistributing residual stresses over the
complete distance of fatigue crack propagation in order to obtain uniform fatigue
crack shapes. To do this, it is expected that reverse bending loads need to be
applied that are a significant proportion of the limit load. The tests performed
at The Welding Institute and those described elsewhere [/4] indicate that to be
effective in producing a uniform fatigue crack, the reverse bending load needs
to be around 60 to 90% of the limit load P,. For a three-point bend single-edge
notched specimen [/5], this can be estimated as

PL = [130'y53(W - a)z]/S
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where

o
|

= limit load,
= yield strength,

B = specimen thickness,
W = specimen width,
a
S

=
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|

notch depth, and
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Nominal maximum stress intensity factor in fatigue cycle,
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FIG. 12—Influence of reverse bending on fatigue crack shapes in bend specimens sampling a
single-V multipass weld in 25-mm thickness. (Note: reverse bending was performed at a load level

equivalent in magnitude, though opposite in sign, to the K, level subsequently applied in the
fatigue cycle.)
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This load is much higher than existing standards allow for reverse bending. For
instance 75% of P,, calculated using the above relationship, is approximately
50% higher than the maximum fatigue cracking load, and therefore reverse
bending load, allowed by the CTOD testing standard BS 5762:1979, and this
is less stringent than K, standards.

An interesting variation on the reverse bending technique is to reverse bend
notched specimens sampling ferritic steels at a very low temperature, say — 196°C
[14,16,17], which can induce short cleavage cracks when the specimen is un-
loaded. This is an alternative method to fatigue precracking for producing sharp
cracks in a test piece before the fracture toughness test. It is important to note,
however, that the tensile residual stresses induced at the notch tip by the reverse
bending that cause the short arrested cleavage crack at low temperature are still
present at a reduced level at the tip of the arrested cleavage crack, and it is
necessary to apply a subsequent tensile, or ‘‘opening,’”’ load at the low temper-
ature so that the subsequent fracture toughness is similar to that for fatigue
precracked specimens [/4,17]. Thus, although the technique can be used to
obtain relatively straight fronted arrested cleavage cracks, even in as-welded
specimens [16,17], it is important to ensure that the effects on the fracture
toughness of residual stresses caused by the reverse bending itself and those
remaining from the original welding residual stresses are carefully considered.

Effects of Reverse Bending on Fracture Toughness

The available data on the effects of reverse bending treatments on fracture
toughness appear to be very limited. Fujii and Metzbower [4] noted that, for a
quenched and tempered steel, specimens cyclically reverse bent before conven-
tional fatigue cracking resulted in identical values of the threshold stress intensity
factor for stress corrosion cracking Kisec to specimens precracked using con-
ventional procedures. Underwood and Kapp [/8] found little difference for high-
strength steel forgings between K. values measured after the use of reverse
bending before precracking relative to specimens precracked without reverse
bending. The loads applied in reverse bending in this case were however low
relative to the limit load for the specimens and indeed were low relative to the
subsequently measured K|, values, the nominal X applied during reverse bending
being between 49 and 64% of the K| values. As already noted, cleavage cracks
induced at low temperature using reverse bending result in lower values of
fracture toughness than fatigue cracked specimens unless a subsequent tensile
load is applied at low temperature, presumably because of the tensile residual
stresses induced by reverse bending [14,17].

Tests have been performed at The Welding Institute on 38-mm thick three-
point bend specimens taken from a structural steel plate to the BS Specification
for Weldable Structural Steels (BS 4360-1979) Grade SOE specification. The
results are summarized in Table 4. Three sets of three specimens were tested.
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TABLE 4—Results of fracture toughness tests on 38-mm thick plain plate to assess
the influence of local compression and reverse bending. (Bend tests to BS 5762:1979 on
BS 4360 Grade SOE steel.)

Fatigue Cracking

Condition
Treatments to Notched Average Values of CTOD Values of K.
Specimen Blanks Before Kemaxs at —90°C, at —-90°C,
Fatigue Cracking MPa m'”? R-ratio Specimen 5., mm MPa - m'?
None 24 0.1 ODG7 0.086 mean 109 mean
ODG8 0.069 0.082 102 108
0oDGY 0.092 112
Local compression to 0.5% B 23 0.1 Mé6-5 0.058 mean 87 mean
plastic strain each side Mé6-6 0.068 0.082 95 98
using 38 mm diameter platens M6-7 0.119 113
Reverse bent to 75% of 24 0.1 Mé6-1 0.137 mean 116 mean
limit load Mé6-2 0.023 0.068 71 92
Mé6-3 0.045 89

One set was locally compressed before fatigue cracking, one set was reverse
bent to 75% of the limit load before fatigue cracking, and the last set was fatigue
cracked without a pretreatment. In all cases, the fatigue cracking loads applied
at room temperature were at levels appropriate to the subsequent measurement
of K,.. Although the specimen behavior at the —90°C fracture test temperature
was too ductile for measurement of valid K. values, the values of fracture
toughness all corresponded to unstable cleavage fractures with no macroscopic
evidence of prior tearing. As summarized in Table 4, the average fracture tough-
ness values measured in specimens that were locally compressed appear to be
little different from those for untreated specimens, although the scatter in the
test results is somewhat higher for the locally compressed specimens. For the
reverse bent specimens, the fracture toughness is on average 17% lower (based
on the CTOD values) than it is for untreated specimens. The scatter in the test
results is also greater for the reverse bent specimens. It is not unexpected that
the average fracture toughnesses measured in reverse bent specimens are the
lowest (Table 4) because reverse bending not only induces plastic strains (which
it must do to achieve effective residual stress redistribution in as-welded spec-
imens), but also is likely to leave residual tensile stresses at the crack tip. The
observation that reverse bending lowers the fracture toughness is consistent with
the measurements of fracture toughness in specimens with cleavage cracks in-
duced by reverse bending at a low temperature [/4,17]. Local compression also
induces plastic strains that may reduce the fracture toughness, but the residual
stresses present will be at low enough levels not to affect the measured fracture
toughness, provided a suitable procedure is used.
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High R-Ratio
Development of an Effective Technique

The use of a high R-ratio in the fatigue cycle can be effective in improving
the fatigue crack shapes in test pieces sampling weldments in the as-welded
condition [3,9].

Initial trials [9] at The Welding Institute using 25-mm thick specimens sam-
pling a single-V multipass SMA weld indicated that R-ratios as high as 0.5 were
not fully effective in producing uniform fatigue cracks in the as-welded test
pieces unless the maximum load in the fatigue cycle was higher than that per-
mitted by either the K. or CTOD fracture toughness testing standards. However,
later tests on specimens taken from a similar welded joint indicated that uniform
fatigue cracks could be obtained using an R-ratio of 0.7 with a maximum stress
intensity in the fatigue cycle Kgy,, being the maximum permitted for CTOD
testing to BS 5762:1979 [9]. Furthermore, uniform fatigue cracks could be
obtained at an R-ratio of 0.5 if higher values of Ky, were used. The general
trend displayed by the data is that the effects of welding residual stresses on
fatigue crack shape are reduced by an increased R-ratio and an increased Kg,,,
level.

The time taken for fatigue cracking is usually a very important practical
consideration. Unfortunately, for a given Ky, a higher R-ratio will reduce the
stress intensity factor range AKy and thereby increase the time necessary to grow
a finite-size crack. Thus, Kr, levels in excess of those permitted by the standards
may be necessary to shorten the times for fatigue cracking when high R-ratios
are used.

R-ratios greater than 0.1 are not permitted by the current fracture toughness
testing standards. Although the reason for this is probably to maximize the range
in the stress intensity factor AK during fatigue cracking, and thereby obtain the
most rapid crack growth rate for practical purposes; the reason for the mandatory
imposition of the limit on R-ratio is unknown. Nevertheless, it is clearly important
to consider the effects of both higher R-ratios than 0.1 and higher K, values
on fracture toughness.

Effects of High R-Ratio on Fracture Toughness

Fracture toughness values measured in weldment specimens after the use of
a high R-ratio in the fatigue cycle have been compared with results for locally
compressed specimens by Bramat and Doucet [3], Towers [9], and Wildschut
[19]. The study by Bramat and Doucet [3] indicated different trends for a single-
V weld than for a double-V weld. For the single-V weld the lowest fracture
toughness values were obtained after fatigue cracking at an R-ratio of 0.5. For
the double-V weld, however, the locally compressed specimens produced results
similar to those specimens for which a high R-ratio had been adopted. There
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were few obvious trends in the data for single-V welds obtained by Towers [9],
though the fracture toughness values measured in specimens prepared using the
combination of a high K¢, and a high R-ratio (which was most conducive to
uniform fatigue cracks) were generally higher than the results for locally com-
pressed specimens. Wildschut [/9], in another study on a double V-weld, re-
ported higher fracture toughness values for specimens prepared using a high R-
ratio than for locally compressed specimens. The general trend for these data appears
to be for higher fracture toughnesses to be measured in specimens prepared using
a high R-ratio, which may be due to the high R-ratio elevating the fracture
toughness or local compression lowering it or both. Alternatively, the fatigue
crack front shapes may have been important, since these were not always ideal
after the use of high R-ratio [3,9], with a cusp sometimes occurring in the center
of the specimen as shown in Fig. 14.

In order to remove the effects of local compression and crack shape from the
above comparisons, Towers reported results for a parent steel where specimens
were fatigue cracked using R-ratios of 0.1 and 0.5 and different K, levels [9].
The results are shown in Fig. 15. The results for an R-ratio of 0.1 display the
trend for the fracture toughness to increase with increased K., which is con-
sistent with other published data [20,21]. However, for an R-ratio of 0.5 the
tendency for the fracture toughness to initially increase, peak, and fall off again
with increased K., was unexpected. The tendency for fracture toughness to be
higher, the higher the R-ratio, for a given K, level, appears to be consistent
with a simple (linear elastic) model of the effects of R-ratio suggested by Towers
{20] based on the premise that crack closure is an important effect. If, however,
crack blunting is the main cause of the increased fracture toughness with increased
Krmax (for given R-ratio), which has been suggested by many authors [20], it is
not surprising that the fracture toughness is less sensitive to the effect of increased
Krmax for a high R-ratio, because at a given Kry,, level AKg is lower for a high

FIG. 14—Cusp shape sometimes observed in fatigue cracks of specimen precracked with high
R-ratio (in this case R = 0.5) [9].



TOWERS AND DAWES ON FATIGUE PRECRACKING 43

030 — ' . .
x 'o’.‘;m BS5762: 1979 limit on Kemax
0.25F X 08 (i.e. Kemax + 0.630 VB )
0.20
[3 g I Scatterband
< for
<5 R=0.1
> o15)
3
S
g 010} Scafferband
(=)
R=05
0os|
4 1 1. 4 3 )
0 s 50 75 100 125

Kemax «MPaYm

FIG. |5—Influence of R-ratio on fracture toughness of 38-mm thick BS 4360:50F plate tested
at —90°C [9].

R-ratio and the fatigue crack surface appearance is far smoother and the crack
tip presumably sharper [9]. The data given in Fig. 15 would support the latter
hypothesis for the two relatively high levels of Ky, Limited published data
however are available, which indicate that for a high-strength steel the critical
value of stress intensity factor K. in the fracture toughness test was not signif-
icantly affected by the R-ratio used during fatigue cracking [2/]. Further work
is clearly required to understand the competing effects influencing the fracture
toughness when different R-ratios are used in fatigue precracking.

Relative Merits of Techniques Used To Obtain Satisfactory
Fatigue Cracks

It is clear that three techniques have been developed to the stage where they
are capable of producing uniform fatigue cracks in as-welded specimens despite
the original presence of welding residual stresses. Table 5 provides a summary
of the relative merits of the three techniques, namely, local compression, reverse
bending, and high R-ratio. In our experience, local compression to a plastic
strain of 1% of B has been found to be generally reliable in producing uniform
fatigue cracks in specimens sampling weldments in the as-welded state without
special fatigue cracking procedures having to be used. For the technique to be
fully effective, however, the platen size needs to be comparable to the section
thickness, and this can mean for thick specimens that high load capacity machines
are required. Reverse bending at room temperature should not require any greater
load capacity machines than are already needed for the fracture toughness test.
For this reason the technique is attractive, but there appears to be very little
work published on the most suitable load to use for reverse bending. Furthermore,
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TABLE S5—Relative merits of three techniques used to obtain uniform fatigue cracks in
as-welded specimens.

Advantages Disadvantages

LOCAL COMPRESSION TECHNIQUE

1. Relatively large amount of development 1. Extra operation, and equipment (for
work published. example, platens) required.

2. Method used for approximately ten years 2. Higher load capacity machines are required
and has proved reliable, with plastic for effective local compression than for
strains of 1% B being applied across the the fracture toughness test.
ligament beneath the notch.

3. Can use conventional fatigue cracking 3. Fracture toughness values may be lower for
procedures that meet requirements of materials that are sensitive to 1% plastic
current standards. strain at room temperature.

4. Effect on fracture toughness, if any, results 4. Local compression is awkward for
in conservative measurements. specimens without flat surfaces.

REVERSE BENDING TECHNIQUE
1. Can use conventional fatigue cracking 1. An extra operation is required.

procedures that meet requirements of
current standards.

2. Effects on fracture toughness are expected 2. Fracture toughness values may be
to result in conservative measurements. significantly lower because of tensile

residual stresses and plastic strains.

3. No special equipment is needed over and 3. Relatively little information published on
above that already required (for the the development of technique and no
fracture toughness test). unified method.

HIGH R-RATIO TECHNIQUE

1. No extra operation or equipment is 1. For effective use the fatigue cracking loads

required. and R-ratio are likely to contravene the

requirements of current standards.

2. Fracture toughness values may be affected,
possibly giving unsafe results.

3. Relatively little development work
published and no unified technique.

the effects of the treatment on fracture toughness need to be clarified. On this
point, it is felt that the effects are probably crucially dependent on the amount
of crack growth following reverse bending. This is because the crack is being
grown into steep gradients of residual stresses and plastic strains. Finally, using
a high R-ratio is potentially the most convenient technique of all, requiring no
extra equipment than is already required for fracture toughness tests, and in-
volving no extra operation for specimen preparation. At the same time, however,
the fatigue cracking conditions that need to be used will be nonstandard, since
the R-ratio needs to exceed 0.1, and the maximum fatigue load probably has to
be higher than currently permitted. The effects of high R-ratio on fracture tough-
ness do not appear to be clearly understood and, until there is more information,
the technique is not recommended.

Probably the most important point to emphasize is that any techniques used



TOWERS AND DAWES ON FATIGUE PRECRACKING 45

to obtain uniform fatigue cracks in specimen sampling weldments should be
documented and preferably should appear on the test results sheets. If this is not
done, results of tests on weldments may be compared, and incorrect judgements
made of the relative merits of the fracture toughness values, because it was not
realized that different techniques were used to obtain uniform fatigue cracks.

Summary and Conclusions

A description is given of three techniques that may be used to ensure that
uniform fatigue cracks are obtained in specimens initially containing residual
stresses. These techniques are especially relevant to specimens that are extracted
from multipass welded joints in the as-welded condition. The three techniques
are local compression, reverse bending, and the use of high R-ratios in the
fatigue precracking procedure. A review is made of the development, limitations,
and relative merits of the three techniques; these being summarized in Table 5.

At present, local compression is the most reliable and well defined technique,
and it can be used with the fatigue precracking restrictions in the current fracture
toughness testing standards. Reverse bending and high R-ratios, while attractive,
require further research and development and also changes in the fracture tough-
ness testing standards.
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ABSTRACT: The paper outlines the problems encountered in attempting to define a self-
consistent upper shelf toughness data base for use in a generic study of the integrity of a
light water reactor (LWR) pressure vessel. Multiple-specimen resistance curve Ji data were
examined to provide ‘‘best estimates’’ of static initiation fracture toughness K; at temper-
atures corresponding to fully ductile upper shelf behavior. In some cases, this involved
reassessment of published data. To provide information that should be typical of current
commercial steel making practice, K; temperature relationships were developed from a
statistical analysis of those data for A533B-1 and AS08-3 steels containing less than 0.010
weight % sufur.

Relatively few data exist for weld metals, but the available results indicated that the K,
temperature relationships derived for base metals should also be applicable when assessing
the significance of defects located in welds of a modern LWR pressure vessel.

Lower bound slopes (d//da)s to the available J; data for A533B-1 and A508-3 steels
were also defined. These can be used in conjunction with the K, temperature relationships
to derive post-initiation toughness data for up to 2-mm crack growth. The data base was
derived from linear J; analyses, and its relevance to upper shelf initiation toughness data
derived from nonlinear (power law) J analyses is considered. Different methods of esti-
mating initiation toughness are discussed and proposals are made to simplify the interpre-
tation of upper shelf toughness data.

KEY WORDS: ductility, crack propagation, temperature, welded joints, sulfur, upper
shelf, fracture toughness (initiation), J curve, pressure vessel steels

Nomenclature
a Crack length
a, Initial crack length
b Ligament length
B Specimen thickness
E Young’s modulus
J J integral
J;  ‘‘best estimate’’ value of J at initiation

'Senior scientific officer, Risley Nuclear Laboratories, UKAEA-Northern Division, Warrington
WA3 6AT, Cheshire, England.
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Introduction

ELASTIC-PLASTIC FRACTURE TOUGHNESS

Initiation toughness values defined using 20:Aa and 40,Aa
blunting lines

Initiation toughness value at Aa = O where Aa includes crack-
tip blunting

Initiation toughness value at Aa =
crack-tip blunting

Initiation toughness value defined using ASTM E 813
Lower bound value of J

Measure of J in the presence of ductile crack growth
Reference lower bound value of J in the presence of ductile
crack growth

Stress intensity factor

A “‘best estimate’’ initiation toughness value

Initiation toughness values calculated using Jior, Jigor
Initiation toughness value calculated from J;,

Initiation toughness value calculated from Jiy,-,

Initiation toughness value calculated from Ji

Specimen width

Measure of resistance to crack growth

Lower bound resistance to crack growth

Ductile crack growth

Average measurements of ductile crack growth from 3, 7, and
9 measurements across the crack front

The maximum amount of ductile crack growth (usually meas-
ured at specimen mid-thickness)

Yield stress

Ultimate tensile stress

Flow stress

Standard deviation

O where Aa excludes

The main purpose of this paper is to present the methodology adopted by the

United Kingdom Atomic Energy Authority (UKAEA) to provide *‘best estimate’’
reference values of start of life upper shelf fracture toughness properties for
“‘modern’’ light water reactor pressure vessel materials. Such reference values
of both initiation toughness and resistance to crack growth were used by a
UKAEA study group in a generic assessment of the integrity of a pressurized
water reactor (PWR) pressure vessel {/]. In their assessment ‘‘modern materials’’
were considered by the study group to be those whose fracture properties reflect
the advances that have been made in both steelmaking and fabrication practices
over the past decade.

One important distinction between the assessment performed by the study
group and those performed using the more traditional routes of American Society
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of Mechanical Engineers (ASME) III Appendix G and ASME XI Appendix A
is that the former calculations involved best estimate physical/mechanical/frac-
ture properties as well as lower bound values. Neither ASME III Appendix G
nor ASME XI Appendix A are strictly applicable at operating temperatures where
failure will occur by a ductile mechanism. By convention, however, lower bound
toughness values corresponding to fully ductile behavior are usually taken as the
upper limit to the respective reference Ky or K, fracture toughness/temperature
curve, irrespective of upper shelf temperature. It has been recognized for a
number of years that, on the upper shelf, fracture toughness decreases with
increasing temperature [2]. Thus, a key requirement when specifying the data
base was to define fracture resistance as a function of temperature from the onset
of fully ductile upper shelf conditions to the normal operating temperature of
~288°C.

Ductile crack initiation and propagation involves the nucleation, growth, and
coalescence of microvoids and the eventual formation of a macroscopic ductile
tear. This is a continuous process, and consequently it is difficult to define
precise values of ‘‘initiation”’ toughness. In an engineering context, ‘‘initiation’’
was taken to correspond with the onset of macroscopic ductile crack extension,
but even this condition is difficult to define from much of the published upper
shelf toughness data. Published data fell into two classes: those derived using
the multi-specimen, interrupted test technique and those derived using suitably
instrumented single-specimen techniques. When the study group began its delib-
erations, in 1980, available published data on the single-specimen methods based
on either AC or DC potential drop were still considered to be less reliable than
data from multi-specimen methods for defining initiation toughness and crack
growth resistance. At this time, the unloading compliance technique was being
actively developed as a viable alternative to multi-specimen testing. Apart from
published unloading compliance data for materials where multi-specimen results
were already available, published work by the key practitioners of this technique
was devoted almost exclusively to the low upper shelf toughness materials used
in early U.S. reactors. Such materials are not typical of current commercial
practices, and the data were not included in the analysis. In view of the relative
novelty of the unloading compliance method and possible unreliability of other
single-specimen methods only data from multi-specimen tests were used to define
reference upper shelf toughness values.

The multi-specimen method offered, in principle, the least ambiguous route
for defining *‘best estimate’’ initiation toughness values but difficulties arose in
producing a consistent data base because of significant differences in resistance
curve Jp construction procedures that have been adopted by the technical com-
munity. In most cases it was necessary to reassess the original J-Aa data. The
methods used to define a data base will be described briefly and the final results
presented. The paper also comments on current methods of estimating upper
shelf toughness, particularly where greater emphasis is being placed on defining
nonlinear crack growth resistance data. Finally, some ideas will be outlined that
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would allow a more consistent interpretation of upper shelf toughness data derived
using current test procedures.

Jg Construction Methods

Relevant data available in 1980 and 1981 were based almost exclusively on
linear J-Aa analyses. Jy constructions involved different methods of estimating
the amount of ductile crack growth Aa and different procedures for defining
initiation toughness. These were as follows:

1. Measurements where Aa includes the contribution caused by crack-tip
blunting. These are, for example, the ASTM Test for J,,, a Measure of Fracture
Toughness (E 813) which defines /. as the intersection of aJ = 20/Aa blunting
line and a linear regression to data points within the Aa range 0.15 to 1.5 mm
offset from the blunting line. Variants have been suggested on this method,
which involve the use of lower crack growth data in conjunction with either a
J = 4o0Aq blunting line [2] or an experimentally defined blunting line [3].

2. Measurements where Aa does not include the blunting component before
macroscopic ductile crack extension. In this method initiation is defined by
extrapolating the J-Aa regression line to Aa = O.

Initiation values defined by either method depend markedly on the crack
growth range used to define the J-Aa regression line. Figure 1 shows examples
of different J; constructions for data where Aa includes crack-tip blunting. This
comprehensive series of results, which was obtained by Carlson and Williams
[4], refers to tests on nonside-grooved 25-mm-thick compact specimens extracted
from an A533B-1 (Unified Numbering System [UNS] K12539) plate (Heavy
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FIG. 1—Comparison of different J-Aa constructions for defining initiation toughness. HSST-02
steel, 25-mm CS, T-L orieniation tested at 149°C [4].
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Section Steel Technology [HSST]-02) notched to various depths (a/W = 0.5,
0.6, and 0.8). As pointed out by the authors, the data are better represented by
a nonlinear fit than by a straight line, but the immediate point is the significant
difference in estimates of initiation toughness that can arise from the two linear
Jg constructions. Examples of J; analyses where the Aa measurement excludes
blunting are shown in Fig. 2, which presents results obtained by the author for
plane sided and side-grooved 40-mm-thick compact specimens of a typical mod-
ern A533B-1 steel. Crack extension was measured as the average of the seven
internal measurement positions recommended in ASTM E 813. These results
illustrate that, within the limits of experimental accuracy, side-grooving has no
effect on either initiation toughness or resistance to crack growth associated with
the first increment (< 1 mm) of ductile crack extension.

Development of the Upper Shelf Data Base

The strategy adopted to define a consistent upper shelf data base was to reassess
all published and “‘in-house’’ J; data where Aa included blunting to provide
toughness estimates corresponding to the intersection of the J-Aa line with
J = 20/Aa and J = 40,Aa blunting lines and the value of J at Aa = O. These
values were designated as Ji. (or J, if invalid according to E 813) Ji,, and J;,
(examples are shown in Fig. 1), respectively. The data sets used for each Jy
construction were designated as either ‘‘high Aa’’ or “‘low Aa.’’ The former
designation was applied when the crack growth range was as specified in ASTM
E 813 or higher, and the latter designation was applied where all Aa values were
less than =1 to 2 mm depending on specimen size and specifically when results

En
E
S
-
z A5338-1
3 40mm C.8
5 T=20C
s L-T orient!
£ ® 0%s.g.
= O 25%s.9.
+ 50%s.g.
[+ 1 i T 1 1 1
0 0.5 1.0 1.5 2.0 2.5 3.0
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FIG. 2—The effect of side-grooving on initiation toughness values defined when Aa excludes
crack tip blunting.
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were obtained between the J = 40;Aq blunting line and the 0.15-mm data ex-
clusion line parallel to J = 20Aa (Fig. 1). The majority of results available
were from tests on 20 to 40 mm-thick specimens and low Aa data conformed,
in general, with the requirement Aa < 6%b where b is the remaining ligament.
Similar guidelines in terms of crack growth ranges were applied to analyses
where Aa data excluded crack-tip blunting.

Jg data from the United States [¢-81, Europe [2,3,9-16]*"* and Japan [18,19;]
were examined to provide values of initiation toughness, which were defined in
the following way:

1. Aa Measurements Including Crack-tip Blunting—The intersection of a *‘J-
low Aa”’ regression line with aJ = 40,Aa blunting line (Jiss). Where only *“J-
high Aa’’ data were available, the initiation value was taken to be the value of
Jat Aa = O (J,).

2. Aa Measurements Excluding Crack-tip Blunting—The value of J at Aa = O
for a ‘‘J-low Aa”’ regression line (J;;, = Q).

3. Experimental Determination of Crack-tip Blunting—The intersection of a
“‘J-low Aa”’ regression line with a metallographically defined blunting line [3].

4. A Definition of Initiation From a Finite-Element Analysis—The value of
J at 0.2-mm crack growth from a nonlinear J-Aa regression analysis based on
the maximum extent of crack growth, inclusive of blunting Aa,,, [16].

In many cases, definition of Types 1 and 2 initiation toughness values involved
a reevaluation of the published J-Aa data. This was deemed necessary to account
for those differences in published initiation values that could be directly attrib-
utable to differences in R-curve construction procedure. Defining initiation tough-
ness by Methods 1, 2, 3, or 4 should provide a more consistent date base, and
such results were termed ‘‘best estimate’’ values.

These analyses yielded 82 initiation toughness measurements for A533B-1/
AS08-2, AS08-3 (where AS08-2 and AS08-3 are UNS K12766 and K12042)
base materials and associated welds/HAZs, which were expressed in terms of
the equivalent stress intensity factor K using

K? = EJl/(1-v)

Best estimate toughness values for A533B-1 and A508-3 steels, and from tests
on welds/HAZs are presented in Tables 1 through 3, respectively. Also given
are the corresponding values of K. (from Ji) or K, (from J,, ). Most of the
data were obtained before the requirements of ASTM E 813 were finalized, and
consequently relatively little information is available to relate K|, (from valid J,,

*CEA Saclay, private communication.

’Ingham, T., UKAEA unpublished work, Warrington, Cheshire, England.
Lidbury, D. P. G., UKAEA unpublished work, Warrington, Cheshire, England.
Druce, S. G., UKAEA unpublished work, Harwell, Oxon, England.



53

INGHAM ON TOUGHNESS DATA

*PUIWLIAISP 10U = (N>

I (g91) 8vl (1]%4 €10°0 [Z] wop3ury panupn
I (782 161 (174 €100 [z] wop3ury patun
1L 8T 80T (174 (POUBL]
S1 aN 8€T oL S00°0 [91] sdouely
S1 LLY LLY SLT L00°0 [91] adue1y
Nig| an SLI 00¢ L00'0 {9r] souesy
I1 aN pLI 0S¢ L00°0 [91] souesy
Nig| an 881 007 L00°0 [97] souesy
I aN 60T 0S1 L00°0 [91] aoueyy
Nig| aN €€ 001 L000 [or] souerg
Nig| an SIT ¥T L00°0 [91] souesy
1L AN (72 062 S00°0 §0URL]
SL (61 Tl 062 $00°0 oueL]
I1 (1144 4174 887 $00°0 ¢OURL]
I1 174% 877 (174 S00°0 OURL]
11 (8LD) €Iz (174 (IOUBL]
1L (192) €Iz (174 L00'0 [£2] uedeg
1L a6 S91 (174 1100 ¢SojEIg pajun
1L L8y 891 LL] €100 [§] W-Tdda
1L (8427) Lt L 1200 (¢} 4-14da
1L (192) 3 %4 8¢ 120°0 [§] 4-1dda
1L (i 4] LT 8 S10°0 [¢] A-14d9
1L (6£7) 907 6t S10°0 (€] 3-14da
1L (€¥T) €Iz 88 600°0 [¢] a-nadda
1L (L97) 12C 179 600°0 [¢]1 a-14da
1L [(YA)) LST 373 +10°0 {£] Zo-LSSH
1L 6£T ‘SST 161 6v1 $10°0 f&‘#] T0-LSSH
1L L) 661 1Zi $10°0 £} 20-LSSH
1L +82) 6vCT 1L ¥10°0 [¢] Z0-LSSH
1L (812) 19114 €T $10°0 [¢] Zo-LSSH
I aN SSI 0S¢ 810°0 (2 10-LSSH
I1 (Z82) 661 09 8100 [z} 10-LSSH
uouRIUSLI) oW - B ‘(UTY) Y LW - BN Y Srewnsg-lsag D), ‘ommeradwia] 1531 9 1ySiam Jusjuo)) Inging [3oy] wduQ Aelg

‘12a1s [-GEESY 40f sampa ssouySnoy (FUY) 1Y puv Y wunisa-isag—1 A1AVL



ELASTIC-PLASTIC FRACTURE TOUGHNESS

54

‘1 J5y WOL pajewnss S[2AI] S,

(S=) [elpes = ¥ PUB ‘(=) [ENUSIJWNIID = D) ‘(L=) [EIXE = VY,
v (L) 807 0z [6] souery
V-0 (454) LIz 001 S00°0 [£] souery
oV 661) 881 001 070°0 [£] souesy
v (TsT) LIT 001 010°0 (€] soueay
q-v (o081 pLI 001 4S10°0 [o1] soure1y
v (zzo) €07 001 4L00°0 [o1] soue1y
oV €D 912 oL 450070 [o1] soue1y
oV Lz 80T S8 9000 [or] sowe1y
v 'OV (8LD) L 001 4500°0 [01] soue1y
V-2 Lo (1] 14 001 4900°0 lor] soueiy
¥D 962 L0T 887 700°0 ,ueder
yv X4 8€T oz 000 ,ueder
¥D (€9¢) §97 oz 7000 Jueder
dv 012 082 €000 [#1] uedep
av 1Tk 001 €00°0 [#1] ueder
b o) 962 08z £00°0 [#1) veder
D 6€2 001 €00°0 [#1) veder
qv Sog 092 062 €00°0 (51} ueder
b: g0 (9p¢) 87C oz S00°0 [61] ueder
b 8 (Lgg) S92 o1 S00°0 [61] ueder
LIONBIUBLIO ol - B .AE_MV oy il - BN Y | 9rewnsyg-1sag,, D, ‘ameradwia], 153, 9% 1y313m “JU3uO)) IS [39y] wduQ Swidi0g
uswioadg

'$)221S -80SV 40f sanppa ssauySnor ("Uy) Y pup Y | ‘aipwnsa-1sag,,—7 A14V.L



55

INGHAM ON TOUGHNESS DATA

*SMSU] YoIeasay Jomod d3[g oy St [Ydd.

002 082 800°0 ZVH V/S [£1] wop3ury payun
87T oL 800°0 ZVH V/S (7] wop3ury payun
697 ¥1zT 0 ¥00°0 ZVH V/S [02] ueder
91 4y | LLl €100 PloM V/§ [s11H nIda
SLT 6€2 LLT L10°0 pIPM VINW [s13H Nda
062 86T 94 0100 plom v/§ [s1 X H N4
8€T 414 LL1 0100 PlPM /S (€] X H 14dd
967 0Lt (%7 0100 PIPM Y /S [§]1 X H 1449
0LT e ol 0100 Piom V/S [€]1 X H ndda
€6T LST (%7 6000 PIPM V/S [S]1 AH 1449
6LT €T o1 600°0 PloM V/S [s1 A T¥dd
viz 661 LLY v20°0 SN IH 449
10¢€ €22 6v 0100 PRPA VININ [ ¥H 1449
962 e 91 0100 PPM VNN [s] 4H Iddd
e L6T 24 010°0 PIPM VINN [s10H ddd
94% (454 01 0100 PiPM VINIX [S1OH nddd
$8¢ See (%7 0100 PP VNI (] dH I4dd
9LE 62€ 01 0100 pPM VIWIN [s] d M 1449

ot - BN doayy il - BN Y | o1ewinsy 159y, D, ‘aameiadwa], 191, 9 YSm ‘Juajuoc) Injng popdues feude [30¥] wBuQO prom

*$]221S QOSY PUD [-GEESY Ul SZVH[SP1om 1of Sanppa ssauydnoy Jonyy 'y |, 210unIsa 153g,,—¢ IAVL



56 ELASTIC-PLASTIC FRACTURE TOUGHNESS

data) with best estimate data. This aspect will be discussed after presenting best
estimate upper shelf toughness/temperature relationships for the data base.

Best Estimate Initiation Toughness/Temperature Relationships

Figure 3 shows initiation toughness data for base metals as a function of test
temperature. The data have been subdivided on the basis of sulfur content and
it can be seen that, in general, initiation toughness is higher for the low sulfur
containing steels. The level of sulfur provides a good indication of the quality
of steel making practice. Thus data for steels containing <0.010 weight % of
sulfur were used to derive the best estimate upper shelf toughness/temperature
relationships that would be applicable to modern A533B-1 and A508-3 steels.

The results of a linear regression analysis using toughness data for those
A533B-1 and AS508-3 steels containing less than 0.010 weight % sulfur are
shown in Fig. 4. Taking the data to be normally distributed at upper shelf
temperatures, the temperature dependence of upper shelf toughness of these base
materials (in MPa - m $) is given by

K, (mean) = 231 — 0.096 T°C
K, (—95% CL) = 182 — 0.096 T°C
K, (+95% CL) = 282 — 0.096 T°C

The available data base for weld metals/HAZs (Table 3) was too limited to
justify independent statistical analysis of these data, and the results have been
included in Fig. 4 to allow direct comparison with those for low sulfur base
metals. Most of the data lie well above the mean line for base metals. The only
data point lying below the lower 95% confidence limit refers to a submerged
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FIG. 3—*‘Best estimate’’ initiation toughness data for AS33B-1 and A508-3 steels.
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FIG. 4—Comparison of initiation toughness data for weld metals/HAZ’s with ‘‘best estimate'’
K-temperature relationships for A533B-1 and A508-3 steels containing less than 0.010 weight %
sulfur.

arc weld produced using a high heat input and a Linde 80 flux, neither of which
are representative of current commercial welding practice as used in LWR fab-
rication. The results indicate that the mean and lower 95% confidence limit K;
temperature limits, which were derived for base metals, can also be used for
weld metals produced to modern commercial practice.

Lower Bound Resistance to Crack Growth

The main problems when assessing the available data to define post-initiation
toughness values were as follows:

1. The J; slope dJ/da depends upon specimen orientation, the method used
to estimate Aa, and on the Aa range over which dJ/da was estimated.

2. The majority of upper shelf toughness tests were made using plane-sided
small scale specimens (25 mm thick) for which the increment of J-controlled
crack growth [21] was relatively small (that is, =1 mm).

These factors introduced considerable uncertainties when assessing the available
data. In particular, the differences in crack growth measurement procedures
precluded the determination of a consistent data base. Consequently a statistical
assessment of all dJ/da data was not attempted. Instead, an approach was adopted
whereby reference lower bound Ji slopes (dJ/da), 5, were defined, which were
intentionally conservative with respect to all the available data for modern steels.
Separate lower bound slopes were defined for both A533B-1 and A508-3 steels
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tested at both the onset of upper shelf and at ~288°C; the onset of shelf conditions
being defined as the temperature at which fully ductile behavior first occurs.

Comparison of the upper shelf initiation toughness analyses of the previous
section with similar analyses relating to the fracture toughness transition region
has shown that, for modern materials, ductile crack initiation should commence
at temperatures below approximately 40°C [/]. Reference slopes for resistance
to crack growth at the onset of upper shelf conditions were defined using the Jg
data obtained from test at or close to ambient temperature.

Reference Slopes (dY/da)., for A533B-1 and A508-3 Steels

Lower bound slopes were derived for each material and test temperature in
the following manner. Using a J-Aa data set of known pedigree, a J-Aa rela-
tionship was defined by reducing both the slope and intercept of the best fit
linear J-Aa regression analysis by three standard deviations (—3SD) This * —3SD’
slope was then compared with the slopes of J; relationships from all other
specimens of the same steel tested at the appropriate temperature. The ‘3 — SD’
slopes were found to be lower bounds to all available results. To compensate
for effects of crack growth averaging procedure and specimen orientation, ref-
erence lower bound slopes (dJ/da) z were defined by reducing the *—3SD’
slopes by a factor of two.

Examples of this approach are given in Figs. 5 and 6. The reference slope
for A508-3 steel at the onset of upper shelf, is compared in Fig. 5, with other

0.7+

o g
0 o
T T

J-integral(MJ/m?2)
o o
—F

A508-3
) Onset of W shelf
1.0 1.5 2.0
Crack growth, Aa(mm)
FIG. 5—lInitial resistance to crack growth for A508-2 and A508-3 steels tested at onset of upper
shelf.
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FIG. 6—lInitial resistance to crack growth for A533B-1 steels tested at 149 to 343°C.

results for both A508-3 and AS508-2 steels tested at or close to ambient temper-
ature. In this case the lower bound J-Aa relationship J;. is defined by the reference
slope and the intercept of the ** —3SD’’ J; line for an A508-3 steel produced and
tested in France. This material was thought to represent a lower bound fracture
toughness for forgings used in the French PWR program [9].? Figure 6 compares
the lower bound slope for A533B-1 (UNS K12539) steel at 288°C with repre-
sentative results for other A533B-1 steels, including the bounding data, which
were obtained over the temperature range 149 to 343°C. This reference slope
was derived using data for a French A533B-1 steel (M-F') tested by the author.

The reference lower bound slopes derived for A533B-1 and A508-3 steels are
given by

AS533B-1: onset of upper shelf: (dJ/da) g
288°C: (dJ/da).s

A508-3: onset of upper shelf: (dJ/da), s
288°C: (d//da) g

0.130MJm~%/mm and
0.053MJm~%/mm
0.273MJm~*/mm and
0.125MJm~%/mm

Reference slopes for A533B-1 steel were derived using results from testing 40-
mm-thick compact specimens whereas those for A508-3 steels were obtained
from tests on 25-mm-thick specimens. No significant difference in resistance to
crack growth was observed by the UKAEA when testing 25- and 40-mm-thick
specimens of the French A533B-1 steel (M-F’). It was concluded therefore that
the reference slopes for both A533B-1 and A508-3 steels could be used to define



60 ELASTIC-PLASTIC FRACTURE TOUGHNESS

post-initiation toughness data satisfying the requirements for J-controlled growth
providing crack growth was limited to a maximum value of 2 mm. This limit
on crack growth corresponds to approximately 6% of the ligament for a 40-mm
compact specimen.

Reference Upper Shelf Data for A533B-1/A508-3 Steels

The reference slopes (dJ/da), 5 are intended to be used with either +95% CL,
mean, or —95% CL *‘best estimate’” initiation values. Examples when the slopes
are indexed to mean initiation values are shown in Fig. 7 where the reference
J-Aa relationships are termed Jg (R = reference initiation and L = reference
lower bound slope). Although separate Jg; lines were derived for A533B-1 and
AS508-3 steels, the similarity in chemical composition and use of nominally
equivalent heat treatments for these two materials suggests that they should
exhibit no generic difference in resistance to crack growth. The differences in
(dJ/da) 5 may be attributable to increased purity of the AS508-3 steels, which
were generally of more recent origin.

Discussion

Comparison of ‘‘Best Estimate’’ Toughness Values with Data Derived Using a
J = 2.Aa Blunting Line

The difference between best estimate K; values and either the K. values
(derived from J,) or K, values (from nonvalid E 813 data) increases with
increasing resistance to crack growth. The derivation of any relationship between
these toughness measurements should therefore take account of factors that in-
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FIG. 7—Proposed lower bound ). relationships indexed to mean initiation toughness values,
applicable for 2-mm maximum crack growth.
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fluence resistance to crack growth; for example, inclusion/impurity element
content, specimen orientation, and test temperature. The available data base was
too small to quantify each of these factors. Furthermore a strict comparison of
the two methods of estimating initiation was complicated by the different crack
growth ranges (low Ag and high Aa), which had to be used when defining the
data base. This aspect was reflected by the unacceptably low correlation coef-
ficients found (r=0.75) in attempts to correlate K; values in the range 165 to
265 MPa + m % with corresponding K. or Ky, values. Nevertheless, a comparison
of mean toughness values indicated that, at the onset of upper shelf conditions,
K. or Ki,, values for A533B-1 and A508-3 steels would have to be reduced by
aproximately 20 and 25%, respectively, to provide mean best estimate, K|,
toughness values. The decrease in resistance to crack growth with increasing
upper shelf temperature will result in a smaller difference between the two types
of measurement at 288°C and to a first approximation the mean K| or K, data
at 288°C for both A533B-1 and AS508-3 steels would need to be reduced by 10
to 15%. These approximations are based on all available K;. or K, data. In
general, K, provides an underestimate of K|, and the assessment will not fully
reflect the larger differences between K; and K, (from valid J;.), which will arise
in steels of very high toughness.

If blunting should be represented by J = 4o,Aa rather thanJ = 20/Aa [2,10]
then J;. values for such steels will be associated with a significant amount of
crack growth and the difference between K; and K. will increase accordingly.
Figure 8 compares ASTM E 813 J; analyses for two high quality, high toughness
steels and the two steels tested in the round-robin programs used to develop the

Blunting lines
1.6 (1 4o0gaaHY120 ) ,
(@ 20aa HY130 and 4 0faa ’,,ob' V;
for HSST-02, AS08 steels a4 100 /
T4 @ 2 0saa for HSST-02 and AS08 steels //
/— 4

1.2 //
bl /
E 1.0 //
5
2 /
= /
®ogd ,
o /
@
T P
T 0.6
3 /

Vv : EB13 valid
0.4
// Key
02 // ® Swedish A508-2. 25mm CS, T-L, 20°C
“T 7 Japanese A508-3, 40mm CS, L-S, 20°C
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0 1 i v 1 L 1

0.15 0.5 1.0 1.5 2.0 2.5 3.0
Crack growth, Aa@(mm)

FIG. 8—Comparison of ASTM E 813 I constructions for steels exhibiting different resistance to
crack growth.
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ASTM E 813 test method. The increments of crack growth (including blunting)
associated with J;. increases from approximately 0.1 mm for HY 130 steel tested
at 20°C to approximately 0.4 mm for the high purity Japanese A508-3 steel
tested at 288°C. The specimen size requirements of ASTM E 813 preclude a
determination of J;. at 20°C using 25-mm-thick specimens of the A508-2 steel
and 40-mm-thick specimens of the Japanese A508-3 steel. It is clear, however,
that Jy. values for these steels would be associated with ~0.8-mm crack growth.
Jic (Jo) values for the data shown in Fig. 8 are compared (Table 4) with best
estimate J; values derived using a J = 4oAa blunting line and “‘low Aa’ data
(Aa= 0.6b). Conversion of these initiation J values to equivalent K values
indicates that the E 813 procedure can overestimate the toughness at the onset
of macroscopic crack growth by 25% at 288°C. The discrepancy will be larger
at 20°C where resistance to crack growth is higher. Assuming the J curves for
A508 steels to be essentially independent of size for the increase in thickness
necessary to produce valid J;,, measurements at 20°C then the resultant increase
in K. over K; could be as high at 50%.

Developments in Iz Testing/Analysis

The ASTM E 813 procedure would be improved by replacing the J = 20Aa
blunting line with aJ = 40,Aa line and defining a linear J,, relationship for data
lying between 0.15 and 1.5 mm offsets from the modified blunting line. This
would provide a better estimate of initiation toughness and would allow ‘‘valid”’
data to be derived from smaller specimens. The modified procedure would allow
the testing of 25-mm-thick specimens of high toughness forging steels (see Fig.
8) but could still pose problems when testing smaller scale specimens that are
more suited to reactor pressure vessel surveillance programs. Size-independent
initiation data will be obtained from linear analyses only when (1) the specimen
size satisfies a requirement of the form b, B < xJ/o; where x = 15 in E 813,
and (2) Jy relationships for different specimen sizes are defined using the same
crack growth range. The need to satisfy the size requirement will impose a limit
on the allowable crack growth range, which will decrease with specimen size.
Thus, particular care must be taken when comparing results from surveillance
programs with those obtained using larger scale specimens.

Linear analyses can only be used to define realistic estimates of initiation
toughness and resistance to crack growth when Jy, is defined for a small increment
of crack growth. Consequently, such analyses provide only limited information
concerning resistance to crack growth.

The development of J, testing techniques has been stimulated by the need to
provide a more accurate interpretation of resistance to crack growth rather than
to define methods for identifying initiation toughness values. This is a conse-
quence of the advances that have been made in methods of analyzing ductile
instability. In this type of analysis, resistance to crack growth rather than initiation
is the relevant material property. The latter is, however, a necessary input to a



INGHAM ON TOUGHNESS DATA 63

structural instability analysis. Single-specimen unloading compliance testing is
now well established, and a tentative testing procedure has been developed [22].
These developments have led to the more widespread use of nonlinear J analyses,
which provide a better description of resistance to crack growth over a larger
crack growth range than can be adequately accommodated in a linear analyses.
A comparison of J; data for a range of specimen sizes (10 to 100 mm thick) for
AS533B-1 steel [23] demonstrated that nonlinear (power law) J; analyses provide
a more consistent interpretation of specimen size effects than linear analyses. It
would seem appropriate, therefore, to consider the development of a unified
method for testing compact or bend specimens to determine both initiation tough-
ness and extended amounts of resistance to growth from a nonlinear J construc-
tion. Initiation values could be adequately defined by the intersection of the J
curve and some blunting line relationship. For example, good correspondence
with the onset of ductile crack growth was defined in Refs 23 and 24 by the
intersection of a power law Jy curve and a 0.1-mm offset from a J = 40,Aa
blunting line whereas in Ref 4 the best estimate of initiation was identified as
the intersection of a best fit polynomial J; curve and aJ = 20;Aa blunting line.
These definitions must, to some extent, be material and therefore crack growth
dependent.

Thus it may be expedient to eliminate the anomalies associated with different
blunting line interpretations by defining an ‘‘initiation’’ toughness value at a
specified small increment of crack growth (including crack-tip blunting). For
engineering application the value of J at Aa = 0.2 mm could provide an ap-

1.6 N A508-2 20 C
A508-320 C

A508-3 288 C

J-integral (MJ/m?)

HSST-02 149 C

-
Jaa=0.2 !
A

]
)
)
o L4 1 1 1 i
0o 0.2 0.5 1.0 1.5 2.0 2.5 3.0
Crack growth, Aa @ {mm)

FIG. 9—Power law I, interpretations for the A508 and A533B-1 steels considered in Fig. 8.
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propriate definition. This approach is illustrated in Fig. 9, which presents power
law interpretations for the J; data plotted in Fig. 8. Comparison of J at Aa = 0.2
mm from the power law analyses with best estimate (J,;) values from linear
analyses (Table 4) indicates that the J,,-o, data satisfactorily characterize the
differences in initiation toughness of the four steels.

While it is perfectly acceptable for an initiation toughness testing procedure
to use plane-sided specimens it is suggested that a unified initiation toughness/
resistance to crack growth procedure should require that side-grooved specimens
be tested. The total amount of side-grooving should be about 25% of the specimen
thickness. If the specimen size requirements of ASTM E 813 and [22] are
combined then the requirements for a unified procedure would be b, By > 25J,/
o, and 20J/0; for an allowable crack growth range Aa = 10% of the remaining
ligament. However, data obtained at the author’s laboratory [23] indicate that
these requirements may be unduly restrictive for defining nominally size inde-
pendent J;/J; data from power law interpretations of the upper shelf toughness
of A533B-1 steel. Within the limits of experimental accuracy, tests on 25% side-
grooved 20-, 40-, and 100-mm-thick specimens produced size independent J,
and Jy data when b, By exceed 20J,,_¢,/0; and 15J/0; for crack growths of at
least 15% b or S mm whichever is the smaller.

General Conclusions

“‘Best estimate’” initiation toughness-temperature relationships and lower bound
resistance to crack growth data have been defined, which are considered to be
typical of the upper shelf fracture toughness properties of modern light water
reactor pressure vessel materials. The results can be used in fracture analyses
providing the pressure vessel is operating in the fully ductile upper shelf con-
dition.

The relationships were derived from linear J; analyses of multi-specimen test
data, the majority of which were produced by testing nonside-grooved specimens.

Difficulties were encountered in defining consistent initiation toughness and
resistance to crack growth data; the development of a tentative procedure for
unloading compliance testing and the consequent publication of more compre-
hensive Ji data will eliminate these difficulties and allow further refinements to
be made to the data base.

The progress in Ji testing and analysis since the data base was prepared
indicates that continued pursuit of a precise definition of initiation toughness is
inappropriate. Nonlinear J, analyses provide a better representation of overall
resistance to crack growth than linear analyses, and the former could be used in
conjunction with an ‘‘engineering’’ definition of initiation toughness as the value
of J at Aa = 0.2 mm, to develop a unified test procedure for determining J;
and resistance to crack growth using side-grooved specimens. This suggestion
is based on results for A533B-1/A508-3 ferritic pressure vessel steels and should
be tested against data for other materials.
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ABSTRACT: The results of a study conducted over a number of years to characterize the
elastic-plastic fracture properties of submerged arc weld metal are presented in this
paper. The fracture properties of four different weldments were investigated at temperatures
ranging from 24 to 288°C (75 to 550°F). Tests were conducted using both the conventional
multiple-specimen J,. procedure as well as an automated single-specimen unloading com-
pliance technique capable of generating the material Ji-R curve.

Test results obtained using the two different procedures are compared. The comparison
indicates that while both test techniques generate comparable J-Aa data for a given test
condition, J,. values from the respective sets of data can differ. This is attributed largely
to the sparsity of data generated by the multiple-specimen technique and the nonlinearity
of the J-R curves as revealed by the single-specimen technique.

Welding procedure was found to have a significant effect on measured toughness. A
wide range of fracture behavior was observed. The welding parameters responsible for
the observed behavior are discussed. The applicability of the current J,. and Ji-R curve test
procedures over the wide range of crack growth behavior observed is discussed.

KEY WORDS: clastic properties, plastic properties, fracture tests, fracture strength,
fracture toughness, fracture properties, weldments, weld metal, submerged arc welding,
impact tests, impact strength, J tests, J integral

A study into the elastic-plastic fracture properties of submerged arc weld metals
will be described. This study has taken place over the last six years, and a number
of different laboratory procedures have been used to evaluate the toughness of
the weld metals studied.

Submerged arc welding is one of the most common joining procedures in use
today. Since manufacturing defects are most likely to occur in the weld area,
the fracture properties of the weld metal are of major interest in the assessment
of the integrity of a welded structure. The study reported in this paper was
initiated to characterize the fracture properties of submerged arc weld metals.

'Technical advisor and research metallurgists, respectively, Babcock & Wilcox, McDermott Com-
pany Research and Development Division, P.O. Box 835, Alliance, OH 44601.
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The four weld metals chosen for this study represented a cross section of welding
practices commonly used in the pressure vessel industry.

When this study was initiated, the elastic-plastic fracture toughness procedure
in use was an early version of the multiple-specimen procedure. As the test
procedure evolved, the older test results had to be reanalyzed using the improved
J expressions or crack length measuring technique. Many of these older data
sets were found to not meet the requirements of ASTM Test for J,., a Measure
of Fracture Toughness (E 813) upon this reevaluation and are therefore not
included in this report.

During the progress of this study, the configuration of J specimens changed
from a straight-sided to a side-grooved specimen. Some of the multiple-specimen
tests were therefore conducted using straight-sided specimens and some using
side-grooved specimens. The most significant change that occurred during this
time was the change to the unloading compliance method of crack length mea-
surement and the development of the single-specimen test method.

A completely automated single-specimen test procedure was developed by
the Research and Development Division of Babcock & Wilcox, (B&W), a
McDermott company, and in 1980, because the preferred method of conducting
Ji-R curve tests at B&W. The majority of the test results reported in this study
have been conducted by this method.

Material Description
Weldments and Properties

The single-wire submerged arc process was used to fabricate the four weld-
ments. All were fabricated from various heats of manganese-molybdenum-nickel
weld wire. Different lots of Linde 80 flux were used for weldments W-A, W-
B, and W-C. Linde 124 flux was used for weldment W-D. All received basically
the same post weld heat treatment, representative of standard commerical prac-
tice:

Heat at 56°C (100°F)/h above 316°C (600°F) to 593°C (1100°F) —621°C
(1150°F), hold 48 to 50 h, cool 8°C (15°F)/h to 316°C (600°F).

A detailed description of the four weldments is given in Table 1. Room
temperature tensile properties are presented in Table 2, and impact data are
shown in Table 3.

Specimens

Location—Fracture toughness measurements were made using 2.54-cm (1.0-
in.) thick (1T) compact specimens (CT), as illustrated in Fig. 1, prepared in
compliance with the specimen recommendations of ASTM Test for Plane-Strain
Fracture Toughness of Metallic Materials (E 399). The earliest tests did not have
the optional side grooves.



ELASTIC-PLASTIC FRACTURE TOUGHNESS

70

(008) 092 (008) 09T (0SY 0 §T€) ZET 01 €91 (00S) 097 (do) D, ‘ssedrony]
(002) €6 (00€) 6v1 (00€) 6v1 (00€) 61 (do) Do “1e3URId
(T1) s°0¢ (TD) s'0¢ (T sog (T1) s'0¢ upw/(-ur) wo ‘paads aaeiy,
008 O 00Y 059 008 0} 0SY 00S QV) serduy
S¢ S¢ 9% ve SHOA

00 6v0°0 62°0 62°0 12ddoo

LEO SP'0 9t°0 €€°0 wnu3pqAjow

090 690 96'0 1L°0 131U

€00 110 L0°0 1o wnlwoyd

o ¥$°0 €50 S0 uodIIs

100 ¥10°0 0200 0100 mnyns

100 9100 8100 6100 sroydsoyd

0z'1 1+l Ll S'i asaurguew

1L0°0 6800 080°0 880°0 uoqJes
9, W31oM *ANSIUDYD M
(TE/S) L6E°0 (TE/S) L6EO (ZE/S) L6£°0 (8/1) 81€°0 ("up) wo ‘IPPWeIp MM
(s'vl) 8°9¢ 69) SLI (S'¥1) 8°9¢ (Th) sog (1) wd ‘ssawyory [,
71D 80S VS 110910 €ES Vs 71D 80§ VS 1D 808 VS ferow aseq
¥T1 spur] 08 2pur] 08 2pury 08 2pur] xnj{

a-m P\ a-M V-M ousuaeIRy)

JUSWP[IM

‘SiuaWplam fo so1s1421o0409)—] VL



71

VAN DER SLUYS ET AL ON ARC WELD METAL

(000 6L) 1°S¥S (000 06) 179 (000 68) 1719 (000 88) T°L09 (15d) e ‘tpBuans disus) arewnin
(000 29) 8°LTY (000 TL) 8°96¢ (000 SL) S'LIS (000 1L) 6'68¥ (1sd) egIN ‘f8uams ppRIK %70
a-m oM a-m V-M Auadoyg
JUIWIPTIM

*Sapaadoad apsuar smipiaduar wooy—rg FI19VL



72 ELASTIC-PLASTIC FRACTURE TOUGHNESS

TABLE 3—Impact properties.

Weldment
Property W-A W-B w-C Ww-D
NDTT, °C (°F)* —40 (—40) =51 (—-60) —18 (0) -12 (10)
RTwor, °C CFY =15 (5) =23 (1) -—18 (0) -12 (10
Ty °CCH 30 ft-lb) —~12  (10) -29 (=200 =37 (=35 ~54 (-6%5)
CVN,USE, I (ft-1b)* 94.9 (70) 81.3 (60) 94.9 (70) 203.4 (150)

“NDTT is the nil-ductility transition temperature as determined from drop weight impact tests
described in ASTM Conducting Drop Weight Test to Determine Nil-Ductility Transition Temperatures
of Ferritic Steels (E 208).

*RTypr is the reference temperature nil-ductility transition temperature. The method for establishing
this temperature is outlined in detail in Section I, Division I and Subsection NB-2331 of the ASME
Boiler and Pressure Vessel Code {/].

“Tyn (30 ft-1b) is the temperature at which 40.7 J (30 ft-Ib) is absorbed in the Charpy V-notch
impact test and is based on average curve through energy test temperature data.

“CVN,USE is the upper shelf energy level as determined by Charpy V-notch impact tests based
on average curve through energy test temperature data.

Orientation—All specimens were taken from the weldments in the T-L ori-
entation. Weld root passes and surface regions were avoided, and care was taken
to ensure that specimens were centered on the centerline of each weld.

In addition to specimens taken from all of the weldments in a T-L orientation,
a special series of 1T CT specimens with a T-S orientation were taken from
weld W-C. These specimens were used to measure toughness when a crack was
through the thickness in the weldment rather than in the welding direction.

Test Procedure

The fracture toughness tests conducted in this study were performed to either
a single-specimen J-test procedure or to a multiple-specimen J,-test procedure.
The single-specimen J-test procedure makes use of an interactive digital com-
puter system, which both conducts the test and analyzes the results. This system,

6.08 cm

E
©  INTEGRAL KNIFE

‘_A\ O EDGE SPECIMEN DESIGN
-

+

{

t.4cmV.4cm
I

PIN HOLES = 1.27 cm umuersn/
FIG. 1-——Compact tension specimen.



VAN DER SLUYS ET AL ON ARC WELD METAL 73

described previously in Ref 2, uses unloading compliance to determine the crack
length. The J value is determined using the J expression found in ASTM E 813.
The test procedure follows the recommendation found by Albrecht et al [3]. The
Ji value was determined by applying the procedures found in ASTM E 813 to
the Ji-R curve determined by the above procedure.

The multiple-specimen test procedure required that five specimens be fatigue
precracked to the same crack length. Two of these specimens were then tested.
The first specimen was loaded to the maximum load point and unloaded. The
second specimen was loaded to one-half of the displacement measured on the
first specimen at maximum load. These two specimens were then heat tinted,
the crack length determined, and the applied J calculated. A J,-R curve was then
constructed using these two points and the displacements that the remaining three
specimens should be loaded to, in order to complete the Ji-R curve and meet the
ASTM E 813 criterion. These three specimens were tested, analyzed, and the
final Ji-R curve constructed. J,. was determined from this R curve and the validity
criterion checked. Using this procedure, it is possible to achieve high success
rates in determining J. in accordance with ASTM E 813 with five specimens.

The specimen temperatures for both test procedures were achieved by en-
closing the specimen, loading clevises and displacement gage in a hot air oven,
and heating the specimen assembly to the desired test temperature. The specimen
temperature was held to 2.8°C (=5°F) of the desired test temperature for the
duration of the test. For tests above 260°C (500°F) additional heaters were added
to the loading clevises in the hot air oven in order to achieve the desired specimen
temperature without overheating the crack opening displacement gage.

Results

The results and significance of the fracture toughness tests conducted on the
four weld metals of interest will be presented and a comparison of the properties
between the four welds will be discussed in this section. Since this study has
taken place over the last six years, the early fracture toughness tests were con-
ducted by the multiple-specimen method while the more recent tests were con-
ducted by the single-specimen test method using unloading compliance to de-
termine the crack length.

The results of the fracture toughness tests on weld W-A in terms of the J;.
value versus test temperature are presented in Fig. 2. The solid points in this
figure represent tests in which the specimens fractured without measurable stable
crack extension. For these tests, J,. was estimated to be the maximum J value
attained. The circles in Fig. 2 represent Ji, values calculated from multiple-
specimen test results as prescribed in ASTM E 813. In performing these cal-
culations, the total crack extension in each specimen was defined as the average
of nine individual crack extension measurements across the crack front. In ad-
dition to these values, a second J;. value was calculated from the set of multiple-
specimen data obtained at 24°C (75°F) using the maximum crack extension
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FIG. 2—Fracture toughness as a function of test temperature for weld metal W-A.

measured at the center of the specimens rather than the nine-point averages. That
Ji. value is represented by a triangle in Fig. 2. None of the specimens used in
the multiple-specimen tests were side grooved. In addition, the J formulations
used for the multiple-specimen tests and the J formulation used for the single
specimen test, while both presented in ASTM E 813, are slightly different.

The toughness of this material is a strong function of temperature in the
temperature ranges associated with both lower shelf and upper shelf Charpy
behaviors. The maximum fracture toughness is around room temperature with
a significant drop in toughness with temperature reaching a minimum around
204°C (400°F). The minimum at 204°C (400°F) suggests a dynamic strain aging
mechanism to explain the drop in toughness properties. The RTypr temperature
appears to be a conservative estimate of the transition temperature since it appears
to represent a temperature in the upper portion of the transition region.

Figure 3 shows the J-R curves for the 38°C (100°F) single-specimen test and
the 24°C (75°F) multiple-specimen test plotted using both the average and max-
imum crack extension in each specimen. The slopes of the multiple-specimen
R curves are so steep that they appear to be aimost parallel to the stretch line.
The J;. value from the R curve produced using the average crack length does
not meet the ASTM E 813 validity requirements because there are only three
points between the exclusion lines. The R curve produced using the maximum
crack extension does not meet ASTM E 813 requirements only because of the
crack extension definition used. They are shown here, however, to illustrate the
difference between the results from side-grooved and smooth-sided specimens
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FIG. 3—1J,-R curve for weld metal W-A with the single-specimen curve determined at 38°C (100°F)
and the multiple-specimen curve at 24°C (74°F).

and the average crack length versus the maximum crack length crack extension
definitions. Even though the slope of the multiple-specimen R curve appears to
be close to that of the stretch line, they are different enough to meet the ASTM
E 813 slope requirements. The Ji, value obtained from such an R curve is
questionable. The confidence in the measured crack length values is not high
enough to place much confidence in such results. The multiple-specimen test
result in Fig. 2 at 99°C (210°F) appears to agree closely with the 121°C (250°F)
single-specimen result, but this agreement is more coincidence than anything
else because the two R curves for those tests are very similar to those in Fig.
3, and the values just happen to coincide.

Figure 4 shows all the single-specimen J-R curves obtained for material W-
A. These R curves are ordered in the same way, as a function of temperature,
as the J;. values were ordered. The 38°C (100°F) curve represents the highest
toughness condition while the 204°C (400°F) curve represents the lowest tough-
ness condition. The 288°C (550°F) result falls between the 121 and the 204°C
(250 and 400°F) result. The ~40 and —51°C (—40 and — 60°F) results cannot
be observed in the figure since the specimen was unstable and fractured while
the R curve was still on the stretch line.

The results of the fracture toughness tests conducted on weld W-B are presented
in Fig. 5 in terms of J,. versus test temperature. The fracture properties of this
weld metal are again a function of the test temperature. However, the behavior
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FIG. 4—1J,-R curves determined over a range in test temperatures for weld metal W-A.

of this weld metal is different from that of weld metal W-A (Fig. 2). The drop
in fracture toughness with temperature in the upper shelf temperature region
does not appear to be as dramatic as in weld W-A where the minimum toughness
is observed at the 288°C (550°F) test temperature. The RTyp; temperature for
this weld metal, W-B, is again close to the upper shelf temperature for the J;
versus temperature relationship.

For this weld metal, the only fracture toughness result obtained by the multiple-
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FIG. S—Fracture toughness as a function of test temperature for weld metal W-B.
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specimen procedure was at 121°C (250°F). Both a single- and a multiple-spec-
imen test result were obtained at this temperature, and the two resulting R curves
are shown in Fig. 6. In this case, the specimens used in the multiple-specimen
techniques were side grooved so there should be good agreement between the
two R curves. As shown in Fig. 6, there was very good agreement. The only
difference between these two curves is caused by the two J formulations used.
The multiple-specimen data were analyzed using the Merkle and Corten for-
mulation in ASTM E 813 and the single-specimen results were obtained using
the J formulation, corrected for a moving crack, which is also found in E 813.

For the amount of crack growth obtained in the multiple-specimen tests, it
does not appear that differences in J formulation had any impact on the result.
The J;. values obtained from these two R curves show reasonably good agrzement,
and the two R curves show very good agreement.

Figure 7 shows all the Ji-R curves obtained in this program on weld metal W-
B using the single-specimen test technique. Here again the curves fall in the
same order as the J;. values presented in Fig. 5; the 288°C (550°F) result being
the lowest R curve and the — 18°C (0°F) curve the highest. In this figure, there
are three tests shown that were conducted at 204°C (400°F) while there are only
two data points shown in Fig. 5 at 204°C (400°F). One of the three R curves
did not meet the ASTM E 813 validity criterion because there were only three
data points between the exclusion lines. There is good agreement, however,
between the two J,. values obtained and the three J-R curves.

The results obtained during this study on weld W-C are shown in Fig. 8. In
this weld, the T-S orientation as well as the T-L orientation, was investigated.
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FIG. 6—1J-R curves determined at 121°C (250°F) by both the single-specimen and the multiple-
specimen technique on weld metal W-B.
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As seen in Fig. 8, there was a substantial difference in J,. values between the
two orientations. The T-S orientation exhibited substantially higher toughness
values than the values obtained from specimens with the T-L orientation. It
appears that the J;. values are a strong function of temperature for both orien-
tations tested in this weld metal. This effect is more clearly seen in the results
from specimens with the T-S orientation than those with the T-L orientation
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FIG. 8—Fracture toughness as a function of test temperature for weld metal W-C.
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because test values are missing at temperatures between RT and 176°C (350°F)
for this orientation.

The RTypr temperature for this material appears to be a better estimate of the
start of the brittle to ductile transition. It is interesting to note from the data in
Table 3 that the RTypy temperature for this material was established by the NDTT
while it was established from the Charpy test results for the earlier two weld
metals. Figures 9 and 10 present the J-R curve results from this weld metal.
These Ji-R curves show trends similar to those seen in the results on the two
weld metals W-A and W-B discussed earlier. The reproducibility of Ji-R curves
from specimen to specimen is however not as good with this material as it was
with weld W-B (Fig. 7). There are substantial differences between the two 176°C
(350°F), two 232°C (450°F), and three 288°C (550°F) R curves presented in Fig.
9. There is no explanation at this time for this difference in test reproducibility.
A microstructural and fractographic study of these weld metals and fracture
specimens has not been performed but would seem needed in order to explain
these differences.

Figure 10 presents the J-R curve for weld metal W-C with specimens in the
T-S orientation. As noted in Fig. 8, T-S orientation specimens show higher J
values than those with the T-L orientation, The reproduciblity of the 204°C
(400°F) specimen is poor, however. As was the case for the poor reproducibility
of W-C specimens in the T-L direction, there is no explanation at this time for
this phenomenon.

The results obtained on the fourth weld metal W-D are presented in terms of
Ji. versus temperature in Fig. 11. In contrast to the earlier three weld metals,
the J). values for this weld metal exhibit little sensitivity to test temperature in
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T-L orientation.



80

ELASTIC-PLASTIC FRACTURE TOUGHNESS

CRACK EXTENSION, Aa. mm

° 25 50 76 100 1286 150 1725
3000 T T T T T T T 525
¥ © 288°C (550°F)
2 ® 204°C (400°F)
a O 204°C (400°F)
2% 8 121°C (250°F)
o o o, o)
an® 38°C (100°F)
2000 A%A.l A gCc( 0°F) J350
8 N X FINAL ACTUAL
g a8 CRACK LENGTH o~
i} a P
z ag 2
= og o R’ <
S o
‘e oo
@ L
1000128 o H17s
o
[ o
o o0 oo noo
o0° 000 0 gDy
o
° t 1 1 1 °
° 0.15 0.30 0.45 0.60 0.75

CRACK EXTENSION, Aa. IN
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the “‘upper shelf’’ temperature region. Not only is there little drop in toughness
with temperature, but the overall toughness values are significantly higher. The
RTxpr temperature indicated on this figure is a conservative estimate of the
temperature for the ductile to brittle transition since it almost represents the upper

shelf temperature.

Figure 12 presents the Ji-R curves obtained from the specimens tested from
weld metal W-D. This R curve shows the same trends as shown in Fig. 11; there
is little effect of test temperature on the J-R curve properties at upper shelf
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FIG. 11—Fracture toughness as a function of test temperature for weld metal W-D.
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FIG. 12—1J,-R curve determined over a range in test temperatures for weld metal W-D.

temperature. In addition, the slopes of these R curves are significantly different
than those shown in Figs. 4, 7, 9, and 10 for the other weld metals. The high-
temperature R curves of the other metals are approaching a horizontal line (dJ/
da — 0) while the R curves for this weld metal still have a substantial slope
(high tearing modulus) after a large amount of crack extension.

Discussion

There are a number of interesting comparisons that can be made based on the
results of the experimental test program reported. There is a substantial difference
in the fracture toughness properties of the four weld metals studied. The largest
difference observed is between the two welding fluxes (Linde 80 and 124), but
there are also substantial differences between the three weld metals in which the
same flux (Linde 80) was used and which were fabricated essentially by the
same practice.

The effect of test temperature on the upper shelf fracture toughness properties,
whether measured by the J,. value, the height of the R curve, or the slope of
the R curve (tearing modulus) appeared to take three forms. The upper shelf
fracture properties of weld metal W-D varied little with test temperature. The
properties of W-B dropped gradually with temperature, with the lowest values
observed at the highest temperature tests. The properties of W-C appear to be
similar to those of W-B only less well defined because of data scatter and limited
upper shelf temperature range studies. The observed properties of W-A appear
to be quite different, however, with a rapid drop in properties with increasing
test temperature reaching a minimum at a temperature around 204°C. (400°F).
There is only one test at this temperature, however, and it may be questioned
if the suggested trend is real, or only a result of data scatter. It is felt in this
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case that the trend is real for the following reasons. First, the trend has been
seen in weld metals before; Miglin et al report other weld metal data in which
this same trend was seen.? In addition, Miglin et al report that the drop in R-
curve properties is associated with serration in the load displacement record.
This phenomenon was also observed in the 204°C (400°F) test of a W-A weld-
ment. As a last point, concerning data scatter in general, there is much less data
scatter in single-specimen Ji-R curve testing than was observed in multiple J;-R
curve tests. It appears that scatter in the J-R curves is usually associated with
instabilities or uneven crack extension while the 204°C (400°F) R curve obtained
on weldment W-A was smooth and well behaved. it appears that the drop in
fracture toughness properties with test temperature is caused by more than one
mechanism. At this time there appear to be three mechanisms that contribute to
the drop in properties.

The first mechanism is a drop in the J;-R curve properties because of a drop
in the tensile properties of the material. This mechanism will be present in all
weld metals of this type and is the most likely explanation for the gradual drop
in Ji-R curve properties observed in weldment W-D.

The second mechanism is a drop in toughness caused by static strain aging
that occurs during the unloads in the single-specimen J tests. This causes the
reloading peaks that have been observed” in these tests. This mechanism, in
addition to the first mechanism, ‘appears to cause the more rapid drop in J;-R
curve properties observed in weld metals W-B and W-C. The third mechanism
is dynamic strain aging, which occurs during the loading of the specimen. When
this mechanism is active, serrations can be observed in the load displacement
curves. When all three of these mechanisms are active, the dramatic drop in
Ji-R curve properties, such as observed in weld W-A, can be observed. A more
detailed discussion of the effect of dynamic strain aging on the load displacement
curve and the J\-R curves can also be found.>

From the elastic-plastic fracture toughness testing standpoint, if the strain
aging mechanisms suggested above are true, there are some questions that should
be answered concerning the effect of test method on Ji-R curve results. The
specimen loading rate both during the loading and during the unloads may have
a significant influence on the test result. The effect of loading rate on the J;-R
curve properties of a material, such as weld W-A, should be studied to determine
if loading rate has a significant effect.

Based on the limited amount of data available in this study comparing the
multiple-specimen method with the single-specimen method, it appears that they
produce comparable Ji-R curves if the test specimens are side grooved in both
procedures. Nonside-grooved specimens produce R curves that are substantially
different from side-grooved specimens, and the J;. values obtained from such
tests may be more difficult to interpret.

The J,. values obtained from the ASTM E 813 procedure appear to be quite

Miglin, M. T., Van Der Sluys, W. A., Futato, R. J., and Domian, H. A., this publication, pp.
150-165.
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useful in evaluating the fracture properties of a material. The J,, value, the
Ji-R curve itself, and the slope of the J,-R curve all seem to order the fracture
properties of a material in the same way. It appears from this that J,. values
should be useful from a quality control and material selection standpoint even
if the whole Ji-R curve is more valuable from an analysis standpoint. It appears
that J;. is a more sensitive measure of a material’s fracture toughness than tests,
such as the Charpy test, since the Charpy test does not produce the radical
differences in upper shelf fracture properties observed in these four weld metals.

From the standpoint of the design of a structure, it is difficult to determine
the significance of the differences in upper shelf fracture toughness properties
observed in this study. There is no question that W-A has a lower fracture
toughness and lower resistance to ductile tearing than the other three weld metals
studied. What is not known at this time is if that difference is significant from
a structural reliability standpoint. Have structures ever failed because of a low
resistance to ductile tearing in the 204°C (400°F) temperature region? If there
are examples of this type of failure in the literature, they are not known to the
authors of this report.

Conclusions

The following conclusions can be reached based on the results of the studies
reported:

1. The fracture toughness parameter J;. as defined by ASTM E 813 is useful
in evaluating the toughness of the weld metals studied.

2. The J, parameter orders the relative fracture properties of the four weld
metals studied in the same order as the overall height of the J;-R curves.

3. The single-specimen unloading compliance technique produces the same
Ji-R curve as the multiple-specimen procedure as long as the specimens are side
grooved.

4. The fracture toughness of a weld metal in the upper shelf temperature
region can be a strong function of the test temperature.
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L, Coefficients from linear transducer calibration equation
P Load

AP Change in load during unloading

0, Coefficients from quadratic transducer calibration equation
r; Load or displacement value at start of transducer calibration
r; Load or displacement value at end of transducer calibration
V  Load or displacement transducer output voltage
V, Transducer output voltage at start of calibration
V; Transducer output voltage at end of calibration
w  Specimen width
€, Error in measured parameter x (load, displacement, and so forth)
& Specimen load-line displacement

A3 Change in specimen load-line displacement during unload
o; Flow stress = average of yield and ultimate strengths

Introduction

To guarantee the accuracy of the results from any experimental program, it
is necessary to understand the sensitivity of the test technique to errors in input
data. Sensitivity analyses of experimental procedures should be performed to
determine the effect of unavoidable or undetectable errors during the execution
of the test on the obtained results. This type of analysis is particularly important
for the single-specimen J test in which the relation of the final results to the raw
test data is obscured by a long series of calculations. Errors in input data can
propagate and accumulate in the J test in a manner difficult to trace without a
careful analysis of the test procedure.

This paper will present the results of a study conducted to determine the effect
of errors in input data on results obtained using the elastic unloading compliance
single-specimen J-test technique. The effect of systematic errors in measured
specimen dimensions, material properties, and transducer calibration on calcu-
lated crack lengths, crack extension, and J values will be modeled. Calibration
errors caused by both systematic differences between the assumed and actual
transducer calibration coefficients (transducer accuracy) as well as by the use of
a linear curve fit to nonlinear calibration data (transducer nonlinearity) will be
considered. In addition, the sensitivity of the J,. calculation (as specified in
ASTM Test for J,., a Measure of Fracture Toughness Standard {E 813]) to test
parameters will be examined.

The remainder of this paper is divided into five sections. In the first section,
a model is developed to simulate transducer response with varying degrees of
accuracy and nonlinearity. This model is then used to study the effect of cali-
bration errors as well as errors in other test parameters on calculated crack lengths
and crack extension and to study the effect of these errors on calculated J values.
The sensitivity of the Jy, calculation to the manner in which the J test is conducted
is then investigated. Finally, the significance of the results is discussed.
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Transducer Calibration Model

Changes in load and displacement during a test cannot be measured directly
in any convenient way but rather must be inferred from other more easily ob-
tainable information. Generally, transducers are attached to the test specimen to
convert the load and displacement into electric signals, which are in turn read
and recorded by some electronic monitoring device. Before calculations can be
performed, however, these electric signals must be converted back into load and
displacement. That conversion is done using the relation between the physical
quantity and the transducer output voltage predetermined during the transducer
calibration. The simplest of such relations and the one most commonly used is
a linear equation of the form

Pord =LV + L, (1)

where L, and L, are determined from a linear regression analysis of the calibration
data.

Transducers are seldom truly linear as illustrated in Table 1, which shows the
calibration data for a typical extensometer as well as the residuals between the
observed and calculated displacements for a linear curve fit to the data. The
smooth change in polarity of the residuals from positive to negative and back
to positive with increasing displacement suggests that the actual relation of the
transducer output voltage to changes in displacement is in fact nonlinear. Sig-
nificant errors between the actual and predicted load or displacement can therefore
result from using the linear equation if the transducer response deviates
substantially from true linearity. Consequently, the linear calibration equation
should not be used for convenience without a clear understanding of the con-
sequences to the test results.

TABLE 1 —Extensometer calibration data displacement = 0.0157776 X (volts) + 0.301239.

Observed Calculated
Volts Displacement, in. Displacement, in. Residual, in.
—9.59941 0.15000 0.149784 2.16037E-04
-8.01661 0.17500 0.174757 2.43336E-04
—6.42404 0.20000 0.199884 1.16482E-04
—4.82658 0.22500 0.225088 —8.75294E-05
—3.24377 0.25000 0.25006 —6.03795E-05
—1.64631 0.27500 0.275264 —2.64406E-04
—0.0635076 0.30000 0.300237 —2.37167E-04
1.52418 0.32500 0.325287 —2.86967E-04
3.09722 0.35000 0.350106 - 1.05679E-04
4.68002 0.37500 0.375078 ~7.84099E-05
6.25794 0.40000 0.399974 2.58684E-05
7.83586 0.42500 0.42487 1.30147E-04
9.40401 0.45000 0.449611 3.88592E-04

“Observed displacement values are +0.00005 in. 1 in. = 25.4 mm.
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In order to determine the effect of use of the linear equation on test results,
it will be necessary to analytically simulate transducer nonlinearity. This can be
done by first assuming some (nonlinear) functional form for the actual calibration
data, and then adjusting the coefficients in that equation to produce the desired
response. A candidate function to describe the actual transducer response can
be determined by performing a nonlinear curve fit to the data in Table 1. Tables
2 and 3 show the results of fitting a quadratic and cubic equation, respectively,
to the data. As can be seen, both the quadratic and cubic equations eliminate
the systematic changes in the polarity of the residuals previously observed, with
no apparent gains in accuracy resulting from use of the cubic fit. Consequently,
it may be assumed for simplicity that the quadratic equation is sufficient to
describe the true response of the transducer. Assuming this is true in general,
the following model is proposed

True response: A = Q,V2 + Q,\V + O, 2)
Assumed response: A = LV + L, 3)
A=r, when V=1V, 4

A=r, when V=YV, (5

(QVP + QVr+ Qo) — (LiV, + Lp) = e (6)

Here A represents the physical quantity being measured (load or displacement),
and e is the maximum deviation of actual response from linearity. It is assumed

TABLE 2—Extensometer calibration data
displacement = (6.10459 x 107%) X (volts®) + 0.0157787 x (volts) + 0.301025.

Observed Calculated
Volts Displacement, in.” Displacement, in. Residual, in.
—9.59941 0.15000 0.150121 —1.21236E-04
—8.01661 0.17500 0.174926 7.44462E-05
—6.42404 0.20000 0.199914 8.61436E-05
—4.82658 0.22500 0.22501 —9.99868E-06
—3.24377 0.25000 0.249907 9.32962E-05
—1.64631 0.27500 0.275065 —6.49095E-05
—0.0635076 0.30000 0.300023 ~2.29478E-05
1.52418 0.32500 0.325089 —8.87513E-05
3.09722 0.35000 0.349954 4.63128E-05
4.68002 0.37500 0.375003 ~3.36766E-06
6.25794 0.40000 0.400006 —6.28829E-06
7.83586 0.42500 0.42504 —3.95775E-05
9.40401 0.45000 0.449948 5.20051E-05

“Observed displacement values are +0.00005 in.
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TABLE 3—Extensometer calibration data
displacement = (2.08413 x 1077) x (volts’) + (6.16422 x 107%) X (volts?) +
0.0157656 x (volts) + 0.301024.

Observed Calculated
Volts Displacement, in.” Displacement, in. Residual, in.
—9.59941 0.15000 0.150067 —6.67423E-05
—8.01661 0.17500 0.174926 7.43866E-05
—6.42404 0.20000 0.199944 5.61923E-05
—4.82658 0.22500 0.22505 —4.97550E-05
~3.2437 0.25000 0.249941 5.87404E-05
—1.64631 0.27500 0.275084 —8.42214E-05
~0.0635076 0.30000 0.300022 —2.22921E-05
1.52418 0.32500 0.325068 —6.81579E-05
3.09722 0.35000 0.349918 8.16584E-05
4.68002 0.37500 0.374963 3.68357E-05
6.25794 0.40000 0.399976 2.38419E-05
7.83586 0.42500 0.425039 —3.92795E-05
9.40401 0.45000 0.450002 — 1.78814E-06

“Observed displacement values are £0.00005 in.

in the above model that the maximum deviation occurs at the extremes of the
transducer working range, as suggested by the results in Table 1.

Values for the coefficients in the above model for any range in physical quantity
(load or displacement) or any degree of nonlinearity can be obtained in the
following way. Assuming that L, and L, are obtained from the actual calibration
data of the transducer (as calculated from Eq 2), using a linear regression analysis,
then the linear and quadratic equation coefficients can be related by the expres-
sions

Il

Ly = Q,f(V) + 0 M

Il

Ly = 0xg(V) + Qo ®)

Here f(V) and g(V) are functions of the transducer output voltage alone, and
as such are independent of the range in physical quantity or degree of nonlinearity

of the transducer. Substituting these expressions into Eq 6 and collecting terms
yields

Q, = ellV} = Vif(V) + g(V)] ®

Evaluating Eq 2 at A = r; and A = r;, and subtracting the resulting equation
yields

Q= [(rf -r) - 0, (sz - Viz)]/(vf - V) (10)
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Finally, from Eq 2

Qo =1, — O,V — Q) (11

Values for the coefficients @,, Q,, Oy, L, and L, for various conditions are
shown in Table 4. Only extensometer nonlinearity was modeled since load
transducers are typically quite linear over the range of loads encountered in a J
test. Condition 1 in Table 4 was run using input parameters from the data in
Table 1 as a check of the accuracy with which the model predicts observed
transducer behavior. For both the linear and quadratic equations, the predicted
coefficients and those calculated from the actual data agree quite well. Conditions
2 through 5 were run to provide an analytical description of increasingly nonlinear
extensometer response.

Nonlinearity is however not the only source of error between the actual load
or displacement and that predicted by the transducer calibration equation. Sys-
tematic calibration errors (such as might be caused by a shift in transducer
sensitivity) can also occur and be superimposed on the errors caused by nonlin-
earity. Systematic errors effectively cause a shift in the coefficients of the cal-
ibration equation. Therefore, the combined effect of nonlinearity and systematic
inaccuracy can be modeled by shifting the coefficients of the linear equation by
some amount, while allowing the coefficients of the quadratic equation to retain
their true (accurate) values. Algebraically, the expression

P or &= (L] + E[_])V + (Lo + ELZ) (12)

can be used to account for systematic calibration errors.

Crack Length Measurement Accuracy

In the unloading compliance single-specimen J-test technique, crack lengths
are calculated from the specimen compliance measured as the ratio of the change
in displacement to change in load during partial (elastic) unloadings of the
specimen at various points throughout the test [/]. Specifically, for the compact
fracture specimen [2]

a/lw = 1.000196 — 4.06319 (U,) + 11.242 (U,;)* — 106.043 (U,)?
13)
+ 464.335 (U,)* — 650.677 (U,.)’

where
Uy = U[(EBC)* + 1] (14)

Consequently, any error in the measurement of the change in load or displacement
during the unloadings, or any error in the specimen width, thickness, or Young’s
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modulus measurement will ultimately create an error in the calculated crack
length.

To analyze the sensitivity of the crack length calculation to systematic errors
in these parameters, let C = EBC denote the true specimen compliance nor-
malized for specimen thickness and elastic modulus, and let C¢ denate the
normalized compliance in which some error has been introduced. If a¢ is the
erroneous crack length, then

a’/w = w'/w function (Uy) (15)

where
Uy = (VC + 17! (16)
C*=C(l + &/E)(1 + &/B)(1 + €/C) (an

The quantities €;/E, €3/B, and €./C are the fractional errors in modulus, thick-
ness, and compliance, respectively. The errors in modulus and thickness must
be determined from an analysis of the techniques used in making those mea-
surements. However, since the compliance is determined from measurements of
load and displacement during the J test, the fractional error in compliance can
be related to errors in the load and displacement measurements during the un-
loadings. To do this, let

C + €. = (Ad + €)/ (AP + €p) (18)

represent the measured specimen compliance in which some error has been
introduced because of errors €5 and €,. Then for small errors

€c/C = €/Ad — €/AP (19)

where C is the true compliance calculated from Ad and AP. Since the load
transducer is assumed to be perfectly linear, any error €, is due solely to a
systematic error in the calibration. Therefore

EP/AP = [(L| + € — Ll)/L]AV] AV = ELl/Ll (20)

which is the fractional difference between the real and assumed load transducer
calibration coefficients. The quantity €;/AS is slightly more complicated since
it must include both the effect of systematic calibration errors as well as any
local error that might exist between the actual change in displacement and that
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predicted by a linear calibration equation. However, assuming that the displace-
ment transducer is linear at least over the range of an unloading (which, since
the unloadings are so small, will be true except for cases of extreme nonlinearity)
then

A% = 20,V + Q))AV 21
€& = (L, + ¢, — 20,V — Q)AV (22)
&/80 = [(L; + €,)/2Q,V + Q)] — 1 (23)

where V is the absolute output voltage of the extensometer at the time of the
unloading.

Errors in crack length calculated using the above model are shown in Figs. 1
and 2 as a function of the true instantaneous crack length. Figure 1 shows the
crack length errors for a test in which the crack grows from a/w = 0.5 to
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FIG. 1—Error in unloading compliance crack length measurement normalized with respect to
true specimen width for 0.5 < a/w =< 0.8.
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FIG. 2—Error in unloading compliance crack length measurement normalized with respect to
true specimen width for 0.5 < a/w = 0.55.

a/w = 0.8, while Fig. 2 shows the expected errors for a test with crack extension
from a/w = 0.5 to a/w = 0.55. In both cases, it is assumed that the entire
extensometer range is needed to produce the crack extension indicated, and that
crack extension occurs uniformly with changes in displacement. The systematic
errors in width, thickness, modulus, and transducer calibration were chosen in
accordance with the specifications of ASTM (E 813) where applicable, or ac-
cording to experience when the standard specified no tolerance in accuracy. In
addition, the deviation from linearity of the extensometer calibration data was
varied from 0 to 0.3% of range to investigate the effect of nonlinearity on the
crack length calculation. In all cases, the polarity of the errors was chosen to
produce the greatest errors in crack length. The cases where errors cancel was
not considered.

Results of the single-specimen J test generally consist of a plot of J values
versus crack extension from the initial crack length. Therefore, it is necessary
to know how test parameter errors affect errors in crack extension as well as in
absolute crack length. This information can be obtained by replotting the curves
in Figs. 1 and 2, as shown in Figs. 3 and 4. In these figures, the error in crack
extension is defined as the difference between the true (no error) crack extension
and that calculated using the inaccurate absolute crack lengths.
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FIG. 3—Error in unloading compliance crack extension measurement normalized with respect
to true specimen width for crack extension < 0.3w.

J Calculation and J-Resistance Curve Accuracy

As with crack length, J values cannot be measured directly but must be
calculated from other test data. The following equation is currently used to
calculate J [3] (ASTM E 813)

Jisr = [Ji + MiA;;i4,/b:B)] {1 - ((v:/ b)) @iy — ai)]} (24)

where
n =2 + 0.522 b/w (25)
v = 1 + 0.76 b;/w (26)

and A, ;. is the area under the load-displacement curve between lines of constant
displacement at points { and i + 1 (generally taken to be two successive un-
loadings). In an automated procedure, this area term is calculated using a nu-
merical integration technique on load and displacement data obtained from the
transducers on the specimen

Aiisy = B — 8,) (Ppyy + P2 27
Consequently, errors can be introduced into the J expression through the spec-

imen width and thickness values as well as through the crack length and area
calculations.
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FIG. 4—Error in unloading compliance crack extension measurement normalized with respect
to true specimen width for crack extension =< 0.05w.

To analyze the sensitivity of the J calculation to errors in input data, let J;,,
denote the true (no error) J value calculated at unload i + 1, and let /. ,* denote
the value calculated using erroneous width, thickness, area, and crack length
values. For generality, it is desirable to write the error in J as some fraction of
the true J value so that no assumptions regarding the actual load-displacement
curve or the specimen size are required. Therefore, let the J values be nondi-
mensionalized as follows

Jivy = Ly wBIA; 41, Jisf = Jis'wBIA; 4y (28)
Further, to simplify the analysis assume that the test is conducted in such a way
that the area increments between successive unloadings remain constant through-
out the test (such as might be the case for a low strain hardening material). Then
Ay = A,_y;, and it is possible to write
-7i+1 = Jivy WB/A;i11)
= {J, + [2/(1 — a/w)] + 0.522} (29)

{t = /(1 = a/w) + 0.76] [(a;,, — a)/w]}
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Following the same logic

Tt = I8 + (2101 = aiw) + 0.522] (A0 A0}

(30)
{1 = [1/(1 — a/w) + 0.76] [(a;, ¢ — a?)/w]}
Therefore, the fractional error in J can be defined as
Uit = Jiei W aax = ey = Jist) . (w/we) (B/B¢) (31)

which can be evaluated without knowledge of the specimen size or area under
the load-displacement curve.

It is not particularly useful, however, to consider errors in the J calculation
in isolation. Rather, since the J-R curve (consisting of a plot of J values as a
function of crack extension) is the principle test result, a more meaningful
estimate of the sensitivity of the unloading compliance J-test procedure to errors
in input parameters can be obtained by considering the effect of errors in the J
and crack extension calculations simultaneously. A reasonable way to do this is
to define the error in J as the vertical separation of a J-R curve generated using
erroncous data from that generated without error. Errors in J (expressed as a
percentage of the maximum J value attained in the test) calculated in this way
are plotted in Figs. 5 through 6 as a function of crack extension. Figure 5 shows
the percentage error in J for a test in which the crack was grown from a/w = 0.5
toa/w = 0.8, while a test with crack extension froma/w = 0.5toa/w = 0.55
is analyzed in Fig. 6. In all cases, only extensometer nonlinearity was considered,
this nonlinearity being described by the model developed in the first section.
The errors caused by transducer nonlinearity and systematic inaccuracy were
applied both to the crack length calculation (as described in the previous section)
and to the area term defined previously. It was assumed that the entire exten-
someter range was needed to reach the maximum J value in each case, and that
crack length increased uniformly with displacement. Consequently, each crack
length and area term was calculated at a different absolute displacement and was
subject to a different calibration error as before. The magnitudes of the errors
used in this analysis were identical to those in the analysis of the crack length
calculation, with the polarities again chosen to produce the greatest error in J.

Jic Calculation Sensitivity

ASTM E 813 defines Ji. as the point of intersection of a line fit to data
immediately after the onset of tearing and the theoretical blunting line described
by the equation J = 2 o,Aa. This definition, while not particularly useful in
identifying the J value at the actual initiation of crack growth, does provide a
good engineering estimate of material toughness by taking into account both the
difficulty in initiating a crack as well as the resistance to further growth im-
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FIG. 5—Error in J calculated as difference between true J-R curve and I-R curve generated
using erroneous parameters shown as a function of crack extension for Aa < 0.15w.

mediately after initiation. However, because of the nonlinearity often observed
in J-resistance curves and because of the fact that both the multiple-specimen
and unloading compliance single-specimen J-test techniques generate discrete
data for use in calculating J., the ASTM J,. definition is susceptible to several
errors not previously discussed.

Effect of Data Spacing

A J-resistance curve generated using the elastic unloading compliance single-
specimen J-test technique is shown in Fig. 7. The points eligible for use in
calculating J;, according to ASTM E 813 are shown as triangles and are labeled
1 through 8. Using this set of data, J, is calculated to be 285 kJ/m’ (1630
in. - Ib/in.?). If, however, the test had been conducted in such a way that only
points 2, 4, 6, and 8 of the original set of points had been generated, a J,. value
of 273 kJ/m? (1560 in. - 1b/in.?) would have been obtained, corresponding to
a —4.3% deviation from the original calculation. On the other hand, if only
points 1, 3, 5, and 7 had been generated then a J;. value of 301 kJ/m? (1720
in. - Ib/in.?) would have been obtained, corresponding to a +5.5% deviation
from the original calculation. All three calculations are valid according to the
standard, the only difference between them being the relative placement of the
data points along the (nonlinear) J-R curve. Consequently, all other parameters
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being equal, the Ji calculation is sensitive to the spacing of the J-Aa data points
for materials that exhibit nonlinear J-R curves.

Position of Blunting Line

In the unloading compliance single-specimen J-test technique, an offset often
exists between the crack length measurements made during the test and the initial
crack length measurement used to calculate crack extension. Such an offset causes
a shift of the J-Aa data away from proper placement relative to the theoretical
blunting line, and if not corrected will produce an error in Ji. equal to

e = 20,82 o, — DII'] (32)

where S is the amount of shift, and J' is the slope of the J-R curve in the region
used in the J. calculation. For the data shown in Fig. 7 (J' = 230 MPa [33 366
in. * Ib/in.*}, o; = 595 MPa [86.4 ksi]), a shift of 0.0254 mm (0.001 in.) creates
an error in Ji, of 7.25 kJ/m? (41.4 in. - 1b/in.?), corresponding to a 2.5% de-
viation from the original calculation. If, in addition, the shift is sufficient to
cause a different set of points to satisfy the eligibility criteria of the standard
then J' will change as well, and the variation in J;. will be even greater. Con-
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sequently, the J;. calculation is quite sensitive to the alignment of the test data
relative to the theoretical blunting line.

Flow Stress Accuracy

Since Jy. is defined as the intersection of a line fit to data on the J-R curve
and the line J = 20,Aa, any error in the flow stress will create a corresponding
error in Jy.. Specifically

Jilhe& = (oi0f) {1 + [2'(e,/0)/(2 — J'/op]} 33)

where J, ¢ is the result of the calculation performed using a flow stress value with
an error €,, and J' is the slope of the J-R curve. It should be observed from the
above expression that the error in Jy is greatest when the ratio of the slope of
the J-R curve to the flow stress is greatest. Therefore, letting J'/o; = 1 (the
maximum value allowed by ASTM E 813), the maximum fractional error in Jy.
can be written as

1 = (i) =1 = {1/ + e/0p)] 34)
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Simplifying terms and ignoring the products of errors, the fractional error in J,
caused by errors in flow stress can be written as

1 - (.Ik/.lkc) = 1 - O'fe/af (35)

Discussion

Because the accuracy of the J-test final results are strongly dependent on how
errors were accumulated during the test, it is not possible to discuss the signif-
icance of every combination of errors on every type of J test. However, the
particular cases studied here are representative of the results from a variety of
materials commonly tested, and some general comments can be made:

1. The crack length calculation is relatively insensitive to errors in specimen
dimensions and transducer calibration in the magnitudes allowed by the ASTM
Ji. standard. The maximum error in a/w for the test conditions allowed by the
standard occurred at a/w = 0.5 and was estimated to be +0.008, corresponding
to a 4.1% error in compliance. Relaxing the required maximum deviation from
linearity from 0.1 to 0.3% of range for the extensometer increased the maximum
error in a/w to only +0.010, suggesting the insensitivity of the crack length
calculation to extensometer linearity.

2. Because of the nonlinearity of the compliance calibration equation for the
compact fracture specimen, errors in the crack length calculation do not remain
constant but vary throughout the test. This creates an error in the calculation of
crack extension during the test, the magnitude of which is dependent on the total
amount of crack extension. For Aa/w = 0.3, the error is less than 3% of the
total crack extension for the test parameter errors tolerated by the standard, and
is relatively insensitive to moderate decreases in the linearity of the extensometer
(Fig. 3). However, for Aa/w = 0.05, the error in crack extension is approxi-
mately 5% of the total crack extension for the same errors in input parameters,
and increases to almost 15% of the total crack extension when the linearity
requirement on the extensometer is relaxed (Fig. 4).

3. For a test with total crack extension of Aa/w = 0.15, the errors in J were
estimated by this model to vary from —3 to +4% of the maximum J value for
various combinations of the test parameter errors allowed by the standard but
were relatively insensitive to extensometer nonlinearity. For Aa/w = 0.05, the
errors in J were estimated to vary from —3 to +7% of the maximum J value
for various combinations of errors allowed by the standard and were found to
reach 15% of the maximum J for a case where the maximum deviation from
linearity of the extensometer calibration data was relaxed to 0.3% of range.
These trends are consistent with the effect of the investigated errors on calculated
crack extension.

4. Despite the effect of these errors on the shape of the J-R curve, it is likely
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that their effect on Ji. is small. It has been observed that the ASTM J,. value
corresponds roughly to the J value at a crack extension within the interval
Aa = 0.127 to 2.54 mm (0.005 to 0.010 in.). As can be seen in Figs. 5 and
6, the error in J at these crack extensions is quite small and is in fact less than
the variability caused by differences in data placement onthe J-R curve or to the
offset of data from the blunting line.

5. Since errors in flow stress create equal fractional errors in Jy, the Ji
calculation can be considered to be relatively insensitive to the errors in flow
stress encountered in normal experimental measurements.

6. Since variability in Jy, is so strongly affected by data placement and the
manner in which a test is performed, it is clear that as many data points should
be obtained on the J-R curve in the region used in the J,, calculation as is
experimentally feasible. In particular, a sufficient number of points should be
obtained in the region of crack-tip blunting to allow the determination of an
experimental blunting line, which can be used to precisely align the J-R curve
data with the theoretical blunting line used in the Ji, calculation. In addition,
a sufficient number of data points should be obtained between the exclusion lines
defined by the standard so that the line fit to the data represents a true average
of the actual material behavior within that region. Although the exact number
of data points required to accomplish this depends on many factors (including
the amount of scatter in the individual data points), it has been the experience
of the authors that at least six to eight data points (as opposed to the four points
required by the J,. standard) should be obtained in each of the regions defined
above to avoid undue uncertainty in the J;. calculation.

7. Alternatively, to desensitize the J;, calculation to the location of data on
the J-R curve when data are sparse, the actual data can be curve fit and J,. values
calculated as the intersection of the theoretical blunting line, and a line fit to
closely spaced data obtained from the equation. An equation of the form

J =C,(Cy + Aa) + CAa + C, (36)

has been found to provide an excellent fit to most J-R curves since it simulta-
neously describes the initial nonlinear portion of the curves (often represented
by a power law function) as well as the flattening of the J-R curves at larger
crack extensions. Curves fit to the J-R curve shown in Fig. 7 as well as to the
set of even points and set of odd points from that J-R curve are shown in Fig.
8. A J). value of 296 kJ/m? (1690 in. - 1b/in.?) was calculated using data from
the curve fit to the entire J-R curve, while values of 292 kJ/m? (1670 in. - 1b/
in.?) (—1.2% difference) and 298 kJ/m? (1700 in. - 1b/in.?) (+0.6% difference)
were obtained from the curves fit to the even and odd data points, respectively.
In each case, data obtained from the equation were subject to the same validity
criteria as the actual test data so that only the source of data for use in the Jy
calculation and not the method of calculating J,. was changed.
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Conclusions

It has been the goal of this study to suggest one method for determining the
sensitivity of the unloading compliance J-test procedure to errors in test param-
eters, and to analytically investigate the degree of variability in the final results
of tests conducted according to the J;. and proposed J-R curve test procedures.
This has not been done to directly challenge either of the procedures, but rather
to provide information that may be useful in determining the significance of
deviations from the procedures. In this light, several conclusions can be drawn.

1. The J-R curve and calculated J;, value are relatively insensitive to the errors
in test parameters allowed by ASTM E 813 as modeled in this study. Slight
decreases in the linearity of the extensometer (often the most difficult specifi-
cation in the standard to meet) appear to be insignificant except when testing
extremely tough materials (for example, materials that exhibit little crack ex-
tension for large changes in load-line displacement). For this reason, however,
no changes to the accuracy specifications are recommended.

2. The J calculation is sensitive to the location of J-Aa data points along
the (nonlinear) J-R curve, as well as to the position of the J-Aa data relative to
the theoretical blunting line.

3. Because of the sensitivity of the J;. calculation to the location and spacing
of data points on the J-R curve, it is recommended that as many data points as
possible be obtained in the region of crack blunting and between the exclusion
lines defined by the standard. It is the experience of the authors that six to eight
data points should be obtained within each of these regions whenever possible.
Alternatively, the Ji. calculation can be desensitized to the location of data along
the J-R curve when data are sparse by curve fitting the actual data and using
closely spaced points obtained from the resulting equation in the J. calculation.
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ABSTRACT: J-initiation values and J-resistance curves are the most promising candidates
for the characterization of fracture resistance of materials used in the transition and upper
shelf toughness region. Though their use for prediction of initiation of crack growth and
of ductile tedring instability was successfully demonstrated in evaluations of large-scale
tests, there still remain several problems concerning the determination of initiation values
and generation of J-resistance curves. This paper reports on results of investigations con-
ducted on different materials with different specimen types. It covers the comparison of
different methods for initiation detection and J-resistance curve determination and the
influence of side grooves and specimen dimensions. For both the measurement of J-
initiation values J; and J resistance Jg, the DC potential drop technique, the partial unloading
compliance technique, and the multiple specimen interrupted loading procedure were used
on compact specimens with dimensions ranging from B = 12 5 to 100 mm. The tests
were carried out in a temperature range of 25 to 600°C (77 to 1112°F). The generated J-
resistance curves agree very well, but slightly different values of crack initiation were
determined. The definition of initiation of crack growth is discussed.

KEY WORDS: fractures (materials), crack initiation, crack propagation, fracture tests,
fracture toughness, elastic-plastic fracture, J integral, specimen size, fracture mechanics

Critical J values for onset of crack growth and J based crack growth resistance
curves are the most promising candidates for elastic-plastic material character-
ization and ductile failure assessment. Besides the multiple-specimen interrupted
loading method as used in the ASTM Test for Jy., a Measure of Fracture Tough-
ness (E 813), single-specimen procedures have become available and they form
the basis of a tentative test procedure for determining material resistance curves
Jx = J (Aa) [1].

For all these methods the crack driving parameter J is determined in the same

'Senior scientist, head of metallic materials group, and senior scientist, respectively, Fraunhofer-
Institut fir Werkstoffmechanik, Wohierstr. 11, D-7800 Freiburg, West Germany.

104

Copyright@j 1985 by ASTM International www.astm.org



HOLLSTEIN ET AL ON MATERIAL PARAMETERS 105

way from the force-displacement diagram. What is different is the way the
increments of crack length are determined. Results from using the change of
electrical resistance (direct current potential drop [DCPD]) and of elastic com-
pliance (partial unloading compliance [PUC]) for stable crack growth evaluation
are compared here to direct measurements on the fracture surfaces of series of
separate specimens. Some new results for different materials and temperatures
up to 600°C (1112°F) are presented in the following together with a discussion
of measurement requirements, advantages, and deficiencies of these three meth-
ods concerning Jg curves and initiation values. The reliability and accuracy of
the results of either one of these methods are a necessary basis of ongoing
research on the problem of a unique, that is, a geometry independent, material
characterization and of transferability of the results to structures.

Multiple-Specimen Method

According to ASTM E 813, J is evaluated from the work done on the cracked
specimen, and the crack lengths are derived from direct measurements on the
fracture surfaces of a series of separate specimens. Each specimen delivers only
one J/Aa-point of the whole J curve (Fig. 1). The stable crack growth incre-
ments include the crack-tip stretch zone, and a nine-point average over the

v
/‘ /5 TFa
w s [/ W
3 1 / / / ¥
= u/'/ ey, Y F
/ / B{w-a)
ZZ 1 Y-
Jopening ldisplacomont v 1
Aa

/J= 20 Aa
J - resistance curve

ST/ 2

J -integral
—~—
w
-~
o

stable crack growth Aa

FIG. 1—Principle of multiple-specimen interrupted loading method.
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specimen thickness is used. Intersection of a straight line fit with a formal blunting
dne J = 2Aa oy delivers Ji,, but the initiation value J; for first physical crack
growth (after a full stretch zone has developed) can be much smaller (Fig. 2).

Partial Unloading Compliance Method

Instead of using the interrupted loading technique the increasing crack length
can be inferred from successive measurements of the elastic compliance C =
AV/ AF of the specimen that is derived from small superimposed unloadings
(AF = 0.1 F) and known functions a = f (elastic compliance C, Young’s modulus
E, and specimen geometry) (Fig. 3). Meeting the standard conditions of ASTM
E 813 for the number of data points (unloadings) and appropriate data grouping
aJ\ value is determined by extrapolation, which in a technical sense characterizes
initiation for each specimen; additional statistical information about material
variation is then gained by testing several specimens.

The major problems with the partial unloading compliance method are the
requirements of a very high accuracy, stability, and linearity of all components
of the measurement and data aquisition system and of a low friction loading
device. The system used here was developed in the Institut fiir Werkstoffme-
chanik (IWM) and is described in Refs 2 and 3, and in the accompanying paper
by Voss and Mayville.? Figures 4 and 5 demonstrate good performance of the
system up to a temperature of 300°C (572°F) by low scatter of the first data

material: 20MnMoNi55/ RT
specimen: CT25, a/W=06

Jp=Jlba)

—
—

L .
lo0 400 600 800
Ji Jie J, kJ/m?

FIG. 2—Determination of initiation toughness from interrupted loading test series; stretch zone
width As from scanning electron microscope measurements on the fracture surfaces.

*Voss, B. and Mayville, R. A., in this publication, pp. 117-130
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FIG. 3—Principle of single-specimen Jg-curve testing by the method of partial unloading com-
pliance (PUC).
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FIG. 4—Force F versus opening displacement V diagram and corresponding I, curve determined
by the PUC method; square marks Aa measured on the fracture surface.
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FIG. 5—Force F versus opening displacement V and corresponding J, curve for a CT 50 specimen
tested at 285°C (545°F); square marks Aa measured on the fracture surface.

points along the blunting line and by close agreement of predicted and measured
final crack lengths. The Aa-steps marked by arrows in Fig. 5 are not due to
experimental scatter but are related to load drops occurring beyond the limits of
valid Ag measurements according to Ref /.

Potential Drop Method

The principle of the direct current potential drop method as used by IWM for
compact specimens is shown in Fig. 6 [4]. A constant direct current is fed into
the specimen in the plane of loading, and the potential drop ¢ is measured at
two contact pins across the crack. ¢ changes when the specimen is loaded and
especially when the crack grows. At onset of stable crack growth a more or less
distinct change of the shape of the ¢-V curve is found and the further change
of ¢ is proportional to the crack growth (typically 12 mm?/wV for 2 A and
CT25). In this way critical values of force and displacement and of J for onset
of crack growth can be evaluated. In addition a complete Ji curve can be
determined by linear interpolation between the base line values of ¢ and J for
the loaded crack of initial length a, and the values &, and J,, for the final crack
length a, + Aa at termination of the experiment (Fig. 6). The base line is
constructed by extrapolation of the linear part of the ¢-V curve in the elastic
regime.

Figure 7 shows as an example of a force/potential-displacement diagram
together with the fracture surface of a 300°C (572°F) test of a S0-mm thick
compact specimen of the German reactor pressure vessel steel 20 MnMoNi 5 5
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FIG. 6—Principle of setup used in the Institut fiir Werkstoffmechanik (IWM) for direct current
potential drop (DCPD) measurement.

(Unified Numbering System [UNI] U 12 539). In Fig. 8 the corresponding
continuous J (Aa) curve is shown together with additional PD results evaluated
in the same way. The final points of the interrupted loading tests (filled symbols
in Fig. 8) confirm the primary J; curves. The crack extension by crack-tip
blunting has not been taken into account here. Some material scatter is indicated
by the different tests.

The Ji. value defined according to ASTM E 813 by an extrapolation to Aa
= 0 of the regression line through at least four data points between 0.15 < Aa
< 1.5 mm yields J;, = 151 kJ/m?. This value is about 25% higher than the J;
value calculated for the displacement at *‘i’” in Fig. 7 (J; = 120 kJ/m?), which
is well confirmed by the first interrupted loading point. Using a power law fit
according to Loss et al [5] through the ‘‘valid’’ interrupted loading data, one
finds J, .1 = 174 kI/m’.

Figure 9 gives some additional insight into the influence of experimentation
and evaluation. In this example initiation is uncertain between 0.5 < V; < 0.7
from the ¢/V curve resulting in a variation of the PD critical value 43 < J; <
81 kJ/m?; for a more precise determination of J; testing of an additonal specimen
to very little crack growth is therefore recommended. But the uncertainty of
the point of initiation has only little influence on the resulting Ji curve and
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FIG. 7—Original force!potential-displacement record for Test 7. CT 50 specimen of steel 20
MnMoNi 5 5 at 300°C (572°F).
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FIG. 8—1Iz-curve data from an interrupted loading test series together with a potential drop
evaluation; CT 50 specimens of steel 20 MnMoNi 5 5 tested at 300°C (572°F).



HOLLSTEIN ET AL ON MATERIAL PARAMETERS 11

A 542 class 3 RT
EGF 147 (C25, a/W=0.8, 0%SG)

-1 -[
581 T28
01 1
> L
x 304 4 ;
w [ R
+18 o
284 4
41 -+
a4 +
|/ . . lassumed initiation for PD-evaluation I
ettt
€ .5 1 1.5 2 2.5 3

v, mm
FIG. 9—F/& versus V diagram of simultaneous partial unloading and potential measurement.

the ASTM J,, evaluated from it; in this example only a negligible variation of
143 < J,, < 150 k}/m? results.

Comparison of PUC and DCPD Methods

Figures 9 and 10 show results from a partial unloading experiment with si-
multaneous measurement of potential drop (for clarity the ¢ data during un-
loadings have been omitted). For this comparison the calibration of potential
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FIG. 10—Jg-curve evaluation from Fig. 9; Aa for DCPD adjusted at the two marked partial
unloadings; the fracture surface of the nonside-grooved specimen shows pronounced tunnelling.
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was adjusted to the crack lengths measured by the sixth and thirteenth unloading,
which are marked in Fig. 10. For this special choice (though somewhat arbitrary)
both resulting J (Aa) curves are a good agreement for small amounts of crack
growth. But for Ag > 1.5 mm the slopes of both curves increase, and they
deviate from each other. Both predictions of final crack growth underestimate
the measurement Aea = 3.9 mm on the fracture surface by different amounts.
It seems reasonable to relate the increase in slope with the onset of pronounced
tunnelling, which is visible on the fractured specimen (Fig. 10) having no side
grooves. This is supported by analytical and experimental results of Prij [6] and
Prantl {7] showing that for tunnelled cracks the crack length will in general be
underestimated by the compliance function of Ref /. Specifically in Ref 6 for a
similar geometry as for the specimen in Fig. 10 an error of about 40% is found
for the crack length, and this is almost exactly the difference found here between
PUC prediction and fracture surface measurement. Thus it may be concluded
that the PUC and the DCPD method both underestimate the growth of tunnelling
cracks, but by slightly different amounts. To avoid problems like these in defining
a correct effective crack length, it is recommended, as in Ref /, to use appro-
priately side-grooved specimens.

The temperature range of application of the PUC and the DCPD method can
be extended to investigate creep phenomena. Figure 11 as an example shows
results of two short-time creep tests at constant load and at constant displacement
rate, respectively, with good agreement of measured crack growth rates from
both methods [8].

g 30 CrNiMo8
T =600°C
] C - specimens
n - B =125mm; W = 40mm
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FIG. 11—600°C (1112°F) short-time creep tests with crack growth Aa measured by DCPD and
PUC method [8].
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Application to Material Characterization

The experimental methods discussed above were used to better define the
ductile fracture properties of a specific melt of the reactor pressure vessel steel
20 MnMoNi 5 5. From the results in Figs. 12 through 15 a discussion of the
influences of different measurement procedures as well as specimen geometry,
relative crack length, and test temperature is possible.

Figure 12 shows Jy curves measured at 80°C (176°F) with different specimen
sizes. It demonstrates good overall reproducibility of the J curves and no sig-
nificant size effect for the valid side-grooved specimens. All J(Aa) points of
each specimen may be well approximated by a power law fit as proposed in Ref
6 for an alternative J;. extrapolation. Mainly because of the slight differences
for small Aa values the fitted curves are slightly different, resulting in lower J;,
values for the compact specimens (CT) 25 mm thick. Only the 12.5-mm thick
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FIG. 12—1 versus Aa measured by PUC method for different compact specimens of the steel 20
MnMoNi 5 5 at 80°C (176°F).
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specimen shows a tendency for a steeper J; curve, being invalid however because
of not meeting the thickness requirements of Ref /. On the other hand the
specimens without side grooves deliver significantly steeper J; curves compared
to the 20% side-grooved specimens.

In Fig. 13 results measured at 150°C with specimens of different thicknesses
with and without side grooves are compared. The scatter bands of the interrupted
loading tests and of the partial unloading tests for nonside-grooved specimens
are in good agreement. The Jg curves measured with 20% side-grooved specimens
by the partial unloading method are significantly lower.

In Fig. 14 results measured at 300°C with interrupted loading, potential drop,
and partial unloading methods are compared. They show good agreement inde-
pendent of the testing method and specimen thickness. Even 20% side grooving
seems to have no influence on the crack growth resistance for this test tempera-
ture for the thicknesses tested, although the side-grooved specimens showed
homogeneous crack growth over the full thickness instead of pronounced tunnel-
ling in the smooth specimens. The lower of the PUC curves is also shown in
Fig. 4.

Conclusions

Different procedures can be used to determine material parameters J;, J;., and
J crack growth resistance curves for the characterization of crack initiation and

700 1 31 interrupted loading tests
(B=25,50,100mm, 0% SG)

E 6 PUC experiments
(B=25mm, 0%56)

— 3 PUC experiments
— {B=25mm, 20%SG)
— - JE—
—_—
ap—"

20 MnMoNi55
C -specimens
T =150°C

1, kJIm?

0 T T T T T T
0 05 10 15 20 25 30

Aa, mm

FIG. 13—Comparison of partial unloading and interrupted loading/potential drop results at
150°C (302°F).
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FIG. 14—y curves from different methods; material: 20 MnMoNi 5 5; CT specimens with and
without side grooves (SG); test temperature 300°C (572°F).

stable crack growth. Single-specimen procedures are superior to multiple-spec-
imen techniques because of the reduced expenditure and improved information.

With the method of partial unloading for each single specimen a complete J;
(Aa) curve can be derived, the quality of which may be assessed by comparing
the predicted initial and final crack lengths with those measured on the fracture
surface. Testing of several specimens of the same kind in principle delivers
equivalent Ji curves. Therefore additional information is gained about the ma-
terial scatter. J,. may be determined as a technical inititation parameter following
the ASTM extrapolation procedure. Determination of onset of stable crack growth
requires an additional specimen unloaded just beyond initiation.

The potential drop method allows for the evaluation of a continuous Ji (Aag)
curve if initiation is given (at least approximately). There remains some uncer-
tainty with this point of initiation because the physical sources of the change of
potential under loading are not well understood. Therefore J, should be confirmed
by testing one additional specimen with very little crack growth. The J;. ex-
trapolation is less sensitive to the uncertainty in J;.

Both methods discussed underestimate crack growth compared to the area
mean value if pronounced tunnelling occurs, as often seen in smooth specimens.
To avoid errors by this effect testing of side-grooved specimens is recommended.

As shown by the results for the steel 20 MnMoNi 5 5 at different temperatures,
equivalent results are derived from potential drop, partial unloading compliance,
and interrupted loading tests.
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ABSTRACT: A computerized testing system was developed and utilized to determine J,-
R curves and J, by the partial unloading compliance method according to the ASTM Test
for Ji., a Measure of Fracture Toughness (E 813) and the tentative test procedure for
determining the plane strain J-R curve. Based on testing experience with different materials
in the temperature range from — 196 to > 300°C some problems of the standard procedure
concerning, for example, mechanical loading, data evaluation, and validity requirements,
are discussed and some alternatives are proposed.

KEY WORDS: fracture (materials), crack propagation, fracture tests, fracture mechanics,
elastic plastic, J integral, tests, ductile fracture, resistance curve, loading grips

On the basis of the ASTM Test for J,,, a Measure of Fracture Toughness (E
813) and the tentative test procedure for determining the plane strain J-R curve
[1] a computerized testing system using the partial unloading compliance method
was developed. The system was successfully used for determining J-R curves
especially for ferritic steels and aluminum alloys in the temperature range from
—196°C (—320°F) to more than 300°C (572°F). Some problems of the testing
and data evaluation procedure, especially their consequences for the determi-
nation of the initiation parameter Ji., will be discussed.

Procedure

Testing System

Figure 1 shows schematically the testing system as developed in the Institut
fiir Werkstoffmechanik and first described by Mayville and Blauel [2]. The

'Senior scientist, Fraunhofer-Institut fiir Werkstoffmechanik, Wéhlerstr. 11, D-7800 Freiburg,

West Germany.
2 Senior scientist, Arthur D. Little, Inc., Acorn Park, Cambridge, MA 02140."
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FIG. |—Schematic of computerized automatic test system with on-line evaluation.

specimen is loaded by a servo hydraulic or screw driven testing machine with
closed loop control. For normal strain control experiments the load-line displace-
ment V is measured by a clip gage between blades in the load line, and the
signal is fed to the servo control amplifier. The same signal together with the
load signal is fed to the A/D converters, digitizing with an integration time of
20 ms and a resolution of 1 in 100 000. These data are read by a desktop computer
and evaluated for control of the test according to test parameters predefined or
determined from measured values of the actual test. The computer controls
functions of the analog ramp generator of the testing machine (load, unload,
hold, and displacement velocity) and of the data aquisition system. All the data
are evaluated on-line and stored on a mass storage for a post-test reevaluation.
The area under the load F versus load-line displacement V curve is numerically
integrated by a trapezoidal rule to calculate J values with and without crack
growth correction according to Ref / and ASTM E 813. Crack growth is derived
from unloading compliance by the functions given in Ref /. Compliances are
calculated separately for unloading and reloading by linear regression through
the F-V data points excluding only a few points at the upper and lower ends of
the unloading paths. About 25 points are used for the regression, yielding cor-
relation coefficients of 0.9999 to 0.999999 at room temperature, decreasing to
0.999 and even 0.99 for low- and high-temperature experiments. But, as will
be discussed later, a better measure for the accuracy of the crack length meas-
urement seems to be the difference of the crack lengths calculated from the
unloading and reloading compliance.

During the test, in addition to the analog plot of F versus V the computer
delivers a printed record of the main steps and a plot of the resulting J versus
crack growth Aa points. This information allows one to decide whether changes
of predefined test parameters are necessary. The computer code is written in
BASIC, and the computer allows the operator to change variables from the
keyboard without interrupting the program. This flexibility may be important,
for example, to meet the requirements of ASTM E 813 for a valid J test if an
unknown material has to be tested. On the other hand, normal tests may be run
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automatically from start to final unloading of the specimen. This feature is
especially important to realize complete and reproducible control of relatively
fast experiments and in order to save manpower during very slow tests. This
automatic system has been successfully used for tests with about 40 unloadings
with an overall testing time between 20 min and 16 h.

At the end of each test preliminary results are documented by printed lists
including Ji. and a plot of the J-R curve. Stored data may be plotted and re-
evaluated by post processing programs.

Specimens

All results discussed here were measured with compact specimens (CT) shaped
according to ASTM E 813 normally with relative crack lengths a/W = 0.6 and
20% side grooves. In particular, pinhole diameters of 0.25W and appropriate
pins were used instead of the reduced diameter proposed in Ref /. Thickness B
normally equalled W/2, but some specimens had reduced thicknesses of W/4 <
B < W/2.

Experimental Results and Discussion
Apparent Negative Crack Growth

Figure 2 shows J-R curves from two different steel specimens. The upper
curve shows apparent negative crack growth, well known to sometimes arise in
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FIG. 2—Qualitatively different J-R curves (for different steels) measured: with round clevis
holes—negative crack growth and with flat bottom holes—no negative crack growth.
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FIG. 3—Front view of CT specimen loaded in standard clevises. Arrows mark areas with risk
of plastic indentation.

partial unloading compliance tests, and the lower one does not show negative
crack growth. The reason for the apparent negative crack growth is the geometry
of the clevis hole {3].

ASTM E 813 proposes flat bottom holes or roller bearings in the clevises for
pin loading of compact specimens to avoid friction effects. Roller bearings (now
omitted in Ref 1) are difficult to handle and have some problems at elevated
test temperatures. Use of insufficiently operating flat bottom holes instead may
result in negative crack growth. Figure 3 shows a front view of a compact
specimen loaded by a clevis with flat bottom holes according to ASTM E 813
(schematically). By loading the specimen the pins bend and may cause plastic
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FIG. 4—Contact area of bolt and clevis hole, schematically.
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deformation of the flat surfaces of the clevises in the regions marked by arrows.
Figure 4 shows side views of the contact area of pins and clevis without load,
with plastic indentation by vertical loading and the effect of additional rotation
of the loading pin, which is necessary to maintain mechanical equilibrium while
the crack is opened by loading.

Figure 5 models this situation by loading the specimen (radius of the holes
r;) by a pin (radius r;) rolling on a circular surface of the clevis hole (radius r,).
For this idealized geometry the effect on the measured compliance may be
quantified [3].

At a displacement V measured in the load-line position each half of the spec-
imen near the load line is tilted relative to the crack plane by an angle a,.
Assuming a rotation center in front of the crack tip (crack length a) on the
ligament (size b) at a distance eb (¢ = 0.3), a, is approximately given by

o, = tan a, = V/[2(a + eb)] (1)

Because of this rotation of the pinhole region of the specimen the lines of
contact of the pin to the specimen and the clevis, respectively, must move towards
the crack tip by a distance Ax quantified below. The assumed load line for
compliance evaluation and crack length calculation passes through the center of

specimen

bolt

//cle i
/ vis

| real load line
assumed load line

FIG. 5—Force is measured in the real load line displaced by Ax relative to the assumed load
line through the center of the specimen hole.
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the pinhole in the specimen (dashed arrows in Fig. 5). But the real load line is
at a distance Ax towards the crack tip and the measured force F,,, or a difference
AF, during a partial unloading will be greater compared to the assumed load-
line position. This causes an underestimation of the compliance and of the crack
length and consequently results in negative Aa values before real crack growth.

Assuming free rolling of the contacting surfaces without any slip Ax is given

by

Ax = r,sin {o, [r,/(r, + 1. — 2 1))} 2)
and the measured compliance C,, may be corrected for this error by

Coon = C, [(a + €b)/(a + €b — A )] 3)

In practice the correction by Eq 3 normally will not be applicable because r,
(= r,) will be an unknown and not constant if caused by plastic indentation. But
for reasonable assumptions (CT specimen, B = 25 mm [1 in.] W = 2B; r, =
6.25 mm [0.25in.], r. = r, = 6 mm [0.24 in.]) the consequences of this effect
are demonstrated in Fig. 6 using data of a real experiment without negative crack
growth and introducing the error by the inverse of Eq 3. This results in a shape
of the new J (A a) curve and Aa,, = —0.25 mm (—0.01 in.) similar to Fig.
2. For the three J-R curves depicted in Fig. 6 by different symbols, the regression
lines to determine J. according to ASTM E 813 are also given. Obviously with
negative crack growth simulated by this model the value of Ji. = 173 kJ/m?
(990 in.-lb/in.?) is greater than the original value, Ji. = 122 kJ/m? (700 in.-1b/
in.2). But even correcting for the effect of negative Aa by shifting all points to

EGF 146 ({25, a/W =06, 20%5G)

2ee r
I
!
v . | o original measurement
£ i ;T Aa <0 simulated
A | T shifted fo Aa >0
X x |
r—>’; |
x !
xx i
x

X

O x

Delta a,mm

FIG. 6—Simulation of negative crack growth by the inverse of Eq 3, influence on the extrapo-
lated J,..
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FIG. 7—Alternative clevis design, side view (schematically).

positive Aa values with the most negative point on the blunting line results in
Jie = 147 kJ/m? (840 in.-Ib/in.2) being greater than the correct one. So apparent
negative crack growth may result in nonconservative J,, estimations.

For a flat bottom hole without indentation 1/r. = 0, and Eq 2 results in
Ax = 0, that is, negative crack growth is not predicted by this model. To
decrease the risk of indentation, special grips were developed and successfully
tested [3]. They are shown schematically in Figs. 7 and 8. Hardened inserts
allow for tilting of the flat bottom planes if the loading pins are bending. So
line loads are applied instead of point loads (arrows in Fig. 3) thereby decreasing
pressure and consequently minimizing the risk of plastic deformation. Figure 9
shows the performance of this clevis type at room temperature. J-Aa points of
three similar specimens follow the blunting line with a scatter of about = 0.01
mm (+0.0004 in.). Figure 10 shows a J-R curve measured at 300°C (572°F).
Scatter of the Aa measurements is increased for reasons discussed later, but there
is no significant apparent negative crack growth. Even creep crack growth mea-
surements at 600°C (1112°F) with clevises of this type resulted in acceptably low
scatter [4].

A minor improvement of the compliance measurement was attained by using
very stiff knife edges (pencil sharpener blades) with the edge of one of the knife
edges cut so that the clip gage contacts it over a width of only 1 mm (0.04 in.).
Then the position and orientation of the clip gage are less sensitive to misalign-
ment of the blades, such as what might occur by nonsymmetric deformation of
the specimen.
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] ]
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FIG. 8—Front view of CT specimen loaded in alternative clevises. Curved hardened plates allow
for bending of the loading bolt.
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FIG. 9—Three IJ-R curves measured with the clevis type of Figs. 7 and 8 showing low scatter
and good reproducibility before crack initiation.
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FIG. 10—Influence of an uncertainty of *0.05 mm in initial crack length measurement (a,) on
J,. determined according 1o ASTM E 813 and Loss [6].

Load Relaxation Effects

Time dependent effects in the specimen may cause problems for the crack
length determination from the compliance measured in partial unloadings [3],
particularly during tests at elevated temperatures (for example, range of service
temperature of light water reactors 300°C [572°F)).

Figure 11 shows part of a load versus displacement diagram measured at
300°C (572°F; steel 20 Mn Mo Ni 55 [Unified Classification System (UNI)
K12539] CT specimen B = 48 mm [1.9 in.] = W/2) with load drops of about
5% during constant displacement control up to 3-min duration. Although the
nearly exponential load drop, as visible in the load versus time diagram of Fig.
11, did not reach a nearly constant level during this time, the crack lengths could
be estimated from the compliances. The differences in crack lengths calculated
from unloading and reloading compliances showed an (apparent) crack growth
of 0 to 0.4 mm (0.016 in.) during the unloading cycles. In spite of these dif-
ferences the final crack length estimated from the last compliance measurement
of this test agreed with the heat tint measurement within 0.2 mm (0.008 in.).

Even without the 3-min relaxation time, reasonable J-R curves can be mea-
sured. Figure 12 shows one of several unloadings without relaxation, followed
immediately by a second unloading in a test with a displacement velocity of
about 1 mm/min (0.04 in./min; specimen size and material as Fig. 11). The
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FIG. 11—Load dropping exponentially with time in constant displacement control followed by
linear elastic unloading (1 is proportional to time with different factors for loading, relaxation, and
partial unloading).
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FIG. 12—Superposition of elastic unloading and time dependent load drop in partial unloadings
without prior load relaxation period.
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differences of the estimated crack lengths from the unloading and reloading paths
were 1.6 mm (0.06 in.) for the first cycle and 0.45 mm (0.018 in.) for the
second one. This is caused by the curvature, visible in Fig. 12 especially for
the first cycle. The difference of the mean values for these two cycles was only
0.24 mm (0.01 in.) and for several pairs of unloadings in the range of 0.02 to
0.29 mm (0.0008 to 0.012 in.). This is comparable to the difference of 0.2 mm
(0.008 in.) found between the crack length derived from the last single-cycle
unloading and the heat tint measurement for this test.

Waiting for constant load before partial unloading frequently takes the most
time of the whole experiment even if the relaxation time is limited. Waiting time
may be decreased by unloading the specimen by a few percent of actual load
before relaxation, but then the total load drop (elastic part plus additional relax-
ation) may be even greater than that shown in Fig. 11.

Superposition of elastic unloading and time dependent relaxation effects may
be a reason for apparent negative crack growth or other errors. Therefore if
appreciable differences of unloading and reloading compliances are found the
regression data points should be carefully analyzed.

Definition of the Point Aa= 0

All tests at high temperature discussed here were run with the specimen and
the clip gage contained in a closed chamber heated by circulating air causing
vibrations of the clip gage. This resulted in scatter of the F-V measurements as
visible in Fig. 12 causing some more scatter of the compliances and the derived
crack lengths (Fig. 10 [5]) than found at room temperature (Fig. 9).

ASTM E 813 excludes points left of the 0.15-mm exclusion line from the
regression for J;. determination thereby excluding part of the error resulting from
scatter of small Aa values. But a comparable uncertainty of the definition of the
point Aa = 0 should be considered. To evaluate J;. from the J-Aa points of Fig.
10, the point Aa = 0 is assumed to be uncertain by +0.05 mm (0.002 in.),
which is less than +0.1% of the measured crack length. J is calculated from
a linear regression according to ASTM E 813 and from a power law fit according
to the alternative method proposed by Loss et al [6]. Both methods deliver
comparable results, but they are changed by the small uncertainty of a, by nearly
+10% of the original value as given in the table of Fig. 10.

This demonstrates that the accuracy, at which one can expect to measure the
““true’’ Jy, is limited by the accuracy and scatter of the crack lengths derived
from the first partial unloadings of a test. On the other hand, if the J-R curve
is used to derive a J-T diagram {7] as used for instability analysis, only the
correlation of J and dJ/da is needed, and the accuracy of q, is less important.

Data Grouping Condition

To avoid errors in Ji. determined by regression through clustered data points,
ASTM E 813 sets some requirements for valid data. Figure 13 shows a J(Aa)
curve well defined by 40 points, measured with a CT specimen with B = 14
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FIG. 13—Influence of valid selections of regression points on I, determined according to ASTM
E 813 and Loss [6] (see Table 1).

mm (0.55in.) and W = 40 mm (1.58 in.) for a 12% chromium steel. J;. according
to ASTM E 813 (denoted by ‘*ASTM’’) and according to the alternative power
law method [6] (denoted by ‘‘Loss’") are given in Table 1. The valid points of
this experiment are 15 to 38 yielding the ‘‘correct” values of 117 and 125 kJ/
m?, respectively. Other limited sets of data selected from all valid points could
also be valid according to the data grouping condition. Limiting cases are the
sets 15 to 24 and 22 to 38 resulting in valid ASTM J-values about +20%
different from the original one. Adding only the extreme point near to the opposite
exclusion line (15 and 38, respectively) to these sets diminishes these differences.
Taking only three equidistant points out of the clustered group plus the extreme
point at the opposite exclusion line, four points just meeting the minimum

TABLE 11, according to ASTM 813 and Loss [6] by regression through valid data groups
selected from the J-R curve of Fig. 13.

Selected Valid Number of J A5 S,
Points Points kJ/m? kJ/m?
15to 38 24 117 125
1St024 10 95 128
22 to 38 17 140 124
15 to 24; 38 11 118 128
15; 22 to 38 18 127 126
15, 19, 24; 38 4 118 128

15; 22, 30, 38 4 117 128
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requirement of ASTM E 813, then results in the original J,.. Of course this is
no argument for taking only four valid points because material scatter was
excluded by just taking a single specimen, and experimental scatter was small
in this case. Instead the following is concluded.

1. Even without influence of material scatter J,. extrapolation may be less
accurate if clustered data just satisfying the data grouping condition are used for
the regression.

2. At least one data point near to the exclusion line away from the cluster
should be required.

-3. Data points should be nearly equidistant.

4. More than four valid data points should be required for the single-specimen
test, to get information about the experimental scatter that occurs in a test.

5. At least two single-specimen tests should be required.

6. More than four valid specimens should be required for multiple-specimen
tests especially if material scatter is evident.

The alternative regression procedure based on a power law fit [6] (last column
of Table 1) has shown that J,. for different materials is less sensitive to the
special choice of regression points if the curvature of the J(Aa) curve is accounted
for. This alternative method would not be useful in general for the evaluation
of multiple-specimen tests because the curvature can be hidden by material
scatter.

Conclusions

Apparent negative crack growth as a possible source of error in determining
Jy. from partial unloading compliance experiments may be caused by insufficient
operation of flat bottom holes. This may result in nonconservative Ji. values as
demonstrated by a quantitative estimation of the effect for a special model. An
alternative clevis design is presented that decreases the risk of plastic deformation
of the clevises and essentially eliminates this problem, even for high-temperature
applications.

Particularly during tests at elevated temperature load, relaxation effects may
cause errors in compliance measurements. Waiting for a nearly constant load
for a few minutes will increase the quality of crack length determination. The
difference between compliances calculated for unloading and reloading is a useful
measure for the technical quality of the data.

Depending on the scatter of results from the experiment, the point Ag = 0
is defined with some uncertainty thus influencing the accuracy of Ji.. For other
evaluations, for example, full J-R-curve development, this error is less important.

The conditions of ASTM E 813 to validate J, as J,. for clustered data points
are not sufficient. A wider spread and perhaps more than four valid data points
should be required.
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ABSTRACT: In the frame of an irradiation program of American Iron and Stee! Institute
(AISI) 316H (Unified Numbering System [UNS] S31 400) stainless steel at fast fluences
(E > 0.1 MeV) ranging from 0.1 to 2 dpa, the fracture toughness of the steel was measured,
using the J parameter, at 0, 0.1, and 0.3 dpa at 350 and 550°C. A dimensional analysis
has been used to derive J resistance curves as well as J,. values for the base material and
its welds. The specimens used were three-point bend (3PB) specimens, 20 mm high by
15 mm thick by 80 mm effective span. A noteworthy result concerning the base material
is the lowering at 550°C and 0.1 dpa of dJ/da by about 50% and of J,. by about 35%.
The other dJ/da and J,, values were not significantly altered at 550°C. Apart from this
case, generally low degradation of base metal properties is found at both temperatures
between the nonirradiated and the irradiated material.

The weld material exhibits significantly lower initiation toughness and tearings moduli
in the preirradiation and post-irradiation conditions, but these fracture mechanics (FM)
characteristics are practically unaltered at both temperatures and at the above mentioned
fluence levels. The heat-affected zone (HAZ) material was also studied. It was found that
all J-Aa values were bounded on the upper side by the base material at 350°C and on the
lower side by the welded material at 550°C for corresponding fluence levels.

KEY WORDS: austenitic stainless steels, cracks, irradiation, welded joints, heat affected
zone, J integral, crack extension, R curve

The evaluation of neutron damage to American Iron and Steel Institute (AISI)
316H (Unified Numbering System [UNS] S31 400) steel in terms of fracture
toughness characteristics is needed for safety assessments of liquid metal fast
breeder reactor (LMFBR) primary circuit components. To this end, irradiations
covering the 0.1, 0.3, 1, and 2 displacements per atom (dpa) fast fluences
(E > 0.1 MeV) have been planned. The results obtained so far concern the
nonirradiated material and the 0.1 and 0.3 dpa irradiations. AISI 316H base
metal, weld metal, and heat-affected zone (HAZ) material have been examined.
Tests were conducted at 350 and 550°C on plane-sided three-point bend (3PB)

' Senior scientists, Applied Mechanics Division, Commission of European Communities, Joint
Research Centre—Ispra Establishment, 21020 Ispra (Va), ltaly.
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specimens. Various routes were followed to determine the J fracture mechanics
parameter at incipient crack growth and under stable tearing. Candidate methods
were the potential drop direct current method and a dimensional analysis, together
with deformation theory of plasticity concepts. Reasonably accurate crack growth
predictions were obtained using the latter approach, and this method was used
to compute J resistance curves. Both methods yielded J), values that corresponded
in a satisfactory manner.

Materials and Specimen Preparation

The specimens were cut from a 316H stainless steel plate in accordance with
ASTM Specification for Heat-Resisting Chromium and Chromium-Nickel Stain-
less Steel Plate, Sheet and Strip for Fusion-Welded Unfired Pressure Vessels (A
240). The material is in the fully annealed condition (Y2 h at 1080°C and quenched
in water). Two strips were cut from the plate and butt-welded together following
the metal-inert-gas (MIG) procedure. No annealing of the welded assemblage
was done. The chemical composition of the steel is listed in Table 1. The
mechanical properties of the nonirradiated steel appear in Table 2. They are
based on the average of three to seven tension test results. The tension test
specimen used is shown in Fig. 1. The longitudinal axis of the specimen is
parallel to the plate rolling direction. The dimensions of the 3PB specimens used
in this program appear in Fig. 1. The nominal ay/W ratio is 0.55 where q, is
the initial crack length and W the height of the 3PB specimens. Following
standard designation the specimens are of the L-S type. Three types of specimen
are distinguished according to the material into which the crack propagates, that
is, base material (B specimens), weld material (W specimens) and HAZ material
(HAZ specimens).

Precracking

Precracking of the specimens up to a nominal ap/W = 0.55 value was achieved
by operating the servohydraulic machine in amplitude control of the load-point
displacement (20-Hz sinusoidal wave); the load amplitude P = P, — P,
varies in such a way that the amplitude of the specimen deflection at the load

TABLE 2—Mechanical properties of the nonirradiated steel.

Yield Ultimate Tensile Uniform
Material Temperature, °C Strength, MPa Strength, MPa Elongation, %
Base 20 240¢ 570¢ 657
Base 350 133 483 36
Base 550 105 440 35
Weld 350 300 445 16
Weld 550 250 382 14

“Result obtained in one test on a diameter ¢ 4 mm tension specimen, gage length was 20 mm.
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FIG. 1—Dimensions of 3PB and tension specimens.

All Dimensions in mm

point is kept constant by an electronic device. This technique results in a smoothly
decreasing load as the crack grows and a slowly decreasing stress intensity factor
AK applied to the specimen. The system allows a precise automatic arrest of
the machine when the AP value reaches a predetermined minimum value. During
fatigue precracking, P, was held constant at 0.5 kN. P, was controlled so
that its value would remain within the limits set by the British Draft for Devel-
opment Publication Methods for Crack Opening Displacement Testing (DD:1972).
Following the above described methodology, this condition is satisfied from
ay/W = 0.48 onward as shown in Fig. 2. In this figure, X; is the maximum
allowable fatigue stress intensity at the crack tip. K; < 0.630,B"? where B = 15
mm and o, was taken as the average of the yield and the ultimate tensile stress.
The base material having the lowest o, of 405 MPa has determined the maximum
loads that were applied for all three materials (B, W, and HAZ).

Irradiation

The irradiation was performed in the high flux reactor (HFR) of the Joint
Research Centre (JRC) Petten (Netherlands) Establishment. The neutron spec-
trum in the irradiated positions is given in Fig. 3. The neutron metrology is
given in Table 3. It may be observed that the weld material sustained a fast
fluence of about 0.15 dpa instead of 0.1 dpa, which had been planned. The



BERNARD AND VERZELETT!I ON STAINLESS STEEL 135

| 0= =0 DD 19 Criteria

q’\.-_‘. JRC Methodology 34

1219 Criteria
Satisfied 32
Qo s c— — G (— — at— 31.25 (Base

T - :r: Material)

N 30
28 LE,
(]
a
£ =
g v
g
3 N
| \
3
g Maximum Load
s 61
3 \‘
84.8kN
030 040 050 055
a(J/W

FIG. 2—Applied maximum load during precracking.

variation in fluence is about +20% in a series of four specimens. The axial
variation in the temperature of the sodium contained in the HFR capsules was
at the most 50°C. The heat generation did not exceed 2.5 W/g corresponding
to a temperature gradient of about 30°C between center and surface of the
specimens.
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FIG. 3—Neutron spectrum in the irradiated positions.
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TABLE 3—Test matrix.

Material and Fast Fluence
Number of Minimum and Aging in
Specimens Temperature, °C Maximum dpa Sodivm, days
B-4 350 0 x 1072 26
B-3 350 0 7
B-2 550 0 26
B-4 550 0 78
B-4 350 8410105 26
B-3 550 7.6109.9 26
B-4 350 19 to 29 78
B-4 550 241033 78
Ww-4 350 0 26
Ww-4 350 0 7
Ww-3 550 0 26
W-4 550 0 7
Ww-4 350 14.6 to 18.7 26
Ww-4 550 13.0t0 17.9 26
w4 350 19.0 t0 27.0 7
Ww-4 550 21.0t0 28.0 7
HAZ-4 350 0 26
HAZ-4 350 0 7
HAZ-2 550 0 26
HAZ-4 550 0 78
HAZ-4 350 10.3t0 12.9 26
HAZ-4 550 11.1 10 13.1 26
HAZ-4 350 34.01t0 48.0 7
HAZ-4 550 34.0 t0 38.0 7
Test Matrix

The test results available for analysis are given in Table 3. The 26 and 78
days aging in sodium autoclaves corresponds to the duration of the 0.1 and 0.3
dpa irradiation in HFR, respectively.

Procedure

Testing Rigs—The hot cell installation includes a SO-kN Instron® machine
equipped with an electric furnace for tests in air at 350 and 550°C. The tem-
perature at which tests are run in the hot cell corresponds to the temperature at
which the specimens are sustained during irradiation. The crosshead velocity
varies from 0.5 to 2.5 mm/min. Two spring-loaded rods are brought in contact
with the specimen central loading pin, on either side of the specimen. They
actuate the central plungers of two linear variable differential transformers (LVDT)
mounted outside the furnace. The bodies of the LVDT are fixed, in a diametrically
opposite position, to a tube extending from the center of the specimen bearing
plate. Two simultaneous measurements of load-line displacements are obtained.
These, however, include additional deformations, which are not relevant to the
ones being sought, that is, relative to the cracked specimen exclusively. They



BERNARD AND VERZELETTI ON STAINLESS STEEL 137

originate essentially from the deformation of the rollers, the deformation of the
roller bearing plates, and the indentation of the specimens where they are in
contact with the rollers. To address this problem, geometrical similar uncracked
specimens, made of the reference AISI 316H material, are loaded in the test rig,
and averaged calibration curves at 350 and 550°C are obtained that relate the
nonrelevant load-line displacements to the current applied load. At any load
attained during a test carried out on the cracked specimens, the corresponding
value of the nonrelevant deformation is subtracted from the one derived from
the averaged LVDT measurements. This is automatically taken care of by the
data reduction procedure. The load-line displacements used in the J/ computation
thus correspond to the cracked body deformations only, and the obtained J values
do not include the deformation energy contribution of the uncracked specimen.

As far as data acquisition is concerned, the servohydraulic machine is directly
connected to a Hewlett-Packard (HP) 1000 data acquisition system that records
in digital form the applied force, two displacements, the average of which
corresponds to the load-point displacement as well as two potentiometric signals
indicating crack growth initiation. The system picks up signals at equispaced
time intervals of about 7/1500-s duration where T is the time needed to carry
out the bending test. T is of the order of 300 s at the most. The nonirradiated
specimens have been tested in a similar rig, using a 60-kN Schenck® machine
and an on-line data acquisition system.

Detection of Initiation of Stable Crack Growth—The DC potential drop method
has been considered for its applicability in adverse conditions of high temperature
(up to 550°C) and remote control operation possibilitics needed for the irradiated
materials testing. A DC 40-A stabilized current source is introduced at the end
faces of the 3PB specimens. The potential drop is measured between two points
located near the crack tip on diagonally opposite sides of the specimens. Two
pairs of pickup points are installed (see Fig. 4). The specimens are insulated
from the testing machine. During the monotonic loading of a precracked spec-
imen, the potential drop versus load point displacement is recorded. In these
diagrams it is possible to distinguish an initial part where the behavior is random,

P1

P2

—e40ADC
SUPPLY

FIG. 4—Location of potential drop direct current pickup points.
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a second region where the diagram assumes the form of a straight line, and a
third curved region. The point where a transition is observed between the second
and the third region is considered to represent the initiation of stable crack growth
according to the British Draft for Development DD:1972 document. Preliminary
tests were run on 3PB specimens of identical configuration as the subject research
specimens, and consistent indications of incipient crack growth were obtained
using this technique. There was a strong incentive to use the potential drop
method for crack growth evaluation as well, but crack extensions could be
ambiguously derived from the third curved region characteristics and as far as
this specific problem is concerned, the method was discarded.

Measurement of Initial and Final Crack Length—Up to incipient crack growth,
the initial ligament is b, = W — a, where g, is the initial crack length. The
initial fatigue crack size and the final crack extension were defined using the
nine-points average after crack marking by heat tinting at 550°C for several
minutes. The specimen halves were separated after each test by fatigue cracking
and sawing of the remaining ligament. Crack extension measurements were
inclusive of the stretch zone. The measurements were made using a Zeiss®
microscope with a sixfold magnification factor. More refined crack extension
measurements were carried out by taking photographs of the cracked zones of
the specimens using a magnification factor of 20. Subsequently, the photographs
have been analysed on a TEKTRONIX® 4956 digital table having a resolution
of 0.1 mm. About 1000 pairs of coordinates have been introduced for both the
fatigue and the final crack fronts. From these data, the crack advances are then
computed. In this case, where the initial crack fronts were practically straight
and the extended fronts were very regular, both methods yielded within very
narrow limits identical results; therefore the nine-point average procedure was
subsequently used.

Crack Extension Calculation

From dimensional analysis applied to the case of pure bending of a small
remaining ligament, it has been shown [/] that the relationship between angular
displacement 0, and bending moment per unit thickness M is

8, = f(M/b%) (1

where b is the remaining ligament size. The function f depends only on the
material monotonic stress-strain properties. It can be observed that the only
significant geometrical parameter entering the form (Eq 1) is the ligament size;
that is, the ratio b/W is not relevant in the case of pure bending. By virtue of
the deformation theory definition [2]

J= f " (3A/da),dP @
0
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where A is the load point displacement through which the applied load P works.
In the case of bending Eq 2 equates to

Ja, 8) = — JW (00,./4b)aM (3)
0

where b = W — a and W is the width of the 3PB specimen. From Egs 3 and
1 and on the assumption that the material is history independent, the following
expression for J (referred to as Jp) is derived [/}

Iy =2 f " Mib)d 6, — f (J,/b)da (4)
0

ag
Inverting the form (Eq 1) leads to

M/b = F(6,) (5
or
M = b’F(8,) (6)

where F(8,) is referred to as the material *‘key curve.”” It is possible, in theory,
to determine the F(6,) function using specimens having ligaments of relatively
smaller lengths than the one encountered in the frame of this research. The
specific difficulties inherent to irradiated materials are such that the problem had
to be addressed in a different way. Considering Eq 6 and in the case of 3PB
specimens, one may write

0.25 PS = b’F(6,) @)

where S is the specimen span set at 80 mm.
It is convenient to carry the analysis further considering only the significant
parameters from Eq 7. A function

C(,) = (4/5F@®,) ®

is introduced. Since S is constant throughout the tests, C(0,) differs from F(6,)
by a scaling factor 4/S, which was constant in all of our tests. The C(8,) function
is directly related to the F(8.) function and has consequently the same charac-
teristic of being, in theory, unique for a series of tests characterized by a material,
the temperature, and the fluence. From Eqs 7 and 8 follows

P = bC(0) C)]
Following an analogous rationale, a function C'(0,) is defined as follows

P = bC'#,) (10)
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The C’'(8,) function is known from the experimental load-load line displacement
measurements, the angular displacement 0, being proportional to the load-line
displacement A since

. = 4A/S (11)

In Fig. 5, a typical C’(8,) function is schematically represented by a curve in
a normalized load-angular displacement record of the test corresponding to the
major crack advance. The subscript 4 is arbitrarily ascribed to the parameters
characterizing this specific test. For this C'(8.), curve we define

(bg); = initial ligament length,
(Ps), = applied load at the end of the test, and
(8, = angular displacement at the end of the test.

In addition (Aa,), corresponding to the total crack growth is measured at the
end of the test.
In Fig. 5, the point having coordinates

(Psl(B), (B,

where (b)), = (by)s — (Aa,), is the final ligament length, corresponds to the
end of Test 4 conditions. This point defines one value C(8,), of the C(8,) function
as defined by Eq 9 since (Py), = (b,)42C(B¢,)4.

In Fig. 6, a C'(8,), curve is represented schematically as well as the (P),/

(P,
P T b2
(bolg e,
[ (b2
{
i
C'{fc), curve :
|
{
i
|
|
|
|
|
[
i
i
g 0C
) (954)4

FIG. 5—Normalized load—angular displacement record of test corresponding to the major crack
extension.
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FIG. 6—Normalized load—angular displacement record using all results.

(b2 (8y); points (i = 1. .. 4) corresponding to the four (at the most) ends
of the test conditions of the tests run in a specific case. As already observed,
these points lie on the C(6,) curve defined by Eq 9. It has been verified for all
cases concerning the base material and weld material, which are described in
Table 3, that the four (at the most) (P),/(b)?, (8,), points line up in a most
satisfactory manner on a tangent to the C'(8,), curve. Thus the C(8,) function
is adequately represented by a straight line (elastic deformation), a curve, and
a straight line tangent to the curved part (Fig. 6). By the straightforward data
reduction procedure, the tangent, in any test, to the C’(8.) curve that passes
through an imposed P;/(b,)*, 6., end of a test point, is defined. With this pro-
cedure, the single-specimen method (allowing one J-R curve per specimen) is
applied as follows. From Egs 9 and 10

b, = b, VC',IC; (12)
and the current crack growth
(Aa,); = b,[1 — V(C'/C)] (13)

where the subscript refers to the specific point where b, and (Aa,); are evaluated.
An incremental extension of the crack length a;,, — q; follows directly from
Eq 13

@iy — a; = b(VC'/C; — VC',,,/Ciyy) (14)
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J Calculation

The J value was calculated from the relationship applicable to plane-sided
3PB specimens [3]

Jir = Ui + 21b) - (A1 B)] {1 - [("—b_ﬂ]} (15)

where A, ., = area under the load versus load-line displacement record between
lines of constant displacement at points i and i + 1. This area does not include
the uncracked body energy. The values to be introduced in Formula 15 are

b; from Formula 12,
a;,, — a; from Formula 14, and
B = 15 mm.

Formula 15 used at the point where incipient crack growth is detected by the
potential drop technique yields a J,, value referred to as (J,)pp in Table 4.

Results

J,. Values and ) Resistance Curves for the Base and the Weld Metal—The
study of the J resistance curves of the base and the weld metal indicated that,
as expected, there were no effects of aging in sodium for the nonirradiated
metals. The 16 specific cases concerning the base and the weld metal can thus
be reduced to twelve cases, which are described in the first columns of Table
4. The average J, values yielded by the potential drop method and referred to
as (J))pp, are found to correspond to averaged values of J resistance curves
ordinates at Ag = 0 for the weld metal and at some offset Aa ranging from 50
to 150 wm for the base metal (see Table 4). In addition, the J, values taken on
the J resistance curves at the tabulated Aa and referred to as (J, )p, in Table 4
have a spread of +6 to +24% for all results, inferior to the =8 to +46% (this
maximum value corresponding to the last case of Table 4, discarding it, the
maximum is £26%) of the (J, )pp values, suggesting a better reproducibility of
the results using the key curve approach. Since with this approach growing Aa
values are found onward from the point of tangency between the C(8,) and the
C'(8,) curves, it may be inferred that the case of the weld metal corresponds to
a negligibly small stretch zone width, whereas the Aa values for all base metal
cases suggest some amount of stretching before actual stable crack growth.

Finally, the variation in dJ/da in all cases tabulated in Table 4 was found to
be practically nil in most cases and reached a maximum of £20% in the case
of the nonirradiated weld material at 350°C.

It is interesting to observe that the lowest spread in J,, values and dJ/da values
concerns the irradiated material. In order to give an insight on the neutron damage
sustained by the base and the weld metals, average resistance curves were com-
puted and plotted. In Figs. 7 through 10 such averaged curves are presented in
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FIG. 7—Averaged J-resistance curves for the base metal at 350°C.

groups of three curves corresponding to one material, a temperature and the
three nominal fluences. The data reduction procedure followed consists simply
in averaging, at the current Aa value, the J values of the i resistance curves
where i = number of specimens in any specific case as reported in Table 4. As
Aa increases, a decreasing number of curves are averaged as final crack lengths
are attained in succession. Logically, steps in the averaged curves may thus
appear in these particular points.

Since trends in material behavior were considered of primordial importance
rather than highly precise absolute values, no smoothing of the averaged resist-
ance curves was done. From these figures it may be concluded that, as far as
the base metal is concerned, it appears (see Fig. 8) that at 550°C and 0.1 dpa

800.

%

608. A Av/

400. el
. /

e——  Odpa
- 0.1 dpa

— — 0.3 dpa
) R

JLkI/m21]

2. o a“

2. 200. 490, 6e8. 8eo.
Cruck Advance [uml

FIG. 8—Averaged J-resistance curves for the base metal at 550°C.
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FIG. 9—Averaged J-resistance curves for the weld metal at 350°C.

JkJ/m2]

irradiation, the J value drops by 35% and the dJ/da value by 50% relative to
those values at O dpa. A generally low degradation of the base metal properties
is found in the other cases at both temperatures between the nonirradiated and
the irradiated metal.

As far as the weld metal is concerned, it exhibits significantly inferior fracture
toughness and J resistance curve slopes in the preirradiation and post-irradiation
conditions but is not very significantly altered at both temperatures and all fluence
levels.

Finally, and in order to illustrate the efficacy of the key curve approach,
groups of four (at the most) resistance curves corresponding to four specific

408.
388.
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N
)
5 2o0.
o} o veet
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-
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/ —  Odpa
| e 0.1 dpa
— — 0.3 dpa
2. " . . | .
2. 2ee. 420. 6500. sB0.

Crack Advarce [uml
FIG. 10—Averaged J-resistance curves for the weld metal at 550°C.
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FIG. 11—J-resistance curves for weld metal at 550°C and 0.3 dpa.

cases from Table 3, taken at random, are presented in Figs. 11 through 14. It
can be seen that the resistance curves of the greatest crack extension case match
the lower crack extension results in a satisfactory manner.

Test Results of HAZ Material

The widely spread HAZ results lie practically within the base material at
350°C and the weld material at 550°C for both the nonirradiated and the irradiated
case. Typical results appear in Fig. 15. These are not unexpected results con-
sidering that in the case of the HAZ material, the crack front actually ‘‘cuts’’
through all three materials, B, W and HAZ, in some random way because of

400.

3a8e.

208.

J(kJ/m21

-
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a. 200. 420. 600. 8008.
Crack Advarce [uml

FIG. 12—]J-resistance curves for weld metal at 550°C and 0.1 dpa.
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FIG. 13—J-resistance curves for weld metal at 350°C and 0.1 dpa.

the fact that the HAZ is in fact extremely narrow and the B-W interface is
somewhat warped. On the basis of these observations it has been decided to
exclude the HAZ material from future irradiation tests.

Conclusions

In the case of the relatively small 3PB specimens studied, for which the J
controlled crack growth is about 700 pm, it is shown how a dimensional analysis
(together with the deformation theory of plasticity) enables the derivation of J
resistance curves for materials having distinctly different load displacement dia-
grams such as the base and the weld material. In fact the crack extensions Aa,

y

///

—_—

800.

500.
o
13
N
I
& 400.

200.

a. N .
a. 200.

400.

608.

Crack Advance

FIG. 14—]-resistance curves for base metal at 350°C and 0.3 dpa.
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FIG. 15—HAZ, results ar 0.3 dpa nominal fluence.

inferred using this procedure on the test covering the longest crack advance, are
corroborated in a satisfactory manner by the heat tinting values of Aa found in
three (at the most) accompanying tests. The method should thus be suitable when
a small number of 3PB specimens is available, as is obviously the case in
irradiation studies. Future work will benefit from a recently [4] introduced new
formulation of the J integral, referred to as J,,, which allows analysis of crack
growth up to 30% of the ligament under bending loads. The results presented
here, covering crack growths of about 7% are in no significant way different if
the analysis follows either the J;, or the Jy route. The importance of increased
out-of-plane constraint will be tackled on 20% side-grooved specimens that are
submitted to a 0.3-dpa nominal fluence. As far as the J, values are concerned,
they correlate reasonably well with the potential drop defined specimens when
taken on the J resistance curve at some Aa offset value of about 100 pwm for all
base material tests and at zero offset for the welded material. Because of the
difficulties encountered when applying the ASTM Test for J,, A Measure of
Toughness (E 813), particularly with respect to the definition of the stretch zone
width in high toughness material, such as the AISI 316H steel, a defect assess-
ment procedure aiming at the determination of J,_on the crack growth resistance
curves at some offset Aa has recently been evolving. One of the conclusions of
this work is that such a procedure is valid, even in the case of the weld material
since the relatively low dJ/da value found for this material will lead to a rea-
sonably small overestimation of J;_ at about 100 wm of Aa with respect to the
tabulated values. It appears from Table 4 that there is less spread in the results
derived from dimensional analysis than in the PDdc results indicating an overall
better reproducibility of the procedure.

To fully endorse this analysis as applied to 3PB specimens, tests on differently
sized ligaments will be carried out on nonirradiated material. As such, the method
has effectively shown trends in fracture toughness characteristics of AISI 316H
steel, a major objective in this work. Even results where the specimen has
exceeded its J integral capacity are considered useful. Since no crack tunneling
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problems have been encountered, it has not been imperative to use side-grooved
specimens, though the 0.3 dpa fluence tests will be repeated on 20% side-grooved
specimens of identical overall configuration as those used up to now. An inter-
esting result, so far, is the decrease in Ji, and dJ/da values encountered in the
0.1 dpa irradiation at 550°C for the base material, with respect to the values at
the O and 0.3 dpa fluence level, at the same temperature. Finally, it may be
observed that the width of 20 mm of the L-S type specimen is relevant to the
wall thickness of some of the LMFBR’s primary circuit components such as the
containment vessel wall.
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ABSTRACT: The behaviors of two heats of SA 515 Grade 70 in the unloading compliance
J test were compared. Tensile properties were measured for both heats of material; one
heat was found to be susceptible to dynamic strain aging. This heat also exhibited a steeper
drop in the slope of the J\-R curve with increasing temperature, and serrated flow during
the high-temperature J tests. The magnitude of the serrations varied during each test and
with changes in loading displacement rate. Comparison with data from other carbon steels
and weld metals showed that a large J,. drop with increasing temperature was associated
with a large drop in ductility. J tests of strain-aging susceptible materials also showed a
marked decrease in load drop from relaxation and peaks in load upon reloading at tem-
peratures at the lower end of the temperature range of dynamic strain aging.

KEY WORDS: strain aging, steels, tensile properties. unloading compliance, ductile
fracture, toughness

A comparison of unloading compliance J;. results from several carbon steels
and various weld metals collected over the past several years has shown a decrease
in J,. with increasing temperature up to the highest test temperature of 288°C
(550°F), or a minimum in J,. below this temperature. Some of the J-test load-
displacement traces were serrated, and the resulting J). values were unusually
low. It was suspected that dynamic strain-aging embrittlement was occurring
during tests that exhibited serrated load-displacement curves, and that the test
parameters might be influencing the magnitude of this effect and thus the J
values.

Examples of unloading compliance load-displacement curves in the presence
and absence of serrations are shown in Fig. 1. The shielded metal arc (SMA)
weld metal trace at 121°C (250°F) on the left in Fig. 1 also exhibits a reload
peak after each unloading increment and-a small load drop caused by relaxation.
These anomalies are present to a lesser extent in the traces from the gas tungsten
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arc (GTA) weld at the right and are almost completely absent from the SA 508
base metal traces and post-weld heat-treated trace in the center of Fig. 1. Anom-
alies in the unloading compliance trace as illustrated in Fig. 1 are associated
with reduced values of J;.. Figure 2 shows a 70% drop in J,, for the SMA weld
with the serrated load-displacement traces shown in Fig. 1 and a lesser drop for
the GTA weld [I].

Dynamic strain aging in carbon steels is caused by the interaction between
dislocations and interstitial solutes (nitrogen and carbon) or solute pairs consisting
of one interstitial and one substitutional solute atom (such as manganese-carbon
and manganese-nitrogen) [2]. The characteristic serrated stress-strain behavior
has been attributed to the repeated breakaway and repinning of dislocations by
solute atmospheres [3]. The occurrence of dynamic strain aging depends upon
the rate of solute diffusion and the dislocation velocity, which depend upon
temperature and strain rate. Keh et al have illustrated the temperature and strain-
rate dependence of dynamic strain-aging graphically, as shown in Fig. 3 [4].
Other indications of dynamic strain aging are a maximum in flow stress with
temperature and strain rate, reduction in ductility, and rapid strain harden-
ing [2,4].

The ductile fracture resistance J,. of a given material often varies inversely
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with flow strength and may therefore also exhibit a minimum with temperature
and strain rate in the presence of dynamic strain aging. The study described in
the following paragraphs was initiated to determine the effect of variations in
unloading compliance J-test parameters on J). in a material that exhibits serrated
load-displacement traces and to assess the validity of the dynamic strain aging
explanation of the serrations. It was also an attempt to identify a tensile parameter
that would reliably predict a loss in toughness from dynamic strain aging. Tension
tests were conducted to determine material susceptibility to serrated flow, and
unloading compliance J tests were performed at various loading rates and tem-
peratures to identify the effects of these two variables on measured fracture
toughness. Subsequent work under this program will include additional unloading
compliance test variables, and microstructural and fractographic information.

Experimental Procedures

Two heats of pressure vessel steel, SA 515 Grade 70, were chosen as test
materials. The compositions, heat treatments, and nil-ductility temperatures (NDT)
for these heats are listed in Table 1. Tension tests were conducted at several
temperatures ranging from room temperature to 316°C (600°F) and at crosshead
speeds of 1.3, 0.13, and 0.013 mm/min (0.05, 0.005, and 0.0005 in./min).
Tests were performed on a Materials Testing System (MTS) servohydraulic test
machine, which was interfaced with a Programmable Data Processor (PDP) 11/
34 minicomputer to allow computer control of specimen loading and comput-
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erized data acquisition and analysis. Temperature control was achieved by en-
closing the specimen in a box furnace and mounting thermocouples at three
positions along the reduced section.

Unloading compliance J tests were performed according to the procedure
outlined in ASTM Test for J;., a Measure of Fracture Toughness (E 813) and
Ref 5 at temperatures ranging from room temperature to 204°C (400°F). An
MTS servohydraulic test machine was used in conjunction with the previously
mentioned minicomputer for control of testing, data acquisition, and analysis.
Specimen temperature was maintained by a box furnace and monitored by a
thermocouple mounted on the specimen at a sufficient distance ahead of the
crack tip to allow for crack growth. The displacement rate during loading was
kept constant at 1.5 mm/min (0.06 in./min) except where otherwise indicated
below. Unloading displacement rate was 0.3 mm/min (0.012 in./min) in all
cases. Before each unloading, the load was allowed to relax until the rate of
load relaxation was less than 0.3% of the unloading rate. Displacement was
monitored by a displacement gage mounted on knife edges at the load line.
Figure 4 is a diagram of the specimen. For details of the computerized single
specimen J-test facility see Ref 6.

An attempt was made to identify the loading displacement rate that would
produce the maximum serration height in an unloading compliance trace at 204°C
(400°F) in Heat 645 material. A specimen from which a J-R curve had already
been obtained was tested further for this purpose. The loading displacement rate
was varied from reload to reload to maximize the serration height, and the loading
displacement rate that produced the largest serration height was applied to an
identical specimen at 204°C (400°F) from the onset of testing. However, only
very small serrations were visible at the beginning of this test, and when the

1.600"
{38.1 mm)
(zg'?:l:" ———DIA. = 0.203" (5.16 mm)
& E PIN HOLES = .376” (9.63 mm) DIA.
i _ | 0.200”
0.412" (6.08 mm)
{10.6 mm)
t "\ \}zoﬂ
0.900"
{22.9 mm)
1.876"
{47.863 mm)

FIG. 4—3/4 T (19-mm thick) compact tension specimen side-grooved (not shown) to a depth of
10% per side.
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loading rate was increased, the serration height increased. Because a fixed loading
rate corresponding to maximal serration intensity was not successfully defined,
loading rates for the remaining tests in this series were chosen at random to span
two orders of magnitude.

Results

Heat 645 material exhibited serrated flow in all tension tests conducted at 121
and 204°C (250 and 400 F) and in unloading compliance J tests at the latter
temperature.” The serrations were similar in appearance and magnitude to those
of the GTA weld deposit at 204°C (400°F) shown at the right side of Fig. 1.
The results of the tension tests are shown graphically in Figs. 5 and 6. The yield
strength of Heat 649 material, which flowed without serrations, decreased almost
linearly with increasing temperature, while that of Heat 645 material ceased to
decline above 121°C (250°F). The ultimate strength of the latter material reached
a maximum at 204°C (400°F) while that of Heat 649 material exhibited a shallow
minimum at this temperature. The variations in test temperature had a much
larger effect than the crosshead speed on measured strengths.

The ductility, measured as percentage reduction in area, of Heat 649 material,
deviated by less than 10% over the range of test conditions. However, that of
Heat 645 material declined by approximately 20% with increasing test temper-
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*Unloading compliance J tests of this heat were performed only at 65 and 204°C (150 and 400°F).
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in Fig. 5.

ature from 32 to 316°C (90 to 600°F). The uniform elongation was also fairly
constant for Heat 649 material while that of 645 material reached a minimum
at 204°C (400°F). Again, variations in test temperature had a larger effect than
the crosshead speed on measured properties.

J values were calculated using an expression that corrected for the effect of
crack extension on the measured load versus displacement curve (ASTM E 813).
Valid ASTM E 813 J,. values could not be obtained for most of the specimens
because the criterion

B, b= 257/ %S, + Su) N
where
B = net thickness of specimen,
b = initial uncracked ligament length,
S, = yield strength, and
S.. = ultimate strength.

was violated (ASTM E 813).
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The J-R curves are shown in Figs. 7 and 8. The slope of the J;-R curve
beyond the crack-tip blunting region declined monotonically with increasing test
temperature for Heat 649 material. The same span of test temperatures produced
a greater decrease in J;-R curve slope in Heat 645 material. Variation in loading
displacement rate at 204°C (400°F) over two orders of magnitude produced a
small change in J;-R curve position as shown in Fig. 8, but as for the tension
test, the temperature dependence was stronger. However, there was a definite
difference in serration height among the 204°C (400°F) tests. The loading dis-
placement rate of 1.5 mm/min (0.06 in./min) produced more intense serrations
than either of the other two loading displacement rates.

Discussion

The tension test results for SA 515 show evidence of dynamic strain aging,
but the magnitude of the effect differs between the two heats that were studied.
The stress-relieving heat treatment given Heat 649 is more effective in immo-
bilizing nitrogen by silicon than is the heat treatment given Heat 645 [7]. The
most obvious indication of dynamic strain aging is the presence of serrations on
the tensile curves of Heat 645 material at 121 and 204°C (250 and 400°F). Other
indications are the reduced ductility at these temperatures and the rise in ultimate
strength with temperature above 121°C (250°F). The relatively rapid strain-
hardening rate of Heat 645 material at 204°C (400°F), another characteristic of
dynamic strain aging, is indicated by the high ultimate strength and small uniform
elongation at this temperature. The variations in crosshead speed had a much

Crack EXTENSION (M)
0 S5 1.0 1.5 2.0 2.5
3000 | T T =1 =T T L P
. & 1NFE50
L J
of L atIF@O |
o o -
I }.-,‘ . * 204 0) 4
- <430
(IN-LB/IND) o, e o)
. e
& ..
[ I
‘. 420
m =1
-1100
0 _j 1 L 1 A 0
0 2 Ol .06 .08 10

Crack Extension (IN,)

FIG. 7—IJ/R curves for SA 515 Grade 70, Heat 649. Loading displacement rate = 1.5 mm/min
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smaller effect on measured tensile properties than the temperature variation. The
greater temperature sensitivity is illustrated in Fig. 3, which shows that the
serrated flow regime in 0.03% carbon steel spans a temperature range of only
200°C and a strain rate range of at least two orders of magnitude [4].

The relatively large drop in the J-R curves of Heat 645 material with tem-
perature is probably a result of dynamic strain aging occurring during the higher
temperature tests. The small dependence of Ji-R curve position on loading rate
at 204°C (400°F) may be a result of differences in the intensity of dynamic strain
aging, which was evidenced by differences in serration height between the tests.
However, control specimens will be tested to ascertain the effects of loading
rate variations in the absence of strain aging.

The inability to define a fixed loading displacement rate corresponding to
maximal serration intensity may result from a variable plastic-zone strain rate
or a growing dislocation density during each test. The occurrence of dynamic
strain aging depends upon attainment of a critical dislocation velocity, which is
related to dislocation density and strain rate through the expression [3]

€ = pbv (2
where
€ = strain rate,
p = mobile dislocation density,
b = Burger’s vector, and
v = dislocation velocity.
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Because work hardening in the plastic zone is accompanied by an increasing
dislocation density, Eq 2 predicts that the strain rate associated with the critical
dislocation velocity decreases during the unloading compliance J test. Although
the loading displacement rate may be constant, this does not necessarily fix the
average strain rate in the plastic zone. Either a variable strain rate or dislocation
density may explain the rapid increase and subsequent attenuation of serration
amplitude that was typical of unloading compliance traces obtained at constant
loading displacement rate under dynamic strain aging conditions.

The results of this program were compared with data from other carbon steels
and several weld metals in an attempt to identify a tensile property that might
be a reliable indicator of dynamic strain aging susceptibility. Unloading com-
pliance J results for three carbon steels are shown in Fig. 9; additional back-
ground information is given in Table 2. The temperature dependence of the
tensile properties of SA 106 (Fig. 10) is very similar to that of Heat 645 SA
515 of this program. Both a rise in ultimate strength and decrease in reduction
of area occur in the approximate temperature range of the J;, drop. Complete
tensile data were not available for the SA 508 and SA 516, and the J;. data are
included only for breadth.

Tension and unloading compliance test results from several submerged arc
weld metals showed that a drop in ductility with temperature was accompanied
by a drop in J;* (Figs. 11 and 12). In contrast to the results of this program,
there was no clear correlation between dynamic strain aging susceptibility and
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’Van Der Sluys, W. A. Emanuelson, R. H., and Futato, R. J., this publication, pp. 68-83.
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FIG. 10—Temperature dependence of tensile properties of two heats of SA 106 Grade C [8].

ultimate tensile strength. Tensile properties of the GTA and SMA weld metals
discussed above are shown in Fig. 13. Comparison with the J;. results in Fig.
2 again shows that the material with the larger J,. drop with temperature—in
this case, the SMA weld—also has a larger drop in ductility and sharper rise in
ultimate tensile strength.

Comparison of unloading compliance traces of tests in which dynamic strain
aging occurred revealed two other anomalies in addition to serrated flow. The
load drop during load relaxation reached a minimum at temperatures just below
the temperature range of serrated flow, as seen in Fig. 1. This is probably because
of dislocation pinning by interstitial solutes during relaxation, which could restrict
the amount of elastic strain converted into plastic strain.

At maximum load and beyond, a peak in load occurred after each unload in
the temperature vicinity of the load-relaxation minimum in strain-aging suscep-
tible material. In Fig. 1, these reload peaks are seen at 121°C (250°F) on both
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SMA and GTA unloading compliance traces. They are probably a result of static
strain aging during load relaxation and unloading, which would explain their
occurrence at temperatures near the load relaxation minimum. It is interesting
to note that the reload peak height of the SMA weld metal is approximately
equal to that of the GTA weld metal, although the J). value for the former is
much lower at this temperature. This suggests that reload peak height alone may
have a smaller effect on the magnitude of J,. than serrated flow.

Conclusions

1. The presence of dynamic strain aging during J testing in one heat of SA
515-70 at 121 and 204°C (250 and 400°F) was evidenced by serrated flow,
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reduced ductility, and rapid strain hardening. Another heat with lower nitrogen
content exhibited no serrated flow under the same test conditions.

2. The strain-aging susceptible heat of SA 515-70 showed a greater drop in
Ji-R curve slope with increasing temperature than the nonstrain-aging heat.

3. In unloading compliance J tests that exhibited serrated flow, the intensity
of serrations varied between tests with different loading displacement rates. The
intensity also varied within each test, with serrations appearing in the vicinity
of maximum load, quickly reaching a maximum, and then decreasing over the
duration of the test.

4. For SA 515-70, SA 106C, and several weld metals, a drop in J,. with
increasing temperature was sometimes associated with an increase in tensile
strength with temperature and always accompanied by a loss in ductility.

5. Other anomalies in the unloading compliance J test associated with strain
aging are a minimum in load drop caused by relaxation and the appearance of
reload peaks at a temperature corresponding to the low-temperature end of the
temperature range of dynamic strain aging. The presence of serrated flow is
associated with a greater drop in J). than the presence of reload peaks alone.
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ABSTRACT: The effect of specimen size and geometry on the onset of ductile tearing
(/.. 8, and the initial slope of J(dJ/da) and crack opening displacement dd/da resistance
curves has been investigated for a carbon-manganese steel. The results indicate that in
plane sided specimens a thickness in excess of that specified in ASTM Test for J,.. a
Measure of Fracture Toughness (E 813) is required to achieve a lower bound, or plane
strain, J; value. However, the resultant decrease in J, is relatively smali. Side-grooving
was found to be very effective in promoting plane strain conditions in subsized specimens.
The initial tearing resistance was found to be markedly influenced by specimen thickness
and degree of side-grooving, and the results indicate that achieving plane strain conditions
in the proximity of the crack tip does not ensure a unique J-R curve in side-grooved
specimens.

J\. values obtained using ASTM E 813 were found to overestimate the *‘true’’ J; values
for a carbon-manganese steel and a pressure vessel steel. This arises from the linear
representation of the R curve and the assumed blunting line behavior A power law equation
was found to give a statistically better fit to the J-Aa data. particularly in high toughness
materials. The need for an engineering or working definition of ductile crack initiation for
structural assessment has been acknowledged, and an alternative to the ASTM E 813
procedure suggested, based on the J value at 0.2 mm of crack extension.

KEY WORDS: elastic-plastic properties, ductility, steels, elastic-plastic fracture, J integral
fracture mechanics, crack opening displacement, stable crack growth, ductile crack ini-
tiation

There is considerable interest in the use of J-integral crack growth resistance
data in component integrity assessments defining the onset of stable and unstable
ductile crack extension [/,2]. To ensure conservative predictions, it is necessary
that the materials J-R curve is adequately representative of the constraint ex-
perienced by a defect in the structure. Conventionally, this is achieved using
specimens of dimensions sufficient to promote plane strain conditions in the
proximity of the crack tip. The first part of the paper reports an experimental
investigation of the effects of varying specimen size and geometry on resultant
R curves. The results are discussed in terms of the size requirements for plane
strain behavior and whether obtaining plane strain conditions is sufficient to

'Higher scientific officer and senior scientific officer, respectively, AERE Harwell, Materials
Physics and Metallurgy Division, Building 338, Oxfordshire OX11 ORA, England.
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ensure lower bound R curve behavior. The second part of the paper discusses
the problems of analyzing J-R curves to derive ‘‘initiation’’ toughness values at
the onset of crack growth.

Experimental Procedure

The effects of specimen size and geometry on R curves were studied using a
carbon-manganese steel, BS4360 43A. J-R curves from ASTM AS508 Class 3
(Unified Numbering System [UNS] K12042) and ASTM AS542 (UNS K21590)
steels are used to investigate suitable equations to model the initial shape of the
R curve. Carbon-manganese steel specimens, all with the same orientation, were
mostly of the compact geometry type, with independently varying width, thick-
ness, and degree of side-grooving. In addition, one size of single-edge notched
three-and four-point bend specimens were tested.

The J values for compact and three-point bend specimens were calculated in
accordance with the ASTM Test for J;,, a Measure of Fracture Toughness (E
813). In the case of the four-point bend geometry the J integral was calculated
using the method described in Ref 3. All the J values were corrected for crack
growth using the method given in Ref 4. A multi-specimen technique was used
to determine the initial part of the J-R curve up to 2- to 3-mm crack extension.
Values of *“‘initiation’’ toughness were derived according to the ASTM E 813
procedure and are subsequently described as J;, values.

A modification to the J integral has been recently suggested by Ernst [5].
Although this modification has not been used in this work, it is noted that it
would have a negligible effect on any of the reported initiation toughness values.
The initial slope of the R curve is also not expected to be affected significantly
as the amount of ductile crack extension Ag is small.

Measurements of critical stretch zone width (SZW,) were taken parallel to the
crack plane on broken specimens using a scanning electron microscope (SEM).
SZW_ measured in the central region of the specimen, together with the blunting
line relationship between J and SZW before crack initiation, can be used to
determine initiation J values [6]. For the carbon-manganese steel the blunting
line relationship was experimentally determined as

J =220 SZW (1)

where a; = flow stress. J; is the *‘initiation’’ J value as defined using Eq 1 and
the SZW..

Silicone-rubber crack impressions were obtained from a number of specimens
while at load, using the infiltration technique described in Ref 7. Briefly, this
involves injecting a catalytically hardenable silicone-rubber fluid into the crack.
Once set, the specimen is unloaded, cooled in liquid nitrogen, and broken apart.
The silicone-rubber cast is removed, sectioned, and examined in the SEM. From
the impressions, direct measurements of the crack opening displacement & at the
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original crack tip were taken. From plots of & versus fibrous crack extension
(total crack extension minus critical SZW), the & at crack initiation 9, and the
slope of the d resistance curve dd/da were obtained.

Results

Figure 1 gives o; and dd/da (plus and minus standard errors) along with the
SZW_ (plus and minus standard deviation) measured from 13-mm-thick 26-mm-
wide compact geometry specimens with various amounts of side-grooving. It
can be seen that the trends exhibited by d, and SZW_ are in good agreement,
which gives confidence in the use of SZW, to quantify the effect of specimen
size on J,.

Figures 2 through 7 show for the various specimen sizes and geometries (1)
J; as calculated from SZW,_ and the blunting line, (2) Ji. in accordance with
ASTM E 813, and (3) dJ/da calculated over the Aa range between the two
offsets given in ASTM E 813. It can be seen from the figures that J;, calculated
in accordance with ASTM E 813 is consistently larger than J; calculated from
SZW.. The errors associated with J; values determined from SZW, are generally
much smaller than errors in J. values as determined from the ASTM E 813
procedure. Therefore, in this report J; values from SZW_ will be used to evaluate
the effects of specimen size on initiation toughness.
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COMPACT GEOMETRY : THICKNESS = 13 mm. WIDTH = 26 mm. A’W 255,

250
200¢
13
5 *:‘g 150
= Z
=
% =
<38 JicFROM ASTM EB13
£ 100f
#
50 T 4
i § 1; FROM SZW.
0 A 1 1 1 - 3
) 10 25 50 75

*. SIDE GROOVING

FIG. 2—Effect of side grooving on ;. determined from ASTM E 813, J; determined from SZW.,
and the § integral crack growth resistance dJ/da.

All but two of the specimen types meet the size requirements for plane strain
Ji. values given in ASTM E 813, the two invalid specimens being the 13-mm-
thick 26-mm-wide 50 and 75% side-grooved specimens, However, as shown by
Fig. 2, side-grooving up to 25% lowers J; and J,., and therefore it seems un-
reasonable to use the net thickness for evaluating the thickness criterion, as
required by E 813, since this suggests that side-grooving is detrimental for
obtaining high constraint. If the gross thickness is used instead, which suggests
that side-grooving is neither an advantage nor a disadvantage, all the specimens
would meet the size requirements.

Figures 1 and 2 show the effects of increasing depth of side-grooving for 13-
mm-thick 26-mm-wide compact specimens. After between 25 to 50% side-
grooving, both J; and §; decrease about 30% to a minimum plateau value, which
is assumed to be that for plane strain conditions.

Figure 3 shows a similar effect of side-grooving on J; and dJ/da for 25-mm-
thick 50-mm-wide compact specimens.

Figure 4 shows the effect of varying width for compact specimens of constant
thickness equal to 13 mm. Both J; and d//da show little or no systematic variation
with increasing width over the range measured.

Figures 5 and 6 show the effect of thickness with constant width and pro-
portionally increasing width, respectively. J; decreases by about 30% with in-
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FIG. 3—Effect of side grooving on },. determined from ASTM E 813, J, determined from SZW .,
and the § integral crack growth resistance dJ/da.

creasing thickness from 13 to 50 mm. Comparing Figs. 5 and 6 with Figs. 2
and 3, it appears that the J; value for a specimen of between 37.5 to 50 mm
thick is equal to the minimum plateau J; value found after 25 to 50% side-
grooving in 13- and 25-mm-thick specimens. dJ/da is shown to decrease mark-
edly with increasing thickness.

Figure 7 shows the effect of specimen geometry for similar sized specimens.
J; and dJ/da values are the same for the single-edge notched three- and four-
point bend and compact specimens.

Discussion
Specimen Size Effects

Effect on Crack Initiation—The results in Figs. 2 to 6 show that over the
range investigated, J; is unaffected by varying specimen width but is mildly
affected by variation in specimen thickness and depth of side-grooving.

Figures 5 and 6 show that in the absence of side-grooves a thickness of between
37.5 and 50 mm is required to achieve the lower bound plateau value, assumed
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to be that for plane strain conditions. This yields a plane strain specimen thickness
requirement of

specimen thickness, B > a (J;/o) 2)

where 270 < a < 360. However, it should be noted that the J; value from the
13-mm-thick specimen (that is, 90 J,/o) was only 1.3 X plateau value J; value.

Figures 2 and 3 show that the plane strain J; value can be obtained in specimens
<37.5 mm thick when suitably side-grooved. For 13- and 25-mm-thick speci-
mens, side-grooving 25 to 50% of the gross thickness is sufficient. A similar
result may also occur with even smaller specimens. On the basis of results so
far obtained, a conservative estimate of the thickness requirement for plane strain
conditions with 25 to 50% side-grooving, expressed in terms of the gross thick-
ness B,, would be

B, > 90 J,/a; (3)
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Clearly, side-grooving is very beneficial to obtain plane strain constraint when
testing small specimens, and the authors feel that testing standards should ac-
knowledge and encourage their use.

Figure 4 shows there is little or no effect of width on J; over the entire range
tested, suggesting that even smaller specimens would be required in order to
determine the minimum ligament size requirement. From the smallest ligament
tested, a conservative estimate of the ligament size requirement for plane strain
conditions would be

ligament, b > 70 J./o; C))
Figure 7 shows that J; is the same for compact, three- and four-point bend

geometries for the same specimen thickness and width, indicating that these
geometries have the same specimen size requirements for plane strain conditions.
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FIG. 6—Effect of standard specimen size on J,. determined from ASTM E 813, J; determined from
SZW., and the J integral crack growth resistance dJ/da.

This suggests that geometries with similar high plastic constraint result in similar
crack-tip constraint.

The size requirements given in Eq 2, 3, and 4 are considerably larger than
given in ASTM E 813. In the case of Eq 3 and 4 this may be because they are
conservative estimates. However, this is not the case for the thickness criterion
for nonside-grooved specimens (Eq 2). There are a number of possible reasons
for the discrepancy. The first is that for carbon-manganese steel the J;. determined
from ASTM E 813 can typically overestimate the J; by a factor of two, thus
making the thickness and also the ligament criteria appear less stringent. The
second is that changing thickness only mildly affected J;, and because there is
often large scatter associated with Ji,, markedly subsized specimens may appear
adequate. The third possibility is that the ASTM E 813 size requirement has
mainly been verified on high-toughness or high-strength materials. Therefore,
there could be a real difference in the size requirement for this material compared
to other materials, suggesting the J./oy is not a suitable scaling factor.

Effects on Crack Growth Resistance—In this section the effects of specimen
size and geometry on crack growth resistance are interpreted in terms of crack-
tip constraint and deformation remote from the crack tip.
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Figures 2 and 3 indicate a marked effect of side-grooving in decreasing dJ/
da. The fracture surfaces show that the shear lip is removed by side-grooving
10% or more and that the through thickness contraction is zero for >50% side-
grooving. In plane sided specimens crack growth occurs preferentially in the
central region, whereas side-grooving up to 25% straightens the crack front. In
deeply side-grooved specimens some leading of the crack front occurs locally
at the side-groove notch radii. Irrespective of the degree of side-grooving, crack
initiation occurred after net-section yielding. One possible explanation for the
observed side-groove effect is that the J calculation formulae, which are only
given in ASTM E 813 for side-grooving up to 25%, are not appropriate for
deeper side-grooves. This question is addressed by the authors in detail elsewhere
(8]. It is found that although some correction is necessary, the trends of Figs. 2
and 3 remain unchanged. Furthermore, additional support is given by the cor-
responding trend in dd/da (Fig. 1) directly determined from crack-tip impres-
sions.

An explanation for this behavior based on the combined effects of side-groov-
ing on crack-tip constraint and the plastic hinge point is proposed as follows.
Figure 8 schematically illustrates the plastic hinge construction. After initiation
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FIG. 8—Schematic sketch illustrating the hinge point construction during crack growth.

the increases in mouth opening displacement dV and crack opening displacement
dd above their respective initiation values V; and 3, are related by

dd = (rb dV)/(rb + a) &)

r.b defining the hinge point position during growth. Similarly, the crack opening
displacement at the tip of the growing crack (crack-tip opening displacement

[CTODY]) and crack-tip opening angle (CTOA) are related by the distance y such
that

CTOA = 2 tan~! (CTOD/2y) 6)

As there is essentially only elastic deformation behind the crack tip r,b is directly
proportional to y. For the carbon-manganese steel used in this study, the CTOA

has been shown [7] to acquire a constant value after about 1.5 mm of crack
growth that is related to dd/da by

CTOA = 2 tan~! (dd/2da) for Aa = 1.5 mm @)

Table 1 gives values of the rotation distance r.b, calculated from Eq 5 using
measurements from the infiltration casts and mouth opening gage, for 13-mm-
thick 26-mm-wide compact specimens with 10 to 75% side-grooving. It can be
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TABLE |—Experimentally derived values of dV/da and r,b for compact geometry, width 26 mm,
thickness 13 mm, a/W = 0.55, and various amounts of side-grooving.

Side-Grooving, % dV/da, *+ Standard Error r.b, mm * Standard Error
10 1.03 = 0.25 37+x13
25 0.84 = 0.14 42210
50 0.55 = 0.09 46 1.0
75 0.31 = 0.05 6.2+1.5

seen from Table 1 that there is little or no increase in r,b, and hence vy, for up
to 50% side-grooving. It has been shown elsewhere that both &; and CTOD are
affected by constraint [7]. Therefore, up to 25 to 50% side-grooving where 9,
is decreasing, and by implication the crack-tip constraint is increasing, CTOD
would also be expected to decrease. Decreasing CTOD, with y remaining con-
stant, leads to a reduction in CTOA (Eq 6), which in turn from Eq 7, means a
decrease in crack opening resistance dd/da. This results in a smaller change in
area under the load versus mouth opening displacement curve with crack exten-
sion and hence a decrease in dJ/da. Side-grooving in excess of 25 to 50% does
not further reduce §;, and by implication the crack-tip constraint and CTOD are
not further affected. However, above 50% side-grooving Table 1 shows rb, and
hence v, to significantly increase, and therefore from Eq 6 and 7, dd/da and
dJ/da continue to decrease with increasing side-grooving. It is thought probable
that the increase in the rotation distance from the crack tip r,b, with deep side-
grooves is resultant from a change in plastic hinge behavior induced by preventing
yielding outside of the side-groove plane.

Figure 4 shows there is little or no consistent variation in dJ/da with increasing
specimen width at a constant thickness. This is in agreement with the constant
value of J; observed and suggests that the crack-tip constraint and rotation factor
r, are constant for a small amount of crack growth with changing ligament size.

Figures 5 and 6 show that dJ/da significantly decreases with increasing spec-
imen thickness for either a constant width or a proportionally increasing width.
Decreasing dJ/da suggests that dd/da is decreasing, and therefore from Eq 7.
CTOA is also decreasing. From Eq 6 this would be consistent with a decreasing
CTOD and nearly constant or slightly increasing y value. A decreasing CTOD
would be anticipated as J; is also decreasing, so indicating increasing crack-tip
constraint. If the specimen thickness was further increased above the maximum
tested, then the CTOD would be expected to remain constant since the J; has
already achieved a minimum plateau value. Furthermore, since the specimen is
essentially under plane strain conditions, the size and shape of the plastic zone
is not expected to alter with increasing thickness, and so vy is expected to remain
constant. Therefore CTOA, d8/da, and dJ/da are expected to remain constant,
and the dJ/da value for the 50-mm-thick specimen is expected to be the plane
strain value for nonside-grooved specimens. There is close agreement between
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this dJ/da value and that for between 25 to 50% side-grooving, which further
supports the use of moderate side-grooving to obtain plane strain J-R curve data
from significantly smaller specimens. However, it should be noted that achieving
plane strain crack-tip constraint does not ensure a unique J-R curve and that near
field conditions are not related to far field conditions in heavily side-grooved
specimens.

Figure 7 shows the same dJ/da values for the single-edge notched three- and
four-point bend and compact geometries of the same specimen thickness and
width. This is consistent with the above discussion since all three geometries
are essentially deep-notched bending configurations.

dJ/da and db/da are measures of the specimen response away from the crack
tip. The effect of specimen size and geometry on dJ/da and dd/da has been
explained in terms of local crack-tip constraint (near field conditions) and remote
plastic deformation behavior (far field conditions). For J and 8 to control crack
growth, the near field conditions need to relate to the far field conditions. In all
but the case of deep side-grooves it appears that this requirement has been met.
Two conditions have been proposed to ensure J control growth [9]. The first is
that the crack extension be limited to 6% of the ligament. J values for crack
extensions up to 11% of the ligament were used to calculate dJ/da for the 75%
side-grooved specimens. However, the trends of db/da and dJ/da are still ap-
parent when crack extension only up to 6% of the ligament is considered. The
second condition is that w(b/J X dJ/da) is much greater than unity and a value
of ten has been suggested [9]. » was four at the largest J value used to calculate
dJ/da for the 75% side-grooved specimens. It may be argued therefore that this
o value is insufficient. However, the restriction of the formation of the plastic
hinge by very deep side-grooves is not a phenomenon unique to small specimens
and will occur in specimens with a much larger ligament size. Therefore, sat-
isfying the w criterion and the crack extension limit would not ensure J controlled
crack growth in the case of deep side-grooves. Clearly the conditions imposed
by heavily side-grooved specimens are very severe and may not be representative
of many defected structures. However, these results do indicate that accurate
integrity assessment requires data relevant to the overall level of constraint
imposed by the structure.

Much of the discussion, interpretation, and prediction given in this section
relies on direct measurement of crack-tip profiles. Crack profile data are presently
incomplete, and the discussion has on occasions used results indirectly inferred
from other measurements. Confirmation awaits the direct measurement of CTOA
and CTOD values from crack profiles currently being undertaken.

J-R Curve Fitting and Defining *‘Initiation’’ ] Values

As noted previously, the J;, values derived according to ASTM E 813 are
larger than the J; values from SZW,, particularly when dJ/da is large. This is
well illustrated by the results in Table 2 determined for a highly tearing-resistant
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TABLE 2—ASTM A508 Class 3 at 290°C, J; values determined from various procedures.

Procedure “Initiation’” J, 10> X kN/m
Using ASTM E 813 3.9
Using ASTM E 813 but with 40, blunting line 3.2
From SZW, and blunting line 1.8

material, ASTM AS508 Class 3 steel. The blunting line equation used to determine
J; from SZW is given by [6]

J = 40, SZW 8)

Part of the reason for the difference between J,. and J; is that the 20, blunting
line used in the ASTM E 813 J,. procedure overestimates the degree of blunting.
Using Eq 8 as a more reasonable estimate of the blunting line for this material
reduces the difference between the two approaches (see Table 2). However, there
is still a significant difference, and this is due to the nonlinear nature of the J-
R curves, particularly at small crack extensions. This has been noted by other
authors (Ref 10, for example). Fitting a linear line to a nonlinear curve also
results in a considerable variability in J,. depending on the distribution of data
points, particularly when there are only a few, even when the ASTM E 813
position criterion has been satisfied. These deficiencies suggest there is a need
to represent the nonlinear J-R curve more accurately.

A wide range of equations were tested to see how well they modelled a multi-
specimen J-R curve for the ASTM A508 Class 3 material. The equations were
fitted using a least-squares procedure to regress crack extension upon J, for 21
data points over a range of crack extensions from 0.5 to 2.3 mm. The accuracy
of the fit was determined by the variance, that is, the sum of residual squares
divided by the number of degrees of freedom. A lower variance shows that the
equation is modelling the shape of the J-R curve with greater statistical signif-
icance. Table 3 gives the sum of residual squares together with the variance for
the more accurate equations tested, together with the linear equation for reference.
The linear analysis obtained using data between the ASTM E 813 exclusion
limits is also given. However, in this case, the variance has been calculated over
a smaller Aa range and therefore cannot be directly compared to the other reported
values. Also given in Table 3 are the J; values obtained by substituting into the
various equations the SZW, measured for this material. The most accurately
fitting equations are those based on a power law. The best overall fit was obtained
using a power law with a constant offset. The reduction in the sum of residual
squares for this equation compared to the simple power law would not be sta-
tistically significant if only four to five data points were available as is often the
case with multi-specimen testing. Thus, for general use the simple power law
equation is therefore recommended to model the shape of the J-R curve for high-
toughness materials.
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TABLE 3—Sum of residual squares, variance values, J at SZW, for various functions, fitting
A508 C = 3 data, and regressing crack extension upon J.

Variance
Sum of Residual 3 viv,-2/ Number, Ji, J at SZW.,
Function Squares, Zy.r2 Degrees of Freedom 10 X kN/m
Linear — all data points
Aa = AJ + B 0.152 0.008 3.0
Linear — ASTM valid data
Aa = AJ + B 0.065 0.0034 2.7
Power law
Aa = AJ® 0.0391 0.0021 1.1
Power law + free linear
Aa = AP + CJ 0.0388 0.0022 1.0
Power law + fixed linear
Aa = A% + Jido; 0.0430 0.0023 1.5
Power law + constant offset
Aa =Af + C 0.0327 0.0018 0.0
Second order polynomial
Aa = A+ BJ + CF 0.0399 0.0022 1.6

Table 3 shows that defining initiation as the power law value of J at the SZW,
value of Aa can result in apparently very low toughness values. This is not a
surprising result when one considers the crack-tip processes occurring during
loading. On initial loading the crack tip will begin to blunt, so forming an
incipient stretch zone. At an early stage of loading voids will begin to form and
at favorable sites along the crack front, link to the crack tip. Regions of high
inclusion density will provide local crack growth, while other regions of the
crack front are still blunting. This uneven crack initiation results in a gradual
departure from the blunting line that is being modelled by the power law at small
crack extensions. Hence the value of the power law fit at the average value of
SZW., (measured in the central region of the specimen) will be somewhat less
than the extrapolated blunting line at the same crack extension, which we consider
to be the best estimate of true ductile initiation.

Figures 2 and 3 show that as the degree of side-grooving increases and dJ/
da decreases, the difference between J; from SZW, and J,. from ASTM E 813
decreases. This is because the nonlinearity in the J-R curve decreased as dJ/da
decreases. This raises the question of whether the power law equation always
gives a statistically better fit than the linear equation. Figure 9 gives the J-R
curve for an ASTM AS542 material, which is an example of a curve exhibiting
a high J; and low dJ/da value. Table 4 gives the variance values for linear and
power law equations. It can be seen from Table 4 that both equations fit the
data equally well. However, Fig. 9 shows that the power law fit significantly
underestimates the J values at low crack extensions and can therefore underes-
timate initiation toughness. In general, the equation providing the best fit should
be used to define the J-R curve, combined with some statistical assessment of
the accuracy of the fit such as confidence limits.
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For an initiation concept that is acceptable for use in design and general
integrity assessment, an engineering or working definition is required rather than
a strictly purist approach. Such a definition must be (1) unambiguous, that is,
explicitly state how much crack extension is included at the *‘initiation’’ event,
(2) experimentally detectable with high precision, and (3) characterize the onset
of macroscopic ductile crack growth in an engineering sense.

It has been suggested by the present authors [//] that a definition based on
the J value at a prescribed amount of crack extension satisfies Conditions 1 and
2. For low and medium strength steels a crack extension of 0.2 mm was proposed
as a workable definition. For adequate precision it is important that at least one
data point lies close to this value, that is, in the range Aa = 0.15 to0 0.25 mm.
Defining initiation in this way is somewhat analogous to the engineering solution
of using a proof stress for defining the yield condition in materials not exhibiting
a distinct yield point.

The third requirement necessitates an engineering assessment of the relevance
of the onset of macroscopic ductile crack growth to the defect tolerance of

TABLE 4—ASTM A542 tested at 20°C. Variance values for linear and power law fit to all data
points.

Equation Used Variance

Power law 0.134
Linear 0.129
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structures. This cannot be answered by considering J-R testing techniques alone,
but must be evaluated in conjunction with particular assessment procedures,
comparing predicted behavior with a wide variety of experimental and structural
experience. We have suggested 0.2 mm of crack extension might be a workable
definition, and clearly other definitions might be equally acceptable. However,
a detailed appraisal is not within the range of the present paper.

Conclusions

The effect of specimen size and geometry on the onset of crack initiation and
small amounts of crack growth has been studied in a carbon-manganese steel.
The results show the following.

1. J;is mildly dependent on the specimen thickness and degree of side-grooving
but not on specimen width in the compact specimen geometry. Compact, single-
edge notched three- and four-point bend geometries of the same thickness and
width give the same value of J;.

2. The ASTM E 813 thickness size requirement for plane strain condition in
plane sided specimens was found insufficient. The resultant degree of overes-
timation in J; is small (=30%) and is of the same order as statistical scatter
arising from conventional multi-specimen J. testing. Side-grooving specimens
25 to 50% of the gross thickness considerably reduced the plane strain thickness
size requirement.

3. In compact specimens, material crack growth resistance dJ/da, was found
to be markedly dependent on specimen thickness and degree of side-grooving
but insensitive to variations in specimen width. Compact and bend geometries
of the same thickness and width gave the same value for dJ/da. With increasing
depth of side-grooves, beyond that required for plane strain crack conditions,
dJ/da and dd/da continue to decrease, indicating that this condition is not a
sufficient condition for a geometry independent R curve.

4. J, derived from the testing procedure of ASTM E 813 overestimates J at
the onset of ductile crack growth because of errors in the assumed blunting line
and the use of linear regression to the J-Aa data. The degree of overestimation
is more severe in highly tearing resistant materials. A power law equation usually
provides a statistically improved fit to the data. A working or engineering def-
inition for the ‘‘onset of macroscopic ductile crack growth’’ is required for
practical application to structural integrity assessment. The J value at 0.2 mm
total crack extension is proposed as an alternative to the ASTM E 813 J
definition.
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ABSTRACT: J-integral fracture toughness tests were performed at room temperature on
small compact tension (1/2TCT) specimens of stainless steel Type 304 (Unified Numbering
System [UNS] $30400). The ductile crack growth resistance curve was measured with the
multi-specimen heat tinting method and automatically recorded using the potential drop
(PD) technigue and an optical system. The first parts of the curves were different for each
method, however, for larger Ag values the curves were nearly the same. Profile mea-
surements of the stretch zone showed blunting to be best represented by the formula
J = 3.50,Aa. There was no distinct separation between the blunting and stable crack
growth phenomena. A continuous process of alternating crack-tip stretching and ductile
crack extension was observed from the very beginning up to final crack extension (about
3 mm). Ductile initiation (formation of first dimples) was measured at about 300 kJ - m~2
(/) and ‘‘onset of stable crack growth’’ was measured at about 750 kJ - m™? (Ji).

KEY WORDS: crack initiation, stainless steels, temperature, J-integral test, multi-spec-
imen method, single-specimen test, optical crack extension recording, potential drop tech-
nique, crack-tip stretch, crack extension

The austenitic stainless steels are important nuclear construction materials,
particularly for elevated temperature applications in advanced reactors (LMFBR,
MFR), of which many structural components are exposed to neutron irradiation
during their lifetime. At the Netherlands Energy Research Foundation the me-
chanical properties of irradiated stainless steels have been extensively measured
for more than ten years now. Large numbers of tensile, creep, high- and low-
cycle fatigue and fatigue crack propagation specimens have been irradiated and
tested at temperatures ranging from 300 to 1000 K [/-3].

Recently 1/2TCT specimens have been irradiated for fracture toughness ex-
periments at elevated temperatures. To characterize the elastic-plastic fracture
behavior of the irradiated stainless steel, the standard linear-elastic plane-strain

'Research scientist and technician, respectively, Netherlands Energy Research Foundation ECN,
Materials Department, Westerduinweg 3, P.O. Box 1, 1775 ZG Petten, Netherlands.
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fracture toughness K. test technique is not applicable. Therefore, nonconven-
tional test methods, based on the widely accepted elastic-plastic parameter J-
integral, have to be used. In this report the results of preliminary tests at room
temperature, with a small number of unirradiated specimens, are presented. The
experiments were aimed at the evaluation of the experimental equipment and of
the measuring techniques before the testing of the irradiated specimens.

Experimental Procedure

The CT specimens (30.0 by 28.8 by 12.0 mm) were made from 20-mm-thick
plates of a fully austenitic Type 304 stainless steel. The tensile properties of the
material are listed in Table 1.

The specimens were located in the plates with the notch parallel to the rolling
direction (T-L orientation). The length of the mechanical notch was 10 mm. The
specimens were deeply precracked to crack length versus the specimen width
a/W of 0.6 at final load range AP of 2.7 kN with a R ratio of 0.1.

The fatigue precracking and the fracture toughness tests were performed on
a servo-hydraulic testing machine adapted for remote handling. The 1251 Instron
for the testing of the irradiated specimens is installed in a lead cell. The electronic
equipment for test control and data measurements is installed outside the lead
cell.

The load is measured with a =20-kN load cell. The displacement is measured
with a £5-mm displacement transducer. The load-line displacement is derived
from the relative displacement of the clevices. For the application at elevated
temperatures, the clevis displacement is transmitted by an extension rod to the
transducer outside the furnace near the bottom of the lower pull rod.

For continuous observation of the crack two optical systems are installed in
the lead cell. Both sides of the specimen are monitored with microscope cameras
and recorded on video tape driven by a signal from the function generator of
the testing machine. At elevated temperatures the crack is observed through two
small quartz windows in the furnace walls, positioned opposite each other.

The optical facilities are used for crack length measurements and for obser-
vation of the crack-tip phenomena, such as plasticity and crack branching. The
fatigue crack is measured on the polished surfaces of the specimen. When there
is severe scaling or plasticity around the crack, the crack tip is obscured and no
reliable measurements can be made with the direct observation method. However,

Table 1—Room temperature tensile properties of the Type 304 stainless steel.

0.2 Yield, Ultimate Tensile Flow* Stress, Reduction in
MPa Strength, MPa MPa Elongation, % Area, %
230 580 400 65 75

°Flow stress oy (g,, + @.,)/2.
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by means of ‘‘through-lightening”’ of the opened crack an indirect ‘‘bright-
shadow’’ of the crack tip can be observed. This technique is used for the optical
measurements of ductile crack growth.

A minicomputer controlled direct current potential drop (PD) system has been
developed for fully automatic crack length measurements [4]. Crack length and
the corresponding number of cycles or load and displacement are sampled by
the microprocessor and stored on magnetic tape. The data processing system
provides tables of the data and graphical output. The J values are calculated
using the incremental J;,, relationship given by Emnst et al [5]. Additionally,
the analogue signals are recorded with conventional equipment for instantaneous
manual test control.

The PD signal is converted into crack extension values using the fatigue crack
calibration data with a sensitivity of 55 wV/mm. Tensile loading is applied
immediately after fatigue precracking, starting without interruption from the
mean level of the last fatigue load cycle. This procedure results in a continuously
increasing (no minimum!) PD signal.

In Fig. 1 the PD data are compared with the photographically measured values
of the final crack extension marked by heat tinting at 800 K. For the larger crack
extension values the PD data are within the ASTM Test for J,.,, a Measure of
Fracture Toughness (E 813) acceptance limits (15%). The relatively large misfit
at low Aa values is due to plasticity effects giving local thickness reductions up
to 20%. To obtain a better correlation with the optical data, the PD data can
easily be corrected for plasticity contributions. For instance, a correction of 0.15-
mm offset value takes into account 20% local thickness reduction at the end of
the macroscopic blunting. With this simplified correction, all PD data are within
the ASTM E 813 acceptance limits.

There are only limited results of J-type tests on stainless steel in the open

mm /
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] yavd
: /B
- 7y
1 4
4
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FIG. 1—Comparison of crack extension values measured with the potential drop method and the
heat-tinting technique.
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literature [6—9]. Bamford [6] and Tobler [8] use the theoretical ‘‘blunting line’’
formula to represent apparent crack growth caused by blunting

J = 20/Aa (1

with g, being the average of the 0.2% offset tensile yield strength and the ultimate
tensile strength. Balladon [/0] has used experimental blunting lines that appear
to be close to the line

J = 4o/Aa 2

Apparently, there is some uncertainty if 20, is the best blunting coefficient for
stainless steels [9,10]. To clarify this point, we have measured the stretch zone
dimensions at a magnification of 200, using a contourograph. From the stretch
zone profile curves, stretch-zone dimensions (length Aa and height 8) are mea-
sured as indicated in the schematic presentation of Fig. 2. Each specimen was
characterized with nine measurements, equally spaced over the fracture surface
at distances of 1.2 mm in the thickness direction.

The fracture surfaces of the tested specimens were, after heat-tinting and
fatigue post cracking to failure, observed with a scanning electron microscope
and an optical stereo microscope. The crack extension values were measured
from the photographic pictures at a magnification of 10. The data are based on
the weighted nine points averaging method.

Results and Discussion

Crack growth resistance J-Aa curves of stainless steel Type (Unified Num-
bering System [UNS] S$30400) (304) are measured at room temperature with
three different crack measuring techniques: multi-specimen heat-tinting, single-
specimen ‘‘continuous optical,”’ and the single-specimen potential-drop method.

Multi-Specimen Heat-Tinting

With this method final crack extension values are measured on the fracture
surfaces of the broken specimens. Inspection of the heat-tinted fracture surfaces

stable crack

—— ==

Dag

FIG. 2—Schematic presentation of the stretch zone profile and the dimensions measured with
the Perthograph.
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showed crack extension over the full thickness of the specimens (Figs. 3a and
b). For small Aa values the crack extension at the outer surfaces was even about
twice as much as at the middle of the specimen (Fig. 3a). This is the opposite
of the crack-tunneling effect usually observed in pressure vessel steels.

Heat-tinting primarily marked the dimpled fracture; the photographs did not
show a separation between stretch zone and ductile crack extension by dimple
fracture. An attempt was made to measure the stretch zone, using the high
reflectivity of this area. However, this caused overestimation of the stretch zone,
as shown in Fig. 4b.

Fractographic observations with the scanning electron microscope (SEM) also
showed no distinct separation between crack-tip stretch and ductile (dimpled)
fracture (Fig. 5). Even the specimen tested to the low J value of 400 kJ - m™2
showed a combination of dimples and stretch (Fig. 6).

Comparison of the SEM crack measurements with the heat-tinting data showed
a slight underestimation of the crack extension by the latter method. This is
attributed to the contribution from the end of the fatigue crack that is also partly
stretched and thus included in the SEM measurements.

FIG. 3—Fracture surfaces showing ductile crack extension (dark zone by heat tinting) over the
Sull thickness of the specimens.
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FIG. 4—Fracture surface as observed with different illuminations of the specimen, showing
overestimation of the crack-tip stretch caused by high reflectivity of the stretch zone.

Single-Specimen Optical

The applicability of this technique was favored by the phenomenon of crack
extension over the full thickness of the specimens. The video records showed a
continuous process of alternating crack-tip blunting and ductile crack extension.
This was observed from the very beginning of the fracture toughness test up to
the largest applied crack extension of 3 mm. Pictures of the crack-tip at the
beginning and the end of a fracture toughness test, taken from the monitor during
replay of the video tape are shown in Figs. 7 and 8, respectively. The crack-tip
opening displacement (CTOD) significantly changes, but the crack-tip phenom-
ena remain the same. The Aa values are measured along the fracture surface,
thus representing crack extension in the direction of the original fatigue crack,
as indicated by the black arrows in Fig. 8a.

fatigue

8a=02 mm 2a=-08mm
1=400 k Jm2 1=765 kIm2

FIG. 5—Fracture surfaces as observed with SEM showing no distinct separation between stretch
zone and ductile crack extension.
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FIG. 6—Detail of Fig. 5a showing a combination of stretch and dimples for a specimen tested
uptold = 400 kJ - m™2.

Single-Specimen Potential Drop

The PD technique does not discriminate between crack-tip plasticity and crack
extension. Proper application of this technique results in a continuously increas-
ing PD signal. A minimum, sometimes interpreted as the moment of crack
initiation, was not observed. At low Aa values the PD data overestimate the
crack length with more than 15% because of the relatively large contribution
from the plasticity. However, at larger Aa values, when macroscopic blunting
is completed, the PD data satisfy the 15% criterium of ASTM E 813. In Fig. 9
a plot of the load versus deflection is shown together with the Aa-deflection

02mm

e

c d

FIG. 7—Optical observations during the very beginning of a fracture toughness test, showing
(a) crack opening, (b) and (c) crack-tip stretching, and (d) first crack extension.

02mm
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£ . I3 . m ¥

FIG. 8—Optical observations of the crack tip during the latter stage of a fracture toughness test
showing sequences of crack extension and crack-tip stretch. Also shown corresponding load values
(MN) (a) and (b) before P, and (¢), (d), (¢), and (f) after P,,..
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FIG. 9—Load-deflection diagram with corresponding crack-extension curve showing slope change

at Q.

curve. A significant slope change (indicated by an arrow and the letter Q) can
be seen at about 1-mm crack extension.

Stretch Zone Profile Measurements

The irregular profiles of the stretch zone, as recorded with the Perthograph,
reflect alternating stretch and dimple fracture. Results of the dimension mea-
surements are plotted in Figs. 10and 11, showing J-Aa and J-3 plots, respectively.
Within the scatter bands, given by the extreme values of the nine measurements
on one specimen, the blunting coefficient ranges from 20, to 4a,. Apparent crack
growth caused by blunting is best represented by the formula based on the means
of the measurements for Fig. 11

J = 3.50; 3)
kJ il
1200 *
/
1000 WJ——« v
e nk]
800
3 & ——| 1:340a
£ 600 .
[ [
2 . 4
© — d dev.
3 400 +lextremes |
200

05 10 5 20 25
sa; mm
FIG. 10—Results of stretch zone measurements with the Perthograph showing a blunting coef-
ficient of 30y,
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FIG. 11—Results of stretch zone measurements with the Perthograph showing a blunting coef-
ficient of 3.5

Figure 11 clearly shows a maximum of crack-tip stretch at J of about 800
kJ - m~2. This end of blunting (onset of stable crack growth) is not so significant
in Fig. 10 because of additional stretch of the end of the fatigue crack that is
included in the Aa measurements.

Crack Growth Resistance Curves

Resistance curves for the three different methods are shown in Figs. 12 through
14. The slopes of the first parts of the curves are different. At larger Aa values
the “‘stable crack growth curves’’ are nearly the same, and consequently the J,
values are measured at the same value of about 750 kJ - m~2. This “‘end of
blunting’’ was also indicated by the slope change of the PD versus displacement
curve,

The resistance curves are analyzed according to the ASTM E 813 procedure,
using blunting coefficients of 40, in Fig. 12 and 20 in Figs. 13 and 14. We have
drawn the parallel exclusion lines at offset-values of Aa = 0.15 mm and

kJni2 7
1200, / // /
/ / 7
1000 + /
I
/
28001 — i +
H IN AN
£600 > ,l
; s | 24 G020
%400 N/ — —)|26an
/ 1 fe=--- excl.
‘ /
200}££ —
’l ’I
L
10 15 20 25 30

A8-~mm

FIG. 12—Multi-specimen heat tinting J-Aa curve.
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FIG. 13—Single-specimen optical J-R curve.

Aa = %, mm, the latter being equivalent to about 6% of the original ligament
length b,.

When the single-specimen curves are analyzed with a blunting coefficient of
3.50;, based on the actual measured stretch zone dimensions, many low Aa data
fall between the exclusion lines. In that case the extrapolated regression lines
intercept the blunting line at J of about 300 kJ - m~2. This value corresponds
to the first crack extension on the outer surfaces as measured with the optical
technique. From extrapolation of the SEM observations, first dimple formation
can be expected at the same J value of 300 kJ - m~2.

Both single-specimen methods overestimate the mean crack extension caused
by additional contributions from local phenomena during the early stage of the
fracture toughness test. The optical method measures the crack extension at the
outer surfaces, which is originally larger than the mean crack extension, and the
PD method measures additional crack-tip plasticity (local thickness reduction)
during the macroscopical blunting.
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FIG. 14—Single-specimen potential drop J-R curve.
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Summary and Conclusions

A blunting coefficient of 3.50; is observed from measurements of the actual
stretch-zone dimensions. There is no distinct separation between ‘‘blunting’” and
“*ductile crack growth;’’ crack extension is observed to be a continuous process
of alternating stretch and ductile dimple fracture.

Initiation (first dimple fracture) is observed at about J; of 300 &/ - M 2. The
heat-tinting method slightly underestimates mean crack extension because of the
gradual transition of the original crack tip from fatigue crack into stretch zone.
The optical and the PD-method overestimate the mean crack extension because
of crack extension at the outer surfaces and plasticity effects, respectively.

The *‘end of blunting’’ (onset of stable crack growth) Jq value is consistently
measured at about 750 kJ - m~? with the three different methods. The onset of
stable crack growth is also indicated by a slope change of the PD displacement
curve.

It is concluded that consistent J, values can be measured with the three different
methods. This J,, value represents the end of the macroscopic crack-tip blunting.
Ductile crack growth in the form of dimple fracture is initiated at lower J values
of about 300 kJ - m™2.
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ABSTRACT: Fracture-toughness experiments on ASTM A508 (Unified Numbering Sys-
tem [UNS] K13502) steel within the ductile-brittle transition region are a combination of
both ductile and brittle behaviors, leading to severe data scatter. Both crack blunting and
dimpled rupture are terminated by unstable cleavage. At a lower test temperature, cleavage
during blunting predominates, whereas at a higher test temperature, cleavage tends to occur
after some stable crack growth. It is suggested that this behavior results from the existence
of a distribution of ‘‘trigger’’ sites in the microstructure (for example, inclusions and
carbides). Methods for eliminating the dimpled-rupture contribution to the test record are
discussed and are shown to be useful for predicting large-specimen behavior.

KEY WORDS: steels, ductile brittle transition, cleavage. fracture toughness, micro-
structural effects, data scatter, cleavage fracture

Nomenclature

G
J Ic

Elastic component of Jy

Path-independent integral

Value of path-independent integral after some stable crack growth. J;, values
reported in this paper are those calculated at the onset of cleavage.
Stress intensity

Plane strain fracture toughness

Toughness associated with crack initiation

Ramberg-Osgood work-hardening exponent

Separation of cleavage-initiating particle and crack tip

Separation of cleavage initiating particle and fatigue precrack

Critical normal cleavage fracture stress

Yield strength

Compact specimen size (ASTM Test for J)., a Measure of Fracture Tough-
ness)

'Research leader and principal research scientist, respectively, Physical Metallurgy Section, Bat-
telle-Columbus, Columbus, OH 43201.
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Introduction

This paper is concerned with problems encountered in measuring the fracture
toughness of steel in the ductile-brittle transition range. We mainly discuss
situations where the load/displacement curve departs significantly from linearity,
but where stable crack growth is interrupted by a cleavage instability before the
second exclusion line (for example, Fig. 1). Under these circumstances, neither
K. nor Ji. can be measured by standard ASTM procedures. A second factor,
which compounds the problem, is the large scatter in K, that is often reported
within the transition region [/-3].

Serious difficulties arise from these observations; the origin of the scatter needs
to be explained and lower-bound toughness for use in a safety analysis needs to
be specified. This paper focuses on a phenomenological description of crack
initiation within the transition region. The data are discussed within the frame-
work of current understanding of the transition, particularly the question of the
microstructural mechanisms of cleavage failure.

Micromechanism of Cleavage

The idea that local plastic deformation is a necessary condition for cleavage
failure of steel dates back at least to Low [4] who showed that the cleavage
strengths of unnotched specimens in tension are equal to their yield strengths in
compression. McMahon and Cohen [5] then observed that the critical event
leading to cleavage is the slip-induced fracture of brittle second-phase particles.
This event is the basis of the micromodel of Smith [6], which stated the fracture

Blunting Line

J ~ integral

Exclusion Lines

Crack Growth
FIG. 1—Schematic 3 curve. Terminology of ASTM.E 813 is used.
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criterion in terms of microstructural dimensions, the yield strength, and a critical
normal stress 0. A number of authors, most recently Curry [7], have measured
o by finding where yielding and cleavage are coincident in the bending of
notched bars. It is now generally agreed that o} is approximately temperature-
independent but is strongly affected by microstructure [8].

This line of research culminated in the theory of Ritchie et al [9] (generally
called RKR). They hypothesized that K), corresponds to the stress intensity at
which the maximum tensile stress reaches of at a critical distance ahead of the
crack X,. In the context of the earlier research, discussed above, X, is the location
of the particle whose slip-induced cracking triggers unstable cleavage fracture.
RKR arbitrarily set X, equal to two ferrite grain diameters, and this value seems
to be roughly correct for a low-alloy quenched-and-tempered steel [/0]. How-
ever, when applying the RKR equation to their data on mild steel, Curry and
Knott [/1] concluded that X, was independent of grain size, except for the largest
grain size studied. This finding, of course, does not invalidate the basic premise
of RKR, particularly the idea that cleavage instability occurs by the linkage to
the dominant crack to a microcrack ahead of it.

There appear to be very few direct measurements of X,. One exception is our
earlier fractographic research on a low-alloy quenched-and-tempered
steel [12,13]. Although the number of specimens was limited, the cleavage origin
invariably was located ahead of the fatigue precrack, in agreement with RKR.
There were two other observations of interest:

1. The value of X, was not constant, but varied widely among nominally
identical specimens. There was also some indication that X, increased with
increasing temperature [/3].

2. Under the testing conditions used, some stable crack growth, via the dim-
pled-rupture mechanism, occurred before final cleavage instability [12,13].

Other direct evidence bearing on cleavage initiation is due to Khan et al [/4]
who used more highly alloyed steels. By a combination of acoustic emission
and fractography, they also detected the formation of a number of stable cleavage
microcracks before final instability. Note that they were working at a temperature
where dimpled rupture did not occur before cleavage.

Probabilistic Theories

Our evidence that X,, is a broadly scattered quantity [/3] suggests that cleavage-
crack extension must be treated as a probabilistic phenomenon. The extreme
scatter in K, [/-3] reinforces this argument.

Probabilistic theories of cleavage fracture can be evaluated using the experi-
mental result [15-17]

K. 0, = constant (1)
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where K, is the mean fracture toughness and o, is the yield strength at the
temperature and loading rate of interest; « is discussed below. In the model of
Hahn et al [15], it was argued that the mechanism associated with Eq 1 is the
generation of a critical density of ferrite or carbide microcracks within the crack-
tip plastic zone, and that the form of the equation is consistent with Weibull
weakest link statistics.

Pineau [/7] later reported an analysis in which Weibull’s expression for sur-
vival probability was combined with an elastic-plastic stress distribution. Equa-
tion 1 resulted from his analysis, with a being related to the Weibull shape factor
m. Evans [/8] combined the same elements into a somewhat different analysis.
His result also can be put into the form of Eq 1, with a being a function of the
Ramberg-Osgood work-hardening exponent N.

Another statistical model, that of Curry and Knott [/9,20], is based on a
deduction that the cleavage-initiating carbide particles in spheroidized steels are
in the upper fifth percentile of the size distribution. The particle-size distribution
enters explicitly into Wallin’s [2/] model, which reduces to Eq 1.

Lower-Bound Toughness Estimates

The experiments reported in this paper were undertaken as part of a program
to determine ‘‘lower-bound’’ toughnesses of reactor pressure-vessel steels. The
specific motivation was to obtain small-specimen Kj. values to match those of
very large cylinders (~1.0 m outside diameter [OD], 150 mm wall thickness,
and 1.2 m height) that had undergone severe thermal shock [22]. Typically,
small-specimen data are extremely scattered, with a factor of two spread in
apparent K, values not unusual [/-3,2/-23]. Furthermore the cylinder data are
at the lower end of the small-specimen scatter band [22]. Two semiempirical
remedies to this problem have been somewhat successful:

1. Calculating a value of K, for the small specimen from the instability load
and crack length by using an elastic K solution [/2,13]. This procedure is based
on the assumption that only the elastic energy stored in a specimen is available
to drive a cleavage crack.

2. Essentially subtracting the effective-plastic-zone size from the crack
length [24]. This procedure was developed to account for the loss of constraint
in thin specimens.

The data reported in this paper are examined in light of both of these corrections.

Procedure

Compact specimens of 1T dimensions with 25% side grooves were machined
from ASTM AS08 (Unified Numbering System [UNI] K13502) steel used in the
Oak Ridge National Laboratory (ORNL) experiment TSE-6 [22] and were loaded
monotonically to failure. Six specimens were tested under nominally identical
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conditions to provide a means for estimating the data scatter. Tests were done
at room temperature and at 82 or 83°C. The displacement rate at the load points
was either 550 or 760 mm/s. These high rates were used to promote ‘‘lower-
bound’’ behavior by exploiting the negative slope of the toughness/loading rate
curve [23,25]. If the load/displacement curves were perfectly linear, the failure
times would be on the order of 1073 s for K;. values of 100 MPa-m'2. Because
nonlinearities developed caused by plasticity and, in some cases, stable crack
growth, actual failure times were in the range from 2.5 X 1073to 12 X 1073
s. One of the specimens failed just as the load/displacement curve reached zero
slope, whereas the others failed while the load was rising. Previous unloading-
compliance measurements [/2] on a similar steel showed that when stable crack
growth occurs it proceeds by the dimpled-rupture mechanism and that instability
is associated with conversion to cleavage fracture. In the present experiments,
only the load, the displacement to instability, and the length of dimpled rupture
on the fracture surface were measured. The value of J at instability was calculated
from the relations in ASTM Test for J., a Measure of Fracture Toughness
(E 813), and is denoted Ji. Estimates of the elastic component of J, denoted
Gy, were obtained using the methods mentioned earlier [12,24]. All specimens
were examined fractographically using the scanning electron microscope in order
to measure X, for each specimen. These results have been reported separately [26]
and will be summarized below.

Results

The toughness data are given in Table 1. The amount of stable crack growth
before conversion to cleavage was significantly different for the two test tem-
peratures. The room-temperature data exhibited what might be characterized as
lower-transition behavior, in that no crack extension by the dimpled-rupture
mechanism was visible to the naked eye, while the high-temperature data re-
flected stable crack growth. At each temperature, there was one exception to
this general behavior.

Lower-Transition Behavior

As is seen in Table 1, all but one of the room-temperature specimens failed
during blunting. The specimen that exhibited a very small amount of stable crack
growth also had by far the highest toughness. Even considering only the re-
maining specimens, there still was considerable scatter in the data. However the
lowest toughness values were on the order of those observed for the large,
thermally shocked ORNL cylinders [22], which is indicated by the scatter band
in Fig. 2. From the viewpoint of using small-scale tests to predict large-scale
behavior, this result is encouraging.

In Ref 26, fractographic examination was used to locate the microstructural
features associated with cleavage instability for the specimens listed in Table 1.
Tear ridges and river markings were used to trace the fracture path back to its
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FIG. 2—Cumulative distribution of high-rate crack-initiation data at 22°C (TSE6 steel, IT spec-
imens). Scatter band covers ORNL thermal-shock data.

origins. Both grain-boundary carbides and manganese sulfide inclusions were
thus located. Additional grain-boundary origins were found for which no second-
phase particle was observed. In the room-temperature series, low values of
toughness were associated with origins located at the tip of the stretch zone [26].
In these same experiments, intermediate toughnesses were associated with ap-
parent multiple origins, all but one of which were located ahead of the stretch
zone. As was noted above, the highest toughness corresponded to a specimen
in which some stable crack growth occurred. In addition, the cleavage origin in
that specimen was some distance ahead of the ductile crack. Fractography could
not determine, however, if the manganese sulfide inclusions initiate cleavage
cracks in ferrite grains by the same mechanism as do the grain-boundary carbides,
that is, slip-induced microcracking in the carbide followed by unstable extension
of the microcracks into the adjacent ferrite grains. The manganese sulfide in-
clusion shown in Fig. 3b, for example, did not show clear evidence of micro-
cracking.

Upper-Transition Behavior

Figure 4 is a plot of the higher temperature toughness data of Table 1. The
points on the Jg curve are the values of J at which stable crack growth became
unstable. Thus, the curve labelled J is similar to a standard multispecimen
crack-growth-resistance curve, the difference being that the fractographic mea-
surement of crack growth excludes the blunting component. For this reason,
exclusion lines on Fig. 4 would be vertical. Note that the J; curve intersects the
ordinate axis well above the data point for the specimen with no stable crack
growth. A similar observation has been reported by Lott [27], who found that
cleavage can occur either on the blunting line or on the stable-growth part of
the Jg curve. More seriously, the present data with stable crack growth signif-
icantly overestimate the large-specimen result [22].

Figure 4 also shows values of Gy, the estimated elastic component of J;. The
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FIG. 3—Coplanar cleavage facets at Cleavage Origin A in (a) Specimen 90-1 and (b) cleavage-
initiating manganese sulfide inclusion.

Gp curve is much flatter than the J; curve and does extrapolate back much closer
to the large-specimen toughness value.

The most important point about Fig. 3 is that it indicates the existence of two
values of fracture toughness for this steel when tested in the transition regime:
a Ji. level associated with dimpled rupture and a lower level of J. associated
with cleavage. The engineering value of J;; should be that associated with cleav-
age. However, the scatter in this quantity complicates its measurement and may
lead to the erroneous conclusion that the higher dimpled-rupture value is the
appropriate one. To understand this point, consider how these data would be
analyzed in the absence of Specimen 108 (Jg value of 0.074 and zero stable
crack growth). If that specimen had not been tested, the multiple-specimen Jg
curve of Fig. 3 could have been extrapolated to 0.16 MJ/m?, which would be
considered a J;. value consistent with ASTM E 813. However, this ductile-
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FIG. 4—Crack-Growth-Resistance curves at 82 10 83°C. The elastic component of Y was estimated
using (a) the plastic zone correction and (b) the available energy method.

rupture J. value lies considerably above the large-specimen cleavage value. In
effect, the small-specimen data excluding Specimen 108 are not representative
of large-specimen behavior because of the difference in failure mechanisms at
the onset of crack growth.

Figure 5 relates the toughness and fracture appearance of the higher temper-
ature specimens. In the figure, the abscissa is the amount of stable crack growth,
and the ordinate is the distance that the cleavage origin was ahead of the stable
crack. The numbers within the data points are the associated fracture-toughness
values expressed as K in MPa-m"2. One specimen (Kz = 276 MPa-m'?) ex-
hibited two origins, both of which are plotted, while two other specimens had
identical Ky values of 293 MPa-m"?. There appears to be a clear linear relation
between crack growth and origin location (X, = 5/4 Aa). If we define A = Aa
+ X, as the distance between the fatigue precrack and the cleavage origin, Aa
= 4/9 \. Thus, the amount of stable crack growth is slightly less than half of
the precrack/origin separation. The physical reason underlying this observation
is not clear. A monotonic relation between Aa and X, is intuitively expected
from the general concept of statistical sampling of ‘‘weak spots’’ by the stress
field of the stable crack. It is not obvious, however, that this relation should be
linear. Examination of the figure also reinforces the result of Fig. 2 that a large
increase in toughness is associated with modest separations of 100 to 200 pm.

Figure 6 shows the fracture surface of Specimen 90-1. At least two cleavage
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FIG. 5—Relation between the amount of stable crack growth and the location of the micro-
structural feature that triggered cleavage. The numbers in the data points are the stress-intensity
values at the onset of cleavage fracture calculated from J. Test temperature = 82 10 83°C.

origins could be located in that specimen, and those locations are outlined by
the circles in Fig. 5. Closer examination of the cleavage-origin locations showed
that manganese sulfide inclusions triggered the cleavage fracture. Figure 6 shows
the manganese sulfide inclusion found at Origin Site A. Energy-dispersive X-
ray analysis performed on the inclusion confirmed that it was manganese sulfide.

Discussion

Both the lower and higher temperature data indicate that cleavage fracture in
ASTM A508 steel needs to be analyzed in statistical terms. The reason appears
to be that microstructural sites that can trigger unstable cleavage are relatively
widely spaced. At the higher temperature investigated here, the sites were suf-
ficiently widely spaced that some stable crack extension had to occur before
such a site could be activated. Milne and Curry [25] suggest that cleavage after
stable crack growth occurs when the temperature is raised and the yield strength
is decreased; because the maximum tensile stress ahead of the crack is some
small multiple of the yield strength, it becomes increasingly more difficult to
reach o} at higher temperatures. Conversely, at lower temperatures, values of
o are reached more readily.

The new results in this paper are consistent with the idea that there is a
distribution of o values within the stecl. For example, a low value of o would
be associated with an unusually large particle or a large ferrite grain favorably
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oriented for cleavage with respect to the imposed stress system or both. Thus,
the steel microstructure can be viewed as a collection of Weibull weak spots that
are sampled by the stress field of the main crack. At low temperatures, the
sampling is efficient because of the high local values of hydrostatic stresses,
cleavage failure is triggered readily, and the value of K. is low. At higher
temperatures, the local hydrostatic stresses are not so high, the sampling is less
efficient, and cleavage-crack initiation is relatively difficult. Several quantitative
models consistent with this picture have been reported recently [/8,28,29].

The view that the scatter in K), in the transition region reflects a weak-spot
distribution was introduced by Landes and Shaffer [/]. They noted that both the
mean and the scatter in K decreased with increasing specimen size. This is
consistent with the Weibull theory, inasmuch as large specimens are expected
to contain more weak spots than do small specimens. Microstructural studies
[19,21] link these weak spots to the upper tail of the particle-size distribution.
The comparisons between large cylinders and 1T specimens in Fig. 2 and, es-
pecially, Fig. 6 reinforce this view.

Finally, there is a question of specifying K. for cleavage failure after stable
crack growth. Several authors [23,30] argue that the level of K; has to be
increased through stable crack growth to reach a level high enough to trigger
cleavage. Accordingly, they view the instability point on the J; curve as equal
to J;, for cleavage. The problem with this argument is that it suggests that J;,
(or K;) for cleavage is higher than J,, for dimpled rupture, which seems unlikely
on thermodynamic grounds [/3]. The present authors have taken the view that
the value of Ji at which cleavage is triggered is more than sufficient to activate
the local weak spot in question. The data presented here and earlier [/2,13] as
well as Merkle’s analysis [24], suggest that the K. value just sufficient to trigger
cleavage is obtained through factoring out the plasticity contribution from the
load/displacement curve [/2,24]. Although the theoretical basis for these cor-
rections is not strong, they do seem to provide a practical means for estimating
structural behavior using reasonably few small-size specimens.

Conclusions

Measurement of K. in the ductile/brittle transition region of steel is compli-
cated by the differing nature of the two micromechanisms involved. Results
presented here, and in earlier papers, suggest that cleavage fracture requires the
formation of microcracks at special sites and their subsequent propagation. The
activation strengths of these sites appear to have a broad distribution, and they
appear to be scattered throughout the microstructure. In accord with statistical
fracture theory, the toughnesses of large specimens lies at the lower end of the
range of toughnesses of small specimens. Detailed fractographic studies com-
bined with factoring-out complications caused by the intervention of dimpled
rupture can aid in overcoming the problem of predicting large-specimen behavior
from small-specimen data.
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ABSTRACT: Fracture toughness tests have been performed on five geometries of single-
edge notched bend (SENB) specimens machined from a 25.4-mm (1.0-in.) thick plate of
ABS Grade EH36 steel, a normalized carbon-manganese steel. Critical values of the J
integral and the crack-tip opening displacement (CTOD) were measured as a function of
temperature. Test temperatures, which ranged from —196 to 25°C, covered the entire
ductile-to-brittle transition range. On the upper shelf, critical values of J and CTOD at
the onset of stable crack growth were insensitive to specimen geometry. However, in the
ductile-to-brittle transition region, where fracture occurred by unstable cleavage, fracture
toughness decreased with increasing specimen thickness and crack length. This effect of
geometry on fracture toughness in the transition region is attributed to changes in crack-
tip region constraint with geometry.

Various aspects of the SENB fracture toughness test have been examined. Experimental
results indicate that both J and CTOD can be accurately measured with a single clip gage.
Work hardening caused the ratio of J to CTOD to increase with strain. The m factor,
which relates J to CTOD and flow stress, was directly proportional to the notch constraint
factor. The m factor, which is a dimensionless constant used to relate the J integral to
energy absorbed by the specimen, was independent of crack length for SENB specimens
of ABS EH36 steel with a/W ranging from 0.19 to 0.75. The rotational factor 7, was not
a strong function of temperature or specimen geometry in the material studied.

KEY WORDS: ductile brittle transition, mechanical properties. toughness. carbon steels.
crack propagation, carbon-manganese steels, crack-tip opening displacement. elastic-plas-
tic fracture, J integral

Structural steels undergo a transition from fully ductile to fully brittle behavior
as temperature is decreased. Lower shelf (brittle) fracture behavior can be quan-
tified by K., and upper shelf (ductile) fracture resistance can be described in
terms of J,.. Both J;. and K, are material properties that are independent of the
geometry of the test specimen or structure. Fracture in the ductile-to-brittle
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transition region usually occurs by unstable cleavage, but extensive plastic flow
at the crack tip can occur before failure. This crack-tip plasticity invalidates a
description of the fracture resistance in terms of K|.. Thus, fracture in the tran-
sition region must be addressed with elastic-plastic analyses. However, the J;.
test method as defined in ASTM Test for J,., a Measure of Fracture Toughness
(E 813) is only valid for upper shelf behavior. The crack-tip opening displacement
(CTOD) test in accordance with British Standard (BS) Methods for Crack Opening
Displacement (COD) Testing (BS 5762) is the only standardized test that covers
all fracture behaviors that can occur between the extremes associated with the
K. and J tests. Recently, Dawes [/] has proposed a J equivalent of the CTOD
test. This would give the same continuity in J-based tests as in CTOD based
tests.

Contrary to common assumptions, there is not, at present, a geometry-inde-
pendent fracture toughness parameter for the ductile-to-brittle transition region
of steels. Data of various investigators indicate that critical values of J and
CTOD in the transition region are affected by the geometry of the fracture
specimens [2-//7]. Larger specimens tend to induce a greater degree of stress
triaxiality near the crack tip, thereby limiting plastic flow. This constraint of
plastic flow is believed to be responsible for shifting the ductile-to-brittle tran-
sition to higher temperatures.

This paper presents experimental data that show the effect of geometry of
single-edge notched bend (SENB) specimens on critical J and CTOD values in
the ductile-to-brittle transition region. In addition, various aspects of elastic-
plastic fracture toughness tests with SENB specimens are analyzed. The topics
discussed include: relationships between J and CTOD, measurement of both J
and CTOD with a single clip gage, and detecting the onset of tearing in an SENB
specimen.

The major advantage of the SENB specimen (see Fig. 1) over the compact
tension (CT) specimen is its relatively low machining cost. Also, the SENB
specimen has lower load requirements than a CT specimen with the same ligament
dimensions. An SENB specimen with the desired notch location and orientation
can be more readily machined out of a welded plate and therefore it is better
suited to fracture toughness testing of weldments. Also, one can make simul-
taneous measurements of J and CTOD during a fracture test with an SENB
specimen; there is presently no standardized test method for measuring the CTOD
of a CT specimen.

Test Material

The test material was a 25.4-mm (1.0-in.) thick plate of ABS Grade EH36
steel, a 350-MPa (51-ksi) yield strength carbon-manganese steel whose chemical
composition is given in Table 1. The steel was in the normalized condition and
had particularly uniform properties because of sulfide shape control.

The tensile properties of the normalized steel were determined from round
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30° Envelope

- - Fatigue Precrack
FIG. 1—Three-point bend specimen used to obtain fracture toughness test results.

tension specimens (6.35 mm diameter and 31.75-mm gage length) with the tensile
axis parallel to the rolling direction. These specimens were tested at various
temperatures ranging from —196 to 25°C. All tension tests were performed in
a screw-driven tension test machine at a crosshead speed of 0.2 cm/min. All
testing and measurement procedures conformed to the guidelines of ASTM Ten-
sion Testing of Metallic Materials (E 8).

The tensile properties as a function of temperature are shown in Fig. 2. The
data followed the expected trends with a minimal amount of scatter. Both the
yield strength and the ultimate tensile strength increased markedly with decreas-
ing temperature. All flow curves exhibited an upper and lower yield point, which

800 120
by -
[/}
600
= 80 X
3 (")
7]
E 400 @
= 40 E
? 200 »

(4] 1 i
-200 -160 -120 -80 -40 4] 40

TEMPERATURE, °C
FIG. 2—Tensile properties of ABS Grade EH36 steel as a function of temperature.
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TABLE 2—Test matrix for fracture toughness tests on SENB specimens.”

alW B = 12.7 mm B = 254 mm B = 38.1 mm
0.2 X X X

0.5 X

0.75 X

W = 25.4 mm (1.0 in.).

is characteristic of low-carbon steels. The yield strength (as plotted in Fig. 2)
was defined as the upper yield point; this definition was used to conform to the
specifications of ASTM E 8.

Experimental Procedure

The ductile-to-brittle transition curves have been established as a function of
constraint in SENB specimens. Notch constraint was varied by varying the crack-
length/width ratio a/W and the specimen thickness B. The fracture toughness
test matrix is shown in Table 2. The specimens were machined with the notch
orientation shown in Fig. 3.

All specimens were fatigue precracked at room temperature according to the
specifications in BS 5762 for COD testing. The tests were performed in dis-
placement control on a 100-kN servohydraulic test machine. The displacement
rate in all tests was 0.80 mm/min. The mouth-opening displacement and the
load-line displacement were measured simultaneously during the test by two clip
gages. The load-line displacement was measured by the comparison bar technique
developed by Dawes [/2]. The load and the two displacements were recorded
on a two-pen X-Y plotter. The test instrumentation was wired to a minicomputer
through an analog-to-digital converter. The load, crosshead displacement, and
both clip-gage displacements were recorded by the computer at approximately
0.3-s intervals and stored on a magnetic disk. The computer typically collected
and stored around 500 sets of data in a 3- to 5-min bend test.

Rolling Direction
—

;
w
-

/JB

FIG. 3—Orientation of SENB specimens with respect to the rolling direction. Charpy impact
specimens were also prepared with this orientation.
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Low temperatures were attained by attaching a box to the lower crosshead
and filling it with either liquid nitrogen or an alcohol and dry ice mixture.
Intermediate temperatures (between — 196 and — 70°C) were attained by pouring
liquid nitrogen into the box to a level below the specimen. The specimen was
cooled by heat transfer through the test fixture and by the vapor coming off of
the boiling nitrogen below the specimen. The actual specimen temperature was
measured by a thermocouple implanted in the specimen.

In each test, fracture toughness was measured by the two elastic-plastic fracture
parameters, J and CTOD. Figure 4 shows the notation used for critical values
of CTOD (BS 5762). The notation depends on the nature of the fracture event,
that is, whether the crack extension is brittle or ductile, and whether or not
unstable cleavage is preceded by stable crack growth. A similar notation is used
for reported critical values of the J integral [2] (see Fig. 5).

CTOD was computed from the following relationship

8 =28, +8, = (KY20,E) + {[r,(W — a) V,JI[r,W — @) + a + 2]} ()

where
V, = plastic component of the mouth-opening displacement,
z = knife edge thickness,
r, = rotational factor,
o, = Yyield stress,
K = stress intensity factor, and
E = Young’s modulus.

This equation separates CTOD into elastic and plastic components 3, and 5,. BS
5762 suggests that a value of 0.4 be assumed for r, in Eq 1. However, a more
precise value for the rotational factor can be calculated if the plastic components
of load-line displacement and mouth-opening displacement (g, and V,, respec-
tively) are known [/3]

r, = [1/(W — @) {(V,W/q,) [1 ~ (g,/16 W)] — (a + 2)} ()

The average value of r, was found to be ~0.5 for this specimen material (see
Results and Discussion section). This value was used in Eq 1 for all CTOD
calculations.

ASTM E 813 recommends that the following equation be used to estimate the
J integral for an SENB specimen

J = 2U/[B(W — a)] (3)
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80= Unstable cieavage-no prior slow crack growth
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8m’ Plastic collapse or tearing instabllity

3, = Onset of slow stable crack growth

8, = Resistance curve value

FIG. 4—Notation for critical CTOD values (BS 5762).

where U is the area under the load/load-line displacement curve. However, J
can also be estimated from an equation derived by Sumpter and Turner [/4]

J = (K¥E') + [2U,IBW — o)l {W/[r,W — a) + a + z]}
where U, is the area under the load/mouth-opening displacement curve. Both

Eqgs 3 and 4 were used to compute values of J.
The method used to detect the onset of stable crack growth was the double

Clean Steel Dirty Steel

CRITICAL J VALUES

TEMPERATURE

Je = Unstable cleavage-no prior slow crack growth
Ju~ Unstable cleavage-with prior slow crack growth

Jm= Plastic collapse or tearing instability
J; = Onset of slow stable crack growth

= Jic when certain conditions are met
Jr = Resistance curve value

FIG. 5—Notation for critical 1 values [1).
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displacement method. Both the mouth-opening displacements V and the load-
line displacements g from each test were stored on a magnetic disk. The de-
rivatives dg/dV and d’q/dV? were computed and plotted against V. The critical
displacement was inferred from these plots. This method is further described
below.

Results and Discussion
Cleavage Fracture Toughness

The fracture toughness data for the lower shelf and transition region are
summarized in Figs. 6 through 9. The critical values of CTOD and J along with
the critical fracture event for each specimen are reported; &, and J, are defined
at the occurrence of unstable cleavage without prior stable crack growth. When
cleavage is preceded by stable crack growth, 3, and J, are measured at the point
of instability.

Figures 6 and 7 show that the ductile-to-brittle transition curves shift approx-
imately 30°C as the specimen thickness increases from 13 to 38 mm. The thickest
specimen produces the greatest of crack-tip region constraint; constraint is the
restriction of plastic flow by the surrounding elastic material. Constraint causes
a triaxial stress state and raises the flow stress near the crack tip. This increase
in flow stress tends to promote cleavage fracture (that is, shift the transition
curve to the right) since it is easier to reach the fracture stress.

Note that the thickest specimens (B = 38.1 mm) had slightly deeper cracks
than the other two specimen geometries shown in Figs. 6 and 7. The deeper
cracks were necessary to prevent the load on the thick specimens from exceeding

0.80 T T T
$oB=12.7mm a/W~0.2
£ eoB=254mm a/W~0.2
£ 0.80 [ T_B- 38.1mm a/w~0.23 .
n.. -L Cleavage
o Cleavage with prior ©
- stable crack growth
o 0.40 7
-l ]
.3
o °
- o
-4 0.20- a
(8] y o
=]
)
0 1 L
~200 -160 -120 -80 -40

TEMPERATURE, ‘C

FIG. 6—Critical CTOD for cleavage as a function of temperature and specimen thickness for
ABS Grade EH36 steel. W = 25.4 mm (1.0 in.).
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FIG. 7—Ceritical } for cleavage as a function of temperature and specimen thickness for ABS
Grade EH36 steel. W = 25.4 mm (1.0 in.).
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FIG. 8—Critical CTOD for cleavage as a function of temperature and crack length for ABS
Grade EH36 steel. W = 25.4 mm (1.0 in.).
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FIG. 9—Critical J for cleavage as a function of temperature and crack length for ABS Grade
EH36 steel. W = 25.4 (1.0 in.).

the capacity of the test machine. These deeper cracks probably contributed to
the shift in the transition curve to higher temperatures.

The influence of crack length on the ductile-to-brittle transition curve is shown
in Figs. 8 and 9. The curves in Figs. 8 and 9 tend to shift to higher temperatures
with increasing crack length. Deeper notched specimens (that is, shorter ligament
length) apparently have more crack-tip constraint. The data for the deep-notched
geometry (a/W ~ 0.75) behave in an unusual manner. The curve fitted to these
data (Figs. 8 and 9) crosses the curve representing the a/W ~ 0.5 data. At low
values of 8, and J., where the plastic zone is relatively small, the deep notched
geometry has more constraint than the a/W ~ 0.5 geometry. At higher tem-
peratures (and higher 8, and J. values), the plastic zone at fracture is on the
order of the size of the ligament in the deep notched geometry. The constraint
is relaxed as the plastic zone approaches a free surface.

In general, the transition shifts to higher temperatures with an increasing
thickness-to-ligament ratio B/(W — a). For the five SENB geometries used in
this investigation, B/(W — a) varied from 0.62 to 4.0; this corresponds to
approximately a 40°C shift in the ductile-to-brittle transition.

The effect of ligament length on the slip patterns in SENB specimens was
investigated. Two specimens were coated on one side with a photoelastic material
that, when viewed with polarized light, changes color with strain. Black and
white photographs of the multicolor strain patterns on two SENB specimens at
net-section yield are shown in Fig. 10 The slip lines on both specimens emanate
from the crack tip at initial angles of approximately 45° from the crack plane.
These slip lines are then deflected inward by the bending stresses. At the neutral



220 ELASTIC-PLASTIC FRACTURE TOUGHNESS

FIG. 10—Photoelastic strain patterns for SENB specimens: (a) a/W ~ 0.2 and (b) a/W ~ 0.5.

axis the normal stress changes sign; the portion of the ligament below the hinge
point is in compression. In the deep notched specimen (Fig. 10b), the hinge
point is closer to the crack tip. The compressive stress field near the crack tip
tends to produce additional constraint. As ligament length decreases, the com-
pressive stress field moves closer to the crack tip and constraint increases. As
stated before, for very short ligaments constraint can be relaxed by plastic flow
to the nearest free surface.

Increasing geometrical constraint causes the load at net-section yield to in-
crease. This elevation of yield load can be quantified by the notch constraint
factor L, which is defined by the limit load expression for SENB specimens

P, = [Loy(W — a)’B)/4W ()]

where P, is the load at net-section yield. In the absence of a crack, L = 1.
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FIG. 11—Nondimensional load versus displacement curves at various temperatures for a constant
SENB specimen geometry.

Dimensionless load is plotted versus mouth-opening displacement in Figs. 11
and 12. Dimensionless load (that is, load normalized for yield stress and ligament
dimensions) is defined on the ordinates of Figs. 11 and 12 and is equal to L
when P = P,. The curves in Fig. 11, which are for a constant geometry at
various temperatures, form a single curve because load is normalized for yield
stress. Figure 12 shows that dimensionless load is elevated when crack length,
specimen thickness, or both are increased. The curves in Fig. 12 support the
hypothesis that the observed shifts in the ductile-to-brittle transition curves (Figs.
6 through 9) are caused by increases in stress triaxiality.

Upper Shelf (Initiation) Toughness

During a fracture test with an SENB specimen, the load-line displacement ¢
was continuously plotted against crack-mouth opening displacement V. After
net-section yield, the g versus V plot is a nearly straight line. However, as the
crack grows this line gradually decreases in slope because the center of rotation
moves during crack growth. Figure 13 is a plot of the first derivative of g with
respect to V plotted against V. The behavior at the far left of this plot represents
the transition from elastic to plastic deformation. During plastic deformation,
the first derivative remains relatively constant and then increases sharply. At
V = 1.48 mm there is a sharp drop in the first derivative. This behavior is
characteristic of fracture tests where tearing was observed. Observation of frac-
ture surfaces of specimens that fractured before and immediately following the
onset of tearing and the corresponding derivative plots indicate that the sharp



222 ELASTIC-PLASTIC FRACTURE TOUGHNESS

20 T T 1
1.8+ ——x -
________ XX
22 B
o 1.2 -i
N
-~
27
< ~;s :
6 o8k ABS EH38 Steel ]
T=-112°C12°C
------ B=212.7 mm a/W=0.18
oald B=25.4 mm a/W=0.22
) ~—-—B=254mm a/W=0.54
[+ | ! |
0 0.2 0.4 08 0.8

MOUTH-OPENING DISPLACEMENT, mm

FIG. 12—Nondimensional load versus displacement curves as a function of SENB specimen
geometry.
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FIG. 13—Derivative of q with respect to V. A sharp drop in the first derivative generally indicates
tearing.
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drop in the first derivative coincides with incipient tearing. At higher displace-
ments the curve has a zigzag shape, which is believed to be associated with
successive increments of crack growth.

Figure 13 is typical of the first derivative plots from fracture tests in which
tearing was observed. The spike in the curve, which was taken as the point of
incipient tearing, is slightly more pronounced than the other spikes. Often the
initiation point is ill defined because of the uncertainty of which spike corresponds
to the onset of stable crack growth.

The critical displacement V; and the corresponding area under the curve were
used to compute &, and J; from Eqs | and 3. Figures 14 and 15 show values of
8 and J;, respectively, for the five SENB specimen geometries. Both J; and §;
are apparently independent of geometry, and §; is approximately independent of
temperaturc. J; increases slightly with decreasing temperature because the area
under a load-displacement curve at a constant displacement increases with in-
creasing flow stress. Because of the uncertainty in this technique, the point of
incipient crack growth is often not well defined, contributing to the scatter seen
in Figs. 14 and 15.

The Rotational Factor

The rotational factor r, is defined as the distance from the crack tip to the hinge
point divided by the ligament length. The rotational factor was previously defined
in Eq 2, where 7, is expressed as a function of specimen dimensions and the
plastic components of mouth-opening V, and load-line ¢, displacements [/3].
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040 ---%---yemeesrTonmoemesmensnnoonosonese s »
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£ o0.20- o B=25.4mm a/W~0.2 4
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v B=254mm a/W~0.75
1) 1 { B
-120 -80 -40 0 40
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FIG. 14—Critical CTOD for the onset of tearing as a function of temperature and SENB specimen
geometry for ABS Grade EH36 steel. W = 25.4 mm (1.0 in.).
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FIG. 15—Critical 1 for the onset of tearing as a function of temperature and SENB specimen
geometry for ABS Grade EH36 steel. W = 25.4 mm (1.0 in.).

Equation 2 was derived assuming the SENB specimen deforms in pure bending
about a hinge point; the specimen halves are assumed to remain rigid.

The rotational factor was measured for five geometries of ABS EH36 steel
SENB specimens at various temperatures. Figure 16 shows that r, is insensitive
to geometry and test temperature for this material. The mean value of the data
in Fig. 16 is 0.522; the standard deviation is 0.030.
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FIG. 16—Plastic rotational factor as a function of SENB specimen geometry and temperature
for ABS Grade EH36 steel.
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Equation 6 can be used to determine the sensitivity of CTOD measurements
to variations in r, [/4]

[dd,/V)Vdr, = lla+ 2 (W — o)}/ [r,(W — a) + a + z) 6)

Using r, = 0.5, W = 254 mm, ¢ = 12.7 mm, and z = 1.3 mm, the above
derivative is equal to 0.43. The value of r, recommended by BS 5762 is 0.4,
or 20% below the nominal value of 0.5 for this specimen material. If 0.4 is used
in Eq 1, a 14% error in the computed CTOD value would occur. It is therefore
important to have a reasonably accurate estimate of r, for a given material; the
standard value (0.4) is apparently not adequate for all materials.

Estimation of J from CMOD

For deep-notched SENB specimens, the J-integral is usually estimated from
Eq 3. The value of J can also be estimated from the load versus mouth-opening
displacement curve using Eq 4. Equation 4 is based on the Sumpter and Turner
[14] equation, although they approximated the plastic area under the P/V curve

by
Uy =PV, )

where P, is the limit load.

The J-integral was calculated for a number of tests using Eqs 3 and 4, and
the agreement is very good. Figure 17 shows a comparison of estimates from
the two equations. The data represent a single specimen at various displacements.
The differences between the two J estimates for this particular specimen range
from G.5 to 1.5%.

The value of r, used in Eq 4 to generate Fig. 17 was measured from the same
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FIG. 17—Comparison of J estimates from Eqs 3 and 4.
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specimen using Eq 2. The excellent agreement between Eqs 3 and 4, as shown
in Fig. 17, is evidence that the simple hinge mechanism is an adequate model
to describe the plastic deformation of an SENB specimen. Figure 17 also shows
that the J integral can be accurately measured from the mouth-opening displace-
ment if r, is known. Thus, it is possible to measure both J and CTOD from an
SENB specimen with a single clip gage.

Relationships Between ) and CTOD

Under conditions of small-scale yielding, the relationship between J and CTOD
can be estimated by

where m is a dimensionless constant that relates J to CTOD and yield stress;
m = 1 for plane stress and m = 2 for plane strain. The value of m for large-
scale yielding should lie between 1.0 and 2.0.

The plastic term in Eq 4 is similar to the equation for the plastic CTOD

8 = [r,(W — a)V,J/[rW — a) + a + 2] )

From Eqs 4 and 9 one can obtain a simple equation for the ratio of the plastic
J to the plastic CTOD

J,18, = 2U,WI[V,Br(W — a)}] (10)

Equation 10 has been incorporated into a computer program that plots J,/3,
as a function of mouth-opening displacement. A typical plot is shown in Fig.
18. The ratio J,/3, increases with displacement because of work hardening. The
work hardening can be accounted for by replacing the yield stress in Eq 8 with
a nominal flow stress

J, = m,040.0, (1n
The nominal flow stress can be estimated by
Tnow = (PIP,) 0y (12)
where P is the average load defined as

P=Uv

p

(13)

and P, is the load at yicld defined previously in Eq 5. Combining Eqs 5 and 10
through 13 yields the following relationship for m,

m, = Li2r, (14)
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FIG. 18—The ratio of the plastic components of } and CTOD as a function of displacement.

For the ABS Grade EH36 steel, r, = 0.5; therefore, m, = L (the notch constraint
factor). Thus, the relationship between plastic components of J and CTOD (Eq

11) depends on the geometrical constraint of the specimen and the flow properties
of the material.

The m Factor
The m factor is a dimensionless constant that relates J to energy divided by
ligament area. It is used in a more general form of Eq 3

J = UIBW — a) (15)

where m = 2 for deep notched SENB specimens. The above equation can be
divided into elastic and plastic components [/4]

J = UJ/BW — a)] + [nU,/BW — a)]
= (KYE') + [n,U,/BW — a)] (16)

The elastic m factor m, can be derived from the elastic compliance and stress
intensity coefficient. The solid line in Fig. 19 is a plot of m, versus notch depth
[15].

Since J can be defined as the negative of the spatial derivative of work, the
plastic m factor m, or the overall n factor m, can be computed as follows

J = noU/B(W — a) = (—1/B) (dU/da) 17
hence

N = —[(W — a)/U] (dU/da) (18)
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A series of SENB specimens with notch depths ranging from a/W = 0.19 to
0.75 were tested at room temperature. The area under the load versus load-line
displacement curve U was measured for each specimen at displacements of 1.0,
1.5, and 2.0 mm. These values of U were then plotted versus crack length, and
dU/da was measured for various crack lengths by drawing tangents to the U
versus a curves and computing the slopes; 1, was then computed as a function
of crack length. The results are plotted in Fig. 19. According to Fig. 19, 7, is
relatively independent of crack length down to a/W = 0.19 for the ABS EH36
steel. It therefore seems reasonable to use a value of mg = 1.8 — 2.0 for all J
measurements from SENB specimens, the present material, with a/W = 0.2. A
variation of 0.10 in m, corresponds to approximately a 5% error in the measured
value of J.

Summary and Conclusions

The fracture toughness (critical J and CTOD) of structural steels in the ductile-
to-brittle transition region is dependent on size and geometry. The transition can
be shifted to higher temperatures by increasing the thickness or decreasing the
ligament length of SENB specimens, or both. These transition shifts are attributed
to increases in crack-tip region constraint that elevate the flow stress locally.
This elevation of the flow stress tends to promote cleavage fracture since it is
easier to reach the fracture stress. Fracture toughness in the transition region is
geometry dependent; one cannot safely predict the fracture behavior of a large
structure from the toughness of a small specimen.
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The rotational factor r, in SENB specimens is insensitive to geometry and
temperature for ABS EH36 steel. Significant errors in CTOD may result if the
standard r, value (0.4) is used for all materials. Both J and CTOD can be
measured from an SENB specimen with a single clip gage at the crack mouth.
The relationship between J and CTOD is a function of specimen geometry. The
m factor is approximately equal to 1.85 for ABS EH36 steel SENB specimens
with a/W ranging from 0.19 to 0.75.
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ABSTRACT: An investigation of the crack-tip opening displacement (CTOD) fracture
behavior of four pressure vessel steels and one ship steel has been conducted. The purpase
of the investigation was to determine the fracture behavior of the steels, to study the effects
of CTOD testing variables, to examine various methods of evaluating test records, and to
study the relationships among several fracture toughness parameters. The five steels studied,
AS508, A533, A516, A517, and A131, (Unified Numbering System [UNS] K12766, K12539,
K02700, K11856, and K02102) had yield strengths from 240 to 750 MPa. In addition,
three specimen sizes of the A533 and AS516 steels were studied.

The CTOD fracture parameter provides a relatively simple method of extending fracture
mechanics concepts from plane-strain linear elastic behavior to elastic-plastic behavior.
Plane-strain linear elastic fracture toughness values (K|, as defined in ASTM Test Method
for Plane-Strain Fracture Toughness of Metallic Materials E 399) can be obtained only at
extremely low temperatures and large specimen sizes for the steels investigated. J,. (as
defined in ASTM Test Method for J,., a Measure of Fracture Toughness E 813) toughness
values are currently applicable only to stable, fibrous tearing behavior. Thus, there is a
large temperature region between the X,. and J,. toughness parameters where neither J nor
K test results will meet their respective J;. or K|, test specifications. The CTOD fracture
toughness parameter covers this temperature region between K. and J, as well as covering
both the regions where K. and J,. are valid. Thus the CTOD test method can be used
throughout the entire service temperature range for pressure vessel and structural steel
applications.

For the low to moderate strength steels tested, the macroscopic failure surface appearance
changed from all brittle to a fibrous thumbnail initiation at a relatively consistent CTOD
value. The change in appearance, which takes place between the lower and upper shelf,
must occur at a much lower CTOD value for the high strength AS517 steel. Comrelations
among Charpy V-notch (CVN), CTOD, J, and K, values are presented. Generally it was
not possible to obtain linear elastic plane-strain critical stress intensity factor K, values
for the specimen sizes studied, hence the use of K. values. The results of the correlations
increased with increasing temperature as expected.

Using the preferred specimen geometry of thickness ¢ by depth 2¢, there is a definite
size effect in CTOD testing. On the upper shelf (fibrous tearing failure) a smaller specimen
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will give a smaller apparent toughness. In the lower transition region (brittle failure) the
size effect is less clear. A smaller specimen (1/2¢ by £} will give a larger apparent toughness
using average CTOD values, but there is no apparent size effect when the lowest CTOD
test values are compared. Until this size effect is clarified, the British Standard requirement
that the test specimen be the full thickness of the structure of interest is appropriate.

An extensive CTOD study of five structural steels has shown that this test method can
be used to predict the elastic-plastic fracture toughness over the entire test temperature
range, and that the results can be correlated with other fracture toughness test results such
as CVN, J, and K.

KEY WORDS: steels, fracture mechanics, fracture tests, cracks, crack-tip opening dis-
placement (CTOD), elastic-plastic fracture mechanics, strains

For many years linear elastic fracture mechanics (LEFM) has been the primary
method used to analyze the fracture behavior of flawed structural components.
Using LEFM, the stress intensity factor in the structure K is compared to the
critical stress intensity factor K;. measured in a laboratory specimen. However,
for most low to moderate strength structural steels, K. is impractical if not
impossible to measure. Even if K|, is measured, the test specimen generally must
be so thick and the test temperature must be so low that these K. values have
little or no relation to actual service conditions. However, failures occasionally
do occur in actual structures. Therefore, there is a need to extend the general
concepts of LEFM to describe material behavior beyond the LEFM region into
the elastic-plastic regime.

Currently, there are several elastic-plastic fracture mechanics approaches under
extensive study, including the R curve, J integral, the crack-tip opening dis-
placement (CTOD), and the tearing modulus. Because of the growing use of the
CTOD approach to material toughness specifications in actual structures (for
example, the Alaska pipeline, North Sea offshore rigs, liquefied natural gas
storage tanks, and so forth) and because of the limited research in the United
States on the use of this approach, an investigation of the CTOD behavior of
pressure vessel and structural steels as well as the significance of CTOD values
was conducted.

A summary of the current status of CTOD testing and design application along
with the major problems existing in this area was reviewed in 1980 by Harrison
[/]. As noted by Harrison, the background development of the CTOD fracture
parameter and test method has occurred over the past 20 years [2—5]. This work
has culminated in a British Standard (BS) for CTOD testing Methods for Crack
Opening Displacement Testing (BS 5762:1979).

The use of CTOD in design or analysis is not as well developed as the testing
procedure. Several problems still exist. The decision as to which CTOD test
value is appropriate is a question that generates much controversy. For materials
and temperatures that exhibit a brittle failure with no prior macroscopic fibrous
tearing, there is only one critical CTOD value, that is, the value at the initiation
of the fracture. The load displacement curve for this type behavior is shown in
Fig. la. However, for materials that exhibit the formation of a fibrous *‘thumb-
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CLIP GAGE DISPLACEMENT
FIG. 1-—Schematic CTOD load—clip-gage displacement records.

nail’’ at failure initiation, the question arises whether the initiation of the fibrous
tearing or the beginning of the unstable event is the critical CTOD value. Figure
l¢ shows the load displacement curve for this type behavior. The other curves
in Fig. 1 are described later. There is no consensus on this controversy in the
literature {3,6,7]. BS 5762:1979 leaves this question to be decided by agreement
between the manufacturer and purchaser. In practice, for low-strength structural
steels, if the material is tough enough that failure initiation is by ductile fibrous
tearing, fracture is often not the controlling failure mechanism.

Data scatter is inherent in fracture toughness testing in the elastic-plastic regime
and particularly so in the transition region. There is no consensus as to the proper
method of statistical treatment of CTOD data. At present, use of the lowest test
value attained is often specified and may be the best treatment of this problem
[1]. This problem of data scatter is not limited to the CTOD test but is true for
all other elastic-plastic fracture parameters. Testing of weldments increases the
data scatter.

The purpose of this paper is to present the basic CTOD data that will be used
in the development of a comprehensive failure prediction method and to discuss
the test variables that affect the CTOD test results. Also of interest is the de-
termination of the practical aspects of performing a CTOD test. This includes
the effects of temperature failure mechanism changes, and specimen size on
critical CTOD values, as well as the details of test record interpretation. Finally,
the relationships among critical CTOD values and the results of other toughness
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testing methods are investigated and related to the more familiar LEFM critical
stress intensity factor K..

Materials

Five steels were studied during this investigation. They included a typical
low-strength ferrite-pearlite steel with a yield strength of 240 MPa, a moderate
strength spheroidized steel with a yield strength of 490 MPa, and a high-strength
quenched and tempered martensite steel with a yield strength of 750 MPa. Four
of the five steels, A516, A533, AS08, and A517 (Unified Numbering System
[UNS] K02700, K12539, K12766, and K11856) can be considered as primarily
pressure vessel steels. The fifth steel, A131 (UNS K02102) is a ship steel included
to broaden the applicability of this study. The A516 and AS17 steels are typical
of steels sold under these ASTM designations. The A508 and A533 steels are
from the Heavy Section Steel Technology (HSST) Program at Oak Ridge National
Laboratory. The unique thermo-mechanical processing of these steels, resulting
in a spheroidized microstructure, makes them atypical of steels normally pro-
duced under this specification. The A131 steel is from the Ingram Barge that
exhibited a brittle fracture in 1972. The room temperature mechanical properties
of the steels are shown in Table 1 and the chemical compositions in Table 2.

A508 Steel

The A508 Class 2 steel came from forging prolongations of the full-scale (152
mm thick) HSST vessels V1 and V2 [8]. A total of seven 102-mm thick compact
tension specimens were machined from each vessel prolongation and tested at
Westinghouse Electric Corporation [9]. Twenty three-point bend specimens (25
by 50 by 200 mm) that were not full thickness were obtained from the top 38
mm, above the loading holes, of five of these compact tension specimens. The
flaw propagation direction was the radial direction (specimen orientation C-R)?
in the original vessel.

The HSST data indicate only a minor variation in properties among the inside
diameter, the middle, and the outside diameter surface. The outside surface had
the highest strength, the middle had the lowest strength, and the inside surface
had a slightly higher strength than the middle. The maximum variation in yield
strength was about 10%. Because this through thickness variation was minimal,
the properties were assumed constant throughout the cross section. The Charpy
V-notch (CVN) temperature transition curve is shown in Fig. 2.

A533 Steel

The A533 Grade B Class | steel also was obtained from the HSST program.
In this case the steel was from a prolongation of the 152-mm thick vessel V-8

*The first letter designates the direction normal to the crack plane and the second letter the direction
of the expected crack propagation.
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FIG. 2—Charpy V-notch impact test results for A508 steel.
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[10]. Three sizes of specimens were obtained from an arc shaped piece. Eight
specimens (38 by 76 by 304 mm) that were not full thickness were taken near
the inside diameter. Twenty-four specimens (25 by 50 by 200 mm) were taken
near the outside diameter. Sixteen specimens (12.5 by 25 by 100 mm) were
machined from the broken ends of the 38- by 76- by 304-mm specimens. Spec-
imens were tested such that the flaw propagation was in the vessel radial direction
(specimen orientation C-R). The Charpy V-notch temperature transition curve
is shown in Fig. 3.

A516 Steel

The A516-70 steel in this study came from a 44-mm thick straight rolled plate
[11]. Three sizes of specimens (40 by 80 by 305 mm, 25 by 50 by 200 mm,
and 12.5 by 25 by 100 mm) were machined and tested perpendicular to the
rolling direction (specimen orientation L-T). The Charpy V-notch temperature
transition curve is shown in Fig. 4.

AS517 Steel

The A517 steel is from a 25-mm straight-rolled quenched and tempered plate
[12]. Testing was carried out on 25- by 50- by 200-mm specimens in the L-T
direction. The Charpy V-notch temperature transition curve is shown in Fig. 5.
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FIG. 4—Charpy V-notch impact test results for AS16 steel.
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Al31 Steel

The A131 Grade B (ABS-B) ship steel came from a 25-mm thick hull plate
from the Ingram Barge (10S 3301 Barge) that failed in a brittle manner in 1972.
Specimens (25 by 50 by 200 mm) were machined from this plate. The rolling
direction was not specifically known but was estimated from the banding of the
microstructure. Testing was in the suspected L-T orientation. The Charpy V-
notch temperature transition curve is shown in Fig. 6.

CTOD Test Procedure

Before the publication of a standard CTOD test method in 1979, British
Standard Methods for Crack Opening Displacement Testing (BS 5762:1979),
CTOD tests for this project were conducted according to the British Standards
Institution Draft for Development DD 19. After 1979, CTOD testing was con-
ducted according to BS 5762:1979. Test preparation, specimen machining, fa-
tigue cracking, and equipment calibration are similar to those in ASTM Test
Method for Plane-Strain Fracture Toughness of Metallic Materials (E 399) and
British Standard Methods of Test for Plane-Strain Fracture Toughness (X)) of
Metallic Materials (BS 5447:1977).

The three-point bend specimen was used exclusively, and only those results
from the preferred geometry (B by W-2B by S-8B, as shown in Fig. 7) are
reported. A 200-kN universal closed-loop testing machine was used for both
fatigue cracking and the final ramp load to failure. Knife edges for the clip-gage
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FIG. 6—Charpy V-notch impact test results for Al131 steel.
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were machined into the specimens in every case. Load and clip-gage displacement
were transmitted directly from the test machine signal conditioners to an X-Y
plotter. In addition, load-line displacement was measured using a linear variable
displacement transducer (LVDT). A second X-Y plotter recorded load versus
load-line displacement. Because the LVDT was mounted such that the displace-
ment between the test machine bed and the load cell was measured, the dis-
placements of the test machine crosshead, test fixtures, load cell, and specimen
plasticity under the loading rollers were included in the load-line displacement
measurement. Therefore the accuracy of the load-line displacement measurement
was not as good as the accuracy of the clip-gage displacement measurement.
Despite these known inaccuracies, many of which are inherent in measuring
load-line displacement on a three-point bend specimen, this mounting location
was used because it provided considerable convenience and stability.

Low- and high-temperature testing was carried out within a heat transfer tank
mounted on the hydraulic actuator. This arrangement permitted specimens to be
held for approximately 20 min at the test temperature and then tested without
removing them from the heat transfer fluid. For low-temperature testing, alcohol
was used as the heat transfer medium. Below —73°C, liquid nitrogen was
circulated through copper coils within the alcohol. Above ~73°C, solid carbon
dioxide was used to reduce the temperature. For temperatures greater than am-
bient, a 50-50 mixture of water and a commercial automotive antifreeze was
used as the heat transfer fluid. A submersible electric resistance heating element
was used to achieve the test temperature. For both cooling and heating, an electric
stirrer was used to minimize any thermal gradients, and two thermometers were
used to measure the temperature.

The first attainment of a local maximum load was used to analyze the load
clip-gage displacement curves. This definition of the critical point is shown for
several types of load clip-gage displacement curves in Fig. 1. In the case of a
local instability (Fig. 1), where the crack propagates in a brittle manner for a
short distance followed by arrest and a subsequent rise in load, the critical values
are the load and displacement occurring at the initiation of the local instability.

Critical CTOD values are reported according to the type of failure. Brittle
initiation and propagation failures are reported as 8. values (Fig. la and b).
Failures showing a ductile fibrous thumbnail followed by a brittle cleavage or
mixed mode propagation are reported as 3, values (Fig. lc and d). For upper-
shelf ductile failures (fibrous tearing initiation and propagation) the CTOD values
are reported as 3, values (Fig. le).

BS 5762:1979 provides the following formula for analyzing the load-clip gage
displacement record to obtain the critical CTOD value

3 = {[K* (1V)]/2 o, B)} + {[0.4 W-a) V,]/(04 W + 0.6a)} (1)

where the variables used in this and subsequent equations are described in the
Appendix and Fig. 7.
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This formula is based on an elastic and a plastic component of CTOD and
implies the existence of a rotation point below the crack tip. For 8, and §,, critical
CTOD values, the crack length is taken as the end of the fatigue crack. For §,
type failures, the end of the fibrous thumbnail was used for the crack length.
This usage causes some confusion and perhaps even some degree of contradiction
regarding 9§, and 8,, values. From a practical standpoint, for the testing in this
study, the use of the ductile thumbnail or fatigue crack caused only minor change
(less than 10%) in the critical CTOD value. This usage follows BS 5762:1979
procedure.

The J-integral value at maximum load (not to be confused with J;.) was also
calculated. An analysis by Dawes [/3], using the load clip-gage displacement
can be used to calculate the J integral as follows

J = KYE + [(P, + P)IB (w-a)] {W V,/[a + 0.4 (W-a)]} 2)

The more familiar formula by Rice [/4] using the area under the load-line
displacement record was also used

J=2A/(W-a) B 3)

where A is the area under the load-line displacement record.

CTOD Test Results

CTOD test results are presented as a function of testing temperature as shown
schematically in Fig. 8. The results of CTOD testing of five materials and three
specimen sizes are shown in Figs. 9 through 17. All the CTOD temperature
transition curves have roughly the same shape, and for the purpose of description
these transition curves can be divided into four regions: (1) lower shelf, (2)
lower transition, (3) upper transition, and (4) upper shelf.

The lower shelf region is characterized by little or no change in toughness
with changes in temperature. All fracture surfaces show brittle behavior both
for initiation and propagation. Behavior is nearly linear elastic and K. can be
used to describe the behavior throughout most of this region. As shown in Fig.
8, the lower shelf region lies approximately 150°C below the nil ductility testing
temperature (NDT) for the steels studied. None of the test results shown in Figs.
9 through 17 are ‘‘valid”’ K|, test results according to ASTM E 399. The only
“‘valid”’ K| test was achieved for the high-strength A517 steel at —200°C. Thus
all the data shown in Figs. 9 through 17 should be considered to lie above the
lower shelf.

The lower transition region is characterized by a brittle fracture with no visible
evidence of prior stable cracking. The toughness increases steadily with increas-
ing temperature from near the linear elastic K. values (calculated as 0.005- to
0.013-mm CTOD) to the toughness at the initiation of a fibrous thumbnail visible
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FIG. 14—CTOD temperature transition curve A516 steel specimen size (25 by 50 by 200 mm).
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to the naked eye (about 0.25 mm for all steels studied except the A517 steel).
This toughness increase takes place over a temperature range of 100 to 150°C.
Finite-element analysis [/5] shows that within this range (at about 0.05 t0 0.18
mm with variations caused by yield strength and specimen size) a plastic hinge
develops in the three-point bend test specimen. The development of a plastic
hinge demonstrates that the lower transition region is definitely a region of elastic-
plastic fracture behavior. Because K. measures linear elastic plane-strain be-
havior, and J,. measures the initiation of stable cracking, CTOD is the only
fracture parameter currently applicable in this lower transition region. This ob-
servation has significant implications for the usefulness of the CTOD parameter
because the service temperatures of most structures are in the lower transition
region.

In the upper transition region, the failure initiates by stable ductile tearing
recognizable by a coarse fibrous ‘‘thumbnail’’ detectable by unaided visual
observation of the fracture surface. This ductile ‘ ‘thumbnail’ initiation is followed
by a fast brittle propagation. The change from the brittle fracture of the lower
transition region to the visible fibrous thumbnail of the upper transition region
occurs at approximately 0.25 mm for all steels and specimen sizes studied except
the AS17 steel.

The upper shelf region is characterized by fibrous ductile tearing over the
entire surface. The exact location of the start of the upper shelf is somewhat
ambiguous because of the data scatter in the upper transition region. This am-
biguity is avoided if the upper shelf is arbitrarily defined to start at the temperature
at which all specimens show 100% fibrous tearing failures.

In the case of the A517, a high-strength quenched and tempered steel, it is
very difficult to determine the difference between brittle and ductile failures by
visual observation. This difficulty is analogous to that encountered in determining
the percent shear for Charpy V-notch impact specimens of high-strength steels.
The general shape of the A517 steel CTOD temperature transition curve is the
same as that of the lower strength steels discussed above, but at lower values.
Because the A517 steel has an upper shelf at about 0.1 mm, the change from
lower to upper transition regions occurs at about 0.05 to 0.075 mm, unlike the
0.25 mm for the other four steels. As shown by finite-element analysis, this
0.05- to 0.075-mm CTOD value occurs before the development of a plastic hinge
for the 25- by 50- by 200-mm A517 specimen [15].

Three specimen sizes of two steels, A533 and A516, were tested. On the
upper shelf, there is a clear effect of specimen size. The larger specimens yield
a higher CTOD value and a higher apparent toughness. In the upper transition
region, the data scatter is severe. CTOD values varied from upper shelf values
(a function of specimen size) to the maximum lower transition region values
(about 0.25 mm) at the same temperature. In the lower transition region, there
is no consistent effect of specimen size on the lowest values of the CTOD test
data. However, the smaller test specimens exhibit more data scatter than do the
larger specimens. Therefore, if average CTOD values are used, there is an
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apparent increase in toughness with a decrease in specimen size in the lower
transition region. No valid K. results were obtained for the A533 and A516
steels in this study even at —200°C. However, the intent of ASTM E 399 is to
eliminate specimen size effects. Therefore, it is expected that there would be no
size effect on the lower shelf.

The effect of specimen size on the critical CTOD value needs further study.
However, specimen size effect appears to depend upon the location on the
temperature transition curve where the testing is being conducted. Therefore, as
required in the British Standard, CTOD testing should use full thickness spec-
imens. In addition, when testing small specimens, even if they are the full
thickness of the structure under investigation, more tests will be required to
achieve a statistically valid population than will be required for larger specimens
because there is more scatter in the test results for the smaller specimens.

Correlation of Various Fracture Parameters

The correlation between stress intensity factor K and two commonly used
elastic-plastic fracture parameters (J and CTOD) have been investigated. Two
correlations with CVN (Barsom-Rolfe two stage and Robert’s lower bound) were
also investigated. These two correlations are described in the Pressure Vessel
Research Committee (PVRC) interpretive report by Roberts and Newton [16].
The correlations were applied to all five steels, A517, AS08, A533, A516, and
A131, and to the three specimen sizes tested of A533 and A516. The resuits are
presented in Figs. 18 through 26. A discussion of the correlations follows.

I Integral

The equations used to estimate K from J are

K = VJE plane-stress “)
K = VJE/(1 -v?) plane-strain (5)

These correlations are only strictly valid for linear elastic conditions where J is
equivalent to the energy release rate G. In this region, with the proper restrictions
on specimen size, it is proper to use the expression

K. = VJE/(1 -v?) plane-strain 6)

The J values used herein are not the results of J;. testing. Because the J values
are based on maximum load regardless of prior plasticity or crack extension,
and because the correlations with K are strictly valid only for linear elasticity,
the K values are not described as K;. values. However, they may be regarded
as an estimate of toughness for the particular specimen geometry tested, a K
value. For this report, the plane-strain correlation was used. However, there is
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FIG. 22—K,-CVN-CTOD-] correlations for A516 steel specimen size (40 by 80 by 305 mm).
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FIG. 26—K -CVN-CTOD-] correlations for Al131 steel specimen size (25 by 50 by 200 mm) lower
bound values.

only a 5% difference in results for plane strain versus plane stress. Thus it is
insignificant which correlation (Eq 4 or Eq 5) is used.

CTOD

The equation used to estimate X from CTOD is
K=VmEo,d )]

The parameter m is described as a constraint factor that varies from 1 to 2 based
on the degree of through thickness constraint. The use of the correlations for
CTOD and J described above (Egs 4 and 7) implies that CTOD can be correlated
with J by the following

J=mo,d 3

A two-dimensional finite-element analysis of three-point bend specimens per-
formed at the University of Kansas [/5] provides additional insight into the
correlation of CTOD with J. For all cases analyzed, all five materials and all
three specimen sizes, analytically computed J and CTOD are linearly related
over the entire range of performance from linear elasticity to the limit load. This
implies that, for two-dimensional analysis, CTOD and J are equivalent param-
eters. In addition, for the range of materials and specimen sizes investigated,
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the finite-element analysis [/5] provided a consistent correlation of CTOD with
J using the flow stress instead of the yield stress and using m = 1.6 for plane
strain and m = 1.2 for plane stress as follows

Ofow = o-ys + 0-\1]1/2 (9)
J = 1.2 04,, & plane-stress (10)
J = 1.6 Oy, d plane-strain (1

In order to maintain consistency with the correlations from J to K, which used
the plane-strain Eq 5, the correlation data presented in Figs. 18 to 26 use a
modification of Eq 7 applied to the lowest CTOD test values

K = VI.6E 0p, (12)

Charpy V-Notch

Two separate correlations of Charpy V-notch with K. were investigated. The
Barsom-Rolfe correlation requires two steps [/7]. The first step involves esti-
mation of the dynamic fracture toughness curve K; from the Charpy V-notch
impact energy absorption results as shown below

Ky = V5 E (CVN), psi - in."?, psi, ft-Ib (13a)
K, = V0.64 E (CVN), MPa - mm'*, MPa, J (13b)

The second step depends on the assumption that in the transition zone (defined
as extending from the lower shelf CVN values to a CVN value in ft-Ib of one
half the yield strength in ksi), the static K, and dynamic K, transition curves
have a similar shape and are separated by a constant temperature difference.
This temperature shift can be related to the room temperature yield strength by

Ts
Ts

Il

215 - 1.5 oy, °F, ksi (14a)
119 -~ 0.12 5, °C, MPa (14b)

Il

Thus K, at temperature T—Ts is equal to K, at temperature 7. This correlation
is only applicable for CVN values from the lower shelf to about half way up
the transition curve.

The Robert’s lower bound CVN correlation was also investigated. As the
name implies, this correlation is very conservative and should be used only
where such conservatism does not impose excessive restrictions on design or
material selection. The formulae for this correlation are

K. = 9.35 (CVN)*®, ksi - in"'2, ft-1b (15a)
K. = 8.47 (CVN)*®# MPa - m'2,J (15b)

I
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Results of Correlations

The results of correlations among K, CVN, CTOD, and J are shown in Figs.
18 through 26. Both steps of the Barsom-Rolfe two stage correlation (CVN to
K then the temperature shift to K.) are shown. Robert’s lower bound correlation
for static K, values is similar to the CVN versus Ky (dynamic) curve of the
Barsom-Rolfe two stage correlation.

The low to moderate yield strength steels (A131, A516, A533, and A508)
exhibit a typical slow rise in toughness with increasing temperature from the
lower shelf through the lower transition region. These steels then undergo a
rapid toughness increase (the upper transition region), which is characterized by
the development of a ductile fibrous thumbnail on the fracture surface. In the
lower transition region, the Barsom-Rolfe CVN versus K. correlation yields
essentially the same results as the CTOD versus K, and the J versus K corre-
lations. This fact increases the confidence in all the correlations except Robert’s
lower bound, which by intention is a conservative lower bound curve. In the
upper transition region and upper shelf, specimen size effects dominate the
material behavior. Thus, after the initiation of stable cracking, the correlations
may not be meaningful even though the trend appears to be reasonable.

The high-strength steel (A517) behaves in a manner somewhat different from
the lower strength steels. Because of the higher yield strength, there is a much
smaller loading rate shift. Also because of the higher yield strength, the deter-
mination of a fibrous thumbnail on the failure surface is much more difficult for
the A517 steel than for the lower yield strength steels. This is analogous to the
difficulty encountered in fracture appearance rating Charpy V-notch specimens
of high-strength steel. However, the general appearance of the temperature tran-
sition curve, with a lower shelf, a lower and upper transition region, and an
upper shelf, is maintained but at much lower toughness levels.

Conclusions

An investigation of the CTOD behavior of four pressure vessel steels and one
ship steel to develop the material behavior, define the effects of test variables,
establish the practical aspects of CTOD testing, and study the relationships among
several toughness parameters resulted in the following conclusions.

1. The CTOD fracture parameter provides a method to extend fracture me-
chanics concepts from plane-strain linear elastic behavior to elastic-plastic be-
havior. The CTOD test method is well established as a British Standard (BS
5762:1979). The CTOD test is the only standardized fracture mechanics type
test method that can be used in the region between plane-strain linear elastic (K
per ASTM E 399) behavior and ductile tearing initiation (J,. per ASTM Test for
Ji.» a Measure of Fracture Toughness [E 813]) behavior.

2. For all the low to moderate yield strength steels tested, macroscopic stable
crack growth (defined as a ‘‘thumbnail’’ with a coarse fibrous texture visible
without aid on the fracture surface) apparently starts at about the same CTOD
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value, regardless of yield strength or specimen size. For the high-strength A517
steel, fibrous tearing starts at a much lower CTOD value.

3. The correlations relating CVN, CTOD, J, and K, values yield consistent
results within the ranges of applicability. The results presented in this report, in
terms of the familiar stress intensity factor K., can easily be presented in terms
of any other parameter. Because of the inability to achieve a valid K. value,
the absolute accuracy of the cotrelations cannot be verified. 1t is clear, however,
that the toughness values increase with increasing temperature as expected. At
temperatures above the onset of macroscopic fibrous tearing, the accuracy and
applicability of these correlations is questionable. However, at these tempera-
tures, the toughness generally is high enough that fracture is no longer of primary
concern.

4. The limited study of size effects in CTOD testing showed a decrease in
the upper shelf toughness with a decrease in specimen size. This was the expected
effect. Specimen size effects in other regions of the temperature transition curve
were not clearly established particularly when the lowest test values were con-
sidered. Another effect as important as that listed above was the increase in the
data scatter with decreasing specimen size. Because of this scatter, it is necessary
to increase the number of tests as the specimen size decreases in order to de-
termine the bounds on possible material behavior. It also appears to be prudent
to use the lowest test value attained for design use until actual service experience
dictates a more appropriate value. Finally, until the effect of specimen size is
fully understood, the requirement in Methods for Crack Opening Displacement
Testing (BS 5762:1979), that the thickness of the test specimen be the full
thickness of the structure of interest, appears fully warranted.

In summary, a body of CTOD test data for five structural steels using three
specimen sizes has been developed over a range of temperatures. Practical aspects
of CTOD testing, including test record analysis, fracture surface categorization,
specimen size effect, and experimental techniques, have been discussed. Because
K. measures linear elastic plane-strain behavior and the J,. measures the initiation
of stable cracking, CTOD is the only fracture mechanics parameter currently
applicable in the lower transition region. Finally, correlations among CVN,
CTOD, and J-integral toughness were investigated, and the results were used to
estimate the nonplane-strain stress intensity factor K.
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APPENDIX

Explanation of Variables

Kso = (Psq S/B W'9) f(a/w) ASTM E 399
8 =I[K( — vW/20,E] + {[04W — a) V,]/(04 W + 0.6 a)} BS 5762:1979
J = (K¥YE) + [(P, + PYB/(W — a)] {Vs/la + 0.4W — a)]} Dawes 1977 [/3]

where
a = crack length
B = specimen thickness
w = specimen depth
E = modulus of elasticity
v = Poisson’s ratio
K, = K, stress intensity factor at 5% secant offset load
Py, = 5% secant offset load
P, = shown on Fig. 7
P, = maximum load

Ve = plastic component of clip-gage displacement
K = stress intensity factor at maximum load
S = loading span
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DISCUSSION

M. G. Dawes (written discussion)—This paper draws attention to the fact that
the ductile to brittle transition temperature range in steels can include a tem-
perature band of several hundred degrees for which it is not possible to obtain
a valid ASTM test result, that is, for the available section thickness, the tem-
peratures are either too high to obtain a valid K;. (ASTM Test for Plane-Strain
Fracture Toughness of Metallic Materials [E 399]) value or too low to obtain a
valid J. (ASTM E 813) value. Within this temperature range, the authors chose
to characterize the fracture toughness using the CTOD test (BS 5762 or draft
ASTM E24-08-05 method) or a full J equivalent. The latter test was first proposed
by the writer at the ASTM Subcommittee E24.08 on Elastic-Plastic and Fully
Plastic Fracture Mechanics Terminology meeting in Nov. 1980, but it has not
yet been published in the open literature. In view of this, and the increasing
awareness of the need for a ubiquitious elastic-plastic fracture mechanics test,
the proposal is reiterated below.

The proposal is based on the following premises.

1. From an experimental viewpoint at least, the crack-tip opening displace-
ment (CTOD) and the J contour integral are equally useful for quantifying
resistance to the onset of crack extension under elastic-plastic loading conditions.

2. All fracture events are inherently valid, and to deny this is to place artificial
restraints on the use of potentially valuable test data.

The proposed test would be complementary to the existing J,. test and would
cover all the different fracture behaviors that can occur between the extremes
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FIG. 27—Proportional dimensions for bend test pieces, half loading span = 2W (after BS 5762):
(a) preferred, 0145 < a/W < 0.55; and (b) subsidiary, a/W value by agreement between manu-
facturer and purchaser.

associated with K. tests and R-curve tests. This would give the same continuity
in J based tests as is seen in CTOD based tests. Furthermore, there is now
evidence by Shih [/] to show that we are approaching more accurate theoretical
relationships between CTOD and J, so that any fracture behavior described in
terms of CTOD should have a recognized equivalent in terms of J.

In considering this proposal it will be helpful to review the background and
philosophy for the fracture behaviors covered by the CTOD test, and also the
very limited extent to which these are covered by the Jy. test.'

The CTOD test was developed to quantify resistance to the onset of crack
extension in structures where experience has shown that the material yield strengths,
section thicknesses, crack sizes, loading rates, and temperatures can result in
brittle fractures at nominal stresses less than yield, but with amounts of crack-
tip region plasticity that invalidate a description of resistance to crack extension
in terms of K;.. These situations commonly occur in structural materials at
ambient temperatures, especially in ferritic steels. In the case of steels it is often
not recognized that the onset of cleavage fracture, even without prior stable crack
growth, can occur with widely different amounts of crack-tip region plasticity,
including net section yielding.

This background led to the philosophy of full thickness CTOD tests at the
temperatures and loading rates in the structures of interest, combined with the
use of the same specimen types and instrumentation as used in the ASTM E 399
and BS 5447 K tests. The only case for limiting the specimen thickness is when
B > 2.5 (K,./oy)? that is, when geometry independent plane strain fracture
toughness values occur.

The full thickness preferred geometry test specimens (see Fig. 27a) are used
to obtain lower bound critical CTOD values. However, by agreement between

'The ASTM E 813 J, test is designed to give a geometry independent estimate of resistance to
the onset of slow stable crack extension.
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FIG. 28~—Shallow cracks in welds. Many brittle fractures in welded steel structures occur by
cleavage, without prior slow stable crack growth, under conditions that invalidate linear-elastic
fracture mechanics analyses.

the parties involved, the subsidiary (Fig. 27b) full section thickness square test
specimens can be used to match more closely the fracture toughness associated
with shallow cracks that have their tips in discrete microstructures, such as those
in welds (Fig. 28). This dispensation for shallow cracks is extremely important,
since the lower bound values of fracture toughness are often unduly restrictive
when applied to as-welded structures. For example, in the ductile/brittle tran-
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FIG. 29—Influence of notch depth on critical J and CTOD values.
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FIG. 30—Notation for different fracture events in CTOD tests: d. = unstable cleavage—no prior
slow crack growth; 8, = unstable cleavage—with prior slow crack growth; d,, = plastic collapse
or tearing instability; 8, = onset of slow stable crack growth; and 8y = resistance curve value.

sition temperature ranges for some steels, the more realistic measures of fracture
toughness for shallow cracks may represent critical crack sizes that are more
than double the values associated with lower bound measurements of fracture
toughness (Fig. 29), which could have serious implications concerning available
nondestructive examination (NDE) capabilities.

All the advantages associated with the aforementioned geometry dependent
critical CTOD values can be realized in the proposed equivalent J tests by simply
interpreting the CTOD test results in terms of J. This can be achieved by intro-
ducing an equivalent fracture notation (Figs. 30 and 31) and estimating the critical
J values from the standard load versus notch mouth opening displacement rec-
ords, for instance, by using the procedures put forward by Sumpter and Turner
[2] and by Dawes [3]. As indicated in Fig. 31, there will be some situations
where the values of J; will satisfy the requirements for the ASTM E 813 J test
and others where acceptable, but geometry dependent J; values may be obtained
from the subsidiary geometry test specimens.
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FIG. 31—Proposed notation for different fracture events in J tests: J. = unstable cleavage—no
prior slow crack growth; 3, = unstable cleavage—with prior slow crack growth; 1, = plastic
collapse or tearing instability; J; = onset of slow stable crack growth = I, when certain conditions
are met; and I resistance curve value.
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ABSTRACT: This investigation evaluates alternative displacement techniques with the
single-specimen compliance (SSC) procedure, which do not require the commonly used
load-line displacement measurements in a compact toughness (CT) specimen to determine
the J-R curve. The two techniques studied are a double clip gage technique involving both
crack-mouth displacement and load-line displacement at the edges of the specimen and a
technique that requires only crack-mouth displacement. J-R curves developed using these
techniques are compared to J-R curves developed with the normal load-line based deflec-
tions. In addition, results of a round-robin program using the SSC procedure are discussed
in terms of validating the double clip gage technique. J-R curves developed from crack-
mouth displacements on the J-integral specimen from ASTM Test for J,., a Measure of
Fracture Toughness (E 813) suggest that the ASTM Test Method for Plane-Strain Fracture
Toughness of Metallic Materials (E 399) specimen design can be used for both linear-

elastic (for example, K,) and elastic-plastic (for example, J-R curve) toughness assess-
ments. This fact can be of particular value in the testing of reactor surveillance specimens
that may not have been machined to permit load-line displacement measurements.

KEY WORDS: fracture tests, displacement, elasticity, J-R curve, elastic-plastic fracture,
single-specimen compliance procedure, double clip gage technique, nuclear pressure vessel

steel

Assessment of structural integrity requires knowledge of the fracture toughness
of the materials used in the structure. For elastic-plastic behavior, the J-R curve
is a widely used method to characterize fracture toughness. The J-R curve is
composed of values of J integral and crack growth as determined experimentally,

usually with a compact toughness (CT) specimen or a bend specimen.

Experimental determination of the J-R curve requires displacement measure-
ment at the points of load application V;,. Because of the practical difficulty of
this requirement, displacements are usually measured at the load line V;; under
the assumption that the latter is an adequate approximation to V;,. With CT
specimens of the ASTM Test Method for Plane-Strain Fracture Toughness of

'Engineer and technical director, respectively, Materials Engineering Associates, Inc., 9700-B

George Palmer Highway, Lanham, MD 20706.
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Metallic Materials (E 399) design, V,;; measurements have required an enlarge-
ment of the notch region of the specimen and an increase in the spacing between
the loading pinholes to permit the placement of a displacement gage on the load
line (Fig. 1). However, increasing the pinhole spacing reduces the ligament
between the hole and the top or bottom of the specimen, possibly creating local
yielding problems on small specimens (<25 mm thick). Additionally, compact
specimens in reactor surveillance capsules or test reactor irradiations may not
have the modified notch, thereby restricting their current use to K. determina-
tions, involving crack mouth displacement V,, measurement. Therefore, a pro-
cedure to develop J-R curves from standard CT specimens would prove to be
extremely advantageous.

One instance in which load-line displacement measurements were not possible
was in the testing of the 0.5T- and 0.8T-CT specimens used in the Nuclear
Regulatory Commission (NRC) Heavy Section Steel Technology (HSST) pro-
gram on irradiated low upper-shelf welds. These specimens were machined with
integral seats on the load line for clip gage mounting, but these seats were

ASTM
£ 399

O

O
ASTM
£ 813

FIG. 1—Comparison between the recommended ASTM E 399 compact specimen and the J-
modified compact specimen. With the ASTM E 813 specimen, the larger pinhole spacing can cause
yielding problems at the edge of the specimen.
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insufficient for accurate displacement measurement. Additionally, the irradiated
specimens could not be modified for mounting of razor blades on the load line,
as is commonly done in experimental determinations of J. To alleviate these
problems, the authors modified the technique at the Naval Research Laboratory
(NRL) for J-R curve testing. This technique uses two clip gages to record
displacements at alternative locations, that is, crack mouth displacement V,, and
load-line displacement at the specimen edges V,, (Fig. 2). This method has been
termed the ‘‘double clip gage technique’’ where V), is used for crack length
prediction via the compliance procedure, while V,;- is used to determine the
specimen energy input necessary for the calculation of J. The apparatus used

SINGLE CLIP GAGE
SPECIMEN

@&%@

DOUBLE CLIP GRGE
SPECIMEN

==

j\

FIG. 2—Comparison between displacement measurement points using the double clip gage tech-
nique and the single clip gage method. With the double clip gage technique, Vy is used for crack
length prediction via unloading compliance while V- is used for J calculations.
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for the “*double clip gage technique’’ is identical to that suggested in the ASTM
tentative J-R curve test procedure. The clip gages used are from standard tech-
nology.

To validate this new technique, a round-robin program using 0.5T-CT spec-
imens having 20% side-grooves was undertaken to define the ‘‘prototype’” J-R
curve for a given steel. The round-robin testing involved the single-specimen
compliance (SSC) technique, which requires measurement of the load-line dis-
placement between the pins V,;. A successful comparison of these results with
those from the double clip gage technique was required to qualify the latter
procedure for testing of the HSST specimens.

Since the completion of this round robin, studies of elastic loading in CT
specimens by Newman [/] and Orange [2] have suggested that it is not necessary
to modify CT specimens for V,; determination. Instead, they have proposed that
V. provides an approximation to V,p that is even better than V;;. However,
verification of this hypothesis for experimental elastic-plastic loading is required.

Double Clip Gage Qualification Round Robin
Test Procedures

The round robin conducted to validate the double clip gage technique used
0.5T-CT specimens (12.7 mm thick) cut from a single piece of A 533-B (Unified
Numbering System [UNI] K12539) Class 2 steel plate. These specimens were
then precracked and side grooved by 20% before distribution to the participants.

The SSC procedure was used in the J-R curve development, as presented in
Ref 3. Participants were invited to submit results conducted using a single load-
line mounted clip gage. The specimen used in these tests consisted of a modified
ASTM E 399 specimen with an enlarged notch and increased pinhole spacing,
as shown in Fig. 2 (top).

Double clip gage tests were conducted with a specimen design similar to that
to be tested under the NRC HSST low upper-shelf welds program, as shown in
Fig. 2 (bottom). These specimens are similar to the ASTM E 399 design, except
that the notch was slightly enlarged. Only NRL conducted both double clip gage
tests and single clip gage tests.

Data Analysis Procedures

Analysis of the test data took several forms. The first was to check each test
result against the validity requirements from the tentative J-R curve test procedure
[3]. The second step was to determine critical J-R curve parameters, specifically
the crack growth initiation value of J (J;) and the average value of tearing
modulus T,,,. To determine these values, the J-R data points between the 0.15-
and 1.5- mm exclusion lines, as defined by the ASTM Test for J;,, a Measure
of Fracture Toughness (E 813), were curve fit to a power law expression as
given by

J = C (Aa) e}
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where Aq is the crack growth measured by unloading compliance, and C and N
are parameters determined through regression analysis. As an alternative pro-
cedure to ASTM E 813, Jy in this paper is taken as that formulated by Loss and
his coworkers [4], that is, as the J value at the intersection of this power law
expression with the 0.15-mm exclusion line. T,,, is expressed by

Toe = (Elay) (dJ/da) 2)

where dJ/da is the average slope of the J-R curve between the exclusion lines,
as determined by a closed form regression fit of the power law expression to a
linear equation.

The final step in the analysis procedure was to divide the bank of data into
three groups, labeled ‘*NRL Single Clip Gage,”” ‘*‘NRL Double Clip Gage,”’
and ‘‘Other Laboratories’’. The J-R curves and the averaged parameters J;. and
T,,, would then highlight any bias of data generated at the NRL in comparison
to other single clip gage data as well as any bias caused by the double clip gage
technique.

Round-Robin Results

Eight laboratories participated in the round-robin program (Table 1). Consid-
erable scatter was evident in the single clip gage results partly because of material
inhomogeneity as well as problems in test technique. A repetition of the round
robin at this time would probably give a smaller degree of scatter caused by
improved procedures now used by many of the participants.

All of the digital J-Aa data were put into permanent computer storage to
facilitate analysis. Table 2 lists the validity criteria from Ref 3, along with the
percentage of tests meeting each requirement. The two criteria most frequently
violated are for final crack length prediction error and for data spacing between
the secant line and Aa,,, (0.15,). With these 12.7-mm thick specimens, Ad,,
was ~1.27 mm, giving a very narrow region in which to place the required ten

TABLE —Round-robin participants.

Participants Location
Babcock & Wilcox Alliance, OH
CISE® Milano, Italy
David Taylor NSRDC? Annapolis, MD
Del Research Hellertown, PA
IWM* Freiburg, Federal Republic of Germany
U.S. Naval Academy Annapolis, MD
U.S. Naval Research Laboratory Washington, DC
Westinghouse R&D Center Pittsburgh, PA

“CISE is Centro Informazioni Studi Esperienze.
*NSRDC is Naval Ship Research and Development Center.
IWM is Institut fiir Werkstoffmechanik.
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TABLE 2—IJ-R Curve validity criteria [3).

Percent
Code Criterion Compliance
1 Final crack length prediction error (Section 8.7.3)" 37
|Aa, — Aa,| < 0.15A4,,, where
Aa,, = MIN[O.1 by, Aq,]
2 Initial unload scatter < 0.002W (Section 8.3.1) 65
3 Initial crack length straightness (Section 8.7.1) 94
4 Crack extension uniformity (Section 8.7.2) 70
5 10 data points between secant line and 0.1b, 24
(Section 8.4.1)
6 3 data points between Aa = 0 and secant line 73

(Section 8.4.1)

“Refers to section in Ref 3.

data points. Additionally, the predicted crack extension had to be within 0.19
mm of the measured crack extension to be valid. This is a fairly difficult task,
as evidenced by the low percentage of tests that met this criterion. Indeed, fully
86% of the tests met the more lenient crack extension prediction requirements
in the ASTM E 813 J, test, while only 37% could meet the tentative J-R curve
standard requirement.

A summary of average J,. and T,,, values for each of the groups is provided
in Table 3. From Table 3, the T,,, values are extremely close, with a maximum
deviation in the round-robin groups of 6%. However, the J;. values differ by up
to 16%.

Figure 3 illustrates all of the single clip gage results, including the NRL data.
Also shown is a band chosen to represent the data. This band compares well
with the 95% interval from the HY-130 J-R curve round robin [5). The average
J\. value for the NRL single clip gage data is 16% less than the J;. value for the
non-NRL data, while the T,,, values are virtually identical.

A comparison of the NRL double clip gage results with the band of single
clip gage data is shown in Fig. 4. The data fit well within the band, with a slight
bias towards the lower boundary of the band near the 0.15-mm exclusion line.
The J\. and T, values for this data are 8 and 6% lower than the non-NRL single
clip gage results, respectively. These values are 10% higher and 4% lower than
the NRL single clip gage values, respectively. Based upon the excellent corre-

TABLE 3—Average results of J,. and T,,,.

Jics
Participants kJ/m? Top
Other laboratories 188 53
NRL single clip gage 155 52

NRL double clip gage 171 50
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spondence of the double clip gage data with the single clip gage data, the double
clip gage technique is considered suitable for testing of the HSST specimens.

Elastic-Plastic Displacement Relationships for Compact Specimens
Background

The currently accepted practices for determining plane strain fracture toughness
K. and the plane strain J,-R curve use different displacement measurement points,
and hence different specimens. This difference has resulted from the requirement
of researchers to measure load-line V,; (in place of load-point) displacement for
J-R curve determination, while K. determinations only require crack-mouth
displacement Vy. To reconcile these two test techniques, several investigators
have proposed using crack-mouth displacement in place of load-line displacement
for J-R curve development. In 1975, Neale [6] suggested a factor of 0.77 to
relate crack-mouth displacement to load-pin displacement. These results were
from an elastic-plastic finite-element study. More recently, Newman [/] and
Orange [2] have proposed using V,, as a replacement for load-point displacement
from finite-element studies of elastic loading. The factor suggested by Orange
is 0.773. Using basic geometry, Landes [7] suggested a simplistic relation be-
tween V,, and V,,, based on a/W and axis of rotation ratio r. The value of r
was dependent on material strength and whether the loading was elastic or plastic.
Assuming full plasticity and an intermediate strength material (that is, r = 0.33),
the Landes relation yields values from 0.727 at a/W = 0.5t00.769 at a/W =
0.75. Despite these numerical solutions, no experimental work has been con-
ducted to verify if crack-mouth displacement can indeed be used to replace either
load-line or load-point displacement for elastic-plastic loading.

By combining these theoretical studies with experimental results from the
HSST irradiated low upper-shelf welds program using the double clip gage
procedure, conclusions can be reached as to the feasibility of relating crack-
mouth displacement to load-line displacement. In addition, several suggestions
can be made as to a proper technique to relate these displacements. Using the
resulting technique, these crack-mouth J-R curves can be compared to load-line
J-R curves for two steels.

Results and Discussion

Using the double clip gage technique, simultaneous values of crack-mouth V,,
and load-line prime V- displacement were measured (Fig. 2, bottom). To es-
tablish a relationship between Vy, and V,, for elastic-plastic loading, these quan-
tities were compared for several specimens (irradiated and nonirradiated) of A
508 (UNI K13502) weld deposit from the HSST low upper-shelf welds program.
As an example, Fig. 5 shows typical behavior of these two displacements. While
the relationship is of a quadratic form, a linear fit to the data also may be
considered acceptable. Additionally, while Fig. 5 shows results from 0.8T-CT
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FIG. 5—Typical comparison between Vy and V. for one of the seven HSST welds. Similar
behavior has been seen for the other six HSST welds.

tests, the 0.5T-CT results are virtually identical. Almost no bias was found in
these results because of temperature (range from 75 to 288°C) or irradiation.

The nonlinear relationship between V' and V, as a function of relative crack
length a/W is more clearly illustrated in Fig. 6. The symbols shown are from
five tests. The points are from differentiating the quadratic equation relating V,,
to V. (that is, dV;,'/dV,), and then evaluating the differential at intervals of
Vy as a/W increases. The sharp increase in ratio at the beginning of each data
set is indicative of the change in loading from elastic to plastic. Also shown in
this figure is the elastic displacement ratio V,;'/V,, computed by Newman for
the standard CT specimen. In this case, the enlarged notch (Fig. 2, bottom) was
not modelled. From the experiment results, the average value of displacement
ratio was found to be 0.740. Crack-mouth displacement can be *‘corrected back
to the load line”’ by multiplying with this 0.740 ratio. This value was fairly
constant with temperature (75 to 288°C), specimen size (0.5T-and 0.8T-CT) and
irradiation.

By taking all of the data in a form similar to Fig. 6 and fitting it to a straight
line, the following relationship was established

ViV = 0.1807 (a/W) + 0.6385 3)
Remarkably, Eq 3 is within 1% of the Landes equation (with » = 0.33) for

a/W from 0.4 to 0.8.
A summary of the elastic displacement ratios determined by Newman for the
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FIG. 6—Displacement ratio as a function of relative crack length a/W. An average value of this
ratio and a linear expression are compared to the finite-element results {1].

standard CT specimen is given in Fig. 7. The value of 0.740 crosses Newman’s
appropriate data at ~a/W = 0.57, indicating that the finite-element results
closely match elastic-plastic behavior. From this figure, it is readily apparent
that the relationship between load point and load line LP/LL is more nonlinear
than the relationship between load point and crack mouth LP/M, indicating that
crack mouth should be more accurate with just a constant factor. As well, load-
line prime and load-line deflection appear to differ by from 8% to about 1%
between a/W of 0.5 and 0.75 from this figure, while from the round-robin results
these two appear almost to be equal (Fig. 4). Surprisingly, Eq 3 matches almost
identically the appropriate finite-element data.

The potential use of this procedure is illustrated in Figs. 8 and 9. These
specimens were tested using the double clip gage procedure, yielding the ‘‘com-
bination’’ data. The ‘‘crack mouth’’ data are determined using a factor of 0.740
to correct the J values. Figure 8 compares the combination data and the crack-
mouth data. This comparison is the maximum deviation seen for these test results.
Figure 9 is a more typical comparison. Included here is a J-R curve determined
using only the load-line prime data. This comparison shows how close the
agreement typically is. Table 4 compares J;. and T,,, results from several tests
included in this program. The J-R curve based on crack-mouth displacement
that has been corrected back to the load line appears to give a consistently good
result. Surprisingly, the constant factor (0.740) and Eq 3 give virtually identical
Jic and T,,, values.
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FIG. 7—Elastic displacement ratios for the standard CT computed by Newman [1]. Also shown
is the factor 0.740 and the linear expression (Eq 3).
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TABLE 4—Comparisons of 1, and T,,, computed from different displacement locations.

Data Types Ji, kI/m? Change, % Toe Change. %

SPECIMEN 61W-42

Combination 69 oo 45 e

Crack mouth (0.740) 81 +17 47 +4

Crack mouth (Eq 3) 81 +17 46 +2
SPECIMEN 61w-45

Combination 90 e 50 oo

Crack mouth (0.740) 95 +6 50 0

Crack mouth (Eq 3) 95 +6 49 -2

Load-line prime 91 +1 51 2
SPECIMEN 63w-173

Combination 101 76

Crack mouth (0.740) 105 +4 78 +3

Crack mouth (Eq 3) 106 +5 79 +4
SPECIMEN 66w-121

Combination 92 oo 49 o

Crack mouth (0.740) 90 -2 48 -2

Crack mouth (Eq 3) 93 +1 47 -4
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A final comparison using this procedure is given in Table 5. Here, eight 1.6T-
CT specimens were tested at two different temperatures. Two clip gages were
mounted to these specimens, one on the load line as is typical, and the other on
the crack mouth. The load-line data were used to compute the standard J-R
curve, while the crack-mouth data were normalized by a factor of 0.740 to obtain
a J-R curve. Values for Ji. and T,,, are evaluated for each curve, and then the
value from the J-R curve computed using crack-mouth displacement is divided
by the load-line J-R curve value to determine the amount of change. The J.
values are increased by an average of 8% and a maximum of 16% while the
T, values had a range of 5% from the load-line values. Figure 10 shows the
most deviation from the load-line data, while Fig. 11 shows a typical comparison.
Figure 11 also shows the crack-mouth data determined using Eq 3. These data
are virtually colinear with the 0.740 data, implying that the constant factor of
0.740 provides similar results as the incremental equation.

Summary and Conclusions

The J-R curve is normally computed based upon load-line displacements de-
termined with a modified CT specimen of the ASTM E 399 design. This paper
has investigated the use of displacements measured at other locations on the
specimen, for example, crack-mouth opening V,, and load-line displacement at
the edges of the specimen V- as alternative displacements with which to compute
the J-R curve. The rationale behind this work was the need to characterize the
J-R curves of irradiated specimens for which it was not possible to determine a
conventional load-line displacement. A double clip gage technique was used to
circumvent this difficulty. This technique was validated through a round-robin
test program.

A theoretical basis for the use of V,, and V,,’ in the J-R-curve determinations
is given by the work of Newman and Orange for elastic loading. However,

TABLE 5—Ratio of J-R-curve parameters for crack-mouth J-R-curve values as compared
to load-line J-R-curve values.

Ji., MEA/ASTM¢ T
A 508-2 FORGING (54°c)"
1.04/1.14 1.05
1.14/1.16 0.97
1.11/1.14 0.95
1.02/1.03 0.99
A 533-B PLATE (90°C)"
1.13/1.11 0.97
1.05/1.06 1.00
1.07/1.03 1.00
1.06/1.07 1.03

“Jic as defined by Materials Engineering Associates, Inc. (MEA) and ASTM E 813, respectively.
*1.6T-CT tests.
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FIG. 10—Comparison of I-R curves from crack-mouth data and from load-line data. This is the
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experimental determinations are required to verify these theoretical projections
for specimens subjected to plastic deformations. The results of this program
provide this verification and suggest that the modified CT specimens used for
J-R curve testing may not be necessary. Instead a single specimen of the ASTM
E 399 design may be used for J-R curve determinations as well as for plane
strain fracture toughness Kj. measurements.

This study yields the following conclusions for the materials investigated.

® Load-line displacement can be related to other displacements on the compact
specimen through displacement ratios.

® Load-line displacement is not mandatory to determine a J-R curve.

® Crack-mouth data can give a J-R curve equivalent to that determined from
load-line displacements.

® A constant factor of 0.740 is equivalent to a linear incremental technique
in relating crack-mouth displacement to load-line displacement, in terms of the
J-R curve that is computed from these displacements.

® The ASTM E 399 compact specimen, using crack-mouth displacement, can
be used for both K. and J-R curve determinations.
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ABSTRACT: The measurement of the displacement at the crack mouth of three-point
bend specimens is compared to the measurement of load-line displacement for crack-length
and J-integral evaluation. For crack-length determination by the unloading technique, the
correction that must be made when using a clip gage mounted on knife edges is derived
from load-line and crack-mouth opening displacements expressed as a function of crack
length. Experimental results with tough steels show excellent agreement between the crack
lengths determined by the two types of displacement measurements. The J integral can be
evaluated using either method. The agreement between the two methods of J evaluation
depends essentially on the evaluation of crack length. It is concluded that the J integral
may be measured easily with a clip gage mounted at the crack mouth of three-point bend
specimens.

KEY WORDS: pressure vessels, unloading, modulus of elasticity, pressure vessel steel,
three-point bend test, unloading technique, crack-mouth opening, crack-length evaluation,
J integral

The critical value of the J integral at the initiation of crack growth Jy. is one
of the major parameters characterizing the fracture toughness of materials. It is
particularly suited to tough materials for which the measurement of the plane
strain fracture toughness K, would require prohibitively thick specimens. The
conventional method for determination of J,., ASTM Test for J,., a Measure of
Fracture Toughness (E 813), requires at least four specimens to evaluate J as a
function of crack extension. To determine J,. with a single specimen, various
techniques have been used to measure the crack advance during the test. The
technique used herein—the unloading technique—is described in the appendix
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of ASTM E 813 and uses the same instrumentation as that necessary to measure
J. Crack lengths are evaluated during the test from compliances measured during
partial unloadings, and J values are obtained from the load versus load-line
displacement record. The load-line displacement can be measured directly on a
slightly modified compact tension specimen with the same clip gage as for other
fracture mechanics tests. For bend specimens, the load-line displacement is
usually monitored by a special transducer. However, J values may also be
obtained from a load versus crack-mouth opening displacement (CMOD) test
record [/,3]. Furthermore, it has been recently reported [4,5] that crack extension
can be determined from CMOD during partial unloadings. The measurement of
the displacement at the crack-mouth of three-point bend specimens is compared
in this report to the measurement of load-line displacement for crack-length and
J-integral evaluation.

Experimental Details

Two experimental heats of 2% Cr-1 molybdenum pressure vessel steels were
used. The compositions are given in Table 1. Steel A was of low phosphorus
content and Steel D was rare earth treated. After air melting and rolling, the
steels were austenitized at 925°C for 1 h, then water quenched. They were
subsequently annealed at 675°C for 1% h and then water cooled. This heat
treatment was selected to obtain tough properties at room temperature. The lower
toughness of Steel D, shown with other room temperature properties in Table
2, results from a higher inclusion content [6].

Tests were carried out at room temperature on four different types of speci-
mens; standard 10-mm Charpy V-notch (CVN), standard 10 X 20 mm?® three-
point bend (3PB), and both of the above types with 25% side grooves. The
specimens were cut in the L-T orientation, and machined according to standard
specifications except for the envelope of the starter notches being slightly larger
than allowed. In compensation, the machined slots of the 3PB specimens were
limited to 5 mm depth, and the specimens were precracked to an initial crack
length of about 12 mm. Similarly, the CVN specimens were precracked from
the end of the V notch at a depth of 2 mm to an initial crack length of about 6
mm. During the last 2 mm of crack growth, the load was reduced in accordance
with ASTM E 813.

The specimens were tested in an Instron® testing machine using the jig shown
inFig. 1. The load P was recorded as a function of both the load-line displacement
A and the crack-mouth opening displacement V on two X-Y recorders. The load
was obtained from the Instron load cell amplifier, A was monitored with a linear
variable differential transformer (LVDT) of 0.72 V/mm sensitivity, and V was
monitored with an Instron clip gage connected to a Budd® strain indicator. The
sensitivity of the V measuring system was 0.23 V/mm for the P-V records and
was increased to 1.97 V/mm for the unloading measurements. At the beginning
of each test, the specimens were cycled three times between 10 and 40% of their
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TABLE 2—Mechanical properties of steels at room temperature.

Yield Stress, Tensile Strength, Elongation, Reduction of Area, Charpy Energy,
J

Steels MPa MPa % %
A 643 743 25 67 190
D 607 714 25 66 110

limit load to determine the initial crack length; then the load was applied at a
constant crosshead speed of 0.25 mm/min. This procedure allowed the maximum
load to be reached in about 2 min. Before reaching the maximum load, at least
one unloading sequence was performed; after attaining maximum load, several
unloading sequences were performed during the remainder of the test. Before
each unloading, the crosshead was stopped for about 1 min. Some relaxation
was observed; then the load was dropped to 90% of its value just before the
unloading compliance measurement was made. Voltage suppressions allowed
the signals to be amplified during the unloadings to enable slope measurements
to be made from the linear plots of (1) load versus load-line displacement and
(2) load versus CMOD. Typical records are shown in Fig. 2. The overall accuracy
of the measured slopes has been evaluated from the scatter in the calibration at
2% for the P-A line and at 4% for the P-V line. The larger uncertainty for the
P-V line results from nonlinearities in the strain gage amplifier. The extraneous
displacement caused by the elastic deformation of the machine and the indentation

FIG. 1—Details of the jig used 10 measure both load-line displacement and crack-mouth opening
displacement on three-point bend specimens.
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FIG. 2—Typical records of load versus (a) load-line displacement and (b) crack-mouth opening
displacement, showing the main record, three initial unloadings, and eight partial unloadings.

of the specimen at the roller contacts was measured directly by loading one of
the arms that was not deformed of the specimen to the same load levels as that
experienced during the test but with a span equal to the diameter of the rolls.
The elastic deformation from bending in this case was negligible. After com-
pletion of the test, the specimens were heat tinted and broken at a low temper-
ature. The initial and final crack lengths were then determined by the nine-point
average technique.

Determination of Crack Length
Analysis of the Literature

Several authors [7-10] have expressed the compliance of bend specimens as
a function of crack length. The load-line displacement A is usually partitioned
into an elastic component A, and a component from the presence of the crack
A, as
A=A + A,
A, is obtained from the theory of elasticity by

A, = {[(1 — n*)P1/EB} (S/4W) [(S/W)* + 3(1 + v)]
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where P is the applied load, S, W, and B are the span, the width, and the thickness
of the sample, respectively, v is Poisson’s ratio, F is Young’s modulus for the
material, and n is equal to zero in plane stress and to v in plane strain. For a
standard 3PB specimen (S = 4W), with v = 0.3, the nondimensional compli-
ance C is obtained as

C = EB(A/P) = C, + C, (1)
with
C. = 19901 — n?) (2)

Tada [7] gives
C. =240 — n?) [(a/W)/(A — a/W))* [5.58 — 19.57a/W

+ 36.82(a/W)?*~ 34.94(a/W)* + 12.77(a/W)*] (3a)
where a is the crack length. The expression of Bucci et al [8] is

C. = 32(1 — n?) [4.21(a/W)? — 8.89(a/W)* + 36.9(a/W)*
— 83.6(a/W)* + 174.3(a/W)® — 284.8(a/W)’
+ 387.6(a/W)* — 322.8(a/W)’ + 149.8(a/W)"°] (3b)

while Adams and Munro [9] give intermediate values. Estimates of crack length
from Eqs 3a or 3b with Eqs 1 and 2 may differ by up to 0.015 W, that is, about
3% for crack sizes in the range from 0.3 to 0.8 W. The difference becomes more
apparent by plotting C(1 ~ a/W)?* as a function of a/W as shown in Fig. 3.

140 ——————————————
138 | 1
136 |
13-4 \_succl
132} 1
3oy oo CASTM 1
128 }
126 | TADA
12-4}
122
eol . . . . L L
30 35 -40 45 50 55 .60 .65 70 75 -80
a/W

FIG. 3—Comparison of various expressions of compliance as a function of crack length from
Refs 7, 8, and ASTM E 813.

cl-asw)?




284 ELASTIC-PLASTIC FRACTURE TOUGHNESS

The figure also suggests that, in the crack size range from 0.45 to 0.75 W, the
compliance may be well approximated by a relation

C = A/[l — (@W)]P 4)

where the constant A is 13.13 and 12.36 for Bucci and Tada’s relations, re-
spectively. Equation 4 is consistent with the expression proposed to evaluate
crack advance [5,//] in 3PB specimens

da = (b/2)(dC/C) &)

where b = W — a, within the range of a/w from 0.45 to 0.75. The compliances
for 3PB specimens given in the Annex of ASTM E 813 have been plotted in
Fig. 3. They do not fit Eq 4 but may be better expressed as

C = 10.652[1 + 0.35(a/W))/[1 — (@/W)]?
or

C = 10.834 exp[0.2894(a/W))/[1 — (a/W)]?

If the ASTM values describe accurately the compliance as a function of crack
length, then Eq 5 for the evaluation of crack advance becomes

da = [(2/b) + (0.2894/W)]~(dC/C)

Because of the differences in crack length obtained from compliance by using
the different relations shown, it appears that Eq 4 would be an accurate enough
relationship and one easy to handle most purposes in the crack size range from
0.45t00.75 W.

Crack size can also be evaluated from V, the crack-mouth opening displace-
ment. V has been expressed as a function of crack length by Tada et al [7]; for
standard 3PB specimens

EB(V/P) = 24(1 — n)(a/W){0.76 — 2.28(a/W) + 3.87(a/W)?
~ 2.04(a/W)* + {(0.66/[1 — (a/W)}*} (6)

Equation 6 has been compared to Eq 1 with Eqs 2 and 3a for the full range of
crack lengths. It has been found that in the crack size range from 0.2W to 0.7W
the load-line compliance and CMOD are linearly related. For 0.005 step increases
of a/W, the relation under plane strain is obtained from the least squares method
as

C =152 + 1.05 EB(V/P) )]
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and under plane stress as

C = 16.7 + 1.05 EB(V/P)
Using Eq 3b instead of Eq 3a the plane strain relation becomes

C =150+ 1.14 EB(V/P) (8)
Measurements of CMOD are therefore equivalent to measurements of compli-
ance, and they can be used to determine crack length by the unloading technique.
CMOD measurements will be only about 10% less sensitive than compliance
measurements.

The linear relation between compliance and CMOD allows a determination

of the correction to be made when the CMOD is measured with knife edges.
Referring to Fig. 4 and assuming that during small elastic unloadings the top

surface of the specimen rotates with respect to a fixed point at a distance x from
the surface, the geometry gives

(VI2x) = V! [2(x + 2)] = (A/2W)
where V., is the value of V measured at the knife edge location. Hence
Vieas =V + (2/W)A
Using Eq 7, one obtains
EB(V/IP) = {[EB(VIP))pess — 15.2(z/W)}/[1 + 1.05(z/W)] )

For example, for the Charpy specimens that were tested, z = 0.16W, and the
correction is

EB(VIP) = 0.856[EB(V/P)] s — 2.1

<D

=2W

rojn

FIG. 4—Geometry of the 3PB specimen.
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If Eq 8 was used instead of Eq 7, the correction would be

EB(V/P) = 0.846[EB(V/P)] s — 2.0

The difference between the two corrections is only 1% of the measured values
Finally, combining Eqs 5 and 7, the crack advance may be expressed as a
function of change in CMOD as

da = (b/2)[d(EB V/P)/(14.5 + EB V/P)]

Experimental Measurement of Crack Length

Crack lengths evaluated by the unloading technique can be compared with
their physical measurement only at the beginning and the end of a test. This
comparison is shown in Table 3 for each test. The accuracy of physical crack
lengths is =0.002 W for Charpy size specimens and +0.001 W for 3PB spec-
imens. The crack length values have been calculated with Tada’s plane strain
Eqs 3a and 6. The uncertainty of the corrected V and A is only about 5%, which
from Eq 5 gives an uncertainty for ‘‘a”’ of approximately 0.01 W.

On average, the initial-crack length calculated from load-line compliance with
Tada’s relation is found to be 2.4% larger than the measured value. The calculated
final-crack length is however found to be 0.6% lower than the measured value.
Compliances are plotted as a function of crack lengths in Fig. 5, together with
Tada’s and Bucci’s plane strain relations. It is seen that the experimental values
follow these relations closely, except for some of the specimens without side
grooves.

150
© ® CHARPY

140 |- & A CHARPY+ SIDE - GROOVES
o a3P8
130 § Y 3PB+ SIDE-GROOVES

FINAL CRACK LENGTH
INITIAL CRACK LENGTH

120
"o TADA
© 100
90
80
70

60

50 ! 1
-55 -60 65 ‘70
a/w

FIG. 5—Comparison of measured compliance with Bucci's and Tada’s plane strain expressions
for various crack lengths.
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The initial crack lengths calculated from CMOD with Tada’s Eq 6 are also
found to be 2.6% larger on average than the measured values. Because the
calculated final-crack lengths are on average equal to the measured values, the
calculated crack extension may be significantly smaller than the measured one.
The differences in crack extension shown in Table 4 indicate that, on average,
the unloading technique gives reasonable values only with side-grooved 3PB
specimens. This result is in agreement with previously published data [/2].

Compliance and CMOD data are compared in Fig. 6 together with Eqs 7 and
8. The experimental points come from several tests, and they show excellent
agreement with the linear relation of Eq 7, especially for the side-grooved spec-
imens.

J evaluation

The J integral may be evaluated directly from the load versus load-line dis-
placement curve in accordance with the ASTM E 813. When evaluated from
CMOD [/,3], the J integral is divided into an elastic and a plastic component
as

J=1J +1J,

The elastic component J, is equal to the crack-extension force G and is expressed
by

Jo = G = (KYE)1 — n?) (10)
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FIG. 6—Comparison of load-line and crack-mouth opening displacements with Eq 7 (continuous
line) and Eq 8 (dashed line).
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J.. can thus be evaluated from the standard formula for the stress intensity factor
K by

J. = [Y?P¥1 — n?)]/(EB,*W) (11)

where Y is a function of a/W, and B, is the effective thickness for side-grooved
specimens [3].
When there is no crack growth, J may be evaluated from

J = 2U/Bb (12)
where U is the area under the load-displacement curve. Thus, in the €lastic case
J. = (P/B)(A/b)

Because J, = G, and expressing G [/3] by
G = (P*/2B)[d(A/P)/da]
it follows that
[d(A/P)/(A/P) = 2dal(W — a)
hence
C = EB(A/P) = A/l — (a/W)}?

It has been shown that this relation, Eq 4, is approximately verified in the crack-
length range of interest.

The plastic component of J, J,, is calculated from Eq 12 by considering the
plastic displacement A, only. To obtain A, from the plastic CMOD V,,, it is
assumed that the specimen deforms around a plastic hinge located at a distance
r(W ~ a) from the crack tip. The geometry (Fig. 4) gives

VA, = W) + (a/W) + r[l = (a/W)] (13)

The values of A, calculated from measurements of V,, using Eq 13 with
r, = 0.4, were 6% larger than the values measured directly from the load-line
displacement. This difference was however typically ~0.05 mm, which is of the
order of the experimental uncertainties. For a ~0.6 W, an increase of r, from
0.4 to 0.5 would decrease the calculated A, by 4%, and a 10% increase in the
crack length would cause the same 4% decrease of A,. It should be noted that
the calculated values of A, were obtained after normalizing the crack length to
the measured value.

The increase of J between two consecutive unloading points may then be
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determined using Eqs 11 to 13, and corrections can be made for crack-length
increase as indicated in ASTM E 813 for J,. If the crack length is determined
at two points, { and i + 1, then

Jivr = Udist + Jpdis (14a)
where
(Jp)i+1 = {(Jp)i + [2 Ai,i+l/(BNbi)]}(bi+l/bi) (14b)

A; ;.1 is the area under the P-versus A, curve from point i to (i + 1), and By is
the nominal thickness of the specimen. A;;,, may be approximated as

A = [(P; + Pi+l)/2][(Ap)i+l - (Ap)i]
[(P; + P )/2]W[V,i0/(z + vy + 1pbig)]
- [V,/(z + a; + r:b;)] (14¢)

where use has been made of Eq 13. Comparisons of the J versus Aa relationships
determined from load-line displacement by the standard method and determined
from CMOD measurements using Eq 14 are shown in Fig. 7 for Test A-BS.
This test satisfied the ASTM E 813 requirements except for the ligament that
becomes too short, The disqualified data points have nevertheless been used to
determine the linear regression line of J upon Aa. As shown in Fig. 7, J_, a
critical value of J, is then obtained according to the standard method. The average
values obtained after normalization of the crack extension are also plotted in
Fig. 7. The J, values differ only by 10%, but there is 40% difference between
the slopes. These differences result essentially from variations in the evaluation
of crack lengths. The highest values are obtained for the CMOD because it gave
the smallest values of crack extension in this particular example.
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FIG. 7—Comparison of the variation of J as a function of crack extension obtained from meas-
urements of compliance, CMOD, and with normalized crack lengths. Filled-in data points, for which
b < 25 J/o,, have been used to obtain least square lines and a critical value J. similarly to the
standard procedure.
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Discussion and Conclusion

Tests on various types of specimens have shown that the measurement of
CMOD during unloading gives crack lengths that are comparable to those ob-
tained from the measurement of compliance. The crack lengths calculated by
both unloading techniques are however shorter than the measured physical crack
lengths. This is particularly noticeable with thin specimens where side grooves
have been used [5,72] to obtain good correlation between calculated and meas-
ured crack lengths.

The J integral is readily evaluated from CMOD measurements with the concept
of a center of rotation. For the geometry used, values of J are not very sensitive
to the actual position of this center of rotation, but depend quite significantly
on the estimation of crack length. To characterize the tearing stability of ma-
terials, it has been proposed [/4] to use a ‘‘tearing modulus’’ T defined as

T = (dJ/da)(Els )

where o, is the yield stress. The tearing modulus is even more sensitive to the
crack-length values than J, and it might be useful to normalize the calculated
crack lengths to those measured after the test. Figure 7 compares various meas-
urements obtained from one test sequence on a single specimen. The difference
in the data comes essentially from the evaluation of crack length that affects
both values of Aa and J, Aa directly, and J through Eq 14 or one similar. This
indicates that the large scatter in J;-R curve found in a round-robin test program
[15] results mainly from difficulties in evaluating the crack length.

The use of load-line displacement to measure J, requires an additional test to
obtain the extraneous displacements. On the contrary, true CMOD values are
obtained directly with the correction given by Eq 9. It is therefore more con-
venient to use the CMOD rather than the load-line displacement in J evaluation
with 3PB specimens. This becomes especially useful under severe testing con-
ditions, such as low temperatures, or with irradiated samples.
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ABSTRACT: As one of the candidates for the single-specimen method to determine the
Jic value, the double clip-on gage compliance method (DCGC) was introduced. This
technique is based on the concept of the rotational factor of the compact tension specimen.
According to the DCGC method, the J,, value can be determined by using only two clip-
on gages on a compact tension specimen under monotonic loading. To examine the use-
fulness of the DCGC method, J,. values of several kinds of steel were determined by the
DCGC method and were compared with J, values obtained by the multiple specimen
method described in ASTM and Japan Society of Mechanical Engineers (JSME) standards.
The relationship between J,. values by the DCGC method and by the multiple-specimen
method was discussed, and the industrial utility of the DCGC method was verified.

KEY WORDS: fracture tests, tension tests, crack initiation, fracture toughness testing,
ductile fracture, J integral, single specimen method, rotational factor, compact tension
specimen

Ji. is one of the typical criteria to estimate the initiation toughness of ductile
cracks. Recently, ASTM and the Japan Society of Mechanical Engineers (JSME)
have standardized the test method to determine the J,. value in ASTM Test
Method for J;., a Measure of Fracture Toughness (E 813) and JSME Standard
Method of Test for Elastic-Plastic Fracture Toughness J. (S 001), respectively.
In ASTM E 813, the R-curve method is considered to be a typical multiple-
specimen method that requires measurement of the ductile crack length at equally
spaced nine points in each specimen where more than four specimens are needed.
In JSME S 001, the R-curve method and stretched zone width method are rec-
ommended and required measurement of the ductile crack length and stretched
zone width at three points in each specimen or both, and more than five specimens
are needed.
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On the other hand, lots of single-specimen methods to determine the Ji. value
have also been proposed. These are the unloading compliance method, acoustic
emission method, ultrasonic method, electro-potential drop method, and others.
These identify the ductile crack initiation by means of each technique. But these
single-specimen methods seem to have some defects such as an effect of un-
loading on J\ value, elevation of temperature at the crack tip caused by electric
current, and so on.

In this report, we introduce the double clip-on gage compliance (DCGC)
method to determine the J;. value, which is based on the concept of the rotational
factor of the compact tension specimen. The DCGC method needs only two clip-
on gages contacted on a single specimen without any expensive equipment. Also,
some of the advantages of the method are discussed.

Description of the DCGC Method

According to the slip line field analysis on the perfectly plastic-rigid body,
the compact tension specimen as well as the three-point bending specimen rotate
themselves around the center of rotation, after being yielded. Referring to Fig.
1, the distance between the center of rotation and the crack tip is written as
follows

a=rW— a) (1)
where W is the specimen width, g, is the initial fatigue crack length, and r is

the rotational factor. Let V, and V, be the distance between the crack surfaces
on the load line, at the middle point between the load line and the crack tip,

FIG. 1—Assumed crack configuration.
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respectively. Because of the geometrical relationship, V| and V; can be described
as follows

Vi = (a + a)8 )
V, = (Yea, + a)d 3)

where 0 is the angle between the crack surfaces. Taking the derivative of V,
with respect to V,, we get Eq 4

dv,/dV, = [(Vaa, + a)d0 + 8dal/[(a, + a)d8 + 06da] 4

Now the changes in dV,/dV, because of the crack-tip blunting, the ductiie
crack initiation, and the crack growth are considered as Stages 1, 11, and III in
Fig. 2, respectively. The first inflexion point (the boundary of the Stage 1 and
II) and the second inflexion point (the boundary of the Stage Il and III) in the
dV,/dV, versus V| curve correspond to the general yielding and the initiation of
the ductile crack, respectively. In Stage I, the crack tip blunts off; therefore the
center of rotation moves away from the crack tip. When the specimen is generally
yielded (Stage II), a is constant since the specimen rotates itself around the center
of rotation. Thus, dV,/dV, is a constant value until the ductile crack initiates.
After the ductile crack initiation (Stage III), the center of rotation again moves
forward.

Consequently, the ductile crack initiation is identified as the location where
dV,/dV, begins to increase from the constant value. This process is also shown
schematically in Fig. 2. Therefore, according to the DCGC method, the initiation
point can be caught by observing the change in the value of dV,/dV,.

Shiratori and Miyoshi (/] have obtained the rotational factor r of the compact
tension specimen under plane strain conditions

r= —(Wib=1) + [(Wib— 1)} + 2r(Wib—1A)]"3 (5)

where b = W — g, is the ligament length, and r, is the rotational factor, which
is 0.370 under pure bending conditions. On the other hand, Merkle and Corten [2]
have solved the same problem neglecting the plastic constraint; their equation
can thus be considered the solution under the plane stress condition. In the latter
case, the rotational factor is given by substituting o = 0.5 into Eq 5. For the
1-in, thick compact specimen (1TCT) (@, = b = 25 mm and W = 50 mm),
the value of the rotational factor is 0.452 under plane strain conditions and 0.581
under plane stress conditions, respectively. Substituting these values into Eq 1
and then into Eq 4, Eq 6 can be obtained

0.656, plane strain condition ©)

dv,/dv, = {0_684, plane stress condition
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According to the experimental results by McCabe [3], r is about 0.25 for ex-
tremely high strength steels whose tensile strength is greater than 800 MPa. Even
in this case, the value of dV,/dV, is equal to 0.60 under plane strain conditions.
These values correspond to the plateau of dV,/dV, in Fig. 2.

Examination of the DCGC Method by FEM Analysis

In order to examine the adequacy of the DCGC model proposed in the previous
section, the elastic-plastic finite-element analyses (FEM) in plane strain conditions
were carried out using the ADINA code. The material constitutive behavior is
modeled as an isotropic hardening [4) together with the Mises yield condition.
The stress-strain relation is approximated by a bilinear curve where yield strength
is 700 MN/m? and the modulus of strain hardening is 1400 MN/m?.
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FIG. 3—dV,/dV, versus V, curve obtained by finite-element calculation.

The calculations were carried out on both cases for the ductile crack growth
and for no crack growth. Since ADINA has the element birth and death option,
the ductile crack growth can be simulated by eliminating the stiff truss elements
arranged at the nodes along the ligament on the plane of symmetry. Each truss
clement was eliminated at the appropriate point of V| after the specimen was
generally yielded.

Figure 3 shows the dV,/dV, versus V, curve obtained by the finite-element
calculations. The solid line corresponds to the case of no ductile crack growth.
The value of dV,/dV, first increases with an increase of the V, value, approaching
constant value at the general yield. The general yield was assumed to occur at
the moment when Gaussian points, whose effective stress reached the yield

TABLE |—Chemical compositions.

Steel Carbon Silicon Manganese Phosphorus Sulfur Nickel
1 0.10 0.24 1.22 0.019 0.007 S
2 0.11 0.32 1.61 0.014 0.008 0.02
3 0.14 0.25 1.30 0.024 0.004
4 0.04 0.22 0.45 0.009 0.003 9.17
5 0.05 0.29 0.64 0.003 0.001 9.15
6 0.06 0.26 0.44 0.002 0.001 9.20
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TABLE 2—Mechanical properties.

Yield Ultimate Tensile Elongation to Charpy Shelf
Strength, Strength, Rupture, Energy,
Steel MN/m’ MN/m? % ]
1 377 505 38 157
2 466 597 25 108
3 451 589 27 190
4 725 755 42 323
5 666 725 25 255
6 666 715 31 314

strength, were linked up in the ligament. After that the dV,/dV, kept a constant
value of about 0.61. On the other hand, the dotted line in Fig. 3 designates the
dV,/dV, versus V, relation for ductile crack growth. It can be seen from Fig. 3
that the relationship between dV,/dV, and V, with or without the crack extension
shows definitely different behavior. Therefore, the finite-element analysis en-
courages the proposed DCGC method to include the ability to evaluate the J,.
and also the J-R curve.

Experimental Procedures

The materials examined were six types of steel whose chemical compositions
and mechanical properties are listed in Table 1 and Table 2, respectively. Figure
4 shows the specimen geometry and configuration. The thickness of specimens
was 25.4 mm except for that of Steel 1, which had a thickness of 20 mm.
Specimens were machined as the T-L orientation described in ASTM Test Method
for Plane-Strain Fracture Toughness of Metallic Materials (E 399). In order to
make the ductile crack front straight, side grooves were machined on each
specimen except for Steel 3, which had depths of 10% of the thickness. Fur-

0.56W
1.2wW

1TCT

FIG. 4—Specimen geometry and configuration.
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thermore, specimens without side grooves were also prepared for the case of
Steel 2 and 6, in order to examine the effect of the shape of the ductile crack
front on the J;. value by the DCGC method.

Experiments were carried out at room temperature on a 200-kN capacity screw
driven type displacement control testing machine. The rate of load line displace-
ment was kept constant at 0.5 mm/min. During the test, the displacements V,
and V, and the load P were measured. V, and V, were measured by two clip-on
gages, and P was measured by a load cell. These data were fed to a pen recorder
as a P versus V| curve and a V, versus V, curve, which were converted into J
versus V, and dV,/dV, versus V, curves by using a personal computer system.
J values were calculated according to Eq 7 described in ASTM E 813 and JSME
S 001 for the compact tension specimen

J = (A/Bb) f(ay/ W) @)

where A is the area under the load versus load line displacement V; record in
energy units, B is the specimen thickness, and f(a,/W) is a dimensionless coef-
ficient value. For the calculation of the J value on specimens with side grooves,
breadth at the minimum cross section was used for convenience sake. Figure 5
shows the layout of the experimental setup. Examples of P versus V| and V,
versus V, curves, and J versus V, and dV,/dV, versus V, curves are shown in
Figs. 6 and 7, respectively.

On the other hand, the J,. values were also determined on the same specimens
by the R-curve methods according to JSME S 001 and ASTM E 813. In the
JSME method, the ductile crack length is measured as the average value of crack
length measured at ¥, %, and % thickness of the specimen. Furthermore, the
blunting line is drawn using the experimental data, and the R-curve is also drawn

Testing
machine

Controller Load cell Amp.l

<
s

Personal
Computer
System

|

FIG. 5—Layout of experimental setup.
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FIG. 6—Example of P versus V, and V, versus V, curves.

using the data measured on the specimens whose ductile crack lengths are in the
range between 0.1 and 1.0 mm.

Experimental Results

According to the present model, the J value corresponding to the second
inflexion point in the dV,/dV, versus V, curve is the J,.; so the J). value can be
determined by carrying out the treatment shown as broken line in Fig. 7. All of
the J,. values determined by the DCGC method are listed in Table 3, in which
the J;. values on the specimens with side grooves are distinguished by the symbol,
SG, from those of the standard specimens. In Table 3, J,. values obtained by
the multiple specimen method described in the JSME method and the ASTM
method are also listed. J,, values by JSME method and DCGC method coincided
fairly well with each other. However, J,. obtained by the ASTM method rather
differed from that by the JSME method for Steel 3 while they were almost
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FIG. 7—Example of J versus V, and dV,/dV, versus V, curves.

equivalent for Steel 2. In this study, specimens were unloaded at a relatively
early point compared with maximum load point; therefore in many cases, the
J-Aa points needed to determine the R-curve according to ASTM E 813 were
not obtained. Examples of R-curves for Steels 2 and 3 determined by ASTM E
813 and JSME S 001 are shown in Figs. 8 and 9, respectively. The reason for
the large discrepancy between the ASTM J,. and the JSME J,. is due to large
differences in the blunting lines and R-curves.

Examples of the fractured surfaces are shown in Fig. 10. The ductile crack
front is fairly uniform in the side grooved CT specimen if it is compared with
that of the specimen without side grooves. Nevertheless, Ji. values on side
grooved specimens and those on specimens without side grooves coincide well
with each other, within 5% error. Therefore, it seems that the shape of ductile
crack front affects slightly the J;. values by the DCGC method.
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TABLE 3—1,, values by the DCGC method and multiple-specimen methods.
Ji. (DCGO),
kJ/m?
J. (ASTM), Ji. USME), Standard
Steel kJ/m? kJ/m? Mean Deviation
1 (SG) N 180 230 12
2 (SG) 130 120 160 0
2 160 120 150 15
3 400 250 280 32
4 (SG) C 260 240 57
5 (SG) - 200 250 28
6 (SG) . 250 250 78
6 . 240 260 0

Discussion and Further Work
Shiratori and Miyoshi [5] have also obtained the general yield load Pgy as

follows

Pgy = 2kbB(2.706{—(w/b — 1) + [(w/b — 1)*
+ 0.740(w/b — )%} — 1) (8)
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FIG. 8—R curves determined by ASTM E 813 and JSME S 001 for Steel 2 (SG).
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FIG. 9—R curves determined by ASTM E 813 and JSME S 001 for Steel 3.

based on the results of the slip line field analysis. In Eq 8, & is the shear yield
stress. The J value corresponding to the first inflexion point in the dV,/dV, versus
V, curve (Fig. 7) and the J value calculated from the load versus load line

displacement up to the Pgy according to Eq 8 coincided well with each other.
The value of the plateau in the dV,/dV, versus V, curve always was about 0.65.
This test result agrees well with the predictions by the slip line field analysis on

the perfectly plastic-rigid body (plane strain case of Eq 6) and by the elastic-
plastic finite-element analysis.
All of the J,. values listed in Table 3 clear the restriction condition of
ay, B = 25-]/0" (9)

The J. values determined by the DCGC method for each material distribute in
a relatively small range, and the standard deviations are less than about 10% of

the mean values except for two cases.

Figure 11 shows the comparison between the mean of the J,. values by the
DCGC method and the J,, value by the multiple-specimen method of the JISME
standard. The J,. values by both methods coincide well with each other, within
a — 10 to +40% error, while this method seems to have a tendency to give a

smaller J;. value compared with that obtained by the ASTM standard.

In this paper, the DCGC method was applied to the six kinds of steel listed
in Table 2. Thus, the DCGC method seems to have enough reproducibility and
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FIG. 10—Examples of fractured surfaces. Left—on the standard specimen. Right—on the spec-
imen with side grooves.

accuracy to determine the Jy. values for materials whose tensile strength is larger
than about 500 MN/m?. This method was also applied to mild steel whose tensile
strength was about 400 MN/m?. In this case, the obvious plateau could not be
obtained in dV,/dV | versus V| curves. Because of the micrographic observations,
many dimples were observed in stretched zone for this steel. In other words,
the ductile crack had been initiated at the crack tip during the process of blunting.
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FIG. 1—Comparison between 1, values by the DCGC method and the JSME method.
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This phenomenon is the main reason why the plateau could not be obtained for
this steel.

As predicted by the finite-element analysis, the dV,/dV, is expected to increase
in its value beyond the second inflexion point in dV,/dV, versus V, curve because
of the ductile crack growth. Therefore, the DCGC method has possession of the
possibility for a single-specimen method to determine the J-R curve. In order to
confirm the possibility of the J-R curve determination and to prove the assumption
that was made previously, that is, the center of rotation moves forward if the
ductile crack initiates and grows, the additional experiments were preliminarily
performed. A ITCT specimen was loaded up to the several prescribed load
levels, and the change in the crack shape, including the ductile crack, was cast
by silicon rubber, and the changes in V,; and V, by means of clip-on gages were
recorded at each prescribed load level. Because of the observation of the change
in crack shape, it was confirmed that the center of rotation moved toward the
backface of the specimen after the ductile crack initiation, while it stands at the
same position within the experimental error before the crack initiation. But any
useful information could not be obtained about the relationship between V, and
V, during the ductile crack growth because the clip-on gage might not have
enough accuracy for this purpose. However, it is possible to obtain the J-R curve
as well as the J;, value with only a single specimen, by using two clip-on gages
having better accuracy.

Conclusion

The DCGC method to determine the J,. value was introduced for the single-
specimen technique, and some of the advantages of this method were discussed.
The main results obtained are as follows.

1. The J,. values of each material by the DCGC method were distributed in
relatively small range.

2. The J). values by the DCGC method and those by the JSME method
coincided well with each other within a — 10 to +40% error for many steels
that show wide ranges of tensile strength.

3. The shape of the ductile crack front does not greatly affect the J,. values
by the DCGC method.

4. The DCGC method needs only two clip-on gages contacted on a single
specimen; so this method 1s considered to be a useful method to determine the
Ji. value in an industrial sense.
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ABSTRACT: A method for determining crack-growth resistance curves previously pro-
posed by the author is derived from fundamental relationships. Data are presented that
further demonstrate the application of the method to materials having a wide range of
properties. It is concluded that the use of this method results in obtaining fracture properties
not previously measured directly.

KEY WORDS: ductile fracture, tests. crack propagation, crack-growth resistance curves.
crack-opening displacement. J integral, compact specimen

The concept of characterizing ductile crack growth using a resistance param-
eter, for example, the J integral, has gained acceptance because, to a large
extent, of the introduction of single-specimen test techniques for measuring crack
growth. Among those in common use are the unloading-compliance [/], the
electric-potential-drop [2], and the ‘‘key-curve’’ [3,4] methods. These methods
each have certain advantages and disadvantages that cannot be exhaustively
reviewed here. While attempting to apply the unloading compliance method to
large (4T) compact specimens, the author saw a need to develop yet another
method using available instrumentation [5]. The new test method is referred to
here as the ‘‘Displacement-Based Key-Curve’’ (DBKC) method.

Interest in the method is continuing because of the derived benefits of sim-
plified test procedures that reduced test time and, at the same time, increased
the number of data for R curve presentation.

Enthusiasm among other investigators for the DBKC method seemed reserved
because of the empirical nature of the formulation and because of the fact that
an adjustable parameter is required. Nevertheless, the method has developed
into a preferred method at the General Electric (GE) Turbine Technology Lab-
oratory. Recently, a derivation was found that shows the relationship between

'Engineer of advanced mechanics of materials, Turbine Technology Laboratory, General Electric
Company, Building 55, Room 163, Schenectady, NY 12345,
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FIG. 1—An elastic-plastic crack-tip profile showing the defining construction for crack-tip opening
displacement.

the DBKC method and the Rice-Drugan-Sham (RDS) [6] model of ductile crack
growth, thus answering the need for a theoretical basis.

It is the purpose of this paper to relate the DBKC method to the RDS model
and further, to document the application of the method, including typical results
from tests of several materials covering a range of strength properties.

Derivation

The J integral and the crack-tip opening displacement have been shown to be
viable criteria for ductile crack initiation and crack growth [7]. Based on an
unambiguous definition proposed for 8, [8] as the separation between the inter-
section of 45° lines with the crack faces (Fig. 1), an explicit relation between
8, and J was proposed

8 =d,(/c,) (D

where the coefficient d, is strongly dependent on the strain hardening exponent
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n and weakly dependent on the quantity o,/E, the flow stress divided by Young’s
modulus. The application of Eq 1 to a static (nongrowing) crack is widely
accepted, but its application to a growing crack is proposed here.

Rice et al [6] and Shih et al [9] have suggested that the crack-opening angle
measured near the current crack tip is a viable criterion for continued crack
growth. This angle is approximated by the following relationship [6]

S./r, = [(d/a,) (dJ/da)] + [(B'a,/E) In (eR’'/r,)] (2)

The angle is represented by an opening 8, at a distance r,, from the current tip.
The parameter d.. corresponds to d, in Eq | for a nonhardening material. B’ is
a constant and R’ is the radius of the zone of intense plasticity.

The objective of what follows is to derive the method for determining crack
extension first presented by Andrews and Shih [5] from Eqs | and 2. Supporting
data are presented.

The Model

The model assumed previously [5] and for this derivation is a geometric
construction, Figure 2, which represents the profile of a growing crack. In this
model, the original crack tip is located at a distance a, from the crack mouth.

ag = LO
wp = LA
rm = &/2=e¢r
R = OR
VL = LL’
X, = LX,
§ = CC’
&% = 00
8 = ea’
or = AAT
Aa = OA

£{ORO') = £ (ARA")

FIG. 2—A growing elastic-plastic crack-tip profile showing additional defining construction.
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As the crack mouth is opened a distance V, (L — L), the linear extrapolation
of the crack faces LOX1 from remote locations to the original tip are separated
by a distance 8, (O — O') at the tip. The intersection of LOX1 with L'0O’'X1
forms a rotation point located at a distance L — X1 from the mouth.

As the crack grows, it opens by an amount dc (¢ — ¢’) ata distancer,, (¢ — 1)
from its tip. As the crack grows, a second center of rotation at R results from
the intense plasticity and is located a distance O — R from the original crack
tip.

The opening 8 (A — A’) is determined by calculation assuming the value is
the same for a growing crack as it would have been had the original crack had
a length q, plus Aa (L — A). The method for calculating 8, will be given later.

When no crack growth has occurred (Aa = O — A = 0) §; is taken as
identical to 3,. &; and 8, (a — a') are measured at the same distance from the
tip, that is, 8,/2 from the leading edge of the stretched crack front. As the crack
begins to grow, however, the real crack profile has an opening 3, at a distance
1 from the tip. To be consistent with the model for a nongrowing crack, r, was
assigned the value 8/2. A virtual (or imaginary) crack-tip profile at the tip of
a growing crack is assumed to have openings 8, and &; at §,/2 from the crack
tip. The values of & and §, for a growing crack are assumed to be the same as
they would be for a nongrowing crack of the same length and of the same mouth
opening. (This is the same as assuming the values are independent of the path
taken in displacement-crack-length space.)

Take note that for strain hardening materials, &; is larger than §, by an amount
that depends on material properties (n and @), thus these dimensions are shown
separately in Fig. 2. When a rigid perfectly plastic material (n = ) is consid-
ered, &; is identical to ,. Note also that &, is a measurable dimension whereas,
in general, &; and 9, are not.

These definitions of 8, and &, allow us to define the distance R as O — R.
This distance can be thought of as a measure of the length of the wake of intense
plastic deformation associated with the growing crack. Furthermore, we note
that

Therefore

1/p = (R — Aa)/d; 4

We now turn our attention to the basic relationships (Eqs 1 and 2) to correlate
them with the model. Examination of Eqs 1 and 2, differentiating Eq 1 and
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using r,, = 8,/2 leads to the transformation of Eq 2 to be expressed in terms of
displacement and length only

23./8, = (dd;/da) + (B'G,/E) In (2 eR'/3) (5)
Note: in deriving Eq 5, use was made of the following relationship. Since
& =d, (J/o,)
then

dd;/da = (d./o,) (dJ/da)

The left-hand side of Eq 5 cannot be measured directly. It can, however, be
transformed to be expressed in values that can be determined. The transformation
makes use of the assumed path independence of &;. For suitably short amounts
of crack growth, the profile in Fig. 2 can be viewed as the result of a two-step
process. Step one was to open the mouth to its current value V, while keeping
the crack length constant. At that value of V;, o; will have a value identical to
the measurable §,. The second step was to allow the crack to grow to its current
value while maintaining V, constant. In the second step, 8, increased by an
amount equal to the opening of the extending crack. That opening is

9 — dla, = Aa (23./3) (6)

therefore

(28./8) = (®, — dla,)/Aa (7)
Substitution of Eq 6 for the left-hand side of Eq 5 and rearranging gives
Aa = (3, ~ da,)/[(B'c,/E) In (2 eR'/d) + (dd;/da)] (8)
This result is the same as originally proposed by Andrews and Shih [5]
(d, = d7a,)/[(1/p) + (dd;/da)] 9)
if it is assumed that Eq 10 holds
l/p = (B'c,/E)yIn (2 eR'/3) (10)

Application

To use Eq 9, one must first establish &7 as a function of @ and V,. This
relationship forms the ‘‘key curve.’” To develop the key curve, we make use of
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the fact mentioned earlier that 8, and & are identical before any crack growth.
An early version of the required key curve was published in Ref 5. There, it
was suggested that a normalization of &; by the remaining ligament and V, by
material properties and a function of crack length would establish a function that
is independent of crack length for the compact C(7) specimen

x = EV,/[o, W(2 + a/w)?] (1
y =8/W - aq,) (12)

where W is specimen width, E is Young’s modulus, and o, is the flow stress
defined by the Ramberg-Osgood stress-strain relationship

e/e, = o/o, + a (6/8,) (13)

An improved function making use of the same normalization parameters is
proposed here. The new function is given by Eq 14

8/ (W — a,) = o,/E {A[X;Tanh'"" (X/Xg"")]
+ 3.38[X — Xg Tanh"" (X/Xg")]}  (14)

In Eq 14, A is a weak function of a,/W and, since A is associated with the
elastic loading of the specimen (the first term represents the elastic term), A can
be determined as the value that best produces a calculation of zero crack growth
for the initial and elastic loading of the specimen. The value of A is in the range
of 1.45 = 1.0.

The second term of Eq 14 is associated with plastic deformation. The value
of XR is 0.5 and of n' is 1.2. The use of the hyperbolic tangent function provides
a smooth transition from the elastic region to the plastic region.

For verification purposes, the key curve relationship was compared to results
of ADINA finite-element calculations for 4T C(T) specimens [7,9] with good
results. Equally good results were obtained by comparison with the results of
deLorenzi [10].

A second term in Eq 9 requiring evaluation is dd;/da. This was accomplished
in [5]

dd;/da (3;/W — a,) {(a,/W — 4)/[2 + (a,/W)]} (15)

Finally, the term 1/p is evaluated as an adjustable parameter, assuming it is
constant for the entire crack growth process [6]. This is accomplished in practice
by marking the fracture surface at the last displacement measurement and using
the measured crack length and Eq 9 to determine 1/p.
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TABLE 2—Materials stress-strain properties.

Ramberg-Osgood Parameters®

Specification g, ksi €, n E, ksi o
AS33-B 60 0.002 9.71 30 000
AS08 Class 2 steel 87 0.0029 11.41 30 000
A204/304 stainless 245 0.00079 8.04 31 000

“e/e, = a(a/a,)", € = engineering strain, and @ = engineering stress. Data taken at strains less
than 30%. 1 ksi = 6894 kPa.

Experimental Verification
Materials

To evaluate the proposed relationship (Eq 9), materials having a wide range
of properties were selected. The materials used were A533-B steel, A5S08 Class
2 steel, and ASTM A-240 Type 304 stainless steel (Unified Numbering System
[UNS] K12539, K12766, and S30400, respectively). The compositions are shown
in Table 1. The tensile properties are shown in Table 2. The flow stress o, and
the strain-hardening exponent n obtained from analysis of the tensile data are
also listed in Table 2.

The AS533-B steel was obtained from the remaining and broken halves of
specimens used for Electric Power Research Institute (EPRI) Project RP601-2
[7].

The A508 Class-2 steel was obtained from the Westinghouse Research Lab-
oratory and came from the center thickness portions of the tube-sheet forging
used for EPRI Project RP1238-2 [11].

The Type 304 stainless steel was purchased as a 62.6-mm (2Y2 in.) thick plate
from a local distributer.
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FIG. 3—Compact specimens used in this study.
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TABLE 3—Critical dimensions of the compact specimen, mm.

Size A B C D E F- G H J K

IT 1270 25.40 50.80 63.50 6096 3048 27.94 1651 29.72 2.54
2T 2540 50.80 101.60 127.00 12192 60.96 55.88 33.02 59.44 5.08

Specimens

Compact specimens (Fig. 3 and Table 3) were used for all tests. The 2T size
was used for the 304 stainless steel and the A533-B steel while the 1T size was
used for the A508 Class-2 steel.

Equipment

The tests were all performed using electrohydraulic servo-controlled test ma-
chines controlled by actuator displacement. The displacements were applied at
a constant slow rate until the desired final displacement was reached, or until
the specimen broke, whichever occurred first.

Displacements were measured at the front V; and the back V, of the specimens
using strain-gage bridge ‘‘clip’’ gages similar to Test Method for J,, a Measure
of Fracture Toughness (E 813) and ASTM Test Method for Plane-Strain Fracture
Toughness of Metallic Materials (E 399) design. A frame surrounding the spec-

=

OPENING
)

FIG. 4—The extensometer fixture used in this study.
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imen (Fig. 4) was required by the method. The frame included knife edges front
and back. The fixture was attached at the load line with small screws and rested
firmly at the bottom of holes drilled above and below the crack faces near the
crack tip. With the frame so attached, points of reference were established for
inferring displacements at the load line V, and at the crack tip §,. The inferences
were accomplished using Eqs 16, 17, and 18 [7]

r=AZ, + W - a, — [(V,/V) & + a)l/[(V,/V) + 11} (16)
8 =rV/Z +a, + 71 (17
Vo=( +a)V/Z + a, + 1 (18)

Procedures

During each test, the displacements V; and V, were continuously recorded
until either a final displacement was reached or the specimen broke, whichever
occurred first. Load also was continuously recorded throughout the test.

All data were recorded in digital form and stored on magnetic tape for later
reduction using a computer.

At the conclusion of each test, the final crack length a; was either measured
directly on the fracture surface or obtained by heat tinting the crack, breaking
open the specimen, and measuring the heat-tinted crack length.

Calculations
Crack Length
The crack lengths were calculated using Eq 9 following the method described
in ‘‘Application,”’ above.
J Integral

The J integral values were calculated from the load and the load-line dis-
placements recorded during each test. J-integral calculations used the incremental
formulation of ASTM E 813, which accounts for crack extension. The calculation
approximates the deformation-theory definition of J

Jie1 = i + (fla/w)/b); [(Ai+l.i)/BN]} {1 = (y/b); (@piv) — apt)} (19)

where
vy =1+ 0.76 (b/W),
A = area under the load, load-line displacement record,
By = specimen net thickness, and
b = uncracked ligament, W-a.
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The subscripts i and i + 1 indicate functions evaluated in the previous or in the
current calculation step. The term Ai + 1,i refers to the area bounded by the
actual test record trace and the lines of constant displacement, (V,), and (V,),. ;.

Results and Discussion

To determine the validity of the DBKC crack-growth model, single-specimen
R-curves were determined using Eq 9 and compared to multispecimen R curves.
These comparisons are presented in Figs. 5 through 7.

Figure 5 presents data for AS33-B steel tested at room temperature using 2T
compact specimens of varied crack length. Of the three results, Specimens U21
and US form one R curve, while Specimen U21 forms a second. The R curve
formed by Specimens U1B1 and US was further verified by heat-tint results
obtained using additional specimens. The cause of the separate R curve resulting
for specimen U21 is uncertain.

Figure 6 shows the R curve data obtained for the ASO8 Class 2 steel. The
open points are DBKC crack-extension values while the filled-in data are heat-
tint crack-length data from the present investigation. The curve shown represents
the data reported by Landes et al [//].

Figure 7 shows the R curve obtained for the 304 stainless steel using 2T
specimens. The open circles and the small dots are DBKC crack-length results,
while the large, filled-in circles are heat-tint results.

Typical values obtained for 1/p while determining the R curves are shown in
Table 4.

J, . My/m? J, . IN-KIP/IN?

JI—
[}

4 OACRACK LENGTHS

J OBTAINED BY HEAT
3 TINTING
OX CRACK LENGTHS
2 OBTAINED BY
DISPLACEMENT KEY -

- CURVE METHOD

o ] A 1 U

0 2 4 6 8 10

mm
CRACK EXTENSION

FIG. 5—R curves for A533-B steel determined using the DBKC method and using the heat-tint
method.
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FIG. 6—R curves A508 Class 2 steel determined using the DBKC method and the heat-tint
method. Indicated ] values are 10 times the actual value.

Comparison of the data presented in Figs. 5 through 7 shows good agreement
between the two methods. Moreover, the author has obtained equally good
agreement in other unpublished work performed by the General Electric Company
for materials ranging from 2024T351 aluminum to CrMoV steel. In light of the
demonstrated agreement, it can be concluded that the DBKC model for crack
extension, Eq 9, is valid for many materials for constant 1/p.

The use of the DBKC method for inferring crack growth has been shown to
be a viable laboratory tool. These demonstration tests have shown that the R
curves obtained by this method correlated closely with those obtained by heat-
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CRACK GROWTH, saa, mm

FIG. 7—R curves for Type 304 stainless steel determined using the DBKC method and the heat-
tint method. Indicated J values are 10 times the actual value.
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TABLE 4—Crack-growth parameters 1/p obtained for the steels tested.

Steel l/p
304 S/S 0.49
A533-B 0.14
A508 Class 2 0.07

tinted specimens. It can also be said that the DBKC method offers a cost effective
alternative to either multiple-specimen testing or single-specimen testing re-
quiring multiple unloading. In addition to the cost benefit derived, relatively
lower measurement precision is required for displacements. The multiple un-
loading compliance method requires measurement precision on the order of ten
times better than is normally found in industrial laboratories.

The demonstrated effectiveness of the DBKC method and the demonstrated
relationship of Eq 9 with basic concepts of elastic-plastic crack growth (Eqs 1
and 2) seem to offer an avenue for obtaining new understanding of crack growth.
Fracture parameters previously unmeasured are now open to study.

Conclusions

1. A displacement-based key-curve (DBKC) model for determining crack
extension was derived and was shown to result in an accurate and cost effective
laboratory method for determining R curves.

2. The assumed constancy of the crack-opening-angle parameter 1/p, which
results from the DBKC model, appears justified based on the correlation of
single-specimen and multiple-specimen crack-growth data.

3. The relationship of the DBKC model (Eq 9) with the fundamental Rice,
Drugan, and Sham model (Eq 2) was derived.
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ABSTRACT: A stable to unstable transition phenomenon of cracking under constant ioad
was studied. The transition phenomenon was mainly caused by initiation and growth of
the ductile crack. When this fracture process was examined by means of J-integral resistance
(J-R) curves, the ductile crack growth under constant load seemed to agree with the J-R
curve that had been determined by the conventional multiple-specimen method. If J, is
defined as the minimum J value that causes the unstable ductile fracture under the constant
load, J, exists between J; (corresponding to the ductile crack initiation) and J,, (corre-
sponding to the maximum load point in displacement control test). Thus the J, might be
one of the parameters to define the unstable ductile fracture under the constant load
condition, though the effect of specimen geometry on J, is recognized.

KEY WORDS: fracture tests, crack propagation, cracks, fracture toughness testing, ductile
fracture, J integral, resistance curve, stable crack growth, crack instability, compact tension
specimen

Test methods for elastic-plastic fracture toughness have been recently stan-
dardized. These are the ASTM Test Method for J,., a Measure of Fracture
Toughness (E 813), the Japan Society for Mechanical Engineers (JSME) Standard
Method for Elastic-Plastic Fracture Toughness J;. (S 001-1981), British Standard
(BS) Methods for Crack Opening Displacement (COD) Testing (5762-1979),
and Japan Welding Engineering Society (WES) Method for Crack Tip Opening
Displacement (COD) (WES 2805-1980). The most reliable toughness parameters
in these tests for elastic-plastic fracture are Ji. and §;, which correspond to the
ductile crack initiation. And many investigators have shown that these parameters
are independent of specimen geometry and thus characteristic of the material.

It seems however that it is too conservative to use the initiation toughness as
a design parameter, especially for high toughness materials that develop a large
amount of stable crack growth before final unstable fracture. Consequently, crack

'Research engineers, Fracture Engineering Laboratory, Technical Research Center, Nippon Kokan
K. K., Kawasaki, 210, Japan.

322

Copyright® 1985 by ASTM International www.astm.org



FUJITA ET AL ON J-INTEGRAL VALUES 323

opening displacement at the maximum load 8, is frequently used as a critical
value in the ductile region, even though 9, is known to depend on specimen
geometry. Thus, a suspicion arises in using 8, as the material’s constant. Since
the displacement control is an optimistic loading condition for structural mate-
rials, it is known that the unstable fracture occurs at lower value than 3, or J,,
under constant load, which is considered as the severest loading condition
[1-4].

In this study, various empirical examinations were performed to survey the
ductile fracture phenomena under constant load conditions. Load and load-line
displacement were monitored during the test, while crack length and change in
crack shape were measured by means of the copper plating technique and the
ultrasonic echo technique, and fracture appearance was observed by optical and
scanning electron microscopes. The J-integral resistance curve was applied to
this fracture process, and the toughness parameter in the ductile region was
studied. Also, the effect of specimen geometry on this fracture behavior was
investigated by a series of tests varying specimen thickness and ligament length.

Experimental Procedures

The materials tested were four kinds of structural steels whose ultimate tensile
strength levels were classified as 800 and 500 MPa. These are similar to ASTM
A514 and A441 steel (Unified Numbering System [UNS] K11856 and K12211),
respectively. But those steels are designated as Al and A2 for 800-MPa class
and B1 and B2 for 500-MPa class, since the manufacturing processes are dif-
ferent. Their thicknesses and mechanical properties are listed in Table 1. Standard
compact specimens were used in this study as shown in Fig. 1, in conformity
with the ASTM Method for Plane-Strain Fracture Toughness of Metallic Ma-
terials (E 399). In order to investigate the effect of specimen geometry on fracture
toughness, crack length to specimen width ratio a/W and specimen thickness
were varied in some steels as shown in Table 1. Specimens were then fatigue
precracked according to ASTM E 813.

All tests were carried out at room temperature using a 200-kN capacity elec-
trohydraulic testing machine. Load-line displacement was measured by clip gages
attached to the loading pins. Ductile crack shape at the starting point of load
holding was marked by the copper plating technique, in which copper sulfate
aqueous solution is injected into the crack tip and rinsed away with acetone and
then blown off by air, so that the copper is deposited immediately on the crack
surface. Also, the crack configuration at the instant of stable-unstable transition
was revealed by unloading quickly and subsequent fatigue fracturing. Initiation
and growth of the ductile crack during the load holding was also observed by
the ultrasonic echo technique [5], in which the ultrasonic probe is attached on
the back face of the specimen and ultrasonic echo responding to the growing
crack tip was monitored on cathode-ray tube (CRT). Ductile crack profiles were
observed by optical micrograph-and scanning electron micrograph in some in-
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TABLE 1—Materials used in this study.

Specimen

Steel Thickness, mm  Yield Strength, MPa  Tensile Strength, MPa  Thickness alW
Al 55 755 814 %”ll: 0.7
A2 55 804 863 1T 0.3,0.7
B1 55 333 549 2T

IT 0.7
B2 38.1 318 455 T

1T 0.7

1)

terrupted specimens in order to investigate the fracture process from a viewpoint

of micromechanics.

Descriptions of Fracture Behavior

Variation of the load-line displacement with respect to time as to 2T-CT
specimens of Steel Al and 'AT-compact tension (CT) specimens of Steel B2
are shown in Figs. 2 and 3, respectively. Arrows indicate the displacement level
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a=30.70
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All dimensions in mm .

FIG. 1—Specimen geometry and configuration.
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FIG. 2—Load-line displacement versus time record, 2T-CT specimens of Steel Al.

at the instance of load holding. The stable crack growth became unstable above
a certain value of the load-line displacement. When the load was kept constant
above this limit value, the greater the displacement at the instance of load holding,
the shorter became the time to failure [2—4].

From Figs. 2 and 3, it can be seen that the load versus load-line displacement
curve under load holding conditions differs from that of conventional tests in
the increase in displacement during the load holding. Tsuru and Garwood [3]
have defined a ‘‘static’’ load versus load-line displacement curve as that obtained
by loading at an infinitely slow rate. Figure 4 shows the comparison between
‘‘static’’ and conventional load versus load-line displacement curves for 2T-CT
specimens of Steel Al. Solid marks indicate the results obtained from conven-
tional test methods, which mean monotonic loading by both displacement control
and load control without load holding. These fall within the same scatter band
designated by oblique lines in Fig. 4. Open marks represent the points of load
and load-line displacement after 1-h load holding at each prescribed load level.
The increase in load-line displacement is remarkable above 100 kN, and the
*‘static’’ load versus load-line displacement curve is derived definitely. This
problem is again discussed in the following section.
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Increase in displacement during the load holding, which was expected to be
caused only by crack growth, was also observed before the ductile crack initi-
ation. Some phenomenon at the crack tip, such as plastic flow or stress relaxation
and so forth, seems to contribute to the increase in displacement before and after
crack initiation. In order to confirm this fact, the load was increased by 10 kN
in step by step fashion. The increase in load-line displacement during 1-h load
holding at each load level is plotted in Fig. 5. The results show that the relationship
between the load and the incremental increase in displacement can be approxi-
mated by a bilinear curve. Assuming that the cross point of the two lines cor-
responds to the ductile crack initiation (this is confirmed later), only the plastic
flow at the crack tip contributes to the increase in displacement before the
initiation point, while above this point the increase in displacement caused by
the crack growth contributes to the increase in displacement.

J value corresponding to the cross point is 200 kJ/m?, if it is calculated from
the load versus load-line displacement record, agrees very well with the J; value
obtained from the multiple-specimen technique as shown in Fig. 6. Therefore,
this stepwise loading technique seems to have a possibility of application to J,.
test by single specimen.

The change in strain distribution around the crack tip was measured by the
strain gages, glued on the specimen surface, during the load holding (less than
J; level). The results are shown in Fig. 7. The broken lines and the solid lines
show the equi-strain contours for just after the load hold and for after 1-h load
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FIG. 4—Load versus load-line displacement curve (2T-CT specimens of Steel Al).

holding, respectively. As can be seen from Fig. 7, the highly strained arcas were
spread out during the load holding. The cross marks in Fig. 7 show the location
where the strain gages were glued.

An example of the copper plating technique is shown in Fig. 8 (2T-CT spec-
imen of steel B1). It is evident that the ductile crack has already initiated at the
moment of load holding and that the crack grows during the load holding. The
shape of ductile crack growth during the load holding does not differ at all from
that obtained by the conventional test method (loading to the prescribed level
and unloading immediately without load holding). This technique might not
affect the fracture process since the duration of applying the copper sulfate
aqueous solution was less than a few seconds and the deposited copper film was
quite thin.

Figure 9 shows an example of measurement for the crack extension by the
ultrasonic echo technique. Figure 9 was obtained by the stepwise loading on
IT-CT specimen of Steel A1, which has a dull machine notch of 0.2-mm radius
instead of the fatigue crack. When the load was kept at 204 kN, a small peak
appears in front of a large peak that corresponds to the machine notch (Fig. 9b).
This small peak seems to represent the ductile crack. As the time elapsed, this
peak moved away from the large peak of machine notch, which means the ductile
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of Steel Al).

crack grows under the load holding. The final ductile crack length that can be
obtained from the last figure (Fig. 9d), taken at the moment of unloading, was
3.6 mm, while the measured crack length on the fracture surface after the test
was 3.8 mm.

J-Integral Estimations

Figure 6 shows the J-R curve of 2T-CT specimens of Steel Al. J values were
calculated according to ASTM E 813. Open rhombic marks indicate the results
of the conventional multiple-specimen technique under displacement control. In
the case of load holding tests, triangular marks and circular marks represent the
values at the moment of load holding and after load holding, respectively. In
such cases, the cracks ceased to grow. Solid marks instead indicate that the
stable-unstable transition took place under the load holding condition. At the
locations of the solid circles, the specimens were unloaded after affirming the
transition phenomenon. Though the *‘static’” load versus load-line displacement
curve was derived in the previous section (Fig. 4), it can be seen from Fig. 6
that the results of load holding tests fall on the same J-R curve obtained by the
conventional tests. Therefore, it can be concluded that the J-R curve is a char-
acteristic of the material and that the ductile crack under load holding condition
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grows along the J-R curve. The difference between the *‘static’’ and the con-
ventional load versus load-line displacement originates in the initiation and growth
of the ductile crack.

In the conventional displacement-controlled fracture toughness test, the un-
stable ductile fracture often occurs after the applied load reaches the maximum
value. If J,, is defined as the J value corresponding to the maximum load point,
J. has been frequently used as a critical value of materials in such cases. Plotting
J. and corresponding Aa,, (ductile crack length) on Fig. 6, J, also falls on the
same J-R curve and the identification of the J-R curve is recognized again.
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FIG. 7—Change in strain distribution during load holding (2T-CT specimen of Steel Al).

Green and Knott [/] introduced the parameter 8, defined as the COD below
which failure will not occur under the constant load. Following their definition,
when J, is defined as the minimum J value at the instance of load holding which
causes unstable ductile fracture under the load holding condition, J, exists be-
tween J; and J,,. Since J,, is obtained from the displacement control test which
is not severe testing condition for materials, J,, gives an unconservative estimate
for structural materials in some cases. On the contrary, J; is too conservative
because J; corresponds to the ductile crack initiation, and it can not represent
the unstable fracture at all. Because J, is obtained under severest load condition
for structures, J, scems to give a reasonable estimation for the toughness of
materials used in the ductile region.

Next, the effect of specimen geometry on J, was investigated. The results are
summarized in Table 2. The maximum J-integral capacity [6] for each specimen
is shown in Table 3, which is given by the smaller of

Joax = b0,/20
or

Juze = B0,/20
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where
b = ligament length,
B = specimen thickness, and

o, = yield strength.

For high-strength Steels A1 and A2, all the J, values meet the J,,, conditions,
that is, J, < Jp,. These values do not exhibit the thickness dependency, while
the effect of ligament length is quite remarkable. On the contrary, J, values
depend strongly on the specimen thickness for low-strength Steels B1 and B2.
Note that these values considerably exceed J,,,; that is, the specimen geometry
does not satisfy the size requirement as to these kinds of low-strength and high-
toughness steels when J, values are evaluated. It has been pointed out that &,
decreases as the thickness increases [/,2], although a reverse tendency was
observed regarding Steel B2. Since this steel contained remarkable nonmetallic
inclusions in the mid-thickness region, these inclusion segregations seemed to
contribute mainly to the thickness dependency on the J, of this steel.

Observation on Fractography

Figure 10 shows the ductile crack profiles at the mid-thickness of Y2T-CT
specimens of Steel B2 at each fracture stage. The J-R curve of this specimen is
also shown in Fig. 11. Figures 10a through d correspond to the Points A through
D in Fig. 11, respectively. Ductile crack initiation can not be observed at the
Point A. At the Point B where ductile crack ceased to grow after load holding,
a remarkable ductile crack is recognized and around the crack tip there exists
many micro-voids that do not yet coalesce each other. J value at the Point C,

Pam” }
2 ; &
P S e i

Ductile crack tip

egion of copper plated
\ tlle crack

Fati ue precrack tip

FIG. 8—Fracture surface subjected to copper plating (2T-CT specimen of Steel BI).
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FIG. 9—Observation on ultrasonic echo during load holding test (1T-CT specimen of Steel Al).

obtained by unloading without the load holding, exceeds J, and final fracture
should occur if the load were kept constant at this point. Fairly large voids that
would coalesce under constant load can be seen around the ductile crack tip. At
Point D, specimen was unloaded just before the final fracture during the load
holding. Ductile crack growth by coalescence of many voids can be observed.
Crack growth behaviors shown in Fig. 10 are almost the same as those in the
different thick specimens.

TABLE 2—Effect of specimen geometry on J,.

aW

Steel Thickness, mm 0.7 0.3
Al 50 340

25 370 .
A2 25 370 640
Bl 50 790 .

25 1320
B2 38.1 2100

25.4 1800
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TABLE 3—Maximum l-integral capacity 1,,,..

Steel Thickness, mm Ligament, mm Jaxs KI/m?
Al 50 1133
25 30 944
A2 30
25 70 1005
B1 50 500
25 30 416
B2 38.1 R 477
25.4 30 404
12.7 C. 202

'YV

N e /"J
Vil

Ty V]

k 4

0.2mm
2mm —
—

FIG. 10—Ductile crack profiles at each fracture stage ("2T-CT specimens of Steel B2).
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Specimen C (see Figs. 10c and 11) was then broken into two pieces by
subsequent fatigue cracking, and fracture surfaces were observed by scanning
electron micrograph as shown in Fig. 12. As the Steel B2 is very ductile, a fairly
large stretched zone appears following the fatigue precrack. A dimpled region
can be seen adjoining the stretched zone, which means the ductile crack is caused
by void nucleation and coalescence. The fatigue postcracked region is enlarged
as shown in Fig. 13. As some large voids (shown by white arrows) are observed
on the subsequent fatigue fracture surface, this fact supports the existence of
voids ahead of the crack tip, and these voids would contribute to the unstable
fracture if the load were kept constant.

Discussion

J, is defined as the critical J value that represents the stable-unstable fracture
transition when the load is kept constant after loading at a usual loading rate.
On the other hand, data in Figs. 6 and 11 show that the stable crack arrested
and the unstable fracture did not occur even though the load was kept constant
below J, initially but the J value finally exceeded J,. That is, if the load is kept
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FIG. 12—Scanning electron micrograph of the fracture surface (2T-CT specimen of Steel B2):
overall view of process zone.

constant after loading at an extremely slow rate, there seems to exist a possibility
that the unstable fracture does not occur even if the J value at the start of load
holding exceeds J,. Thus the J, is considered to depend on the loading history
up to the load holding.

As to the J, values of high-strength Steels Al and A2, J,, condition derived
for the specimen size requirement was satisfied sufficiently (see Tables 2 and
3), so that there was no thickness dependency. But the effect of ligament length
on J, was so remarkable. If Jgy corresponding to the general yield load is
calculated, J, always exceeds Jgy in not only the short ligament specimen
(a/W = 0.7) but also the long one (¢/W = 0.3). Therefore, the unstable ductile
fracture under constant load seems not to occur in specimens that are not generally
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FIG. 13—Scanning electron micrograph of the fracture surface (//2T-CT specimen of Steel B2):
closer view of the fatigue post-cracked region.

yielded, as pointed out by Ingham and Morland [4]. Thus, the J, is considered
to depend on the specimen geometry. In order to ciarify the meaning of J, as
the critical value, further efforts are needed.

The stable-unstable transition phenomenon of ductile fracture under constant
load conditions seems to be described by the inflection point better than by J,
on the load displacement versus time record, as shown in Figs. 2 and 3. The
inflection point in Figs. 2 and 3 is indicated corresponding to that determined
on the load-line displacement versus normal scale time record. If the J value
corresponding to the inflection point is defined as J,', J,” values for ;T and
4T specimens of Steel B2 were 3200 and 2100 kJ/m?, respectively, while J,,
values obtained from the displacement controlled tests were 3200 and 1900
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kJ/m?, respectively. A good agreement was thus obtained between J," and J,,.
Therefore, it seems that J value designating the final collapse is not affected by
the loading history although the problem of thickness dependency remains.

Conclusions

Ductile crack growth and unstable fracture under constant load was investi-
gated by some experimental and analytical estimations. The following results
are obtained:

1. The increase in load-line displacement and subsequent unstable fracture
under constant load is caused by the ductile crack initiation and growth.

2. The ductile crack growth under constant load obeys the J-R curve, which
is obtained by the conventional tests.

3. J, is defined as the minimum value that causes unstable fracture under
constant Joad. J, seems to depend on specimen geometry (especially on ligament
length) and loading history up to the load holding.

4. The ductile crack extension under constant load is caused by the nucleation
and coalescence of voids. The fracture process under constant load is not different
from the normal ductile fracture mode.
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ABSTRACT: The ability of the DC potential drop method and the partial unloading
technique to measure crack growth and to detect initiation of crack growth has been
investigated using a number of steels and aluminum alloys. It was found that within the
range of parameters investigated both of these methods can be recommended for the
determination of the R curve; however, since at small amounts of crack growth, the DC
potential drop method gave more consistent results, it is therefore considered to be superior.
The initiation values J, of the J integral determined by fractography were compared with
Ji. as obtained by current practice. It was found that ductile fracture toughness J, is poorly
related to initiation or to a specific amount of crack growth. A modification of the J,
procedure is proposed.

Two contacting arrangements of the DC potential drop method were checked for initiation
detection: one indicates initiation by a potential minimum (related to a J value J;,), the
other by the intersection of the R curve with the blunting line (related to a J value J,,).

KEY WORDS: fracture tests, cracks, crack propagation, DC potential drop method, partial
unloading technique, initiation of crack growth, fracture toughness J;., multipie-specimen
method

Nomenclature

a Crack length
a, Fatigue precrack length
Aa Crack length increment
B Specimen thickness
F  Applied load

'Head of department and research engineers, respectively, GKSS Research Center, 2054 Geest-
hacht, Federal Republic of Germany.
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J J integral
J J at intersection of initial R curve with blunting line
Jin J at the end of the linear part of the U-F record
Juwin J at minimum of U-v, record
J, J at initiation of crack growth as determined by fractography
Ji. Fracture toughness determined according to ASTM Test for J;., a Measure
of Fracture Toughness (E 813)
Stress intensity factor
K at initiation of crack growth
Potential drop as defined in Fig. 7
U before crack growth
Displacement measured at the specimen’s front face
Load-line displacement
Specimen width
Half gage span over which U is measured
Crack-tip opening displacement
d at initiation of crack growth

<
o< TF

(=44
5

For monotonically increasing loads two kinds of fracture mechanics properties
are determined experimentally:

(1) the initiation of growth of a preexisting crack in terms of stress intensity
K., J integral J,, or crack-tip opening displacement (COD) 8, and

(2) the resistance against crack growth as a function of crack length increase
Aa in terms of Ky, Jg, and 8.

The determination of these properties requires the accurate measurement of the
actual crack length during the course of loading. Although numerous techniques
for crack length measurements have been developed (a compilation is given in
Ref 1), only two methods are regularly being used in laboratory practice: the
compliance method and the potential drop (PD) method using alternating current
(AC) or direct current (DC). If these indirect methods work reliably the multiple-
specimen method can be avoided and needs to be used for calibration purposes
only.

A simple technique is used in the ASTM Test Method of Plane-Strain Fracture
Toughness of Metallic Materials (E 399) for the determination of K;.. A 5%
change of the specimen compliance indicates a nominally 2% increase of crack
length. The precrack length is measured microscopically on the fracture surface,
and no absolute crack length value is required from the compliance measurement.
A shortcoming of this simple technique is that plastic deformations affect the
result by an unknown amount. In addition, depending on the specimen size,
Aa = 2%, means different locations on the R curve, and hence K, can be size
dependent if there is a rising R curve. The former effect can be avoided by
partially unloading the specimen in certain intervals.
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Guidance for carrying out the partial unloading procedure (PUL) is given by
ASTM Test for Ji, a Measure of Fracture Toughness (E 813) and Refs 2 and
3. Since unloading occurs elastically even after comprehensive plastic defor-
mation, the unloading trace is a measure of the elastic compliance of the specimen
and hence of the actual crack length. But unlike the K, procedure the change
of crack length is determined quantitatively, which requires very accurate mea-
surement of the compliance. Particularly, any hysteresis effects caused by friction
at the loading pins and at the knife edges for the clip gage must be carefully
avoided. Thus, although in principle identical instrumentation is used as for a
K;. test (which may make the method attractive), much higher requirements
concerning accuracy are needed.

Whereas the partial unloading technique is discontinuous in nature, continuous
crack length monitoring is provided by the potential method, which however
requires additional expensive instrumentation. Several techniques are in use: AC
with varying frequency {4—6] and DC with different positions for current input
and potential measurement [/,5,7—11], resulting in different resolution and sen-
sitivity. By experimental or theoretical calibration both the partial unloading and
the PD methods are capable of generating crack growth data. A particular problem
arises when the initiation of growth has to be detected.

During the course of the present investigation, it turned out that *‘initiation’’
is very much a matter of definition. An operational definition of initiation has
to comply with the true physical events and with the needs for reproducible
experimental determination. A tentative definition will be given in a following
section. In current practice three ways of detecting initiation are being used:

1. Measure crack growth Aa as a function of a crack field parameter, K, J,
or 8, and extrapolate back to vanishing crack growth to obtain K, J,, or 3, (Fig.
1a). The British Standard (BS) methods for Crack Opening Displacement (COD)
Testing (BS 5762:1979) determines the initiation value of § this way.

2. Since crack growth is often measured including crack-tip blunting (partic-
ularly if the crack length is measured by an indirect method), the point of incipient
cracking from the blunted crack tip can be found by introducing a blunting line
and intersecting it with the extrapolated J-Aa relationship (Fig. 15). This is the
procedure adopted by the Jy test standard (ASTM E 813). In both of these cases
the J-Aa or 8-Aa data are represented by a straight-line relationship. This ignores
the fact that at its very beginning the R curve is by no means a straight line
(Figs. 1b and 2).

Therefore, it is more appropriate to represent the R-curve data by a power
law [/2,13]. The intersection of this power law crack growth curve with either
the crack extension line

Aa = 3/4 (Jiop) )
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FIG. 1—Different ways of detecting initiation of crack growth: (a} back extrapolation of a crack
growth curve to Aa- — 0, Aa measured excluding stretch zone; (b) intersection of a linearized crack
growth curve with the blunting line, Aa measured including stretch zone; and (c) detection of a
potential drop minimum.

(with o being the flow stress equal to one half the sum of yield strength and
tensile strength) or the 0.15-mm exclusion line—whichever yields the highest
value—was defined in Ref 12 as the J,. value and was found to coincide closely
with the J;, value determined after ASTM E 813 (Fig. 2a). This proposal has
three special properties:

(a) It is based on the actual growth data, which can deviate significantly from
the straight-line construction of ASTM E 813.
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FIG. 2—Representation of the crack growth curve by a smooth curve, (Aa measured including
stretch zone).

(b) It is aimed at defining a critical J at a certain amount of crack growth to
avoid the sometimes very large data scatter at the very initiation of growth.

(c) It is capable of determining a well defined J;. value even if instability
occurs so closely to the 0.15-mm exclusion line that no valid J, can be derived
according to ASTM E 813.

However, it should be kept in mind that the statements made in Ref 12 are
based on indirect crack length measurements (unloading compliance technique)
and on a single material (A533-B weld deposit).

In order to examine the physical events close to crack growth initiation, it is
necessary to make direct fracture surface observations by means of light or
electron microscopy. This is the basis of a further proposal [/3], which is aimed
at finding J,, the true initiation value of J, that is the value of J for Aa — 0.
According to Ref 13 this can be done by intersecting the power law crack growth
curve with the blunting line (Fig. 2b). The thus determined J value coincides
closely with the initiation value J, determined by fracture surface observations
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done with a low-power microscope and is appreciably below the standard J;
value (Fig. 2b). The first and third of the statements above apply for the second
proposal as well. This investigation [/3] was done on ASTM A533 (Unified
Numbering System [UNS] K12539), Grade B, Class 1, heavy section steel
technology (HSST) plate 03 steel.

3. The third method consists of searching for a characteristic point on the test
record that indicates unequivocally the onset of crack growth. On a potential
drop-clip gage displacement U-v, record such a point can often be detected; it
is either a change in slope [7] or a minimum on the U-v, record (4,6,8,11] (Fig.
Ic).

The work described in the present paper was aimed at further investigation
of the relation between J, (the initiation value of J) and the standard J.. A
particular point of interest was the indirect detection of initiation of crack growth
(single-specimen method). More specifically, the ability of the DCPD method
and the partial unloading technique to determine initiation of crack growth and
crack growth was investigated. Another motivation for this work was that the
DCPD method as described in Ref 10 and earlier reports has been in use in the
authors’ lab for a decade; in the meantime, however, the partial unloading
technique appeared and additional PD techniques were developed. Thus, the
question arose whether our technique is still competitive. The main emphasis
was on the DCPD method.

Materials and Test Procedure

Table 1 contains the materials investigated and their tensile properties. All
materials were tested in the form of compact tension (CT) specimens, 10 to 25
mm thick; specimen width was 50 or 100 mm. The plan view geometry of the
specimens corresponded to the recommendations of ASTM E 813.

All tests satisfied the conditions for valid Ji, values as specified by ASTM E

TABLE 1—Tensile properties of the materials investigated.

Material 0.2, MPa UTS, MPa
A 7075-T7351 aluminum 421 504
B 2024-T351 aluminum 317 440
C 2024-FC aluminum® 75 217
D A533-Bl1,1 steel® 465 614
E 20MnMOoNiSs5 steel 478 612
F A542 steel” 599 715

“Furnace cooled condition.

*Heavy section steel technology (HSST) plate 03.

‘Heat KS 11 of the German Forschungsprogramm Kompon enten-Sicherhert (FKS) program,
corresponds to A533-B steel.

“European Group on Fracture (EGF) round-robin steel.
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813. A number of 25-mm-thick wedge-opening joad (WOL-X) specimens were
made of Material Dj this is also indicated on the respective diagram.
Three types of tests were performed:

1. Multiple-specimen tests to determine J, by means of scanning electron
microscopical (SEM) fracture surface observations. Crack growth (excluding the
stretch zone) was measured at equally spaced locations along the crack front
whereby at each location seven individual measurements were made as shown
in Fig. 3.

2. Computer controlled partial unloading tests were done on Materials C, E,

Aan Ag;  Agq
A= B
2n
nz 9
ACIij 7
Aagi= 17 Aaqj;
j=1
n
SEM SCREEN Aa = .;_ ZAoi
i=1

FIG. 3—Procedure of measuring crack growth in the SEM.
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and F only. Data acquisition and data reduction were done in a fully automated
manner (including J;. determination and check of the criteria of validity) by the
computer (HP 9826), which controlled the testing machine.

3. For the DCPD tests the two contacting geometries shown in Fig. 4 were
used. Similar contact arrangements were used for the WOL specimens. The
current leads were fixed to the specimens using screws; the potential was picked
up via small interference pins. A Simac Electronica power supply served as
current source, and the potential drop was measured by a Keithley 140-nV meter.
The current was adjusted such that a nominal resolution with respect to crack
length of roughly 10 to 20 wm was obtained in all tests.

Normally the CT specimens were insulated from the testing machine, that is,
insulated loading pins were used and the specimens’ side faces were protected
by thin Teflon® foils. This practice was applied for the contacting Geometry A
in Fig. 4. In addition, the clip gages were insulated so that no short circuit could
occur, The CT specimens with contacting Geometry B had noninsulated loading
pins since preliminary experiments showed a pronounced potential minimum
(Fig. lc) that was suspected to be related to crack initiation. All WOL specimens
were insulated with respect to the loading pin and at the side faces whereas the

I
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v, @
@
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G
-] __i,,-".,.-“ a
~— —)— -——-rfr"w- a
x——f- L —— — - ‘

2y =05wW
2z=09wW

SPECIMEN NOT INSULATED
FIG. 4—Contact geometries used for the DCPD method.
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loading screw was not insulated (for further details of the WOL tests see Ref
1.

Data Evaluation
I Integral for CT specimens

The clip gage displacement values were corrected for rotation [/4], and the
J integral was determined using the relationship given in ASTM E 813, which
accounts for crack growth.

J Integral for WOL specimens

The J integral for the WOL specimens was calculated according to the rec-
ommendations in Ref §

J = 1.8A/B(W — a) 2)
for

05=a/W=056

where A is the area under the load —v,; curve; since v;; cannot be measured
on a WOL-X specimen it was determined by converting the displacement Ve
measured at the specimen’s front face [8]

v /v, = 0.40 a/W + 0.44 ?3)

No crack growth correction was applied to Eq 2 since only initiation values were
determined on the WOL specimens.

Crack Length Determination by Unloading Compliance

As mentioned above the evaluation of the unloading compliance tests was
carried out fully automatically. For the conversion of the compliance data to
crack length, the table in ASTM E 813 was used. In addition, since there are
always slight deviations between the measured and calculated crack lengths for
the starting point, thatis, a = a, an effective modulus of elasticity was calculated
to give coincidence between both values. This effective modulus was then used
for data evaluation, a practice that we have used for all our fracture mechanics
tests that include compliance measurements irrespective of the specimen type,
and which is also referred to in the literature [/2]. At the end of each test the
final crack extension was marked by further fatigue loading and compared with
the predicted value.
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Crack Length Determination by DCPD

As was demonstrated in Ref /0 the tests on CT specimens with contacting
Geometry A (Fig. 4) can be evaluated using the relationship

cosh (wy/2W)

a = (2W/m) cos™! -
cosh {(U/U,) cosh™! [cosh (wy/2W)/cos (ma,/2W)]}

4

which we use as a standard calibration for all our fracture mechanics tests with
DCPD measurements. (For the meaning of the symbols see the nomenclature).
This calibration formula has a number of advantages:

(1) reasonable resolution and sensitivity,

(2) little effect of misplacement of potential probes [/],

(3) application convenient since Eq 4 serves as a calibration function, and

(4) because of its normalized form (U/U,), Eq. 4 is independent of material,
test temperature, current, and size and shape of specimen [/0].

This last point is of particular convenience when a laboratory has to investigate
specimens of various shapes and sizes. Again, as with the partial unloading
technique, the final crack extension obtained in each test was compared with
the prediction. Figure 5 gives a compilation of these data. All data points fall
into an error band of £10%. This means that Eq 4 does not only represent
situations with straight crack fronts; it is also in good accordance with the
averaged length of a crack developing a curved front within the range of materials
and geometries tested.

During the tests, the potential signal was recorded as a function of load
(F-U diagram) and of load-line displacement (U-v, diagram) (Fig. 6). For
contacting Geometry A the crack length was determined from the F-U record
as shown in Fig, 7 using the initial linear portion as the U, baseline; U, is thus
defined as the potential drop occurring under load but without crack growth. In
some cases the F-U record exhibited only a weakly pronounced linear portion.
It was then necessary to define the U, baseline as well as possible; an example
is shown by Fig. 8. The error in Aa introduced thereby was estimated at about
50 wm. Test records of this kind were not used for initiation detection. The error
of 50 um is of no importance for the macroscopic R curve.

Results
Crack Growth

Figure 9 shows Jy curves obtained on two specimens, whereby the crack
length was determined by the partial unloading and by the DCPD techniques,
respectively. Similar results were obtained for two side-grooved specimens made
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FIG. 5—Final crack extension values measured on the fracture surface compared with the values
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FIG. 6—Types of test records obtained with the DCPD test.
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U, BASE LINE

U= Ug* AU

Uy.U —= Eq.(4}+CRACKLENGTH

v

FIG. 7—For the quantitative determination of crack length by the DCPD method a U, base line
was defined, which provided the U, values for Eq 4.

Up BASE LINE

{a) {b)

F
y Yo BASE LINE
F W =50mm
W=50mm Qo/W =05
0 /W=07 y = 10mm
y =10mm Uo= 1521V
Uo = 216V
RESOLUTION:
—— £ 100um in Aa 2 YV RESOLUTION:
—— 2146um in Aa £ 1uV

v

FIG. 8—Examples for load-potential drop records. (a) normal test record and (b) poor test record
(not used for detection of crack initiation).
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FIG. 9—R curves obtained on two identical specimens using the DCPD and the partial unloading
method, respectively.

of the same material as those of Fig. 9. As was already expected from Fig. 5
both methods yield identical results.

Crack Initiation

A total of 48 specimens were tested to investigate the initiation behavior. A
complete documentation showing the data of each individual specimen will be
given in an extended version of the present paper to be published as a GKSS
report.

These data will provide the reader with all the information necessary to make
a detailed check of the authors’ conclusions from the experiments. Because of
the limited space the results are presented here in a summarizing form (Table
2). Table 2 contains the following information:

1. Ji. determined according to ASTM E 813.

2. The true initiation point of crack growth J, was determined by the multiple-
specimen method; the specimens were loaded to different amounts of Aa, un-
loaded, and subsequently refatigued. Crack growth was then measured in the
scanning electron microscope as shown in Fig. 3 ignoring the stretch zone. Some
examples are shown in Figs. 10, 11, 14, and 16 together with the crack growth
data obtained by the DCPD and PUL techniques. The scatter bands for J, shown
in some graphs indicate the uncertainty in the back-extrapolation procedure.

3. J values Jpin, Jins Jim» Which were checked as tentative methods to derive
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FIG. 10—Near-initiation crack growth data of aluminum 2024-1351 obtained by the DCPD
method. J, was obtained by fractography of 10-mm-thick specimens. This value can be considered
as representative of the 20-mm-thick specimens since (as it will be shown in a later report) the
origins of the R curves are independent of the thickness range considered here.

initiation from the DCPD method. The detailed explanation will be given in the
discussion section.

Some common observations can be made as follows:

1. The value J, as determined for Aa — O is always lower than Jj..

2. The real crack growth just after initiation (Aa = 0.2 mm) is completely
ignored by the J, procedure.

3. For small amounts of crack growth the partial unloading technique yields
more scatter than the DCPD method (Figs. 11 to 13).

TABLE 2—Compilation of initiation data with various definitions, J values in kJ/m’.

Material Jie J, Jild s S in Jiin i
A 3310 37 2510 30 1.28 26.3 19210263 231028
B 26.3t034.5 2151028 1.22 A 14.6 to 19 18 to 22
C 22t0 354 8to12 2.87 L 6.1t09.6 8§to 10
ct 17.9 8to 12 1.79 L. 9.6 15
D 150 2810 55 3.6 43.2 10 52.7 16 to 33.1 3510 50
E 155 to 255¢ 130 to 150 1.44 1504 23.5 to 57 110 to 125
F 130 90 1.44 71.5 S 105

“Average values used.

*Side grooved.

‘When thickness down to 10 mm are considered, J,, varies from 100 to 265 kJ/m? (Figs. 17 to
19).

4Two additional tests with ACPD (provided by F. Schmelzer, GKSS) resulted in J,,,, = 125 and
135 kJ/m2,
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FIG. 11—Near initiation crack growth data of aluminum 2024-FC for smooth specimens, data

close to blunting line.

4. In the range of microscopical crack growth the DCPD method measures
larger amounts of crack growth than is observed on the fracture surface where
Aa was measured without the stretch zone.

5. A corresponding statement for the partial unloading technique is not pos-
sible since not enough results are available to rule out the scatter observed at
small amounts of crack growth.
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FIG. 12—Near initiation crack growth data of aluminum 2024-FC for J,. construction based on
R curves obtained on a side-grooved and a smooth specimen using the partial unloading technique.
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FIG. 13—Near initiation crack growth data of aluminum 2024-FC using the potential method as
in Fig. 12.
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FIG. 14-—Near initiation crack growth data of HSST steel plate 03 for WOL-X specimens for the
determination of J,.
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FIG. 15—Near initiation crack growth data of HSST steel plate 03 for CT specimens.

6. Side grooving lowers J. but not J, (Figs. 12 and 13 and Table 2). It can
be seen from Figs. 12 and 13 that the R curves of the side-grooved and nonside-
grooved specimens tend to emerge from the same origin whereas beyond the
first exclusion line they are already split off.

Discussion
Microscopic Crack Growth

At small amounts of crack growth (Aa = some tenths of a millimetre) the
DCPD method overestimates crack growth as measured by the SEM (Figs. 11
and 16). The following reasons may account for this effect:

1. The plastic deformation of the specimen’s ligament may affect the mate-
rial’s resistivity in such a way that no reliable conversion of potential drop signal
to crack length can be achieved {15]. However, no significant difference between
*‘as tested specimen calibration points’’ like in Fig. 5 and saw cut calibrations
{12] can be observed. Although Fig. 5 was established for macroscopic crack
growth, this argument holds also for small amounts of crack growth where less
deformation occurred. Thus, we conclude that the order of magnitude of resis-
tivity change has no impact on the crack length calibration.
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FIG. 16—Near initiation crack growth data of 20MnMoNi55 steel for three 25-mm-thick CT
specimens.

2. Void formation ahead of the crack tip may increase the material’s resistivity.
However, no observations of void formation were carried out so that the validity
of this argument cannot be checked.

3. As was mentioned above, the fractographical measurements were done
ignoring the stretch zone whereas the DCPD method measures crack growth
including the stretch zone. It is interesting to note that the DCPD results can
roughly be obtained by adding the blunting line to the fractographical data in
Figs. 11 and 16. Since the mechanics behind the blunting line are not yet clear,
further work on this problem is in progress.

Macroscopic Crack Growth (DCPD Versus Partial Unloading)

According to our results, both of the crack length measurement techniques
produce the same macroscopic R curve (Fig. 9). Moreover, the calibration data
of Fig. 5 are within a *10% error band and are thus better than the 15% accuracy
required in ASTM E 813 for the partial unloading technique. However, for small
amounts of crack growth the scatter of the partial unloading technique (including
the scattering of the data points obtained in a single test around the average
curve) is bigger than that of the DCPD method (Figs. 11 to 13).

One of the reasons for this observation may be that the DCPD method is
continuous in nature whereas the data of the partial unloading test are obtained
in a discontinuous process, which may produce variations of the quantity to be
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measured. Another point is the compliance measurement. Minute amounts of
friction (in the loading and measurement arrangements) and of misplacement of
the displacement measuring device can introduce substantial amounts of errors.
Thus, although the compliance method is more sensitive than the potential method
(see Fig. 8 Ref 1), its resolution problems (sensitivity to errors of the measure-
ment of the compliance) tend to make it inferior to the electric potential method
when small amounts of crack growth are considered. These arguments apply
even more in the case of the stiff center cracked tension specimens where much
smaller compliances are to be measured [/6]. Further efforts in friction avoidance
(for example, needle bearings in the loading clevises) may improve the situation
for the partial unloading method. In addition, side-grooving the specimen leads
to more consistent results.

But even so, apart from some exceptions the potential method in the form
described above will remain the standard method in our lab, since for R-curve
determination it is more universal, particularly because of the fact that a single
calibration curve (Eq 4) is needed for the commonly used specimen geometries.

In the form described in the present paper the DCPD method is part of a
recommended practice for the measurement of R curves on center cracked tension
specimens [17,18].

Determination of Initiation from Fractography

As indicated by Fig. la existing (BS 5762) and drafted (ASTM Test Method
for CTOD Testing) test methods impose a straight line on the crack growth data
and determine the initiation point by extrapolation of the straight line to Aa = 0.
The determination of J;,, which is supposed to be a measure of initiation tough-
ness, uses a similar procedure (Fig. 15). The findings of the present paper show
that close to initiation the R curve is anything but a straight line. This statement
applies for side-grooved specimens also. Moreover, straight-line extrapolations
lead to overestimations of initiation. Thus, in the present paper initiation was
determined by

(1) measuring crack growth down to very small amounts and
(2) by approximating the data by a smooth curve (which in some cases was
linear within a very limited range of crack growth).

The J, values thus obtained are listed in Table 2. It should be mentioned that
no distinction was made between side-grooved and smooth specimens since the
data fell into a common scatterband.

It is sometimes argued that extrapolation to Aa = 0 leads to unduly conser-
vative values, and initiation should be defined by the achievement of a fully
developed crack front. The latter definition may make sense in case of homo-
geneous materials whereas for inhomogeneous materials local crack growth may
be large while at the major part of the crack front the crack has not yet propagated.
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Detection of Initiation by the DCPD Method

Potential Minimum—All specimens with contacting Geometry B exhibited a
marked potential minimum like that shown in Figs. 1¢ and 6. This minimum
was taken to calculate J;,, which is listed in Table 2. Although the occurrence
of the minimum is not fully understood (it is assumed that the load dependent
contact area between pin and specimen provides a less resistant current path with
increasing load and that initiation of growth overbalances this effect), it is obvious
from Table 2 that the potential minimum is a good indicator of initiation.

End of Linear Portion of F-U Record—The J values at the end of the linear
portion of the load-potential records for Configuration A were designated as Jj;,.
For the high-strength aluminum alloy 7075-T7351, J, corresponds approxi-
mately to the initiation value J, (Table 2); that is, in this case the potential drop
is essentially a function of crack length only. For all other materials (which are
characterized by relatively high ductility) Jy, is lower than J,. The reason is that,
as it was discussed above, before initiation because of the high resolution the
potential drop responds to crack-tip blunting and thus feigns a small amount of
crack growth. This difference is only noticeable on a microscopic scale, of course;
it becomes meaningless for the macroscopic R curve.

Alternative Method—In Table 2 an additional J value is listed, which is
regarded as candidate initiation value based on the very initial portion of the R
curve: Ji,, the J at the intersection of the blunting line with the potential drop
based R curve.

Comparing the various J values of Table 2 it can be concluded that Jy is very
poorly related to initiation. Depending on the material, the Ji./J, ratios range
from 1.28 to 3.6 (for this calculation the average values for J, in Table 2 were
used). Thus, in terms of crack initiation and very early growth, Ji. is pourly
defined and cannot be regarded as an appropriate material characterization. The
true initiation toughness is physically much better defined. According to Table
2 it can be determined as follows:

(1) by fractography (multiple-specimen method),

(2) by the DCPD method with contacting Geometry B and taking the potential
minimum as the initiation point, and

(3) by an alternative method with similar results that is the determination of
the intersection of the initial part of the R curve with the blunting line.

It is noteworthy that these procedures work for a broad range of materials.

Suggested Modifications of Jic Procedure

A specific problem arising with the J;. procedure is illustrated in Figs. 16
through 19. Specimens made of Material E having thicknesses of 10, 15, 20,
and 25 mm and identical width exhibit R curves that are very similar. However,
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FIG. 17—Near initiation crack growth data of 20MnMoNi55 steel for a 20-mm-thick CT specimen
with J,. construction. R curves measured by the DCPD method.
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FIG. 18—Near initiation crack growth data of 20MnMoNi55 steel for a 15-mm-thick steel CT
specimen with I, construction. R curves measured by the DCPD method.
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FIG. 19—Near initiation crack growth data of 20MnMoNi535 steel for a 10-mm-thick CT specimen
with I,. construction. R curves measured by the DCPD method.

because of the requirement B 2 15J/or for a valid data point, the R curves of
the different thicknesses terminate at different Aa values.

Thus, the construction of the straight line is based on different ranges of the
R curves. Consequently, since the R curves are nonlinear, quite different Ji.
values are obtained as indicated in the graphs; Ji. varies by a factor of 2.65.
However, all values are valid according to the ASTM E 813 procedure.

To summarize;

(1) Ji. is not related to initiation and
(2) the present construction using a straight line with extrapolation to the
blunting line does not produce unequivocal J,. values for a given material.

This evidence leads us to propose a modification of the J;. procedure. Such
a procedure should avoid a straight-line fit and any extrapolation techniques,
thus

1. The straight line must be replaced by a smooth curve representing the real
growth behavior close to initiation.

2. This is necessary but not sufficient. We have checked several functions
(power laws, polynomials) to fit the data points between the exclusion lines;
extrapolation to the blunting line failed to give more consistent results.

3. The initiation toughness J. should therefore represent a specified point on
the R curve near initiation.

This point should be as close to initiation as possible, ideally the initiation point
itself. Possible techniques for the determination are given by J;, or J;,. On the
other hand, when using an indirect measurement technique like DCPD or PUL,
the relative error close to initiation can be large. Thus, as a compromise, a
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FIG. 20—Proposed modification of J,. determination: matching experimental data with smooth
curve and taking a specified point on the thus obtained R curve.

modified test standard could allow for a small specified amount Aa* of crack
growth, say 0.1 or 0.2 mm. Consequently, in order to avoid extrapolation pro-
cedures experimental data below Aa* are required. Figure 20 gives a schematic
outline of the modified procedure.

Conclusions

1. For macroscopic crack growth the partial unloading and the DCPD tech-
niques yield the same results within the range of materials and specimen sizes
investigated, that is, both methods are equally well suitable to determine an R
curve.

2. The partial unloading technique is inferior to the DCPD method when only
small amounts of crack growth are considered, that is, just after initiation.

3. The DCPD method in the form described in the present paper has a number
of advantages, the most important of which is the independence of its calibration
with respect to test variables such as material, temperature, and specimen size
and shape.

4. By special contacting arrangement (contacting Geometry B in Fig. 4) the
DCPD method is capable of detecting initiation of crack growth that can be
related to a minimum of the clip gage-potential drop record.

5. Contacting Geometry A in Fig. 4 is more suitable for the quantitative
determination of crack growth; initiation can be determined by determining the
intersection of the initial R curve with the blunting line.

6. The reason that the DCPD method with contacting Geometry A indicates
a finite amount of growth at initiation is probably the response of the potential
drop to crack-tip blunting.

7. J,, the J value at initiation of crack growth as determined by SEM frac-
tography was found to be 1.28 to 3.6 times lower than Ji. as determined by
ASTM E 813.

8. J, seems to be unaltered by side grooving whereas Jj. is lowered.
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9. The extrapolation of a straight line fitted to the R-curve data can yield
inconsistent results (Figs. 16 through 19).

10. It is suggested to define J,. for a specified point on the R curve. This
point could be the true initiation point or a point with a small amount of crack
growth, say 0.1 or 0.2 mm.
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ABSTRACT: Two different methods, the unloading compliance and the AC-potential drop
method have been applied simultaneously for crack length measurement during ductile
crack extension in J-R curve determinations. The materials used in the comparison of the
two test methods were a pressure vessel stee! AS33B C1.1 (Unified Numbering System
[UNI] K12539), a comparable weldment, and a carbon-manganese steel OX522D weld.
Specimen geometries used were 25-mm compact tension (1TCT) and 15-mm three-point
bend (3PB), respectively.

The two methods applied give consistent results for the amount of crack extension.
However, the location of the potential minimum is dependent upon material, specimen
geometry, temperature, frequency and current. This leads to the conclusion that the AC-
PD method fails to indicate the initiation of ductile crack extension correctly. Reasons for
this are discussed.

KEY WORDS: unloading, alternating current, crack propagation, J,., elastic-plastic frac-
ture toughness, unloading compliance, AC-potential drop

Materials fracture toughness in the elastic-plastic (ductile) regime is usually
described in terms of a resistance curve based on the J integral determined by
the ASTM Test for Ji, a Measure of Fracture Toughness (E 813). Jy-curves
can be cost effectively determined using single-specimen techniques. Crack ex-
tension during a single specimen Jg-curve measurement can be detected by either
the unloading compliance method or the so-called potential drop methods. There
are two types of potential drop methods based on AC or DC [/]. In the AC-
method a minimum is generally found in the potential. It has been suggested
[2,3] that this minimum corresponds to the initiation of the ductile crack exten-
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sion. It has however been anticipated [2] that the minimum is somewhat frequency
dependent. In this work, an AC-potential drop device was used simultaneously
with the unloading compliance method to detect the crack extension during
testing. The effects of frequency and temperature on the potential change were
studied.

Experimental Procedure
Equipment

The computer interactive testing system used for fracture toughness measure-
ments uses the unloading compliance method on single specimens to determine
crack growth resistance curves based on the J-integral concept (Jg-Aa curves)
for ductile materials. By means of the Jg-Aa curve, values of the elastic-plastic
fracture toughness Jic and the tearing modulus Ty, are routinely determined.
Alternatively, similar parameters based on crack-tip opening displacement (CTOD)
can be determined as well. For specimens behaving in a nearly linear manner a
check for critical stress intensity K¢ is made.

The system consists of a microcomputer, a 250-kN servohydraulic testing
machine, a data acquisition/control unit, a digital voltmeter, and several auxiliary
devices for real time data acquisition as well as for data storage. The block
diagram of the system hardware is shown in Fig. 1. The main features of the
computer code with its control, analysis, and auxiliary programs are shown in
Fig. 2. Both the system hardware and the software are further developments of

fetemmsmMmsmmcwemmmeNciemsesrmesmecee~e——wom=~—a-—wee—e== -

!
T e P PP Ty ey - "
i

4
H : I
: : LOAD SIGNALS
i PR, = CONTROLLER -
CELL
10 — ! —— ANALOGUE SIGNAL
I 7 i ] === DIGITAL SIGNAL
)
! : ) | — } FUNCTION === CONTROL LDOP
H I I e IR Y T H GENERATOR (LDAD/DISPLACEMENT)
H ' H GAGE i (GENERAL
)| o ) q ) LOAD AND
HI ! I [untosoiney
N ) I lexact 340
H 1 LvoT
[ I ! medened
: || I (3-p ONLY) m eI, L
HI i ACTUATOR
1 ) HP 59306 A
)
I ¥ | DA/C UNIT
i| ) CONDITIONER
HI ! HP 3497 A
{1 o CONDITIONER
H = DISK DRIVE
ll ______ CONDITIONER Dym DESKTOP HP 9885 M/s
----------- COMPUTER
HP 3455 A
HF 9845 B = [
v PLOTTER
x-v e ] HP 9872
ZEROD ] RECORDER '
Tﬁﬁggzsins) ::‘SUPPRESS‘G"ﬁ (GENERAL Lo nsTRON
LOAD) T CALIBRATOR

FIG. 1—Block diagram of the computer interactive testing system used for fracture toughness
measurements.
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FIG. 2—Main features of computer code.

the system originally developed at the Naval Research Laboratory, Washington
DC [4-7]. The system as a whole meets the requirements of ASTM E 813 for
determining elastic-plastic fracture toughness Jic.

The test piece geometries for which the software is available are compact
tension (CT), round compact tension (RCT), three-point bend (3PB) and Charpy-
sized three-point bend geometries. Using an environmental chamber, CT type
specimens up to 2T and bend specimens up to 17 can be tested at temperatures
between — 120 and 300°C. Also testing of irradiated specimens up to 17 is
possible using a parallel system installed in a hot cell.

The potential drop device developed at Technical Research Centre of Finland
(VTT) is of AC type with variable phase-locked frequency (10 Hz to 5 kHz)
and feed current (1 to 10 A). The device responds to the resistivity changes in
the specimen by measuring the potential drop over the crack [8]. Because of the
design the potential drop device is insensitive to external disturbancies. Potential
changes in the range of 1 nV are repeatably detectable. This enables the use of
a low current (1 A), which makes the device also suitable for use with small
specimens.

Procedure

The tests were performed with two different test geometries (1TCT and 15-
mm 3PB), at different temperatures. The materials used were bainitic pressure
vessel steel A533B Cl1.1 (Unified Numbering System [UNS] K12539) and a
corresponding weld for the CT specimens, and a carbon-manganese steel 0X522D
weld for the 3PB specimens.

In the potential drop measurements two currents (1 and 2 A) and two fre-
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FIG. 3—Wiring of specimens used in potential drop measurements.

quencies (54 and 999 Hz) were used. The wiring of the specimens is shown in
Figs. 3 and 4. The specimens were electrically insulated from the loading fixtures.

During the test, load, load line displacement, and potential drop were registered
on x-y plotters with different combinations of variables. The potential change
was compared with the crack extension value evaluated using the unloading
compliance method.
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FIG. 4—Wiring of specimens used in potential drop measurements.
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FIG. 5—I-R curves determined by unloading compliance.
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The J-R curves for several cases determined by unloading compliance are
shown in Fig. 5. The initial crack length determined by the unloading compliance
method is typically within 0.1 mm of the crack length measured directly from
the crack surface. The linear regression correlation coefficient based on the
complete data, obtained from one unloading cycle, is required to be better than
0.999 and is typically better than 0.9999. If the cotrelation coefficient is less
than 0.999 the result is taken to be invalid.

In Fig. 6 the load-displacement and potential drop-deflection curves are shown
for A533B base material in the T-L orientation as defined by ASTM Test for
Plane-Strain Fracture Toughness of Metallic Materials (E 399). A 1TCT specimen
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40

Aac

AS338 Cl.Y T-1L
17TCT ~ 20%5S6
T =+8°C
f = 54 Hz
I1=14R

»
APot (uV)
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FIG. 6—Load-displacement and potential drop-deflection curves.
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FIG. 7—Load-potential drop curve corresponding to Fig. 5.

with 20% side grooving (SG), a frequency of 54 Hz, and a current of 1 A was
used. The test was carried out at room temperature. In Fig. 7 the corresponding
load-potential drop curve is given. As seen in Fig. 6, the displacement corre-
sponding to Jic, determined according to ASTM E 813, does not coincide with
the minimum of the potential change curve. From Fig. 7 it is evident that the
load has a strong influence on the level of the potential also in the elastic regime.
The same effect is also seen during elastic unloadings in the plastic region. This
elastic load dependence is due to the effect of stress on the so called skin depth

typical for AC [9].
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FIG. 8—Load-displacement-potential drop relationships where the potential change is presented

as a function of the crack extension.
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In Fig. 8 the potential change is presented as a function of the crack extension
determined from the unloading compliance. During elastic loading, the potential
changes almost linearly with changing load [9,10]. This enables one to determine
the elastic load dependence of the potential — dPot./dP, by determining the slope
of the load-potential trace, during an elastic unloading. When the effect of elastic
loading APot, = —P-dPot./dP is extracted from Fig. 6 and subtracted from
the measured total potential change APor, the effective potential change
APot.; = APot — APot, is obtained. This effective potential changes relatively
linearly as a function of crack extension determined from the loading compliance.
The minimum of the APot is shifted towards zero crack extension when taking
into account the effects of load on the potential change.

In Fig. 9 the load-displacement and potential drop-deflection curves are shown
for the same steel as in Fig. 6, but for a frequency of 999 Hz. Increasing the
frequency clearly shifts the potential minimum towards zero displacement. This
results in an even more distinct difference in the displacement values corre-
ponding to the potential minimum and Ji¢, respectively.

The same effect of load correction on the location of the minimum as in Fig.
8 for 54 Hz is also evident in Fig. 10 for 999 Hz.

The effect of temperature is shown in Figs. 11 through 13 for a A533B weld
tested at 290°C using 54-Hz frequency and 1-A current. From Fig. 12 it can be
seen that the effect of load on the potential is stronger at 290°C than at lower

T T T T T T 1 T 24
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i
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0 1 2 3 4 S 6 7 8
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FIG. 9—Load-displacement-potential drop relationships shown for the same steel as in Fig. 5.
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FIG. 10—Crack extension-potential drop relationship with load correction for 999 Hz.
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FIG. 11—Load-displacement-potential drop relationships showing the same effect of load cor-
rection as in Fig. 7.
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FIG. 12—Load-displacement-potential drop relationships showing that the effect of load on the
potential is stronger at 290°C than at lower temperatures.

temperatures. Also the total potential change as a function of crack extension is
larger as shown in Fig. 13. Figure 14 shows the load-deflection and potential
drop-deflection curves for a 15-mm thick 3PB specimen (weld material of a
carbon-manganese steel OX522D). A 999-Hz frequency and 1-A current was
applied. The minimum is not clearly defined, probably because of poor insu-
lation, but no definite differences caused by differing specimen geometry can
be seen. This can also be seen from the potential drop-crack extension dependence
in Fig. 15.

Discussion

From the results it is quite evident that the AC-PD method can readily be
used to measure crack extension. However, the tests do not show any clear
correspondence between the potential minimum and crack initiation, regardless
of the frequency and current used. The location of the potential minimum is a
function of material, temperature, specimen geometry, frequency, and current.
Using the potential minimum, a lower Jyc value is obtained than by the unloading
compliance technique, and therefore it could be claimed that the PD Jic is the
true value because the unloading compliance Jic as determined according to
ASTM E 813 allows for some ductile tearing. However, applying the load effect
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FIG. 13—Crack extension-potential drop relationship.

correction on the potential the place of the potential minimum is moved towards
zero crack growth. Bearing this in mind, it is quite evident that the location of
the potential minimum has no clear dependence upon the initiation of ductile
tearing. Therefore the AC-PD method described here cannot be used to detect
crack initiation reliably.

An interesting point is that the elastic load dependence of the potential changes
as a function of crack extension. This is shown in Fig. 16 for several cases. At
first, at some way into the plastic regime, the elastic load dependence of the
potential is constant. The value of this constant seems to be depending primarily
on the material and temperature, and to some extent on the current used. The
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S <
T =422°C
f=99K
5 2
-2
olg 1 0
[) 4 s

v (om)

FIG. 14—Load-deflection-potential drop relationships for a 15-mm thick 3PB specimen.
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FIG. 15—Crack extension-potential drop relationship.

frequency has only a small effect on this value. When moving further into the
plastic regime the elastic load dependence of the potential starts to change linearly
as a function of crack extension. The amount of this change is primarily dependent
on the frequency, the temperature, and current having a minor effect.

The crack extension value where the elastic load dependence of the potential
first starts to change does not correspond to the potential minimum on the
potential drop-deflection curve. Instead, it corresponds closely to the Jic value
determined through unloading compliance as seen from Fig. 16. The value of
the load dependence change seems to give the best correlation with the crack
initiation determined from the unloading compliance. This would however de-
mand the use of an unloading potential drop method, which would probably be
inefficient and somewhat inaccurate.
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FIG. 16—Elastic load dependence of potential change.
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Conclusions

In this work the unloading compliance and the AC potential drop methods
have beem compared. It is the authors opinion that the AC potential drop method
is not suitable for the determination of ductile crack growth initiation but can
be readily used to measure crack extension.
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ABSTRACT: The unloading compliance method has been used to measure crack lengths
during the fracture toughness testing of an A508 Class II (Unified Numbering System
[UNS] K12766) steel. It is shown that accurate crack length predictions (within +4%)
can be achieved by accounting for the extrancous compliance inherent in the testing fixture.
Both precracked Charpy and 25-mm compact tension specimens have been tested over the
temperature range — 150 to 300°C. From a comparison of the data, an assessment of the
capability of precracked Charpy specimens to measure the fracture toughness of pressurized
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The established method of assessing the effect of irradiation on the fracture
properties of pressure vessel steels in nuclear reactors is to measure absorbed
impact energy levels using Charpy V-notch surveillance specimens. Unfortu-
nately, the impact energy levels give no direct indication of the fracture toughness
of the steels, which is required in order to fully assess the structural integrity of
the pressure vessels. Although several correlations exist between the fracture
toughness and impact energy levels for nonirradiated steels, their accuracy for
irradiated steels is less certain. A potentially more reliable method is to measure
fracture toughness directly from the surveillance specimens.

Neale [/}, Neale and Priest [2,3], and Pavinich et al [4] have successfully
developed the unloading compliance method for measuring the fracture toughness

! Research officers, Berkeley Nuclear Laboratories, Berkeley, Gloucestershire, England GL 13
9PB.
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of irradiated precracked Charpy specimens in three-point bend. The experimental
and analytical details required to measure fracture toughness using a precracked
Charpy specimen have previously been described [/] in a manner that supple-
ments the ASTM Test for J,, a Measure of Fracture Toughness (E 813). This
paper describes the application of the unloading compliance method to compact
tension specimens, as used in accelerated irradiation tests and current surveillance
programs. Experimental and analytical details are given together with a method
for quantifying the extraneous compliance inherent in the testing fixtures {21.

The fracture toughness of steel similar to AS08 Class II (Unified Numbering
System [UNS] K12766) determined from precracked Charpy specimens is com-
pared with values obtained from compact tension specimens. The comparison
has enabled an assessment of the capability of precracked Charpy specimens to
measure the fracture toughness of pressurized water reactor (PWR) steels to be
made.

Analytical Relationships

The fracture behavior of ductile materials is conveniently characterized in
terms of the variation in fracture resistance, as measured by J, with crack growth
Aa. This section gives the analytical relationships for evaluating J and Ag from
the load and displacement data measured from irradiated compact tension spec-
imens. Because of remote handling considerations in the shielded facility de-
scribed by Neale and Priest [2], displacements are measured indirectly across
the clevices rather than directly from a gage mounted on the test specimen.
Consequently, the analytical relationships reflect the need to account for extra-
neous displacements arising in the loading clevices and pins.

Fracture Resistance )

The fracture resistance J for a compact tension specimen was calculated from
the relationship

J = qUIB,W — ap)] (1)

similar to that of Rice et al [5] where gy is the initial crack length, W is the
specimen width, B, is the net specimen thickness, and U is the area measured
under the load displacement record up to each unloading. The m function given
by m = 1.97 + 0.815 (1 — a,/W) was chosen to fit 1 values calculated from
the plane strain limit load function of Haigh and Richards [6] following the
procedure given by Neale and Townley [7]. This function exceeds the v values
given in ASTM E 813 by less than 5% for 0.5 < a/W = 0.7.

Values of U are corrected for extraneous displacements following a procedure
similar to that described for single-edge notch bend specimens by Neale [/].
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Crack Length a

For a compact tension specimen, the crack length a at each unloading was
evaluated from the relationship

E B,(3A/8P) = 1752(1 — w)[0.5(a/W)? — 4.177(a/W)?
+ 20.894(a/W)* — 69.272(a/W)’ + 160.75(a/W)S
— 256.1(a/W)’ + 67.09(a/W)*
— 164.8(a/W)° + 46.588(a/W)"*] — 1.137 )

where E is Young’s modulus at the test temperature, v is Poisson’s ratio, and
dA/3P is the unloading compliance measured along the loading line. Providing
a/W = 0.7, Eq 2 is within 0.7% of the plane strain compliance obtained from
numerical results of Newman [8], which are widely accepted as the most ac-
curately known results in the literature. These values are more accurate than
those quoted in ASTM E 813, which exceed Newman’s results by 10% for
0.5 = a/W = 0.7. The effective specimen thickness B, of a side-grooved com-
pact tension specimen of net thickness B, is given by [9]

B, =B - [(B - B,))/B]

where B is the specimen thickness.
Values of dA/3P are corrected for extraneous displacements by subtracting
the extraneous compliance calculated from the function given in the next section.

Extraneous Compliance

The unloading compliance method was used tc evaluate the extraneous dis-
placements inherent in the testing configuration used by Neale and Priest [3].
EN3A and AS08 steel compact tension specimens were prepared containing blunt
notches spark eroded to a range of depths and were subsequently tested at room
temperature. It should be noted that flat bottomed holes were used in the loading
clevices in an attempt to reduce frictional effects to a minimum. The extraneous
compliance dA., /3P was determined by subtracting the analytical compliance
given by Eq 2 from the measured unloading compliance. A linear relationship
was observed between P(3A.,,/8P) and the load P for both steels, as shown in
Fig. 1. These results can be described by the function

8A, /P = (1/C)) + (1/C,P) (3)

where C, is 181 kN - mm ™' and C, is 20 mm™~! for both the EN3A and A508
steel.
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The experimental evidence suggests that the value C| is associated with elastic
displacements in the testing fixture and is therefore independent of the specimen
material properties. The value of C,, the offset in the extraneous compliance,
is attributable to the offset arising in the load displacement records caused by
the initial interaction of the specimen, loading pins, and clevises during the initial

stages of loading.
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Experimental Details
Material Characterization

The chemical composition of the steel used in the experimental program, given
in Table 1, is similar to that of an A508 Class II steel, though outside the
chemical composition requirements given in the American Society of Mechanical
Engineers (ASME) Boiler and Pressure Vessel Code (BPVC) Section II, 1977.

The tensile properties measured using specimens prepared in the transverse
direction are given in Table 2. The Charpy impact levels measured from standard
Charpy specimens machined in the 7-L orientation are shown in Fig. 2.

It should be noted that while the tensile properties given in Table 2 satisfied
the requirements for the steel given in ASME BPVC Section I, 1977, the impact
results did not meet the 41-J level required at 4.4°C. In addition, the upper shelf
energy level was considerably lower than expected for this type of steel.

Fracture Toughness Specimens

Charpy specimens designated KM1 to KM12 were machined in the 7-L ori-
entation to the dimensions 10 by 10 by 55 mm. The Charpy specimens were
fatigue precracked from the standard 2-mm deep 45° V-notch to give a nominal
crack length to specimen width ratio a,/W of 0.5. A Charpy V-notch profile
cutter was used to machine 1-mm deep side grooves in the precracked Charpy
specimens. The precracked Charpy specimens were tested in three-point bend
at a span to width ratio S/W of four over the temperature range — 150 to 300°C
using the unloading compliance method as described by Neale [/].

In addition, 25-mm compact tension specimens designated KM20 to KM22
were prepared in the 7-L orientation. These specimens were fatigue precracked
to a nominal a,/ W of 0.5. The compact tension specimens were then side grooved
to a depth of 2.5 mm and tested using the unloading compliance method.

Results
Precracked Charpy Specimens

The analysis and interpretation of the load-displacement and compliance-dis-
placement test records from precracked Charpy specimens that exhibit stable
crack growth have been described by Neale {/] for determining the initiation
fracture resistance J, and the tearing resistance dJ/da. Figures 3a and b show
typical load-displacement and compliance-displacement records for specimen
KM10, respectively. The extraneous compliance inherent in the three-point bend
testing configuration was evaluated from the function given by Neale and Priest
[3]. Figure 3c demonstrates the effect of removing the extraneous compliance
from the measured compliance. The resulting fracture resistance J versus crack
length a curve is shown in Fig. 4. In addition, definitions of J,, dJ/da, blunting
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FIG. 2—Charpy impact energy of AS08 Class 1l steel.

line, and exclusion line are also included. The intercept of the blunting line with
the crack length axis was used to provide an estimate of the initial predicted
crack length a;. The final predicted crack length a, was determined from the
final unioading compliance value.

The initiation fracture toughness K, was determined from J, using the rela-
tionship

3
K, = VEII(1 — V) (4)
4
it
z 1k 06 06 ( x
Ed ’— x
o : x
8 z x z x
- x * x x
~— L3 -~ x
E * 13 x
& 1‘5. :""“ 3 x x*
[ o 0 oen XX .,.o&ﬁi "
o o x
c F c M X
g 2
a |
§ §
[¥] %}
| I W R — .02 .02
1 1 1
Displacement, mm Displacement, mm Displacement, mm

FIG. 3—(a) Load displacement record for specimen KM10. (b) Measured compliance. (c) Cor-
rected compliance.
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FIG. 4—Fracture resistance versus unloading compliance estimated crack length for specimen
KM10.

where E is Young’s modulus at the test temperature and v is Poisson’s ratio.
Values of J,, dJ/da, and K are given as a function of temperature in Table 3.
Note that for those specimens that failed in an unstable manner with no evidence
of crack growth, J, was determined at maximum load.

The variation of K, with temperature is compared in Fig. 5a with the upper
validity limit calculated from the ASTM E 813 specimen size requirement that

W — a, = (25J,/ap) 5)

and Eq 4. The flow stress o, is given by the mean of the 0.2% proof stress and
the ultimate tensile stress. ASTM E 813 suggests that values of K, below this
validity limit may be regarded as a material property independent of test specimen
size. Above a temperature of —50°C, an upper shelf fracture toughness K, of
between 129 to 170 MPa-m'?, which is in close agreement with the upper
validity limit, is evident. Consequently, all the K, values may be regarded as
material properties and thus be used as conservative estimates of the plane strain
fracture toughness K. It is emphasized that the upper shelf fracture toughness
values are lower than would normally be expected for this type of steel but are
consistent with the relatively low values of upper shelf Charpy impact energy
level.
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FIG. 5—(a) Fracture Toughness of A508 Class Il steel determined using precracked Charpy
specimens. (b) dl/da for A508 Class 1l steel determined using precracked Charpy specimens.

The tearing resistances dJ/da are compared in Fig. 5b with the Hutchinson
validity limit [10] expressed as

[(W — ay)/J1(d]/da) > 10 (6)

which must be satisfied in order to ensure J-controlled crack growth. Assuming
a nominal crack length of 5 mm and J of 0.1 MPa-m, a value of 200 MPa for
dJ/da is obtained. Values of dJ/da below this limit should not be regarded as
a material property independent of specimen size.

The predicted initial and final crack lengths obtained from the precracked
Charpy specimens are compared in Table 4 with the corresponding measured
values. The predicted crack lengths and crack growths are within = 1.6 and
+4.7% of the measured values, respectively. ASTM E 813 requires the predicted
crack growth to be within 15% of the measured value.

Compact Tension Specimens

The load-displacement and compliance-displacement test records obtained from
the compact tension specimens were analyzed using the relationships given by
Eqgs 1, 2, and 3. Figures 6a, b, and c show typical load-displacement, compliance-
displacement, and corrected compliance-displacement records forspecimen KM21,
respectively. The resulting fracture resistance J versus crack length a curve is
shown in Fig. 7. For consistency, the values of J,, d//da, and K, given in Table
5 were obtained following a similar procedure to that used for the precracked
Charpy specimens. However, for specimen KM20, which failed in an unstable
manner with no evidence of crack growth, J, was determined at maximum load.
The data satisfied the validity limits expressed by Eq 5 and 6. Consequently,
both the K, and dJ/da values may be regarded as material properties.
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FIG. 6-—(a) Load displacement record for specimen KM21. (b) Measured compliance. (c) Cor-
rected compliance.

The predicted initial and final crack lengths are compared in Table 6 with the
corresponding measured values. The predicted crack lengths and crack growths
are within 3.3 and £9.5% of the measured values, respectively.

Discussion

The unloading compliance method has been used to measure the fracture
toughness of a steel similar to A508 Class II using precracked Charpy and
compact tension specimens. Characterization of the extraneous compliance in-
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FIG. 7—Fracture resistance versus unloading compliance estimated crack length for specimen
KM21.

herent in the testing configuration and detailed analyses of the specimen behavior
resulted in crack length predictions that were within +4% of the measured values.

The fracture toughness K, determined from the 25-mm compact tension spec-
imens is compared in Fig. 8 with the values obtained from the precracked Charpy
specimens. Although there are insufficient compact tension specimen data to
fully assess the effect of specimen size on the transition behavior, the comparison
indicates that on the upper shelf, the Charpy specimen data give a conservative
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FIG. 8—Comparison of the fracture toughness determined using precracked Charpy and 25-mm
compact tension specimens.
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estimate of the larger compact tension specimen data. This result is a direct
consequence of the curved shape of the fracture resistance behavior. The con-
struction procedure used to define J, at the intersection of the blunting line and
a least squares fit line drawn through the data from precracked Charpy and
compact tension specimens is shown schematically in Fig. 9. Clearly, the J,
value of the smaller Charpy specimen, /5 will be a lower estimate of the larger
sized compact tension specimen value JqL. For example, the value of JqS from
specimen KM 10 was 0.08 MPa-m whereas for specimen KM21, JqL was 0.150
MPa-m. However, comparing the fracture resistance curves of these specimens,
as shown in Fig. 10, indicates virtually identical behavior, thus demonstrating
that the apparent size effect on initiation toughness and tearing resistance arises
from the construction procedure used rather than from a real difference in material
behavior. An alternative method is to define an engineering value of J, corre-
sponding to a small amount of crack growth such as 0.2 mm, as recently suggested
by Neale et al [/!]. For the current data this would produce an estimate for J
of 0.125 MPa-m for both the precracked Charpy and compact tension specimen.

Although it is envisaged that future reactor surveillance schemes will include
compact tension specimens, there may still be a requirement to use Charpy
specimens. From the results obtained in the current investigation, it is possible
to assess the use of a precracked Charpy specimen for measuring the fracture
properties of, for example, PWR pressure vessel steels. To establish the integrity
of the vessel under fault conditions, typical values are assumed for Jq and dJ/
da of 0.2 MPa-m and 100 MPa, respectively. These values are equivalent to
an initiation fracture toughness K, of approximately 200 MPa-m'? and a fracture
toughness of approximately 300 MPa-m'? at 2-mm crack growth for a flow

Blunting line

Exclusion lines for:
{a) Small specimen
b) Large specimen

Fracture resistance J
e
oau

Crack growth Aa

FIG. 9—Schematic interpretation of I-Aa curve for a small and large test specimen.
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FIG. 10—The fracture resistance of A508 Class Il steel determined from precracked Charpy and
compact tension specimens

stress of 500 MPa. Unfortunately, these fracture toughness values exceed the
upper validity limit for a precracked Charpy specimen calculated from the ASTM
E 813 test specimen size requirements assuming typical PWR steel tensile prop-
erties (Fig. 5a). On this basis, it would not be possible to use this size of specimen
to demonstrate an initiation toughness of 200 MPa-m'?, nor would it be possible
to obtain valid resistance data up to 2-mm crack growth. However, it is en-
couraging to note the agreement in the fracture resistance behavior determined
from these specimens at crack growths well beyond the validity limit with that
obtained from a 25-mm compact tension specimen (Fig. 10). Thus, it has to be
concluded that while precracked Charpy specimens cannot currently be used to
directly measure typical fracture properties of PWR materials, it is acknowledged
that improvements in analytical understanding may lead to a change in the future.

Conclusions

For the A508 Class II steel tested here, it was found that

1. With careful characterization of the testing configuration and specimen
behavior, the unloading compliance method predicts the initial and final crack
lengths to within £4% of the measured values.

2. On the upper shelf, precracked Charpy specimens analyzed using a tech-
nique similar to that described by ASTM E 813 provide a conservative estimate
of the fracture toughness as determined from 25-mm compact tension specimens.



NEALE AND PRIEST ON THE UNLOADING COMPLIANCE METHOD 393

3. Currently, the precracked Charpy specimen cannot be used to directly
measure the fracture properties of PWR pressure vessel material at crack growths
much greater than 1 mm.
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ABSTRACT: This paper describes the use of a direct current (DC) potential drop technique,
a single-specimen technique for the detection of crack growth initiation and subsequent
crack growth. From an analysis of the potential drop signal, where the measured signal
is divided into parts originating from real physical crack growth and fictitious crack growth
caused by deformation of the specimen, a procedure is described to derive both crack
initiation and crack growth from the test records of a single specimen. This procedure is
then applied to a series of three-point bend (SENB) specimens and the results are compared
with the multiple-specimen technique according to the ASTM Test for J,., 2 Measure of
Fracture Toughness (E 813). The agreement between the results of both methods is sat-
isfactory. Finally, some possible refinements and further improvements of the method are
discussed.

KEY WORDS: fracture tests, crack initiation, crack propagation, tests, fracture mechan-
ics, fracture toughness, elastic-plastic fracture, J integral, potential drop method

The J integral and crack opening displacement (COD) are at present the most
widely used parameters for characterization of the ductile fracture resistance of
materials. Procedures for their determination are defined in the ASTM Test for
Jy., a Measure of Fracture Toughness (E 813) and British Standard (BS) Methods
for Crack Opening Displacement (COD) Testing (BS 5762-79). The aim of these
procedures is to find the critical value of the J integral or the crack tip COD &
at the moment of crack growth initiation J;. and 3, respectively. For that purpose
multiple-specimen techniques [/] are used, where several specimens are loaded
to different amounts of stable crack growth, and the initiation value is found by
extrapolating these results to zero crack growth (after correcting for apparent
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growth caused by crack-tip blunting). The relationship between the fracture
parameter J or & and crack growth Aaq, the so-called R curve, is assumed linear
for the purpose of this extrapolation. The critical value thus derived is in general
somewhat higher than the true initiation value, because the real R curve tends
to have a convex shape (Fig. 1).

The significant costs in time, labor, and material associated with multiple-
specimen techniques form a powerful incentive for the development of procedures
to determine the complete R curve from the test records of a single specimen.
A further incentive towards such procedures derives from the increasing interest
in the post-initiation behavior of materials up to final instability for the purpose
of accurate quantification of the margin of safety provided by stable crack growth
between the loads at initiation and at instability {2,3].

One single-specimen technique presently under development is the unloading
compliance method, which is based on the change in specimen compliance with
crack length [4]. An alternative for generating R curves from a single specimen
is the potential drop (PD) method, based on the change in electrical resistance
of a specimen with crack length and hence independent of the type of loading.

Many applications of the PD method are known from the literature [5-7].
Several of these are for crack length monitoring during fatigue tests, but some
applications for ductile fracture tests are also known. Most of these focus on the
detection of crack growth initiation; though in a few cases it was also attempted
to quantify the amount of stable growth. The technique described in this paper
is intended both for finding the initiation point and for measuring subsequent
stable growth.

Principle and Experimental Setup

The electrical resistance of a cracked body changes with crack length. When
a constant current is applied to a specimen, the change in electrical resistance
results in a change of the potential drop between two measuring points across

ductile fracture

parometer

—_—

estimated

initiation /
qint reat R-curve

real
initiation
point

fibrous crack growth Aag

FIG. 1—Typical linearized and actual J-R curve.
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the crack. Provided the change in crack length is the only source of resistance
change, the relationship between potential drop and crack length can be deter-
mined by experimental calibration or by solving the governing differential equa-
tion. A well known example of an analytical calibration relation for direct current
through an infinitely long center-notched (CN) strip is that proposed by Johnson
(8] (Fig. 2)

U/U, = {arcosh [cosh (my/2W)/ cos (ma/2W)]}/
{arcosh [cosh (my/2W)/cos (ma,/2W)]} (1)

where

2y = spacing of the potential measuring points,
2w
U

width of the strip, and
potential drop where U, refers to a reference crack with length 2a,.

H

For symmetry reasons Eq 1 is also applicable to single-edge notched (SEN) and
double-edge notched (DEN) strips. Since it is a solution of a two-dimensional
differential equation, its applicability is limited to straight cracks. Consequences
of sources of resistance change other than a change in crack length are discussed
in detail in the next section.

Before application of the potential drop method, decisions are required with
respect to

(1) the choice between direct current (DC) and alternating current (AC),
(2) current level,

(3) current input/output locations, and

(4) potential drop measuring locations.

i

L
constant
D a current
L
12
y/W=00

°
2
<
>
] Z/W=00
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. y/w=01
N zZiW=oo
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050 052 (113 056 0se 060
— /W

FIG. 2—Analytical DC calibration for a CN, SEN, and DEN specimen.




BAKKER ON DUCTILE FRACTURE TESTS 397

These decisions depend on the required sensitivity and reproducibility and on
electronic equipment availability and costs.

Decision 1

Both DC and AC systems are presently under investigation for crack length
measuring purposes. The basic difference between DC and AC is that in the
first case the current density is (almost) constant through the specimen thickness
(except at very high current densities), while for AC the current is carried only
by a thin layer near the metal surface. This phenomenon, known as ‘‘skin effect,”’
results in a far higher effective resistance for AC, meaning that the same level
of sensitivity can be reached with a far lower current. This is of the utmost
importance for nil ductility temperature (NDT) field tests on large structures,
such as pressure vessels and piping systems. For laboratory tests on relatively
small specimens the high current required for DC measurements need not be a
disadvantage. On the other hand, the ‘‘skin effect’’ associated with AC presents
a distinct disadvantage in R curve testing where the average crack extension over
the specimen thickness is required. Therefore a DC system was selected for the
present investigation. For detailed discussions on the advantages and disadvan-
tages of both methods the reader is referred to the literature {5].

Decision 2

The sensitivity of the potential drop for a given geometry is directly propor-
tional to the current. With a direct current of 80 A (obtained from a highly stable
current source with a maximum of 100 A at 8 V), the signal level U, was found
to be about 0.1 V for the specimen investigated (SENB with W = 50 mm,
B = 25 mm, and a/W = 0.5 + 0.6), yielding a sensitivity of about 0.02-mm
crack length/pV potential drop change. Using a microvoltmeter of high accuracy
(0.1 pV) and high stability (drift 0.02 wV/°C), this sensitivity is more than
adequate for our purpose. Heating of the specimen from the high current was
found to be negligible, provided the cross section of the current carrying wires
is large enough.

Decision 3

The sensititivy of the potential drop increases as the current carriers are moved
closer to the crack (Fig. 3). However, reproducibility decreases rapidly. Since
the sensitivity of 0.02 mm/nV mentioned in Decision 2, a theoretical value
referring to an infinite strip and uniform current, is adequate for our purpose,
the wires were connected to the end faces of the specimen.

Decision 4

With the potential drop measuring points located at the bottom (cracked sur-
face) of the specimen, both sensitivity and reproducibility increase if the mea-
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suring points are moved towards the crack mouth (Fig. 3). Sensitivity can be
further increased by moving the measuring points towards the crack tip. This,
however, is obtained at the expense of reproducibility, which drops rapidly.
Therefore the measuring wires were connected at the bottom at a pitch of 2y =
4.5 mm, the closest distance still allowing for a COD clip gage to be mounted
at the crack mouth.

A schematic of the complete DC system used is shown in Fig. 4. Many
refinements to this simple system have been proposed in the literature, mostly
dealing with drift of the equipment. Because of the relatively short duration of
ductile fracture tests (=20 min maximum), drift was no problem during the tests
described here provided the system was stable at the start of the test. This meant
that the system had to be switched on and left idle a few hours before a test.
The measuring wires at the specimen had to be thermailly insulated to avoid
signal variations because of temperature changes.

Signal Analysis

As stated before, the change in potential drop across a crack can be related
directly to the change in crack length, provided that the latter forms the only
source for the change in electrical resistance of a specimen. During ductile
fracture tests (for example, J; and COD initiation, and R-curve tests), however,
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specimens are loaded up to the limit load, in which case there are additional
sources of electrical resistance change, namely:

® Deformation—Both the specific resistance and the cross-sectional area of
the ligament can change because of plastic deformation.

® Blunting—The high local deformations at the crack tip result in apparent
crack growth before crack growth because separation of the crack faces initiates.

® Void Growth—The high local deformations in the small so-called *‘process’’
zone ahead of the crack will cause voids to grow, resulting in a change in
electrical resistance of this material volume.

All these effects cause an increase in electrical resistance, and hence of the
measured potential drop. Some ferritic materials also exhibit a decrease in elec-
trical resistance because of an inverse magnetostriction effect caused by elastic
deformation. This effect however can be neglected with respect to the other
sources of resistance change. also because elastic stresses do not vary much after
the onset of plasticity. From Fig. 2 it follows that the relation between crack
length and potential drop is largely linear for relatively small variations in crack
length. The electrically effective crack extension can thus be interpreted as the
sum of real and apparent crack growths because of the aforementioned phenom-
ena (Fig. 5)

Aa,; = Aa; + Aa; + Aa, + Aa, 2
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where

Aa,, = total apparent crack growth determined from the change in
potential drop,

Aa, = real fibrous crack growth (separation),

Aa, = apparent crack growth caused by plastic deformation (global),

Aa, = apparent crack growth caused by crack tip blunting (local), and

Aa, = apparent crack growth caused by void growth ahead of the crack
tip (local).

Before initiation of fibrous crack growth Aa, = 0, and Eq 2 becomes at initiation
Aapd’ = Aa,,! + Aad' + Aa‘,l (3)

At initiation blunting of the crack tip stops, so Aa, will remain constant during
stable crack growth.
Hence at an arbitrary point after initiation

Aa,,,, = Aa: + Aa,,, + Aad + Aa\. (4)
subtracting Eq 3 from Eq 4 yields for Aa,
Aa, = (Ba,; — Aa,y) — (Aa, — Bay) — (Aa, — Aa,) (5

Several investigators [2,3] have observed that parameters characterizing the
local strain intensity at the tip of a growing crack (such as the crack tip opening
angle and the local crack tip opening displacement) remain constant. It seems
reasonable to infer from this observation that the size of the zone with void
growth ahead of the crack tip will also remain constant after initiation, or
(Aa, — Aa, ) = 0.

The change in apparent crack length caused by global plastic deformation was
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investigated by testing some SENB specimens of the same material subsequently
used for the actual crack extension tests with a machined notch with root radius

= 1 mm. In these tests crack extension initiation could be avoided up to high
load line displacements, while it appears reasonable to assume that the influence
of void growth was much less than for a sharp crack. Hence one may expect
that blunting and plastic deformation were the only sources of resistance change.
After the test the measured potential change was translated into a crack growth
using the analytical calibration Eq 1, while the average apparent crack growth
caused by blunting was measured after the specimen had been sawed apart. It
was found that blunting accounted for =80% of the calculated crack growth,
that is, only +20% of the potential change could be attributed to plastic defor-
mation. The total signal change of the dummy specimen was +30% of that of
a fatigue-notched specimen undergoing crack growth. The total Aq, thus appeared
to be only some 6% of the total signal change for the actual tests, hence it was
considered reasonable to neglect the change (Aa, — Aa,) for these tests. Further
tests will of course be required before this assumption can be applied to other
materials. With this assumption Eq 5 reduces to

AaJ = Aapd - Aapdl (6)

The variables of this equation should be plotted against some controlling test
variable. The load line displacement appears a logical choice for this purpose,
since it increases continuously during any displacement-controlled test.

The moment of true crack extension initiation is marked by two discontinuities,
namely, arrest of the stretched zone formation (blunting) and start of fibrous
crack growth. This should cause a discontinuity in the potential drop signal. The
expected discontinuity has indeed frequently been reported [9], but its detection
apparently requires some experience from the experimentalist, because the change
in slope of potential drop versus load line displacement record is rather small.
If one succeeds in thus obtaining the initiation point from the potential drop
record, Aa,, will be known and Eq 6 then yields the fibrous crack growth for
all measuring points subsequent to initiation (Fig. 6).

After interruption of the test, the crack growth can be marked (for example,
by heat tinting) before the specimen is broken, preferably at a low temperature
to obtain a brittle fracture without further plastic deformation of the ligament.
The actual average crack growth through the thickness can then be determined,
for example, by the nine-point averaging procedure of ASTM E 813. If the
stretched zone is excluded, the measured crack growth can be compared with
that predicted from the potential drop signal at the end of the test.

Procedure

All experiments were performed on SENB specimens of mild steel ST52-3
(Data Identification Number [DIN] 17100/66, equivalent to BS 4360 Grade D).
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FIG. 6—Procedures for obiaining crack extensions from potential drop signals.

Chemical compositional and tensile properties of this material are summarized
in Table 1. Nominal specimen dimensions are

W = 50 mm, B = 25 mm, S/W = 4, a;,/W =~ (.52

A total of 18 specimens were tested; of these, nine were fatigue precracked,
while the other nine had a spark-eroded precrack with notch root radius r =
0.05 mm,

Load, load-line displacement, crack mouth opening displacement, and poten-
tial drop measurements for all specimens were stored on magnetic tape at close
intervals (Fig. 4).

The complete procedure for the derivation of R curves from the test results
will first be discussed step by step on the basis of the results for one typical
specimen (fatigue specimen 4.01).

® Figure 7a shows the record of the potential drop signal as a function of
load line displacement. Shortly after the start of the test, where the signal is
disturbed considerably, which is typical for all tests, the response becomes linear
except for some noise on the signal. Then, at the load line displacement indicated
in Fig. 7a, the slope of the record changes. While this change in slope was
typical for all tests, the precise point at which it occurs was sometimes hard to
define, as the response after the change in slope is, in general, no longer linear.

TABLE 1—Chemical composition and tensile properties of ST52-3.¢

Cast  Thickness, mm  Manganese Phosphorus  Sulfur Carbon  Silicon  Aluminum

1343 30 1.430 0.040 0.023  0.190 0.352 0.035

“Yield strength ¢, = 410 MPa, and ultimate tensile strength ¢, = 570 MPa.
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As discussed in the previous section, this point is considered to be the moment
of crack growth initiation. Later, critical stretched zone measurements on the
same material confirmed this [/0].

® Using the calibration Eq 1, the potential drop signal after initiation is
translated to the fibrous crack growth in Ag, by Eq 6, as shown in Fig. 7b.

® The J and crack-tip opening displacement 8 at all data points after initiation
were determined using the definitions of ASTM E 813 and BS 5762-79, re-
spectively. For the accurate determination of J, the measured load-line displace-
ment was corrected for local deformations near the Joad application points [/1].
Using these data points, the J and §-R curves can be constructed (Fig. 7¢ and
d); the latter curve being given mainly for the sake of completeness.
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For the J-R curve, all crack extensions Aa, were increased by the amount of
blunting at the initiation point J; according to ASTM E 813

Aa = Aa, + Ag, = Aa, + (J)/20))

The discontinuities in the 8-R curve were caused by small relative movements
of the COD clip gage with respect to the specimen knife edges. Most probably
these were caused by improper mounting of the clip gage, with friction preventing
proper initial setting, that is, at the highest prestress of the clip gage. During
loading, friction reduces as the prestress decreases with increasing COD, which
may cause sudden resettings of the clip gage. The resulting jumps in COD were
also observed in the COD versus load-line displacement plot. It is interesting to
note here, that they could not be found in the load versus COD record as required
by BS 5762-79, because they occurred near maximum load, where the variation
of load with respect to COD is relatively small.

After completion of the PD tests, each specimen was heat-tinted, broken at
low temperature, and had its crack extension (stretched zone plus fibrous growth)
measured. The resulting 18 values were grouped according to type of precrack,
and the results of each group used to determine a straight J-R line by linear
regression according to ASTM E 813.

The results for all specimens are summarized in Table 2, and the potential
drop and multiple specimen J-R curves are given in Figs. 8 and 9.

Discussion

For one specimen it was completely impossible to detect the initiation point
from the potential drop record, for some others it was quite difficuit.

For large crack extensions, the amount of crack growth is generally under-
estimated, as was observed for specimen 4.01. This discrepancy cannot be caused
by neglecting the deformation effects, as (Aa, — Aa,) > 0 in Eq 5 would
increase the difference rather then reduce it. Therefore it is expected to be caused
by the calibration. All specimens showed considerable tunneling of the crack
growth. For such highly curved crack fronts, the effective PD crack length as
determined from Equation 1 may underestimate the average value. This effect
might have been avoided by using a side-grooved specimen, which generally
exhibits almost uniform crack extension across the thickness. Side grooving may
also improve the detectability of the initiation point, because crack growth ini-
tiation is then expected to occur simultaneously over a large width of the crack
front, whereas for a tunneling crack it gradually spreads from the center of the
specimen to the surface.

From Table 2 it is also seen that the J;. values determined according to ASTM
E 813 (intersection point between the blunting line and a linear regression line
through all points within the 0.15- and 1.5-mm offset lines) are consistently
higher, by a margin of up to 40%, than the single-specimen J results. This is
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FIG. 8—Overall comparison between single-specimen PD and multiple-specimen J-R curves for

specimen with fatigue precrack.

at least partly due to the fact that the single-specimen R curves have relatively
far more data points at low Aa values. However, even if care is taken to have
single-specimen R curves, which cover the entire range between the exclusion
lines, substantial differences in estimated J;_ values can still be expected because
of the rather mild requirements of the ASTM multiple-specimen procedure with
respect to both the number of data points (four) and their distribution (clustering

paragraph in ASTM E 813).

Qualitatively the potential drop R curves of Figs. 8 and 9 agree well with
those reported by the unloading compliance technique, for example, Ref /2.
The difference just noted confirms that application of the regression line values
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specimen with spark erosion precrack.

for design implies that a small amount of stable growth is accepted. The dis-
crepancies between the crack growth values obtained at the end of the test through

heat tinting and from the potential drop signal (Aa,, and Aa,, respectively) are
seen in Table 2 to be generally below 10% and believed to be mainly caused

by

1, is valid, for example, by tunneling of the crack growth and

(1) calibration errors by violating the conditions for which the calibration Eq
(2) neglecting the apparent crack growth because of plastic deformation of

the ligament.
If in some way, such as by specimen side grooving, the latter effect could be
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shown to be the only cause for the discrepancies found, one might adopt an
alternative correction procedure based on the measured crack growth at the end
of the test to be denoted by Aa;,.

According to Eq 5 and still assuming (Aa, - Aa,) = 0, the correction for
plastic deformation at the end of the test is

(Aa;, — Aay) = (Aa,, — Aay) — Ag, D

All tests with machined notches with root radius » = | mm discussed in the
signal analysis section exhibited a linear potential drop signal with respect to
the load-line displacement. This justifies the assumption that (Aa, — Aa,) varies
linearly with the load-line displacement, starting with zero at initiation and
growing up to the final value of Eq 7.

Introducing this into Eq 5 yields (Fig. 10)

Aas = {Aapd - Apd, - [(u - ui)/(ue - ui)]}(Aapdl, - Apd, - Aas,) (8)

Further investigations on possible error sources will be required to verify the
applicability of Eq 8. Adoption of this method also implies that the stretched
zone is to be subtracted from the measured crack growth to obtain the real,
fibrous crack growth to be used in Eq 8.

Conclusions and Recommendations

The PD method as described in this paper gave reasonable results for J;. (8,)
and J(8)-R curves for the two SENB specimen series to which it was applied.
For large crack extensions, the PD method underestimated the amount of crack
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FIG. 10—Alternative procedure for obtaining crack extensions from potential drop signals.
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growth. Most probably this is caused by tunneling of the crack, resulting in a
highly curved crack front for which the effective potential drop crack length is
smaller than the average crack length determined according to the nine-point
procedure of ASTM E 813. This problem may perhaps be solved by the use of
side-grooved specimens.

The detectability of the initiation point may be further improved by recording
the potential drop directly as a function of J during the test by on-line integration
of the load signal with respect to the load line displacement.

For the tests reported here, potential drop changes caused by gross plasticity
and geometrical changes appeared to be negligible. Further tests on other ma-
terials are required to verify the general applicability of this finding. Failing this,
a correction procedure for the apparent crack growth caused by these phenomena
will have to be applied. If side grooving solves the problem of calibration, the
alternative method described in the discussion section might offer an approach
to deal with the plasticity and geometrical change effects.
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ASTM E 813,” Elastic-Plastic Fracture Test Methods: The User’s Experience, ASTM
STP 856, E. T. Wessel and F. J. Loss, Eds., American Society for Testing and Materials,
1985, pp. 411-416.

ABSTRACT: Some modifications of the present procedure for the determination of J,.
are proposed to ensure better consistency of data. A new blunting line is proposed, which
takes advantage of recent theoretical work concerning the crack-tip behavior and which
shows good agreement with fractographical data. J,. is that point on the initial part of the
R curve that is determined by the intersection of the R curve with an intercept line parallel
to and by an amount Aa* off the blunting line.

KEY WORDS: crack propagation, fracture tests, toughness, J integral

The present procedure for the determination of J,. (ASTM Test Method for
Ji» a Measure of Fracture Toughness) fits a straight line through experimental
data points between two exclusion lines (Fig. 1). Measurement of crack extension
Aa below 0.15 mm are excluded by the lower exclusion line. The intersection
of the straight line with the blunting line is defined as Ji., which is supposed to
represent a measure of the material’s behavior near initiation. This construction
has the following consequences:

® J,. characterizes a point off the true material behavior since the R curve
often exhibits a sharp curvature near initiation.

'Head of department and research engineer, respectively, GKSS Research Center Geesthact, 2054
Geethacht, Federal Republic of Germany.
*Note: ASTM Test Method for J,., a Measure of Fracture Toughness (E 813).
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J dependent on constraint

independent
of constraint

AQygo4

FIG. |—Present 1. procedure.

® J, is, by an undefined amount, larger than the true initiation point, J,, for
which Aa — 0.2

® J,. can exhibit a large size effect even if the true material behavior remains
unaffected, Fig. 13 in a previous paper.? Because of the range of valid data
shrinking with decreasing specimen size and the curved shape of the J-Aa
data the straight line fit results in increasing slope and hence decreasing J;.
(Fig. 2). As a result of the straight-line fit, the R curve points far beyond
initiation control, a quantity J,. that should represent the material behavior
close to initiation.

These drawbacks can be easily avoided by adopting the following modifica-
tions: If Jy. is supposed to characterize the material’s initiation toughness then,
from a fundamental point of view, it should be set equal to the true initiation
point J,, as proposed by the Japanese J, test standard.® This would have the
advantage that the initiation point is largely independent of geometric variables
{1,2] (Fig. 3).

On the other hand, although the determination of J, as a measure of initiation
toughness is desirable from a physical point of view, it seems to be unsuitable
for a test standard for the following reasons:

® The determination of a condition for which Aa — 0 is very costly; it requires
a scanning electron microscope (SEM) since measurements of very minute
amounts of crack growth must be done.

® The meaning of J, is not well defined for materials that do not behave well.

*Schwalbe, K.-H., Hellmann, D., Heerens, J., Knaack, J., and Miiller-Roos, J., this publication,
pp. 338-362.
*Kobayashi, H., Nakamura, H., and Nakazawa, J., this publication, pp. 3-22.
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AQy

FIG. 2—Slope change of best-fit straight line caused by different data range, resulting in different
), values in spite of identical R curve data.

Therefore, it seems reasonable to define initiation toughness at a finite specified
amount of crack growth Aa*, say 0.2 mm. By this compromise, J. is defined
as a point on the real R curve close enough to initiation that no large size effects
are to be expected.

In principle, crack growth can be measured in two ways:

1. Indirect measurements such as the partial unloading technique or the po-
tential drop technique (single specimen methods). In this case Aa,, is
measured, that is, ductile tearing plus crack-tip blunting (Fig. 4a).

2. Direct measurements on the fracture surface. In this case several specimens
are needed to determine the R curve (multiple-specimen method). It is
proposed that crack growth should be measured including blunting, as is
done by the indirect measurements.

increasing constraint

AQtot

FIG. 3—Influence of constraint on R curve shape, J, remaining constant.
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:SZW aa —-J

e OO ™

J
JIc B
intercept
line
—wladfe AQyot

FIG. 4—(a) Measurement of crack growth with single- and multiple-specimen methods. (b) De-
termination of a modified J,. with single- and multiple-specimen method.

In any case, J,. would be the ordinate of the intersection of the R curve with
the interception line, which is a straight line parallel to and Aa* mm off the
blunting line (Fig. 4b).

It is known that the recommended blunting line J = 20:Aq is not always
strictly representative of the true blunting line. Recent investigations [3] show
that the formula

J = SZW ¢,/0.4d,

gives a good prediction of the stretch zone width (SZW) during the blunting
phase. o, characterizes the yield strength and dn gives the relation between J
and 9, as defined by Shih [4]. Thus it should be considered that a blunting line

J = Aac,/0.44d,

gives a better assessment of the true crack-tip blunting than the equationJ = 20:Aa.

The use of the single-specimen method is preferable since scatter or systematic
variation of material properties in a given piece of material is better reflected
by several individual R curves than by data points scattering around an average
R curve.

Additional Remarks

Close to the origin of the R curve, the Aa measurements must be sufficiently
accurate to ensure that the variability in J,. is not unduly high (Fig. 5). 1t is
believed that an accuracy of +0.5Aa* or =10% (whichever is greater) is a
reasonable requirement.
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J blunting line

true curve

uncertainty ;
in Ji Z____ uncertainty due to error

in measurement of Aa

intercept line

L..j AQtot

faYek

FIG. 5—Error in J,. caused by error in measurement of Aa.

(a)

AQ tot

(b)

AQ tot

FIG. 6—Data point requirements for single-specimen method: (a) five data points with at least
one point left of the intercept line and (b) extrapolation allowed if first point is no more than 0.1
mm off the intercept line.
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Ha¥
2

._.[ AQ 4ot
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FIG. 7—Two data points on either side of the intercept line should allow for an estimate of J,,.

To determine a valid J. value, a minimum amount of data points is necessary
that must meet certain requirements. In the case of the single-specimen method,
five points taken from the test record are believed to suffice. These should be
as evenly distributed as possible over the range shown in Fig. 6a. At least one
point should be positioned to the left of the intercept line. This specimen must
clearly show ductile tearing. If this latter requirement cannot be met an extrap-
olation of the R curve towards the intercept line is allowed if the minimum value
of Aa measured is <0.1 mm off the intercept line (Fig. 6b).

Although there is insufficient experience to support the following statement,
it should be possible to make a reasonable estimate of J). by only two data points
if these points lie on either side of the intercept line in the region shown by Fig.
7.

We wish to point out that the comments made previously are being pursued
further to substantiate the various statements by as much experimental evidence
as possible.
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Summary

The Symposium on User’s Experience with Elastic-Plastic Fracture Toughness
Test Methods highlighted the strong worldwide interest in and the associated
need for standard test methods for characterizing the fracture behavior of ma-
terials in the elastic-plastic behavior regime. The presentations were very suc-
cessful in terms meeting the primary objectives of assessing the current state of
the art, identifying the problems and limitations associated with currently used
test methods, describing new experimental techniques and procedures, and high-
lighting areas requiring further investigation leading to improved methods and
procedures. Major points arising from the symposium are as follows.

ASTM E 813-81

The current version of ASTM Test Method for J,., a Measurement of Fracture
Toughness (E 813-81) has several areas where some modifications and improve-
ments are necessary. The major areas requiring further investigation leading to
improvements in the test method involve measurement point definition and all
related aspects, specimen size, and geometry considerations; multiple-specimens
versus single-specimen techniques; proper calculations of J; equivalency of Jy
with other fracture toughness parameters, that is, crack-tip opening displacement
(CTODY); limitations relative to very high toughness materials; and necessary
modifications to the present text.

J-R Curves

There is a dire need to be able to characterize a materials resistance to stable,
ductile, crack growth (that is, J or CTOD R-curves) over a range of significant
amounts of ductile crack extension (greater than that currently permitted in E
813). While there has already been considerable activity in the area of developing
a test method for J-R curves, as described in ASTM Journal of Testing and
Evaluation, Vol. 10, No. 6, Nov. 1982, further accelerated effort is needed to
develop an ASTM Standard Test Method as rapidly as possible. It is quite
apparent that ultimately a single test method for measuring both Jy, and J-R
curves is desirable. Therefore during the continuing efforts to improve the ex-
isting method for J,. (E 813) and J-R curves, appropriate consideration should
be given to the feasibility of ultimately developing a single standard test method

417
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that would facilitate the measurement of the complete J-R curve including the
initiation parameter of J,.. This new combined method would then supercede the
E 813 method.

Ductile to Brittle Transition Region

There is no ASTM fracture mechanics test method that is generally applicable
for materials that exhibit a ductile to brittle transition behavior. While ASTM
Test Method for Plane Strain Fracture Toughness of Metallic Materials (E 399)
is applicable to this ductile to brittle transition temperature region for those cases
where the section size of practical interest is sufficient to satisfy the E 399 size
requirements, there are however many instances where the section size of prac-
tical concern is not adequate to satisfactorily measure K., especially in the upper
portions of the transition range. In addition the overall specimen size to satisfy
ASTM E 399 requirements for most of the rougher materials of interest is so
large as to present severe practical and economical problems in conducting E
399 (K,.) tests. ASTM E 813 Test Method for J,. fracture toughness is currently
limited to temperature above the ductile to brittle transition region and is therefore
not applicable. The symposium emphasized there was a dire need for a new test
method for this transaction region, and therefore ASTM Committee E-24 on
Fracture Testing should aggressively pursue the rapid development of a suitable
new test method for fracture toughness measurements within this transition tem-
perature region. Presentations and discussion at the symposium also suggested
that CTOD tests of full section thickness interpreted in terms of equivalent J
offer some promise as viable test methods for this temperature region.

Commonality of All Fracture Mechanics Test Methods

Ultimately, it appears desirable to have a single test method encompassing all
of the pertinent fracture toughness parameter measurements (that is, Ji., J-R
curves, CTOD, and K|.). The consensus of the symposium participants was that
the feasibility of developing such a common test method should be given ap-
propriate consideration at this time.

Major Accomplishments of Symposium

The symposium provided a unique opportunity for representatives of several
countries to present and discuss their experiences and viewpoints relative to
various test methods involving the characterization of the elastic-plastic fracture
behavior of materials. This has resulted in a much stronger relationship and
increased cooperation and collaboration between ASTM Committee E-24 and
overseas groups concerned with elastic-plastic fracture mechanics test methods
development, in particular the European group on fracture.

Several key areas where existing methods need modification and improvement
were identified. Subsequent to the symposium many participants have provided
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specific, detailed, technical suggestions, and recommendation that will substan-
tially enhance and accelerate the preparation of improved ASTM test methods.

The symposium also highlighted the need for new test methods in specific
areas, and as a result, ASTM Committee E-24 has taken appropriate action to
address these areas.

E. T. Wessel
Westinghouse R&D Center, Pittsburgh, PA 15235,
symposium cochairman and coeditor

F. J. Loss

Materials Engineering Associates, Lanham, MD
20706, symposium cochairman and coeditor
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