
' '

i ,

NUREG/CP-0064
CSNI Repod No.105
MEA-2313

Proceedings of the
- _ . . . - - - - - - - . . - - . -. . -- .. - - . _ --

Second CSNI Workshop on'

Ductile Fracture Test Methods ,

|

|
|

Held at Paris, France
April 17-19,1985'

i

i
;,

; i

Edited by F J. Loss ;

II Sponsored by
i Organization for Economic Co-Operation and Development
! U.S. Nuclear Regulatory Commission

J Proceedings prepared by
]

Mctorials Engineering Associates, Inc. {
|

|
'

\

i !

i
, |
|

|
|

4

1

l 9809220043 080031
| PDR NUREG PDR

CP-OO64 H

i

!
. _ _ . _ _ . - - - . . . _ . . - - - _ _ . _ _ - , . - - - _ , - _ . - , . . - , -.

- - . -. _



* *
, s

|
, -

|

NOTICE
|

These proceedings have been authored by a contractor
of the United States Government. Neither the United
States Government nor any agency thereof, or any of
their employees, makes any warranty, expressed or
implied, or assumes any legal liability or responsibility
for any third party's use, or the results of such use, of
any information, apparatus, product or process disclosed in
these proceedings, or represents thct its use by such third
party would not infringe privately owned rights. The
views expressed in these proceedings are not necessarily
those of the U.S. Nuclear Regulatory Commission.

I

1

,

l

|
,

,

Availab'e from"

Superir.tendent of Documents
.S. Govenment Printing Office

P.O. Bos 37082
Washington D.C. 20013-7082i

! and

National Technical information Service
Springfield . VA 22161

i

_ _ _ _ _ - _ _ _ - _ _ - _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ . _ - - - _ - - - - _ _ _ _ _ _ _ - _ _ .



.

t

NUREG/CP-0064
CSNI Report No.105
MEA-?.313
RF,Rb

Proceedings of the
= :

Second CSNI Workshop on
Ductile Fracture Test Methods

4

Held at Paris, France
April 17-19,1985

. - - . - - _ - - - - _ _ - _ - - _ - _ - - __ _ __ -

Manuscript Completed: August 1988 |Date Published: August 1988

Edited by F J. Loss

Sponsored by
Organization for Fr onomic Co Operation and Development
U.S. Nuclear Regulatory Commission

I

Proceedings Prepared by
i Materials Engineering Associates, Inc,

9700 B Martin Luther King, Jr. Highwayj

j Lanham, MD 20706-1837
NRC FIN B8900

l
;

|
J

|

|

- _ . -_-_--_.. - _, - - . . . . _ . - _ _ - - - _ - - . _ . , _ . . . -_. _



_ _ _ _ _ ___ . - _ _ _ _ _ _ . _ _ _ _ _ __ . . _ . _ . - _ _ _ _ . . .- . ._. ._ . .

,

l
'

1 !

,1 !
.

4 -|
j ABSTRACT j
1 ,

! This report is a compilation of papers presented at the Second CSNI i

} Workshop on Ductile Fracture Test Methods, held at OECD Headquartars,
'

1 Paris, France, on April 17 19, 1985.
|

I The contributors addressed advances in test methods to characterize f
J the fracture touthness of structural steels. .Sess ons were held on !
| new and issproved test techniques, standardized JR curve test j

procedures, experience and problems with existing techniques, and use t

of fracture mechanics by the nuclear industry. Swsmaries of the j;
; individual sessions have been prepared by the session chairmen. t

i i
| The meeting identified progress in test methods since t wo first i
i vorkshop was held in 1982. A clear movement to standardize .Y R curve l
! tests is now apparent. However, there exists a continuing .eed to
| improve elastic plastic fracture test methods.
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PREFACE

The Committee on the Safety of Nuclear Installations (CSNI) of the
Or5anizar. inn for Economic Cooperation and Development Nuclear Energy
Agency (OECD NEA) is an international body of scientists and engineers
with responsibilities for nuclear safety research and nuclear

i licensing. The CSNI fosters international cooperation in nuclear
safety among OECD member countries. The Second CSNI Workshop on
Ductile Fracture Test Methods was undertaken pursuant to an action

i item by the CSNI Principal Working Croup 3 (Prica ry Circuit

| Integrity). The meeting was held at OECD Headquarters in Paris,
1 France. The objective of the workshop was to provide a forum for a
| free exchange of views, based upon informal presentations, covering
j advances in test methods and techniques for the experimental
! characterization of ductile fractura toughness. In addition, it was

intended to critically assess limitations and problem areas associated I

with these methods. A workshop on the same topic was held in
December 1982. The success of that meeting prompted tha organizing of

3 ,

a second such workshop.
,

The meeting was organized and chaired by F. J. loss with assistance
'

from Michael Stephens of OECD's Nuclear Energy Agsney. A total of 9
countries was represented with 35 persons in attendance, all of whom

[were invited on the basis of demonstrated expertise in ductile t<

; fracture testing. Each participant was asked to prepare a short [presentation focused on a particular topic to serve as a basis for
!

<

; discussion. These presentations were to emphasize experimental test
|procedures as opposed to data trends or theory. A total of 24

! presentations was made; these are provided here as the Proceedings of |

the meeting. Sessions were held on new and improved test techniques. |;

j standardized J R curve test procedures, experience and problems with i

existing techniques, and use of fracture mechanics by the nuclear
) industry. Summaries of the individual sessions have been prepared by
1 the session chairmen.
I

i

The contribution of all the participants in making this a highly
successful meeting is gratefully acknowledged,
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'l
VORKSHOP SUMMARY'

) In comparison with the first workshop of this type in 1982, the
subject meeting reflected progress in the intervening 2.5 years.
There was not much discussion on the exact details of conducting J R

curve tests, thereby implying that problest here have been
:

minimized. Instead, focus was on standardization of the J R curve
tests and on measurement of the R curve under extreme conditions such'

as high temperature, irradiation, water environments, and with small ;
i
j size (e.g., C ) specimens.y

'i

{ As with the 1982 vorkshop, the major emphasis was on ductile test
; methods related to the J R curve. While the J R curve methodology was

originally developed in the USA, this technology is now fully
developed in Europe as well, In contrast, little was said about the

! COD concept. This probably was due to two fractors: first, a CTOD |
| vorkshop was scheduled in Custhacht, FRC, immediately following this >

j vorkshop and some of the participLnts were presenting papers on COD- |
1 related topics in Geesthacht. Second, the sponsorship of the workshop :

I
j by a nuclear agency (CSNI) discouraged COD related papers since the
| latter concept is not customarily applied in the nuclear

,

) industry.There are basically three standardized J R curve test methods
] being developed by the USA (ASTM), France, and the European Group on
| Fracture (ECF). The last is based on a method developed by the CECB
I in the UK. However, Schwalbe from IRC has a strong objection to the !

| expression of the blunting behavior proposed by the CECB method. In |
j addition, the Japanese have developed a method for Jge. However, no *

J representative from Japan was present at the workshop
i

,

l
i

: Given the occasional interactions of investigators from the USA and t

i Europe at technical meetings, one could question why the efforts are i

i not focused at the development of a single J.R curve test method, f
j Certainly this would simplify technical exchanges among the various ;

countries. The reason for the present situation appears to be rather |j

j simplistic. Test methods are usually developed by relatively small
; groups of individuals who have evolved their own special vv of

philosophi(etconducting tests. These groups of ten have different on |a

]
the important featur.: of a rest method. Since these groups t

(especially Europe vs. the USA) do not interact on a regular and |;

| formal basis, differences in test procedures can be expected to occur. i

t
I

! A further point to raise is the possibility of resolving the (
; dif ferences among the three candidate procedures to develop a unified i

i approach. This should be possible if more technical interaction can j
; be promoted among investigators from the various countries. Without

,

; this interaction, it is conceivable that the ASTM J R procedure vill -

d become the most videly used. However, it will not be used in Europe -

! on a formal (e.g., contractual) basis. This event, by itself, need

] not be of concern if the differences are only minor, that is, the i
basic definition of the R curve is the same in all procedures. Given '

4

'
this, one can easily have separate standards which define different
validity limits or choose a different position on the R curve as the (
point of crack initiation since it would be a trivial exercise to
transform from ona standard to another. [q

]
d

1

i
! - - - - - - - - - _ _ _ _ _ _ _ _ _
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i

,
,

j Summarited below are some of the differences among the three methods f
i being developed as standards in the USA, in France and by the ECF
; (CECS procedure). !
l

] Stunting 1.inee

The ASTM uses J = 2a'dueAs where ag is the flow stress and As f
the crack extension to blunting. -This is s "formal * |1

!j procedure and does not appear to represent t.he actual
! blunting behavior of various metallic materials. Schwalbe ;

]' (ECF) has proposed a more realistic blunting line that
supposedly reflects the material behavior more ;

accurately. On the other hand, the CECB procedure uses no [
I blunting line at all. The French procedure is preliminary i

and its description did not address points of |
J disagreement, such as the blunting line. From the partial

|I description of this procedure, it is clear that there
] would be little probita in combining it with the other

procedures (ASTM, ECF).
[

Initiation (Jge) :
*

L
The ASTM tentative R. curve method does not address Jye !

,

j since this quantity is described by ASTM E 813. i
j Nevertheless, it is likely that these two methods will be !' combined in several years. E 813 is currently undergoing |1 revision because of almost universal dissatisfaction with |
| ASIM cpproach. In spite of this, clear differences exist l
; between the ASTM and ECF approaches to crack initiation. |
| The ECF method emphasizes the CECB approach which chooses

[1 crack initiation at a fixed value (0.2 mm) of apparent i

crack extension (blunting plus actual growth). All agree {
3

that this does not represent the physical behavior since,
,

the proportion of blunting vs. crack extenation at 0.2 mm I
'

of apparent growth is diffnent for different mato r t.als .;

The CECA philosophy is that 0.2 en is "good enough" for [h engineering purposes. It does not propose an equivalence
!' between J , and J at 0.2 an of apparent crack growth, tg

1

e Negative Crack Crowth j
The disagreement as to the existence of negative crack i

growth as a physical phenomenon exists as it did during I
I the first workshop in 1982. Some investigators attribute |the negative growth to poor sechanical alignment of the [)' test fixture. Nevertheless, the procedure developed by ji the CECB admits the existence of negativo growth and

;

shifts origin of the J vs. Aa plot to account for this !
bahavior. [

;

J Expressiono
;

All covm ties are us -g the ASTM expression for J. This
{1 expresraon is pub 1' Jed via the ASTA E 24 subconsittee
l

2 i|
!i.
.
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| activities. Unfortunately, this expression changes
| periodically due to improvements in the theory. Etust is
; a leader in promoting these improvements. However, the

Europeans would rather forego these changes until proposed
improvements have had time to gain more review and i

acceptance.

Several papers presented the results of J.R curve tests in extreme
environments. Two paper = described tests at elevated temperature and
a third reported on measurements in a high temperature IVR
environment. Several papers compared the single specimen R. curve

I methods in terms of the compliance procedure vs. the DC.PD
proeedure. %ree papers described the development of the J.R curve
with the key. curve approach. A new test procedure, based upon notched j,

tensile specimens for ductile fracture characterization was proposed
by Rousselier (France) . A paper by Varga described methods to detect
crack initiation in precracked C specimens. This paper promoted ay
discussion of interest in the initiation concept which was not as

; evident during the 1982 CSNI workshop.
,

Very little theory or analytical modeling was discussed since this was,

i not a topic of the Workshop, lloweve r, Erns t. presented his work on
developing a modified J integral' (J ) whose advantage is the abilityg

, to measure uniform R curves from specimens of different geometry to i

] much larger values of crack extension than is possible with the
current J expression which is based on deformation theory

: plasticity. Vallin (Finland) illustrated the advantage of J ing tcollapsing the R curve frem IT CT and C . sized specimens to a singley

.

R curve. A similar conclusion was reached by McCabe who found that ;
1 within the CT specimen geometry the J.R curve, in terms of J , was

|gindependent of plan. view size and relative crack size even when crack '

I growth exceeded 10% of the initial ligament size. A similar unique
| JR curve was shown for single edge notch and double. edge notch Ig
; specimens in comparison with the CT specimen results.

The meeting included a discussion item from CSNI Principal Vorking
Croup 3 which was directed to the formation of a J.R curve data bank |

i

I for reactor primary circuit steels and weldsents. It has been ;
j proposed that such a data bank be developed in coordinatten with other |

{ types of NEA data stored or. computars at Saclay. The NRC is aware of '

; this initiative and has previously informed the CSN! of NRC activities ,

in this direction at Materials Engineering Associates and of a data '

bank being developed by the Metal Properties Council. Suggestions'

from several pr.rticipants regarding the pitfalls of J.R curve data
j base development were given to Michael Stephens of the CSNI.

| In summary, the workshop provided a forum for a valuable exhange of
ideas in elastic. plastic test methods among some of the world's
leading investigators. The discussions provided a sounding board for
new ideas and a means of focus on problem areas within existing
methods. The meeting showed an improvement in test procedures in

j cc.mparison with the first workshop held in 1982. Nevertheless, some
the problems and disagreements which evolved in 1982 still exist. On

,

! the other hand, there is now a clear movement toward standardization
:

1 3

1
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J

of the J.R curve methodology in Europe and the USA which was much less
apparent in 1982. The meeting showed that while progress has been

1 made, there is need for continuing emphasis on ir rovements in the j

j field of elastic-plastic test methods. Emphasis should be p; ,ed on ;

validation of proper test procedures with respect to a preu.ctive |
capability for structural performance. '
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j SESSION No. 1 (PART 1)
i ;

New and leproved Test Methods !

] Chairess: T. Varga '

summary

i
1

:

!
<

t

! Session No. 1 was devoted to new and improved test techniques for the mea- [
l surement of elastic-plastic fracture toughness properties. Crack initia- [
j tion and growth detection using heat tinting, partial unloading (compliance) f
j acoustic emission, d.c. and a.c. potentail drop was discussed, j
l '

Testing conditions have been extended to cover a variety of service loa-
! dings: Voss et al. enlarged the temperature range down to 100 (Al-Alloys)
I

and upwards to 1100 K (Incoloy 800 H) into the creep range. |
t

!
Tjoa et al reported on highly irradiated (so 1024 nyt) type 304 stainless I
steel. tested at 823 K. The effect of radiation embelttlement was such, that

) li-CT specimen seemed to yield valid fracture toughness data, l
J '

}
I

I

Balladon and Foucault were successful in applying a d.c. potential drop me- |
thod on stainless steel 17 Cr 12 Ni for Jg and J-R curve determination at

fRT. Partial unloading acwever is less suitable because of excessive blun- j
l ting. Acoustic emission showed a characteristic change in the cumulative !
;

I
j number of events; however, this change did not correlate to initiation.

|
[ t

q4

j Gibson performed d.c. potential drop measurements on A 503 class 3 steel at
288 'C ( 560 K) In air and in PWR water. Contrary to other experience, he.

;

could observe no enhancement or crack growth over time in water compared to '

I air environment.

) !

!
|

) |

5j
l |
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i

| Loading rates were 5.10-4 to 5.10-1 m/ min. The potential drop technique -

i did predict final crack extention to within 10 5. except in PWR-water at f
j the lowest loading rate. (Time dependance could begin at that Ilmf t.) j
.

1

! Rousseller and Devaux believe in the advantage of initiation and crack

,

growth measurement using notched tensile specimens. Marked compliance chan- [
:

' ge showed crack initiation in a 2 1 Cr 1 1 Ni rotor steel. The slope of the {

j following section of the curve is related to the ductile resistance of the
i material.

t

|
!:

j Since a numerical analysis is recently at our disposal, measured material i

] characteristics of specimens therefore may be transferred to actual struc.

| tN. An alternate method to ductile fracture mechanics seems therefore
) to be established, limited to cases where no notch 1.e. local stress con- ;

centration influence on fracture behaviour has to be taken into account. [
'

t

I

During discussion many experimental details have been clarified and proce-

i dures and practices compared. Tne question was also raised whether J.R cur-
i ves are of overwhelming importance. Contrary to the opinion of many re-

searchers, crack initiation is regarded by governmental agencies and those t

dealing with the fracture safety assessment of structures as the primary |
criteria to be used. (FIrst step of a "defence in depth" consideration.) i

I
Exact physical definition of initiation (tundards) may be applied. Crack |
propagation has to be regarded only for special well defined cases. {3

,

r

j

i

|

|

6

-
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SESSION NO. 2 (PART 2)

New and Improved Test Methods
Chairean: P. Balladon

Summary

1he first three presentations were related to the use of the Key Curve
method for determining J-R curves with a single specimen.

P. STEENKAMP has obtained accurate single-specimen J.R curves on a
ferritic steel for offshore structures, using experimental and finite-element
Key Curve functions.

A displacement-based Key Curve method developed by W.R ANDREWS can
give J P curves for several types of materials as accurate as those obtained
with the multispecimen method.

Finally, one of the most promising uses of the Key Curve method seems
to be determination of J-R curves at high loading rates. Results presented by
K. BRUNINGHAUS show th.t there is a good correlation between predicted and
measured crack extension', and make it possible to determine the evolution of
J-R curves with loading 6stes.

The following two aresentations were related to the use of precracked
Charpy V specimens,

K. WALLIN has shown that, for an A5338 steel, J-R curver cbtained with
precracked Charpy V specimens were similar to those obtained with ITCT
specimens using the single-specimen compliance method, side-grooving,
compliance corrections and modified J-integral.

T. VARGA investigated methods for detecting crack initiation in
precracked Charpy ( specimens in static and dynamic loading. Measurements
with vitrasonic tranducers OC potential drop tests and force-deflection
diagrams were made and compared to physica) measurement of crack entension.

The two last presentations were related to EPFM testing procedures.
A. TANARRO reported on the st,1tus of development of J c testing in Spain.
The following discussion concluded that it was posstb'Le to use ASTM E399 C1
specimens for J-R curve tests.

C. FOSSATI gave results concerning the determination of dynamic J-R
curves usling precracked Charpy V specimens with a multispecimen method. He
gave his point of view on the ' negative crack growth * that had been observed
in J-R curves determined by unloading compliance methods.

An open discussion on the problem of apparent negative crack growth
could not reach an) definite conclusions.

7
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SESSION NO. 3

Standardisation of J-R Curve Test Procedures
Chairman: K.-H. Schwalbe

Summary _

1

The session dealt with the efforts to revise the present esperimental
methods for determining a J.R curve undertaken by ASTM, CECB (United
Kingdom), European Group on f racture (ECf), f rench f racture Group, and German
fracture Group.

Concerning the test pieces, the french fracture Group recomends the
esclusive use of CT epecimens whose width can be non-proportional to its
thickness. All other groups allow the use of both CT and bend specimens.
Non-proportional vidth is also recommended by ASTM. It is worth noting that !

the standard E399 CT design is being considered for J evaluation.

Iwo groups suggest a splitting of the J-integral into a linear elastic and a
plastic portion: ASTM uses Ernst's J formulation, whi:h incorporates a crack
growth correction, whereas CECB derised an ovn espression which v11.1 probably
also be used by the ECF method, i

The mult tple specimen rethod is the reference method chosen by CECB, ECF, and
4 the French fracture Group, stiereas the ASTM philosophy needs the single

speciwen method for the crack growth correction of J.

ASTM haa a separate method (E813) for the interpretation of a J-R-curve near
its origin as a reasure of initiation of crack growth. The four activities in
Eurole are aimed at combining the determination of initi6 tion with the R-curve
method. Both the CECB and the ECF methods take the point on the R curse at
0.2 m total crack growth as a "ncar initiation" value. A value closer to

i

initiation may be obtained by a procedure being discussed in the CerF30
'

fracture Group which uses a line parallel to and 0.2 m away from the
blunting line the interception of which with the R curse is taken as a
defined initiation point with 0.2 m ductile tearing. The blunting line
accounts for the work-hardening porperties of the material. Similar
considerations are reported from ASTM and the f rench fracture Group (not
presented at this meeting).

It is vorth noting that the ECF rethod vill contain both the J-integral and
the CTOD esaluation.

!
'

1

i

L

i
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j SESSION NO. 4 '

,

Emperience sad Problems with Existing Techniques
| Chairman D. E. McCabe
1

] _Su mma ry
'

1

!
)
1 ,

i The blunting line that should be used to identify of the on> v.d.c r real slow stable

; ducti!e tearing in R.eurve behavior of materials continuet o , source of debate.
|

I Because personal laterpretation on the significance of certain ,, .4 of experimental data |
| Is involved, the resolution of the issue may reqstre cor.siderable addithnal time. la !

j addition to this, the end use for such a toughness number, (real J ,) if in fact it were !g

j identifiable, was a source ci s'urther debate. On the positive side of this, we observe that |

the preelslon of meuurement required to resolve the blunting line issue hu properly }
j focused attention on the sharpening of test techniquas applied to Jgeurve gene,ation. In j
; this session, abstracts that addressed improved measurement techniques were by; (i) |
| Gordon and Garwood, (ii) Ingham, hforland and Wardle, and (11!) Kumer and

'

j Willowski. |

The inue of geometry dependence versus independence of Jgewve appears to be
l heading toward resolution, and in particular for the bule bend geometries. The center

!

cracked tension, CCT, versus bend Jg curve comparkas may nW more clarWiea4on. !

The abstract by hleCabe showed reuons why the CCT panelis a poor representative of !
the generalized tension loading cue. Converwly, the abstracts by Schwalbe and Cornee |

point out that the CCT panel proved to be the more powerful geometry from the |

| st.ndpoint of sustaining geometry independent crack growth. la partleular, their claim |
is specific to plane stress constraint, i,

i ,

Studies to demonstrate the compatability between J and CTOD are continuing and |
i

understanding is continuously being improved. The prwentation of Ernst showed why |
modified J, J , end the # type CTOD of the Schwalbe Hellmann method correlate. la !g 3

i appears to be a natural consequence of the propertin sought la development of modified i

j J. Correlation is a matter of seletion of the appropriato location on a 'peelmen for f
i meuurement of COD. hieCabe showed R curva for A533B of various geometrim that |

| verify a correlation between ly and i . Schwalbe showed geometry !adependence la #s 3 |
type R curves on aluminum alloys. Garwood showed the use of CTOD for failure j
analysis in an R 6 assessment diagram type of format, j

|L
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|

New ideas are being generated on how to utillie J curve data, one example of whichg
is the proposed CEGB procedure. The general objective appears to be to seek ;

elimination of known problem areas in defining useable Jg tougham indicin. The |
'

abstract by Akhurst discussed potential problem areas in the use of the CEGB proposal,
Land he cited the directions for future courses of study.
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SESSIOli 100. 5 |

f'
PANEL DISCUSS 1001

,
Use of Fracture Mechanics by the leuclear Industry

1 Chatrasa S. L. Creove11 j

Sun ary
,

i

In this fifth, and final session the Use of Fracture Hechan- [
ics In The Nuclear Industry was 61scussed. Three '

presentations were given which covered the use of fracture
nochanics in the Swiss, Freneb and UK Nuotear Industries.

!

fThe Swiss Perspective was "o by Varga, Houssin gave an
overviou of the French pos!'.<' and Creswell presented the UK
approach.

,

|

Several common threads could be drawn from the presentations. j
In particular the extent to which post inittstion (i.e. re- !

sistance curve ) an41ysis is considered appropriate and the !

situations to which it can be applied. It t.: Renerally f
agreed that for nuclear pressure circuit f r a c t. . ! analysis !
the initiation of stable crack extension should ...y be ex-
ceeded in extrene cases. That is for normal systen events all
analysis should be based on initiation toughness values and
R-curve analysis only considered for use in the rarest - once ,

in a lifetime - events.

Driving force curves for the resistance curve analysis that !
have been carried o t '. has, up until now, been based on LEFM
plus plastic tone correction factors, converted to EPFM via
the anall scale yielding equivalence formulae. This reliance
on small scale yielding equivalence nas placed limitations !
upon the extent of ductile fracture analysis that can be con- i

sidered valid.

Design resistance curves have been developed for use in these
post initiation analysis which are considered to bound the
satorial being considered. These design resistance curves are
limited in the amount of ductile tearing incorporated by the
need to maintain validity in terms of both the J integral and '

the anall scale equivalence formulae.

,

13
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Computer Controlled Measurement and Evaluation of Crack
Growth for Temperatures between 100 and 1100 K

B. V0SS, T. HOLLSTEIN, J.G. BLAUEL

Fraunhofer-Institut (Ur Werkstoffmechanik
W6hlerstrasse 11, 0-7800 Freiburg, West Germany

With the growing importance of fracture mechanics concepts to quan-
tify material resistance against crack extension, improved resolu-
tion, accuracy, and reproducibility of the crack length measurement
procedures and automatic performance are required. IWM Freiburg is
using advanced DC and AC potential drop as well as partial unloading
compliance methods to conduct ductile and creep crack growth experi-
ments. Possibilities, results and some problems are described when
applying these procedures in a tempera +,ure range fromm 100 to 1100 K
for different materials.

Figure 1 shows the principle of the DC potential drop measurement
system. The DC-current is fed through contacts in the plane of the
knife edges in the load line. Potential pick ups are positioned on
the two opposite side surfaces.normally at W/4 position. The poten-
tial drop is partly compensated by a constant DC-voltage, mplified,
filtered and recorded together with the force and load line dis-
placement. Initiation of stable crack growth is indicated by a more
or less distinct change in slope. Fcr the contact geometry choosen
here the final amount of stable crack growth is - in a good approxi-
mation - proportional to the difference f , at the eno of the ex-
periment.

Figure 2 shows curves of force and potential drop vs. load line dis-
placement of one experiment of a series of seven specimens tested at

0300 C. The J- da-curve derived from these measurements is shown in
Figure 3 (No 7). All the other specimens were unloaded at different
smaller values of load line displacement and of crack growth Aa
accordingly. Their final J- aa points (No 1-6) confim all the
J- Aa-curves derived by interpolation from the potential drop curves
of the different specimens.

Figure 4 shows the principle of J-R curve measurwent by the partial
unloading compliance method as defined in References 1 and 2. This
method is realized in a computerized Lest control and evaluation
system (Figure 5) able to control and finish a test automatically
according to predefined parameters and conditions. This fully auto-
matic operation of the system is essential for relatively fast tests
and for long time tests as creep crack growth tests.

|
1

0One example of a J-R curve measured at -196 C for a CT-specimen of |
aluminum alloy weld material is shown in Figure 6. The specimen was '

cooled by liquid nitrogen. Boiling nitrogen caused oscillations of

17



the (.. sp gage totally immersed in the nitrogen and thus some scatter
of the oa-measurements. To avoid any contact of the displacement
measurement gage with the hot or cold environment of the specimen a
special device (Figure 7) was developed. The load line displacement
is transferred to the load line plane on both sides of the clevis-
ses. The centers of these connecting parts are fixed to the same po- i

Isitions where normally razor blades would be fixed, the outer parts
are connected by quartz rods to a pair of LVDT's. Core and coils are j

guided with very low friction by a system of springs. The hysteresis )of the system is in the range of 1 pm and even less for a total
range of 10 m. The performance of the system may be demonstrated by -

the three groups of unloadings (Figure 8) measured at room tempera-
0ture and at 700 C with two different controlled displacement velo-

cities. Reproducibility and absolute accuracy may be seen in Figure
09: In a creep crack growth test at 600 C at a displacement of V =

1,05 m there were two unloading cycles (No 13). The two Aa-values
are nearly identical (their symbols are overlapping in the Figure).
The final value estimated from the last unloading differs by less
than 10 7. from the fracture surface measurement A a(BF).

In Figure 10 measured data F,V and derived quantities Aa(PE) (com-
pliance measurement) and 4 a(GP) (DCPD measurement, interpolation
fixed at initial and final crack length) are plotted versus time.
Both da-curves are in good agreement, taking into account that the
compliance measurements deliver absolute predictions not adjusted
for final crack length.

References

1. ASTM E 813-81, Determination of J a measure of fracture
toughness, Annual Book of ASTM StaEdards, Part 10, American
Society for Testing and Materials, Philadelphia,1981.

2. P Albrecht, W.R. Andrews, J.P. Gudas, J. A. Joyce, F.J. Loss,
D.E. McGabe, D.W. Schmidt, W.A. VanDerSluys, "Tentative Test
Procedure for Determining the Plane Strain Jr-R-Curve,
J. Testing and Eval., JTEVA, Vol 10, No. 6, Nov.1982,
pp. 245-251
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EXPERIMENTAL METHOD TO MEASURE THE ELASTIC-PLASTIC
FRACTURE TOUGHNESS PROPERTIES OF IRRADIATED

STAINLESS STEEL AT ELEVATED TEMPERATURE

M.I. de Vries, G.L. Tjoa, B.A.J. Schaap

NET 11ERLANDS ENERGY RESEARCll FOUNDATION, ECN
PETTEN, THE NETHERLANDS

ABSTRACT

An experimental test method, based on the combination of the potential
drop technique and the interrupted-loading method, has been applied to
measure the elastic-plastic fracture toughness properties of irradiated
stainless steel at elevated temperatures. Tha results from this method,
with small (lTCT, 30.0-28.8-12.0 en) compact-:-nsion specimens at 823 K,
show small scatter and good reproducibility.

The automatical procedure for data-analysis includes the adjustment of
the displacement- and potential drop measurements followed by data-ana-
lyses of the crack-growth resistance (J,R-) curve and validation of the
results. The significant irradiation effect is quantified by reduction
factors (DJ,R) n the characteristic resistance parameters.
It is concluded that, with this test procedure, valid fracture toughness
data can be measured at 823 K with small (lTCT) compact-tension speci-
mens of irradiated Type 304 stainless steel.
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INTRODUCTION

Data on the resistance of irradiated stainless steel against crack
initiation and crack growth are necessary for the design analyses and
the safety assessment of nuclear components of advanced reactors (DiFER,
MFR). These fracture mechanic properties have to be measured by means
of non .:onventional test methods and new procedeces, based on the elas-
tic plastic (epfm) parameter J-integral.

In this report highly reproducible results are prisented frcm an exper-
imental test procedure at 823 K with small (lTgT) compact-tension speci-
mens of irradiated stainless steel Type 304. This procedure, with small
specimens, is demonstrated to be a reliable test method for application
in DiFBR-surveillance programes. Valid f racture toughness data show
that the significant irradiation effect can be quantified by reduction

resistance agabsc crad inMation and crack growth.factors D n
J,R

EXPERIMENTAL

Method

The experimental test method is based on the combination of the direct-
current potential-drop technique and the interrupted-loading method.
Multiple tests are performed but the crack extension (aa) is controlled
and continuously measured by the DCPD-technique.

Series of two up to six specimens, depending on the material variability,
are tested. The specimens are fatigue precracked to the a/W-ratio of 0.58.
The final fatigue crack length is checked by optical measurements on the
fracture surfaces of the broken specimens.

After precracking the specimens are loaded at constant displacement rates
to selected crack extension (aa) levels with discrete intervals ranging
between 0.3 and 1.8 en. Because the data points of the J,R-curve are reg-
ularly distributed along the aa-axis, there is no need for additional
conditbns on data grouping.

From the combination of the single-specimen DCPD-technique with the
multi-specimen interrupted-loading method, multi J,R-curves are generated.
The da'.a points of these resistance curves are distributed with intervals
of 0.05 en along the aa-axis. The DCPD-signals are calibrated with op-
tical measurements of the final crack length.

Specimens

The dimensions of the specimens for irradiation experiments are usually I

restricted by the need to accomodate much material within the dimen- I
sional limitations of the irradiation facility. Small (jTCT, 30.0-28.8- i
12.0 cn) compact-tension specimens have been irradiated in the core of
the HFR in Petten The Netherlands, to investigate the applicability for
fracture toughness experiments. The advantages and limitations of this .

|specimen for fatigue crack growth exp1riments have been reported by
De Vries and Michel (Ref.1). Details of the material, specimen geometry
and irrodiation conditions are shown in Fig. l.
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Equipment

| The tests are perfortned on an Instron servo-hydraulic testing machine,
adapted for reinote handling. This machine is installed in a lead-cell.

,

The auxiliary equipment consists of electrical-insulated pull-rods with!

(TCI-clevises, electrical probes with connections and wirings for DCPD-
measttrements, a 20 kN load-cell and one + 5 m displacement transducer.

~

The specimens are heated in a resistance furnece with two small quartz
windows for observation of the crack tip on both sides of the specimen
by means of televisicn camera's with microscope-lenses.

The load-line displacement at elevated temperature is indirectly mea-
sured from the relative displacement of the clevises. The clevis-dis- !
placement is transmitted by an extension rod to the transducer outside
the furnaco near the bottom of the lower pull-rod. The load-cell is
located above the furnace on the top of the upper pull-rod. Load-cell
and displacement transducer are temperature conditioned by water-cooling.
In Fig. 2 the testing assembly is schematically shown.

The electronics for machine-control, load- and displacement measure-
ments, crack-tip monitoring and DCPD-measurements are installed outside
the shielded facility. A block diagram of this equipment is shown in !

Fig. 3. The details of the equipment, the measuring techniques and the
|

computer progransnes have been extensively reported by Van den Brock, '

Schaap and Tjoa (Reft, 2, 3 and 4).

Loading procedure

The specimens are fully automatically tested in one loading sequence,
schematically shown in Fig. 4. The complete loading procedure can be
divided into three stages:

Fatigue proloading

This stage consists of 4 sequences of 1 m fatigue crack crowth at
,

823 K under combined load / crack-length control with Pmax of 4.0, 3.2, i

2.6 and 1.8 kN successively. The sequences can be casily observed on
the fracture surfaces (markings) due to the scaling at elevated temper-
ature. Af ter the final f atigue cycle the specimen is imediately un-

,

loaded to 0.4 kN and the control mode is transferred to combined ram- i

displacement / crack-length control.
;

Tensile loading

This is the actual fracture mechanics test. The specimen is loaded
at a constant displacement rate (0.002 m/s) up to a predeteruined
amount of crack extension, ranging from 0.3 to 1.8 m. When the final
crack extension value has been achieved, che specimen is imediately
unloaded to avoid creep crack growth. Then the control mode is changed

,

|
to load- ontrol and the specimen is cooled to room temperature.

,
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Post-fatigue and fracture

Post-fatigue loading prior to final fracture is applied to separate the
specimen without distortion of the crack-tip. Af ter about 5 nun fatigue
crack growth at room temperature the specimen is separated under dis-
placement-controlled tensile loading to final fracture. Af ter separation

, ,

the fracture surfaces are inspected by means of colour photography'and I

the crack-length is optically measured by means of the weighted nine-
points averaging method. Selected specimens are prepared for microscopy

,

including SEM and TEM. |

1

RESULTS

i Measurements
,

I Two series of data sets, consisting of load-displacement and load-dis- |
placement-DCPD values, are automatically measured during the test. The j
first series is based on displacement intervals of 0.005 nus, .to be able,

to calcul..e accurately the area under the curve. The second series is
based on the DCPD-intervals of 3 pV. A combination of load- and DCPD- 'i

'displacement curves is shown in Fig. 5.
.

>
,

The original displacement data, from the measurements of the relative
clevis-displacement,are corrected for additional displacements due to
extraneous sources. The correction is calculated from the difference |

between the slope of the initial linear portion of the original curve |
and the theoretical specimen compliance for the actual final fatigue'

'

crack-length. The correction is validated by comparison with data from ;

system-stiffness measurements. The correction is limited to displacement,

' values for which the area under the corrected curve is less than 95%
,

of the area under the original curve. Corrected curves are shown in |,

Fig. 6

The advantage of the combination of two test techniq'tes is that the DCPD-
,

signal can be calibrated af terwards from the optical measurements on the i

. fracture surfaces. Such a calibration curve from a series of 6 inter-
' rupted loading tests, is shown in Fig. 7. The difference between this

calibration curve and the ideal curve for conversion of DCPD-signals
,into fatigue crack extension values amounts about 18 pV. This is due
,

to the DCPD-contribution from extensive plastic deformation during the !
1 initial tensile deformation prior to the real crack extension (6a). i

After the conversion of the DCPD-data with this "plasticity correction" i
the Aa-values are considered to be valid within the Aa-range of the i

calibration curve. i!
,

J
,

) 'Ihe corrected values of displacement and crack extension are used in j
the calculation of the crack growth resistance (J,k-) curve using the'

incremental J{+g-fornula from Reference 5

; Jgg = [Jg+( )g *I) x { 1 - (1 + 0. 6 bUw) g ((,p) {. (,p){j) ()_).

!

q The J.R-curves from the series of 6 irt.ediated specimens are shown in |
| Fig. 8. The scatter band is small and the results are highly repro- i

j ducible. j

| !
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Data analyses

The J.R-data are analysed to determine the values of the characteris. tic
resistance parameters. The procedure consists of the following steps:

'

- Exclusion of the data outside the validity range of the Aa-correction.
- Exclusion of the data outside the offset values of 0.15 and 1.5 nun

parallel to the blunting line. The blupting line is constructed accord-
ing the estimated fomula J = 4 c , based on empirical relationshipsy
at room temperature (Ref. 2).'

,

- Linear regression analysis of the remaining data (mininram of six data i
points). The plot of the J.R-data and the regression coefficient for (
irradiated stainless steel justify the linear regression analysis. |

- Determination of J and corresponding Aa-values for the intercept (Jg)
of the blunting line and the regression line.

- Calculation of J at constant Aa-value of 0.3 nun (no offset value!) and
comparison with the actual measured Jo 3. The calculated value is coa- .

sidered to be representative if the difference with the actual mea-
sured value is less than O.15 times the slope of the regression line.

- Calculation of the tearing modulus T.
- Detemination of the averaged resistance curve from the collection of

the data from all specimens (Fig. 9). !
-

; - Validation of Jq according the criteria from Reference 5: !

q < B.J y (2)5

q<b y (3) jJ

dJ/da < c (4_)

The values of the resistance parameters for irradiated stainless steel I

are compared in Table I with data for the same unirradiated material.
There is a significant reduction due to the irradiacion.

.

|

We have chosen the parameters Jo,3 and dJ/da (slope of the regression
line) to quantify the irradiation effect on the resistance curve. The
Jo,3 has been chosen because there is a significant difference of a
factor 2 between the Aag-values (Aa-values corresponding with Jg) for |unirradiated and irradiated material. Further by using dJ/da instead of

|T, the o, (effect on tensile properties) has not to be taken into ac- '

count. The reduction factors of the resistance against crack initiation
;

and crack growth are respectively:
j

J ''#*~

0.3
D0.3 " J ~ "" E " '0.3

d3/da - Irr.D
R = dJ/da - unirr.= 0.68 (0)

-

The irradiation effect on the resistance curve is unambigiously charac- !
terized by these data. '

1

4
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CONCLUSIONS

A reliable test method is presented for fracture toughness measurements
: of irradiated stainicas steel at elevated temperature. .

j Highly reproducible JsR-curver are measured at 823 K.
!

The J -values are valid J -data according the criteria of tie ASTM- t

Q ICstandard E813..

; Small (|TCT, 30.0-28.8-12.0 mm) compset-tension specimens are, in com- !

!bination with this test procedure, applicalle for fracture toughness
tests at elevated temperatures in stainless steel irradiation prograennes
(LMFBR surveillance prograssnes). [

"

The irradiation effect on the resistance againse crack initiation and ,

andcrack growth can be unambiguously qualified by the parameters J0.3
,

; dJ/da.
'

,
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i Table ! Co:nparisor. of the values of the resistance paranaters for -

unirradiated and irradiated stainless steel at 823 K. ,

!
.

I !
3

-

; ;_ __-

: unirradiated irradiated * i

I 2dJ/da * (W /m ) 214 146
'

! C" ' N / 2,- 3gj 133!
1
i r o,93 o,96 |2

| J (! 'im ) 267 1502
q

j Aa (tsm) 0.26 0. 14
A h

22 (Ula ) 37T 115
|9,3

T 530 360 ij
t

! i

: i

| * 3.1024 n.u-2 (E > 0.1 HeV) !
j ** linear regression: J = dJ/da Aa + C

f'

i
'

i t
1

'

-

I '

1 ,

J i
l l
I |

|'
; ,

i;a

! t

1 I
.

4 $
1

'

j i

1 !
1

'!
|
i

1 1
4 1

l 'l
i

'

I ,

i ,

i |

i
|
:
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COMIARISON OF POTENTIAL DROP, ACOUSTIC EMISSION

AND PARTIAL UNLOADING METHODS FOR THE EVALUATION .

t

OF J-R CURVES OF AUSTENITIC STAINLESS STEELS. ,

>

P. BALLADON AND M. FOUCAULT
,

UNIREC, Centre de'Recherches d'Unieux, BP 34 ;

42701 FIRMINY (FRANCE) f

!

.

INTRODUCTION
;

Among the single specimen methods to determine J-R
curves, one of the widely used. is the single specimen compli-

ance (partial unloading) method:

However, results obtained on very tough materials

like some austenitic stainless steels show that partial unloa- ,

ding lead to a lack of precision first to determine crack

initiation, secondly to determine crack extension due to

the large crack opening displacement. Other single specimen

methods like potential drop and acoustic emission have been

proposed to determine crack initiation and growth. i

Aim of this work is to present an attempt to compare !

J-R curves obtained on an austenitic stainless steel at room i

temperature using partial unloading, DC potential drop, acous- f
tic emission and interrupted loading (multispecimen) methods. !

i

SUMMAP.Y l

Results obtained show that it is possible to use DC )

potential drop method to determine J-R curve of austenitic !

stainless steels with a good precision compared to interrupted j

loading method. This method seems howcwer slightly'conser- |
vatise concerning J values for the enset of crack growth.

Crack extension can be easily correlated with potential drop

using a linear relationship for limited values of crack growth.

Partial unloading method can lead to overestimate J

41
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values for the onset of crack extension due to the lack of

precision of compliance measurements in the field of limited

crack growth.

Detection of crack initiation by acoustic emission

seems to be difficult. Results outained show that J values

corresponding to a change ,n acoustic emission rate are i
'

1

related to a macroscopic crack extension and that amount of I

acoustic emission events cannot be directly related to crack

.

extension values. However, further investigations must be
i

j donc using other signals like cumulative peak amplituues or i

l cumulative area under peaks.
!
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| USE OF THE DIRECT CURRENT POTENTIAL DROP TECHN1QUE
I FOR DETERhilNINO J-R CURVES IN PWR WATER CONDITIONS

G. P. GIBSON

|

AERE HARWELL, OXON, U. K.

!

ABSTRACT
4

An investigation of the DC potential drop technique to determine
the amount of crack extension occurring during ductile fracture
toughness testing has been carried out.The results show that many

| factors affect the measured potential drop during loading of a test I
'

specimen,although a procedure has been developed to de* ermine the
change in potential drop due only to crack extension,which forms ;

the basis of a single specimen method for J-R curve determination.
, Tests have been carried out on a ASThi A508 class 3 material at'

2880C both in air and PWR water conditions, over a range of
loading rates (5x10-1-5x10-4mm/ minute).The potential drop technique
could predict accurately (ie within 10%) the final cra.:k extension in
all cases except for tests carried out in PWR water conditions at i
a loading rate of 5x10-4mm/ minute.The J-R curves determined in (
air and PWR water conditions were similar and are little affected

i by loading rate over the range 5x10*I -5x10-3mm/ rainute. although i

the J-R curve is higher at a loading rate of 5x10-4mm/ minute.
1
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INTRODUCTION

This report summarises an investigation ir.to the factors which
affect the measured potential drop (P.D. ), arising from a direct<

current during loading of a fracture toughness test specimen;
together with the procedure which has been developed to determine
the amount of crack extension occurring during the test from the
measured P.D. .In addition,the use of the P D. technique for
crack length measurements for tests carried out at 2880C,both in

!
air and PWR water conditions,at various loading rates (5x10*I.

i 5x10-4mm/ minute) is described.
I

;

'

EXPERIhiENTAL PROCEDURE

| The investigation into the factors which affect the measured P.D.
was carried out using compact specirnens, manufactured from a plate il

of a C-hin steel, BS4360 43A, which were r.. inly 25mm thick and
50mm wide.The tests were carried out at room ten.perature at a

loading rate of about imm/ minute. ;

The procedure used to measure the P.D. acros s the specire.. is

briefly described below;further details can be found in reference 1. |

| A constant current of between 25-50 amps. depending on specimen
'

size.is passed through the specimen da electrical leads which are'

j attached either to the front face of the spa a nen. configuration A. ;

j or to the top and bottom surfaces of the specimen, configuration B,
7

| see figure 1.The P.D. across the c' ack mouth is backed off by a i

j known potential and the residual ir amplified and recorded on a |
chart recorder, see figure 2.T1 e load and load-line dislacement are j

)
also recorded trom which the J integral is determined according to t

ASThi E813-81(Ref. 2). (i

r

i L

The material used in tre rest of the study was an ASThi A508 class 3 i

| pressure vessel material from which compact specimens 50mm !

I thick,100mm wide with 25% sidegroovint were manufactured. The !

tests were carried out at a temperature of 28812 C and either in air !'

) at a loading rate of 5x10*I,5x10-2,5x10*3and 5x10*4mm/ min or in I

j PWR water conditions at a loading rate of 5x10-2,5x10-3and 5x10'4 '

J
mm/ min.To take into account possible changes in temperature and
current during the test,the current was also passed through aj i

Ireference specimen,placed close to the specimen being tested and
,

! the resulting P.D. was also recorded, except at the loading rate of
i

i 56 r

i

! I
'

r
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5x10*Imm/ min when these changes were thought to be negligible,
l
1
'

FACTORS AFFECTING hiCASURED P.D.

|

It was found with current 1 cad configuration A, that there is an
increase in P.D. during unloading of the specimen after the test.
Figure 3 shows the P.D. and load traces for a 13mm thick 100mm
wide specimen for which the increase in P.D. is about 30pV. This !
increase in P.D. would appear to be a result of current passing
through the loading pins when the specimen is loaded. This is
illustrated schematically in figure 4 which s hows that when the pins
form a good electrical contact with the specimen,as a result of
loading the specimen, the current car reduce its path length by passing
through the pins.Thus when the specimen is unloaded, this "pin effect" f

results in an increase in P.D. .whereas the opposite occurs when the
specimen is loaded.It is found by placing an electrically insulating
slee.e mund each pin that this effect no longer occurs.The P.D.
trace obtained during loading can be corrected for this "pin effect"
by using the P.D. trace obtained during unloading, as described in ,

reference 1.
!
l

Figure 5 shows the P. D, trace, cor reded for "pin effect", for a fatigue
pre-cracked specimen.This P.D. trace is very similar to that
obtained using current lead configuration B,which does not exhibit a
"pin effact" because with this configuration the main current paths do
not pass around the loading holes. Figure 5 shows that there is an
initial rapid increase in P.D. on loading. This does not occur on
loading specimens containing notches instead of fatigue cracks,as
shown in figure 6,which gives the P.D, trace' obtained using current
lead configuration A and with electrically ins alating sleeves around i

the pins. A similar trace is obtained using current lead configuration B.
'

This would suggest that the initial rapid increase in P.D. for the
1

fatigue pre-cracked specimens is a result of opening the fatigue crack
|which had been held closed by fatigue induced crack tip plasticity. |

At slightly higher loads there is a hump in the P.D. trace, although
this im small for the fatigue pre-cracked specimen, see figures 5 and
6.This would appear to be a result of initial plastic deformation
around the crack for if the notched specimen is cycled a few times up
to a load below the previous maximum the hump in the P.D. trace

1disappears.
)
i

l

I
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!
On further loading of either the fatigue pre-cracked or notched
specimen,there is a progressive increase in the P.D. , see figures 5
and 6.Part of this increase in P.D. for the fatigue pre-cracked
specimen will be due to fibrous ctack extension,although this is not
the case for the notched specimen as no fibrous crack extension
occurred in this case.The increase in the P,D, for the notched |
specimen could be due to opening or advancing of the notch tip by !

!blunting, or remote plastic deformation occurring in the specimen.It
) would appear that about } of the increase is due to opening of the

' notch tip as this is the factor by which the P,D, decreased when the
specimen was compressed back to reobtain the original mouth
opening displacement. The rest of the original increase in P, D, can be
explained in terms of the advance in the notch tip,which suggests that ;

; the P, D. is not affected significantly by remote plastic deformation,;

1

s

! Figure 7 gives a plot of residual P D, versus J integral for the |
| notched specimen.which shows at higher J values (ie above 0.05MN/M)

that the increase in P.D .which arises from notch tip opening and'

{ advance due to blunting,is linearly dependent on J.Therefore,the
J onset of fibrous crack growth can be detected by a deviation from

linearity of the P, D, versus J plot, Figure 8 shows a plot of residual"

i P.D. versus J integral for a fatigue pre-cracked specimen.which ;

indeed shows a departure from linearity at higher J values.There is .

'

good agreement between the J value at crack initiation (J ) determined '

t
from figure 8 and that determined from stretch zone width (S. Z W. )|

i measurements taken from the fracture surface.However,it is worth

noting that 'he degree of departure from linearity is not always
! marked. :2.r in figure 8,which can result in a degree of uncertainty in
f

idetermining J , The residual P.D, obtained by extrapolating the lineari

region of the P.D, versus J plot to zero J, for the notched specimen,is !

j about zero, Therefore,the residual P, D, obtained in the same manner |

| for the fatigue pre-cracked specimen can be equated approximately to
'

the contribution arising from fatigue crack closure This contributioni

| can be added to the back off potential to give the P.D, appropriate to [
'the initial crack length (V ) The amount of crack advance at cracko,

) initiation (ie the S. Z. W at crack initiation, S. Z W,c) can not be
'

determined from the increase in P D,,above Vo, up to crack initiation,
i

; as a significant proportion of this increase is due to crack tip
j opening.Therefore,the S, Z W,c ha s to be determined either from a J {

| blunting line relationship or from measurements from the fracture !

!
surface However,the increase in P D above that at crack initiation (

; can be related directly to the increase in crack extension above the (
'

; S, Z, W,c.using a previously determined calibration plot of P.D. versus
! crack length.This is because it is not expected that there is any
f further increase in P.D. from crack tip opening after crack initiation,
i as the crack opening at the tip of the growing crack is known to be

'

SS
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independent of crack extension.
1

1

l
! J-R TESTS IN AIR AND PWR WATER CONDITIONS

| The tests in air and PWR water conditions were carried out using
current lead configuration B, to avoid the need for correcting the P.D.

0traces for the "pin effect". At the test temperature of 288 C,there
was a significant P. D. , up to 20-30pV, prior to passing a current
through the specimen,even when the voltage leads were made of pure
iron instead of copper.This is a result of thermal induced emf's.

, However,the emi varied by less than 1 2pV per day and so it was
I viable to correct the measured P. D. . when the current was passing,
i for the thermal induced emf's.from measurements taken when the

current was off.These measurements were taken before and siter the
test for the shorter term tests or once a day for the longer term

I tests. Once the measured P.D. across the specimen and the reference
specimen were corrected for thermal induced emf's.the P.D. across

the specimen was multiplied by the fractional change in the P.D.
across the reference specimen,to take into account slight changes in
current and temperature during the test.

.

There was good agreement between the final crack extension
, determined from the P.D, traces and that measured from the fracture
'

of 5x10*jie within 10%), except for tests carried out at a loading rate
surfaces

mm/ min in PWR water conditions. Under the latter conditions.
I it would appear that the P.D. increases during crack tip blunting but

not after e. rack initiation until the crack extension is above about
1. 5mm when the P.D. increases again.The reason for this behaviour i
is not clear,although it may be due to the formation of corrosion !

i products allowing the current to pass across the crack faces. As a
result of this behaviour,the amount of crack extension occurring

,

during the 'est could not be determined from the P.D trace in these :
cases,

i Figure 9 shows the J-R curves determined in air at the various

i loading rates,together with the two J e points determined in PWR
) water conditions at a loading rate of 5x10-4mm/ min. There is little
; effect of loading rate on the J-R curve over the range 5x10*I-5x10-3

mm/m n.but the J-R curve is higher for the loading rate of 5x10*4i

,

mm/m4n.1

|
|

| It can be seen from figure 9 that the two J-Aa points determined in |

59
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1

d

PWR water conditions fall very close to the J-R curve determined in |
air at the same loading rate.This would suggest that PWR water |
conditions does not enhance the crack growth rate above that
determined in air.The same result is obtained at the fastef oadingl

and figure 11 for a loading rate of 5x10* ping rate of 5x10' mm/ min
rates, for as shown in figure 10 for a loa

mm/ min, the J-R curves
i

(,btained in air and in PWR water conditions are the same within ;

experimental scatter. '

CONCLUSIONS

| It has been found that the following factors can alter the measured
P.D. across the specimen: thermal induced emi's fatigue crack
closure, initial crack tip plasticity, crack tip opening and advance due ,

'

to blunting and fibrous crack extension.In addition, with current lead'

configuration A, electrical conduction through the loading pins also
affects the measured P. D. ,

;
.

A procedure has been suggested to determine the amount of crack
| extension occur.ing during the test from the P.D. trace.
4

,

1
'

l The final crack extension was determined accurately (ie within 10%);

) from the P.D. trace for tests carried out at 288 C in air and PWR !'

water conditions over a range of loading rates from 5x10*1 to 5x10*4 !

|
mm/ min.except for tests carried out at the slowest loading rate in [
PWR water conditions.It has been suggested that the latter is a result3 >

j of corrosion prc, ducts allowing current to pass between the crack
j faces.

;

I i
' 'The J-R curves determined in air and PWR water conditions were
I similar for an ASThi A508 class 3 material and little affected by
| loading rate over the range 5x10*I-5x10* mm/ min, but the J-R curve

determined at a loading rate of 5x10*4mm/ min was higher. !

,

l !
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j DUCTILE FRACTURE StATERIAL CilARACTERI7.ATION ,

| WITil NOTCllED TENSILE SPECIN! ENS
)
; G. ROUSSELIER', J.C. DEVAUX8
i

'Electricite de France (EDF), D(partement Etude des Stattriaux, iI

I Les Renarditres,77250 Storetour Loing, France |
3iramatome, Service Calcul de la Division des Fabrications, !

INine de Chalon sur Saanc,71380 Saint Starcel, France
; ;

J

I ,

) INTRODt.'C TION

) Ductile fracture test methods aim at :
fracture initiation determination,
stable crack growth measurements.

This information is not available from usual load and displacement measurements on
precracked specimens. That is why either specimen-consuming or sophisticated methods !

! were developed : interrupted tests, potential drop, partial unloading, etc..
!

On the other hand, it has been emphasired for a long time (see for instance Reference !

| l) that both above mentioned information is available from the load displacement curve
of the simple notched temion test, with no need of sophisticated experimental methods.
A numerical analysis of the notched temite specimen is required to infer the material !

characteristics from experimental data. Numerical analyses of this specimen, that were i

incomplete till one ) car ago, are now close to perfection. It makes the notched tension
test a powerful method for ductile fracture material characterisation.

j

i TiiE NOTCllED TENSION TEST
l I

| Ty picalload displacement cun es of round notched specimens are shown in Figs 1 and

] 2. The notch radii of specimem type AE2, AE4 and AE10 are 2,4 and to mm respecti- (
vely ; the initial minimum diameter is 10 mm.

|
'

'At point A (Fig. !! there is a markrd (bege in the ?! ope of the laad digdatement cun c.
This point ceinwies with the initiation of a crack in the center of the specimen ; this
was demomtrated with interrupted tests before and after point A (Ref.1); the centrali ,

I crack in a 2% Cr 1% Ni steel AE4 specimen is shown in Fig. 3. The slope of the post-
initiation cune is related to the ductile tearing resistance of the material. The relation ;

I betw een the crack surface and the diametral contraction is linear, with a precision bet- ;

ter than A% for a crack radius up to 3 mm ; this relation can be calibrated with one inter. !
i

rupted test.

! In conclusion, the load displacement cun'c of a single notched temile specimen provi-
j des all the information for ductile fracture material charactertiation. !
i

] StATERIAL Cl!ARACTERIZATION
I

'

According to Studry (Ref. 3), values of JIC and dj.'da can be deduced directly from the
notched temion test (see for instance Reference J) Ilow ever it is more advisable to use

g this test in a new methodology for ductile fracture analy sis, based on damage functiom |

]
for the grow th of voids (Ref.1, 3 and 4).

I

|
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!

) In Reference 6, three nuterial parameters are to be calibrated in the ductile fracture model : !
; fo initial volume fraction of volds,
! f, iharacteristic length related to spacing between inclusions or voids,

,

| 01, related to the strength of the matrix material. j

j In ferritic steels fo is supposed to he equal to the volume fraction of Mns inclusions and -

!j can Se deduced from the chemical composition of the steel fo = 0.05 4 (S% -

0.001/Mn%). The location of fracture initiation (point A of 1:Ig.1) depends on fu and !

01, but not on f: it is the well known fact that the ductility depends on the volume frac. ,

| tion of inclusions only (Ref. 5). So, at s calibrated from the location of point A (l'ig, ji

j 4), and Ifrom the slope of the post Initiation curve (l'ig. 5). Actually only one numerical L

analy sis of the specimen is neccoary, with otimated valun of at and I; the definithe [a

] valun of og and Iare deduced from this first analysis,

j CONCLt'SION |
1 (
I The notched tension tot is a umple and pow crful method for ductile fracture material [

j characteriration. It takn place in a new methodology for ductile fracture analysis. j
1

1
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J-R CURVE TESTING BY THE POTENTIAL DROP- AND KEY CURVE METHODS

P.A.J.M. Steenkamp

Delft University of Technology,

Laboratory for Thermal Power Engineering

| P.O. Box 5055, 2600 GB Delft. The Netherlands

|

| INTRODUCTION
l

This paper describes two methods for the continuous determination of
the amount of stable crack extension during the testing of fracture
mechanics specimens, viz. the (DC-) Potential Drop- and Key Curve
methods. Single specimens J-R curves obtained by these methods are
presented, to6 ether with a discussion on their accuracy.

Room temperature tests were performed on plane sided and 20% side
grooved SENB- and CNT specimens (dimensions: figure 1) of ferritic |
steel St.52-3 (equivalent to BS 4360 Grade D), for which the material
properties are given in figure 2.

The value for J, corrected for crack growth, is determined from the
area under the load-load line displacement test record by (Ref. 1, 2,
3):

O ^JPSENB: J=2/ g da - / g da (1)
o a

a P6 a

E f da
"

CNT: J=G+2 / p b ~ $ da (2)-

bo a

with a , P and G as the plastic component of the load line displacementp

6, the load per unit (not-) thic kness and per crack tip, and the linear
elastic energy release rate, respectively.

A modified definition of J, J , was proposed by Ernst (Ref. 4), basedg
on earlier studies by Rice et al. (Ref. 5):

i

J =J- / [
~

)o da (3)g a
p

o
I

which should theoretically yield more consistent J-R curve behaviour.
Hence J -curves were also determined for the specimens tested.g

1
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TEST METHODS

Before presenting actual test results, a brief description of the
single specimen test methods, and in particular, the Key Curve method,
will be given:

* The DC potential drop method. A crack in a specimen will act as an
additional resistance to an electric current flowing through the

specimen, resulting in a potential drop over the crack. Needed is ,

a calibration curve relating the potential drop to the crack |
length, which can be obtained experimentally, numerically or |

analytically. The present study used the analytical calibration |
relation by Johnson (Ref. 6). j

* The Key Curve method, proposed by Ernet & Paris (Ref. 2). The
method is based on the possibility to normalize the load-load line
displacement curven of two-dimensional cracked bodies, which
permits the determination of aa at each point of the P-a record of
a cracking specimen from the P-A curve of a geometrically
identical specimen with a constant crack length. Such a P-A curvo
can be obtained in three ways:

- experimentally, by testing subsized and/or blunt notched
specimens where crack growth will only initiate at large
displacements (4) relative to specimen dimensions (W or b),

- numerically, by finite element computations.
- numerically, by using the EPRI Elastic-Plastic Handbook

solutions (Ref. 7). This handbook contains the tabulated
results of finite element computations for a material obeying
the Ramberg-Osgoed stress-strain law:

{o- -+a(jo)" (4)
o

where o and c = o /E are a reference stress and -strain,
0 g

respectively.

It was demonstrated by Ernst et al. (Ref. 3) for bend specimens
and subsequently by Steenkamp (Ref. 1) for tensile specimens that
the amount of crack extension aa can be obtained from the
experimental P-4 record of the cracking specimen by summation of
the crack growth increments da, given Dy:

da=fg( - f h ) da (5)SEMB:

~ ~

P '
CNT: da - da (6)

E E'1 - b F
,
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with P, dP, da (or o and do ) taken from the actual test record,
p p

while the Key Curve functions H'/H and F'/F follow from the
(experimentally or numerically obtained) P-o record with constant
crack length according to:

'()= ( )a (7}'
SENB: =

f'=f'(E)=f( ), (8)CNT:

As an example for SENB specimen 3 of St.52-3, Key Curve functions
H'/H as determined in the aforementioned three r.anners are given
in figure 3. The differences between the curves for low a-values
are caused by tne yield plateau in the materiai's stress-strain
curve, figure 2. For each of the SENB and CNT s pecimens, four J-R
curves could thus be derived, viz. one from 'otantial drop
measurements and three from the Key Curve concept (using finite
element, EPRI and experimental Key Curve ftnctions).

During testing the crack fronts were marked 3 times with dye peretrants
(Ref. 8), thus yielding a large number of actual crack extensions
against which the accuracy of the various predictions for Aa could be
determined; while these beach marks also showed the development of the
crack front shape during the testing.

RESULTS

In figure 4, some examples are given of dye penetrant beach marks made
during the testing of the specimens. Noteworthy are the longitudinal
tears (celaminations) thac occurred in this material. The loss of planc
strain constraint due to their occurrence is demonstrated by the
increasing amount of "double-tunneling" in these specimens as well as
by the small sbrar lips that developed adjacent to the delaminations.

In figure 5, a-d, a comparison is made between the optically measured ,

beach marks and the predicted crack extensions. It is seen that: |

|

' the Key Curve method ganerally predicted the actual aa within
i 105.

* the use of an EPRI Key Curve yielded inaccurate predictions for
low values of aa, which can be explained by the unability of the
Ramberg-Osgood power law function, equation (4), to accurately fit j

the initial part of a stress strain curve exhibiting a yield
plateau, figure 2,

the Potential Drop underestimates the actual da by an average of'

15%, which is attributed to crack front tunneling and the
occurrence of the delaminations in the material.

,
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Due to the differences in predicted da, the 4 J-R curves (that can be
determined for each specimen tested) will differ as well, as shown in
figure 6 for a plane sided and a side grooved SENB specimen. It can be
seen that the potential drop J-R curves are to the left of the other
curves, while the EPRI J-R curves are shifted to the right for low
values of Aa. Both trends are in accordance with the observations
stated above with respect to figure 5.

Single specimen J-R curves will be influenced by two main sources of
scatter, viz. scatter due to variations in material propertics ard
scatter due to the method employed to determine Aa. In order to
separate these two sources, the J-R curves from either the plane sided
or the side grooved specimens as obtained by one cf the four methods
were fitted with a regression function so as to obtain a mean J-R curve
with corresponding confidence limits. As an example, J-R curves as
obtained from SENB specimens by means of the Key Curve method, using an
experimental Key Curve funntion, are shown in figurc 7, while the best-
fit mean curve with 90% confidence limits for tne plane sided specimens
is given in figure 8. The fracture toughness data were found to be best
fitted by a power law function (cf. Ref. 9) added by a 4th degree
polynomial.

The mean J-R curves for the four methods of da prediction are shown in
figure 9. (The 90% confidence limits, which were of comparable size for
e v. method, are omitted far the sake of clarity). The differences
between the curves in figur e 9 can thus be attributed to the
differences in the methods used to determine da, while the size of a
90% confidence interval around these regression curves ' figure 8)
displays the degree of scatter in specimen-to-specimen tracture
toughness. It can thus be concluded from figures 8 and 9 that for the
material investigated, differences between J-R curves obtained by using
an experimental or finite element Key Curve are well within the
material scatter. On the other hand, the deviations of using an EPRI
Key Curve or the Potential Drop method seem too large to be obscured by
the scatter in the material properties.

Trends as described above for SENB specimens were also observed for the
CNT specimens tested, (Ref. 1). In figure 10, results for SENB and CNT
specimens are compared- Together with figure 7, it confirms two widely
noted aspects of geometry dependence in J-R curve testing:

* due to lower constraint at the crack tip, tensile geometries (such
as CNT specimens) exhibit significantly higher resistance to crack
growth than bending geometries (such as SENB specimens). The
discrepancy increases with crack growth (cf. e.g. Ref. 10);

a side grooving significantly lowers the J-R curve by preventing the
formation of shear lips at the outer surfaces of the specimen.

The computation of J for the J-R curves in figure 10 by equation (3)
|g

yields figure 11, and it is seen that the J -curves for tensile andg
bending loads are much closer than in figure 10. Although the use of J

M.
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|
thus seems attractive, further investigations are obviously needed to
establish its viability for fracture safety assessment purpose.

SUMMARY AND CONCLUSIONS

In this paper, the aesults of single specimen J-R curve tests performed
on SENB and CNT specimens, using the DC Potential Drop and Key Curve
methods, were presented. A discussion was given on the accuracy of the
thus obtained J-R curves, and a comparison was made between the results
for the different geometries.

Based on the results presented above, the following conclusions may be-

drawn:

* For SENB and CNT specimens made of St.52-3, accurate single
specimen J-R curves were obtained by the Key Curve method, using
experimental and finite element Key Curve functions.

* Less accurate results were obtained by the DC Potential Drop
method and by using an EPRI Key Curve.

* Dye penetrants were successfully used t; mark the crack front at
several stages during the testing.

* The geometry dependence of the J-R curve (bend vs. tension)
remains of concern. Application of the modified J definition
dramatically reduced this dependence for the material and specimen
dimensions investigated.
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A DISFLACEMENT-BASED KEY CURVE METHOD FOR DETERMINING J-R CURVES

W. R. Andrews

General Electric Co.
Schenectady, NY

USA

| INTRODUCTION

1

An alternative to unloading compliance as a single-specimen method for
determining J-R curves is needed due to the complexity and high
precision reautred to obtain good results. The author has developed

over the last several years a unique method (Ref. 1) that has the
advantages of recuiring no unloading and reduced clip gage precision
requirement while not sacrificing precision in the crack-length
measurements. This paper reviews experience with the method and
recemmends its extended use.

TEST METHOD

The procedure was developed for use with the compact (C(1)) specimen
(Fig. 1). Tne objective of the adaotation to accomodate two
displacement measurements is to obtain measurements at the load line
and at the crac'' tip. Linear interpolation between the positions of
the gages accomplishes that objective.

The test procedure calls for loading the specimen monotonically while
recording the lead P. front displacement V,, and back displacement V.
With a computer-controlled data logging system.

The completion of a test is indicated by any sign that the crack has
extended about 40 percent of the ligaments one such indicator might be t

a 40 percent drop in the load from maximum load. The specimen is
subsequently heat tinted or processed otherwise to mark the crack
front. Breaking the specimen and visual measurement of the crack
lengths, fatigue precrack and final fracture, allows one to calculate
the values of J and physical crack growth delta-a.. The calculations
are made using the equations shown in Fig. 2. Eq. 1 and Eq. 2 give the
measured values of load-line displacement Vu and crack-tip opening
displacement deltav. Ec. 3. used to calculate crack length, contains
two parameters. One of these is the key curve which is given by Eq. 4,

l. and the second is the experimentally determined rho.

The key curve is the crack-tip opening displacement for no crack
growth, measured at the mid-thickness of the C(T) specimen. The curve
has been normalized by specimen dimensions and material properties as
shown in Fig. 3. The independent variable X used in Eq. 4 and Fig. 3

l is the normalized function of Ve, initial crack length so , Young's
modulus E and flow stress sigma .o

1
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The lead term of the key curve (Eq. 4) represents elastic response and
the second term represents plastic response. The hyperbolic tangent i

4
functions are smoothing functions to join the two terms. Note that the I

j elsstic term is a weak function of elastic constants and crack length.

.I The adjustable parameter is determined using the initial elastic
1 loading displacements but must have a value near the mean theoretical
! of 1.5.

I
i The value of the adjustable parameter rho is accomplished using the ;

l final crack length and Eq. 3 rearranged to solve for rho. The order of

j computation ist firs.t compute the elastic constant for the key curve,
second calculate the value of rho. -

!
Once the adjustable parameters are assigned values, the crack extension I,

values may be calculated f or each data set recorded during the test ,

using Eq.3. Usual practice is to calculate values for four variables. ;

Vu, CTOD (deltar), J and crack extension delta-a . ,

!

4 RESULTS |
|

The results of applying this test method to several materials are j

111ustrated in Figures 4. 5 and 6.

Figures 4 and 5 show results for steels of widely varying strength
levels. Fig. 4 is for HY130 steel (0.0% yield 130 ksi). Soecimens V502 j
and '405 were tested using the DBKC methodt specimen V503 from the same .

clate was tested using the unloading compliance by another laboratory. !

(These tests were part of an ASTM J-R curve round robin.) Fig. 5 shows
the results for a structural grade of carbon steel. The f our heat tint i

; results indicated were determined using four specimens from the same
plate. The results obtained with these two materials are shown to

.

I
'

enhance your confidence that the results are reliable,
i !

,
The test method has been acclied to metals having A wide range of |

4 properties. Fig. 6 shows F-curve results for three metals, an
austenttic nickel base alloy. a ferritic structural steel and an
aluminum alloy. These results were all obtained U9ing the DEPC method.,

4
I

j CONCLUSIONS |
L

! The exoerience to date of using the DEVC method for determifling F I

j curves indicates that the method is general. The results shewn here |
) illustrate that point. The author recommends the extended use of the
! DBkC method based on it's ease of use and general applicability.
i

i
,
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DETERMINATION OF STATIC AND DYNAMIC J-R CURVES
USING THE KEY-CURVE METHOD

K. Bruninghaus, W. Hesse, M. Twickler,
R. Twickler and W. Dahl

Institute of Ferrous Metallurgy
Technical University of Aachen

ABSTRACT

The exV rimental procedure for J -curve testing under
rapid loading conditions involves roblems due to crack
length measurement. Usual methods like unloading compli-
ance, potential drop, ultrasonics and multi specimen
technique are not suitable for dynamic testing. Thus the
key curve method developed by Ernst et al. (Ref. 1) , was
used to determine J -curves for a 20 MnMcNi 5 5 steel atp
various displacement velocities between 0.01 mm/s and
570 mm/s. At the highest rate of 570 mm/s smooth load
displacement records without significant oscillations
could be obtained using instrumented specimens. The key
curve function was developed by FE-calculations showing
some advantages compared with an experimental determina-
tion. The key curve function was related to yield
strength and converted to the appropriate yield strength
corresponding to the strain rate. At the end of each test
the stable crack extensions were measured. They show good
agreement with values calculated by key curve method. The
obtained J -curves show increasing tendency with increa-
sing loadiMg rate.
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|

INTRODUCTION3

i In many cases it is essential for the prediction of
| failure to know the material behaviour under loading
| conditions as they occur in components or structures. Not

} only yielding and work hardening behaviour but also the
fracture behaviour characterized by the J -curve in the
ductile temperature region has to be de erminr,d as a
function of temperature and loading rate. The experimen->

i tal procedure for dynamic J -curve testing involves
j problems due to crack length dasurement. Usual methods !

like unloading compliance, potential drop technique,'

1

ultrasonics and multi-specimen-technique are not suitable j

| for dynamic testing. Thus the key curve method developed |

1 by Ernst et al. (Ref. 1) appears to be a promising |
alternative for J -curve determination, because the crack !4 R

i extension can be obtained directly from the load dis- l

j placement record if a key curve function is available. ;

' ,

i DESCRIPTION OF THE KEY CURVE METHOD DEVELOPED BY ERNST
| (REF. 1) i

! i

! Basically unloading compliance and key curve method are I
'

similiar. In the first case the crack extension is -

derived from the elastic compliance whereas in the second ;

case crack extension is obtained from a calibration or i

key curve function, which . Orosents elastic and plastic 1
!specimen behaviour. This calibration function depends on

yielding and work hardening behaviour of the material and
consequently on strain rate and temperature. Fig. 1

; proves that load displacement curves of geometrically
,

similar CT-specimens with constant a/W-ratio are identi- !
| cal, if the load F and the displacement a are divided by

the proper specimen dimensions. The normalized load value
;

!I

F *W W = specimen widthggy 77 ,
b a = specimen thickness !j B -

| b = ligament longth |
j i
! in the diagram 1 the tensile stress F/(W.D) divided by j

(b/W) 2.swhich implies the dependoneo of bonding i; the ratio
| stiffness on ligament size. According to Joyce (Ref. 2)
i F1 becomes therefore independent of a/W for 3-point-bond
i specimens and the key curvo function is given by F1 (a/W).
] In contrary, for CT-specimens the normalized load dis- !
i placement curve F1(a/W) additionally depends on the i

a/W-ratio so that the key curve function is given by tho |;

j function F1(a/E a/W) . Ernst has proposed to develop the !
4 "key curve" oxperimentally using subsized specimons, |

because they can be loaded until higher values of F1 and !

i a/W without stable crack growth. In this caso the experi-
ment for J -curve determination has to be carried outp

I

.
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,

i

!

uith a larger geometrically similiar specimen where crack
initiation occurs at lower values of 4/W. Fig. 2 presents ,

'
the load displacement record of a ICT-test-specimen with
a/W = 0.65 and load displacement curves for 3 a/W-ratios
for the same specimen size derived from the calibration
function. The point of deviatier. ledicates crack initia-
tion and at the points of intersection the instantanous :
crack length of the ICT-specimen is given by the a/W-ra- [

tio of the respective load displacement curve. This [
procedure supposes that the applied load of a specimen at ,

a given combination of a/W and a/W is independent of the l
I

| path in the a/W-c/W-field. The expressions for the calcu- i

lation of crack extension da and J-integral are given in !
Ref. 1. . -

APPLICATION OF THE XEY CURVE METHOD TO J -CURVE DETERMI-p
J NATION AT HIGH LOADING RATES j
- ,

..In the present work the key curve function was developed |

by FE-calculatiens because the experimentally determined -

one has three principal disa?. vantages: !

1. The scatter of load displacement behaviour causes an
uncertain aa determination especially in the region of i
crack initiation, i

!

2. Using subsized specimens only a limited region of the l
key curve function can be obtained as it shows Fig. 3. I

At a supposed J -value of 150 N/mm the crack initia- |tion loads of dI?ferent geometrically similiar CT-spe- i

cimens (left diagram) can be transferred in the rela- [
ted load-displacement curve (right diagram). It ap-
pears that due to the above supposed J -value a
calibration function can be only deterdTned with 1/2
CT-specimens until a/W = 0.035 because crack growth
takes place afterwards. |

1

3. The experimental procedure is very expensive on I

account of the great number of subsized test spe- !

cimens. !

FE-Calculations

|FE-calculations were carried out to determine load i

displacement curves for CT-specimens with a/W-ratios j
between 0.5 and 0.75 (6 specimens) under plane strain !

conditions. The elastic-plastic calculations were per- !
formed by the FE-program ABAQUS using the von Mises yield j
criterion and isotropic strain hardening. The uniaxial '

stress-strain curve was represented by a multilinear ap- |proach. A geometrical nonlinear formulation was used. j

As yielding and work hardening behaviour of steel depends I
on strain rate c, key curve functions corresponding to I
the displacement rates had to be determined. Yielding j

i
95 |
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behaviour was investigated as a function of strain rate.
-

For two stress-strain-curves at different strain rates
FE-calculations were carried cut to develop a calibration
function. Fig. 4 shows snress strain curves and FE-calcu-

: lations. The calculated load displacement curves are
i nearly identical, if F1 is related to the lower yield i

point and o/W to the elastic strain at the lower yield i

point c Therefore it appears to be more s.ensible to i
make on3y. one FE-calculation by converting a related |;

calibration function to the appropriate yield strength
with respect to the strain rate, instead of performing
FE-calculations for each strain rate. Fig. 5 presents the
lower yield strength as a function of the activation i

energy 4G. According to Krabiell et al. (Ref. 3) the :

lower yield strength can be calculated for any required (
strain rate on the basis of thermally activated yielding. l

'

The strain rate near the crack tip was evaluated accor- |
i ding to Shoemaker (Ref. 4) at the moment of general tl yield: '

bR2 *
j eL,2 le- (2) i

] E t !*
g

l
i i

Using this formula time and place dependence of strain {rate was neglected and the estimated strain rate was ;q^
regarded to be characteristic for the specimen behaviour.

,

Experimental Proceduro and Technique I'

The fracture tests were performed on a high speed servo-
hydraulic testing machine at constant displacement velo-

; cities between 0.01 mm/s and 570 mm/s. 20% side grooved 1 !

| CT-specimens were tested. They were loaded up to certain
displacment values. At velocities up to 100 mm/s the load,

! was measured by a piezoelectric load cell and the dis-
! placement by a clip-gage. At higher loading rates cali-
7 brated strain gages fixed on both sides of the specimen i
j and a non-contact displacement measuring system were (used in order to obtain a smooth load displacement record !

without significant oscillations. Fig. 6 shows the I

; improvement of the load-time sieaal with regard to
; superposed oscillations using strain gages instead of a

piezoelectric load cell. Load and displacment were .

recorded on transient recorders with a capacity of 8 bit |
x 4000 words and a maxinum sample rate of 20 MHZ. Fig. 7 |
presents the test apparatus for fracture mechanica tests, i

It shows the clamped CT-speci nen in the middle of the ffigure, the piezoelectric load cell, the traverse of the !

] testing machine, the slack run to enable the piston to ;

achieve the required displacement velocity and additional
|masses avoiding that the piston slows down at the impact.
|
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The investigated material was a quenched and tempered I
20 MnMoNi 5 5 steel. Table 1 presents chemical composi- !

tion and heat treatment of the steel.'

!

Results and Conclusions !

In order to verify the methodology total stable crack [
extensions were measured after the specimens had been l

'

heat tinted and broken at liquid nitrogen temperature.
Fig. 8 shows the good agreement between measured and by ,

"

j key curve method obtained crack cxtensions. The evaluated
{

J -curves of different loading rates in terms of dJ/dt |

a$e presented, in Fig. 9.g With ,g _eyth exception of the'
,

3,7 10 MNm a crack resistance ;J -curve at J =

! b$ haviour increases with loading rate. So a conservative t

; estimation of fracture behaviour can be made by a quasi- |
static J -curve.
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Table 1 Chemical composition and heat treatment of
20 MnMcNi 5 5 steel

|

__

C Si Mn P S Al N Cu Cr Ni Mo Sn

.19 .24 1.35 .008 .003 .031 0.12 0.10 .16 .72 .48 .005

quenched and tempered: 900'C/40 min / oil /650*C/80 min / air

,
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Fig. 1 a) Load displacement curves of CT-specimens'

b) Normalized load displacement curve
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FEASIBILITY OF USING QRRPY-SIZE SPECIMmS IN J-R CURVE TESTING
,.

Wallin, K. and Saario, T. I

;

Technical bsearch Centre of Finland (VIT)
Metals Iaboratory, SF-02150 ESPOO 15, Finland (

i

!
!

INTRODUCTION i
t

. t

| We trost ccmonly used specimen type in nuclear surveillance programs |

j is the Charpy-V-inpact specimen. We specimen is small ard has a !

sonewhat unpleasant testin3 geonetry. We testing capasity of the |; Charpy-spechnen is also very small. We specimen is, laever, nuch .
1

'
I used, and it is therefore important to examine it's suitability for J-R
j curve testing. ;

i |

| In this work J-R curves obtainal with precrackat Charpy-specimens are I

; comared with J-R curves cbtained fran other apecimen gecretries. j

i Special interest is directal towards the ccrpariscri of CW - ard IT CT
'

pc
-specimens. !

1

4 EXPERIMENTS AND DISCUSSION l

t I

l The tests were perfonned with the autanatic testing systun at VIT,
utilizing elastic partial unloading cramliance technique (Ref. 1). Ebur I

'

different specimen geonetries were testal (3 specimenu of each I

geonotry) . %e gecraetries were IT CT, 0.5 T B::T,15 nm 3PD arx1 CVN c.
We results are presental in Fig. la - b. Not mu::h difference is s -

,

in the respective J-R curves, but the calculatal crack extensions for |i

| tle CW -specimens are seen to be much tco small. |PC i

i

i In order to investigate this error in the calculatal crack extension, a i
!

ccrrpliance curve determination was perfonnui for the CVNpc geatetry.-

!|
We compliance was measural both at the 1 cal line deflecticri as well as
at the crnk truth opening. First a simple gecmetry correction as used,

8 for the crack mouth openin3. We results are presental in Fig. 2a - c. i

1 Striking in the results are that unbent specimens yielded a different
cunpliance curve dian bent specimens. Since tle efrect was the same-

both for the crack mouth cpenin3 as well as the deflection, the4

{ investigation was continual only on the crack trouth opening

]
co mliance,

l

!
The next step was to perfonn a real geonetric rotation correcticr) on
the r.wasural cracknouth cpening as:pliance. We results are presental
in Fig. 3a - c. It is seen fran Fig. 3c that the georetric rotation
correction is sufficient for the unbent specimens. W e bent specimens,
howver, still yield a different ccrpliance.

Wis bentinj ef feet has of course several explarations:
! - the 1cading rolls trove causing clunge in the span width
!

105,
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- the 1cadirs rolls indent into the speciJnen causing uneven loadiry
Scacetry

- the strctyly plastisizal unbroken ligarnent tray cause sane effect on
the conpliance.

Because these effects are very difficult to deal with theoretically, an

cr.pirical bendity correction for the CW[-specirnen ws detennined. %eresults of the final geaaetry ard berdir correctal canpliance values
together with the crack length calculations are presented in Fig. 4a -
d. We crack lersth as wil as crack growth results are roe excellent.

The final resulting J-R curves are ccrpared with the J-R curves
|obtained fran lY CT -specimens in Fig. Sa. It is seen that the two

specirnen geonetries yield quite different J-R curves. Ilowever, when
calculatiry J as proposed by Ernst (Ref. 2), the two geanetries
yield essentia$y identical JtDD-R curve.1. W is is shcun in Fig. Sb and
c.

Stbt%RY AND CtCIDSICt!S

In this work J-R curves obtained with precrackal Charpf specinens were
ccrpared with J-R curves cbtained with other specirnen geonetries.

In conclusicn it can te proclainel that 20 % -side grooved
CW -specimens can to used to derive reliable J-R curves. %is donands
a Mry rigorous perfonance of the tests aryl analysis as well as the
use of the so called txdified J-integral JFDD*
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METHODS TO DETECT CRACK INITIATION 6

IN PRECRACKED CHARPY-TYPE SPECIMENS
1

'

T. Va rga' ' , F . Loibnegger' ' ' , F . Sa l z mann' ' '
|

t

'' Institute f or Testing and Research in Materials '

Technology (TVFA), Techn. University Vienna, Expert,

Div. of Reactor Safety, Swiss Federal Nuclear Safety

inspectorate (HSX)

''' Institute f or Testing and Research in Materials

Technology (TVFA), Techn. University Vienna,

Karlsplatz 13, A-1040 Vienna

Radiation embrittlement of RPV-steel in the core region of

Light Water Reactors is usually detected by Charpy-V-

specimens. The transition temperature shift at 30 or

50 ftlba,52 J/cm8 or 86 J/cm' is regarded as the measure

necessary to increase the lowest loading temperatures for

different pressures; i.e. Porse diagram and its

derivations.

Direct measurement of fractJre mechanics properties is far

more advantageous: quantitative considerations will become

feasible instead of arbitrary methods and criteria. For

this purpose procracked Charpy-type specimens are included

in latest surveillance programs. Additionally, they show

significantly smaller transition temperature regions than

the original Charpy-V-specimenn in general (Ref. 1, 2).

Force-time, or better force-deflection-diagrams are used

for the fracture mechanics evaluation. Static Acading does
not exhibit any difficulties concerning inertia effects:

dynamic loading, however, needs special know-how and
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:

|

i

|
4

!

) properties of the equipment (Ref. 3, 4, 5, 6, 7). There

j are some laboratories in Europe and overseas, which can

handle this task properly. Up to now the point of maximum,

load was regarded as critical and led to J Ic max. Detec-
I ting the initiation point represents one of the latest

| fields of development in dynamic testing of procracked

f Charpy-size specimens. ;
i
4 |

j Initiation in CT-specimens has been successfully detected (
by UT, like described in (Ref,, 8]. However, Charpy-type j
specimens need other type of transducers, see Fig. 1: [

furthermore, according to tests by Salzmann, reflection is |
less advantageous from the extension of the existing [,

crack. Therefore a higher number of specimens yields no ;

.{ sufficient UT indication of the initiation, see Figs. 2, 3 i
'

and 4.
!

{Electrical Potential Methods have been investigated, too.

j In the Figs. 2.3 and 4 potentials, which were measured |

] with external d.c. electric current feed, are shown.
;

j Potential curves were in general of less significance
;

! concerning crack initiation, than the UT indications.
6
,

Compliance changes, as shown by the force-deflection f
'

3 diagram in Fig. 4 gave on the steels tested, according to
?

tests by Loionegger, the most reliable indication of crack i,

i initiation, tThe UT gives more pronounced change in this !
*

t
test). This observation was correct in a similar way in

;

i statically or dynamically loaded specimens. The calibra-
}

tion or methods for the detection of initiation is simple i
| e

i for static loading: the test can be stopped at any chosen

I point of the force-deflection diagram without diificulty. :

Heat tinting with following low temperature fracture |
t

|
.
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allows the investigation of the crack face concerning

stable crack growth. Crack growth could than be correlated
with the indication of the method to be checked and
eventually calibrated.

Instead of stopping the pendulum abruptly, the instrumen-
ted chisel of the Schnadt Pendulum was limited to an
adjustable amount of displacement, see Fig. 5. The loading
rate was decreasing during the movement of the chisel to
zero: however, the steel behaving in a fully ductile

manner under all loading rates, there is no objection

possible against the procedure described.

In Fig. 6, 7 und B force-deflection and potential-deflec-
tion curves are shown. As an own special development due

to Loibnegger, no external current was used for the

potential measurements. Crack faces show no stable crack
growth in Fig. 6, small crack growth in Fig. 7 and consi-

derable crack extension in Fig. 8. The appropriate scan-

ning electron micrographs are given in Fig. 9, 10 a and b
resp. in Fig. 11. The local magnification of the force-

deflection and potential-deflection curves respectively

are depicted in Figs 12 and 13 in a way, as they are

prepared for the evaluation of the point of initiation for

specimen as in Fig. 11,
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| OECD/CSNI - Workshop on Ductile Fracture Test Methods |

Paris - April 17619, 1985
t

C. Fossati - CISE, Segrate, Milan
7

S. Ragazzoni - ENEL-CRTN, Milan |

!
:

EPFM TEST METHCDS FOR PRESSURE VESSEL STEELS CHARACTERIZATION
[
t.

Use of clastic-plastic fracture mechanics for the integrity
assessment of nuclear structural components, which generally ;

exhibit ductile upper shelf behavior under operating conditions, (
is now entering the common engineering practice. Structural inte, [

'

grity criteria, based upon EPFM concepts, have recently been de-
veloped(1,2),whichshouldresult. in a more realistic prediction )

of the fracture b ..avior of flawed structures somewhat allevia- |
ting the high degree of conservatism currently included in design. I

Defect stability analyses rely upon the measure of parameters ;

characterizing the material fracture resistance. Many experimon- I

tal techniques have been proposed: it is however fairly well reco,
gnised that further develcpments are required in order to come to

a well established and standardized procedure for assessing the

fracture resistance of ductile structural materials.
[

l
Research and Development Division of ENEL started a research i

!project on "Structural materials integrity and stability" (3 focu

sed on primary pressure boundary system components, with particu-

lar reference to the pressure vessel and the primary circuit piping. {
The program is developed jointly with CISE, where overall of the I

experimental work is carried out.

In the frame of this project some main topics are being addres- |
sed i.e. fracture mechanics, environmental fatigue and intergra- |
nular stress corrosion cracking.

In the fracture mechanics area, the program is focused on duc-

tile fracture test methods development and on the characterization

of structural materials of plant components. Fracture toughness
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|

5

j properties under static as well as dynamic loading conditions

j are measured for the components and weldments of the primacy
~~'

circuit system 4 . An extensive structural material characto-
i '

j rization is indec'd felt to be necessary in view of the high
,

safety and reliability requirements of nuclear plants 3,5 .

' ~

Measured mechanical propertice are being included it a

!j Data Base of plant materials, to be used as a refereree for

j in-service inspection and surveillance programs.
1 The test methods for pressure vessel steels ductile fracture
i

1 resistance characterization,used in the frame of the aforemen-
1

j tiened program, are hereaf ter shortly outlined, together with ,

j some related problems. !
l I

1 i
; - Initiation f racture toughness and ductile tearing resistance (1

1 !

j The single specimen unloading compliance (U.C.) test method |
r

-

is used. Tests are performed following AST.% E813 standard ,6 on j,

j 201 side grooved CT specimens, usually 1" thick. The specimen j
{ geometry, Fig. 1, slightly dif fers from the recommended one .

| that the pin holes spacing has been reduced (according to E399
(7]geome try) to avoid plasticity problems in the specimen arms.
Standard E813 flat bottom holes are used for clevises. JIC value ,

<

is determined using a linear fit to data points between 0.15 and

1.5 mm exclusion lines and the theroretical blunting line with j

slope 2 Egggy, as per E813 procedure, Fig. 2. [
In the initial blunting stage,U.C. test method often y' elds !

J-da points which do not fall on the 2 blunting line, resul-
'

ting in no-apparent crack growth or in an apparent "negative"
i

growth, Fig. 3. Rotation, friction and indentation effects have [

{ been suggested as possible causes of this behavior [8). {

i

{ Different technicalities an Cor data reduction methods are i

| used at present to handle this problems in our testing procedure,
to avoid negative crack growth values, data reduction includes f

shift of thed a axis origin. On the other hand, expe- |
a

rimental results of specific tests '9' on different specimen geo- {,

metries (CT, CCT) seem to indicate that, during initial loading,
i

crack length doesn't increase up to initiation.
i

13:
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The need of furth investigation for a better understanding

ai description of the blunting stage, in order to obtain a re-

-. determinat. ion of the onset of cracx growth and initiation

s, is now being widely recognized.

e.owing this, both experimental and theoretical work on this

. is under way at CISE.

Initiation J value is not the only useful parameter in EPFM,

since design against initiation may be overconservative.for ctruc

j tural components which, in the operating temperature range, behave
J-

in a fully ductile manner and can accomodate, by plastic deforma-,

; tion, even la rgo crack growth. In such instances, the use of the

; J-resistance curve concept, and associated parameters like the

tearing modulus, can allow a more realistic approach to the sta-4

I bility assessment.

The influence of specimen size, testing technique and data

j reduction method on these parameters,has not yet been well asses

j sed. Use of small size specimens for J-R curve determination

only allows small amounts of crack growth. The need may however

arise in structural assessment of accountir.g for large crack

growths. if this is the case, the validity of J-R curves obtained

on small size specimens has to be checked beyond the limits of a

J controlled growth.i

Specimen size effect on the fracture resistance behavior,

i namely on initiation and J-R curve, is now being investigated at

i CISE by testing CT specimens from 1" ta full plate thickness.

| A specimen size offect is indeed r? cognized. Plain 4" thick

|
CT specimens of A533B Cl i steel testou at room temperature under

went cleavage instability after a small amount of stable tearing,'

l whoreas side grooved 1" specimens behaved at the same temperature
| in a fully ductile manner.

Some concern may so arise in the use of fracture toughness data

| obtained on small size specimens: in the transition region an in-
I crease in the crack tip constraint may cause a change of the frac-

| ture mechanism, leading to a shift towards higher temperatures of

r:easured transition range.
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A correction has been proposed 10 to properly account for

this ef fect.

J-R curves are determined by means cf the U.C. testing method.

A power law function is used to fit experimental J-da points,
Fig. 4. Deformation J is being used, but attention will also be

devoted to the modified J parameter developed by Ernst [11 use,

of which should overcome the inaccuracies due to growth, yielding

an effective indipendence from crack growth and specimen geometry,i

i

- Dymamic fracture toughness

The need of accounting also for dynamic loading conditions in

defects assessment is well established: the LEFM approach of ASME
_

code 12 includes dynamic toughness data to draw the reference
_ ,

K curve. Such an approach should be pursued in the elastic plastic7g

I regime as well: not only initiation values but also dynamic resi-

; stance curves should characterize material fracture behavior,

1

Dynamic toughness characterization of pr ssure vessel steels

has therefore been included in the "Structural materials integrity
and stability" program.

Precracked Charpy-V specimens (PCCy) are impact tested in an
instrumented pendulum; CISE testing procedure substantially fol-

lows ASTM [13] and EPRI [14] proposals. Upper shelf dynamic initia,
tion toughness is avaluated as J at maximum loads the assump-ID
tion is therefore made of no suberitical growth b' fore maximume

load,which has been proved at least for A533B steel [15] .
A special testing technique (Very Low Blow, VLB) has been de-

veloped(15 for dynamic resistance curve determination.

The technique again makes use of PCC specimens impact testedy

on the instrumented pendulum: different blow angles of the hammer
yield different crack extensions which can be easily marked by
heat tinting. A multispecimen dynamic J-da curve is so obtained.
Data reduction is performed in a quite similar way as for static

tests (following ASTM E813 recommendations), Fig. 5, except for
the blunting line which is experimentally determined.
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Again specimen size effects shoulo be carefully considered.

The f airly limited amount of crack extension (less than . 5 mm)

allowed within the limits of a J controlled growth suggests the

use of the modified J parameter.

- Final remarks

A direct measurement of the fracture resistance properties,

under both static and dynamic loading conditions, is to be

pursued for primary pressure boundary structural materials.

In the ductile regime, material behavior up to initiation and*

in particular the real consistancy of the blunting stage are

to be better clarified.

Application to actual structures may require J-R curves with-

large da values not influenced by specimen geometry and size.

Geometry, si.ze, and also loading mode effects are important

items still to be addressed in R&D programs.

Dynamic resistance curves should be included in a full mate -*

rial characterization in the elastic-plastic regime. |

I
,

1
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STATUS OF SPAIN IN IRRADIATED SPECIMENS J "
IC

Antonio Tanarro Aparicio

TECNATOM, S.A. Km 19 CNI. Madrid-Irdn

| San Sebastian de los P. yes, Madrid, Spain

INTRODUCTION

This report sammarises the conditions under which, TECNATOM decided to
develop a testing procedure for determining the plane strain J -R curve.

7

The pr icedure will be finished before the end of this year.

SUMMARY

In Spain there are four Nuclear Power Plants with Westinghouse reactor
vessel surveillance program and early there will be another one. Their
surveillance capsules contains % T-CT (compact tension) and TPB (three
point bend) fracture mechanics specimens. These specimens were machined
and fatigue precracked according to ASTM E 399 "Standard test Method for
Plane-Strain Fracture Toughness of Metallic Materials" (fig 1).

In light of current requirements of 10CFR, Part 50 and NUREG 0744 "Reso-
lution of the Reactor Vessel Materials Toughness Safety Issue", TECNATOM
decided to develop a testing procedure according to ASTM E 813 "Standard
Test for J A Measure of Fracture Toughness" by unloading compliance7g,
method for determinig the plane strain -R curve taking into account
recent issues about this tneme (ref.1) 7

The need for the engineering method proposed in the mentioned NUREG (ref.
2) is dictated by the fact that some materials (primarily weld metals)
used in RPVs will have Charpy V-notch (Cv) impact test upper shelf energy
(U.S.E.) levels of less than 68 J. before the end of their design life.
When RPV steel exhibits a Cv U.S.E. level of less than 68 J. , the require-
mants of Title 10 of the Code of Federal Regulations (10 CFR 50) are not
being met, and a safety analysis must be performed to ensure continued
safe operation of the reactor.

The former analysis needed an experimental procedure to obtain material
fracture parameters in a form compatible with theoretical concepts. Tne i

ningle specimen unloading compliance method was proposed and recommended
in the mentioned paper,

i

Current test procedures recommend a compact specimen configuration similar
as deceribed in ASTM E 399 (fig 1), but modified to permit load-line !
displacement measurement (fig 2). This measurement is needed by procedures
presented in ASTM E 81? (ref. 3) and ref. 1 though it is not possible to
do it in specimer.s with geometry according to ASTM E 399. This is why we

;

intend to measure the displacement at the front face of the specimen and,
,

after that, to apply the elastic compliance expressions formulated by |
Saxena and Hudik in reference 4t

|'

,
.
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The major problems with the partial unloading compliance method which we
have found, were the requirements of a very high accuracy, stability,
and linearity of all components of the measurement and data adquisition
system and of a low friction loading device.

Also we have found an apparent negative crack growth, which we think is
induced by local plastic deformations and friction in the region of the
loading bolts.

At this moment we have not finished the procedure although we are develo-
ping a computer program taking into account the computer interactive
unloading compliance method proposed by Joyce and Gudas in ref. 5. j

|
This testing procedure will be very useful for so.ne current research pro-

' grams in Spain about radiation embrittlement and fracture analysis.
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PRESENTATION OF A FRENCil TENTATIVE TEST PROCEDURE
FOR Tile DETERh11 NATION OF Tile FRACTURE

RESISTANCE OF DUCTILE STEELS

M. BETilMONT

Electricitd de France (EDF), Ddpartement Etude des Mattriaux,
Les Renarditres,77250 Moret sur Loing, France

ABSTRACT

Th!s tentative procedure has been drawn up by the task group .J aan of the French Group on ,

IFracture (the lhe of members is given in Appendix).

INTRODUCTION

This paper deals with the project of a French tett procedure for the determination of the fracture i

resistance of ductile stects which has been written recently The discussion is still open about
it in France.

The presentation is limited to the first part of this procedure in which an effort has been made
to detail the experimental aspects of the single specimen clastic comp!!ance method which is
usually developed in French laboratories. This experimental part has been written with the inten-
tion of unifying the testing procedures of different laboratories and to permit direct comparisons
of results with the assumption that the scatter from one laboratory to another would be signifi-
cantly reduced. i

COMMENTS ON Tile PROJECT (see appendix)

Contents

The contents of this procedure is typical of French standards. This paper is limited to the com-
ment of chapters 5 and 6 and annexes 1,2 and 3 'n which some experimental procedures are .

detailed. |

Specimens
[

l In the objective of unifying the experimental procedures, it seemed better to recommend ,

the sole use of Compact Tension specimens (appendix % 5.1). A new procedure would be neces- |
sary with bend specimens. !

2 With the same intention of unifying the specimen geometry, only one side groove geometry
|is propowd.

3 - The remark about distance between the pin holes (appendix % 5.3)comes from observations
on specimens in austenitic stainless steel 316 L, for example i for such a material, the model 11 ;

is more appropriate. i

4 Only one condition is recommended for the pre cracking of the specimens : the maximum ,

load should never exceed OA PL (appendix 5 5.4). In ductile fracture resistanct measurements, '

the test is carried out on a material which falls in the ductile mode and there is no reason to i

limit the rangt of AK during pre cracking. |
|Fquipment

'

I The clevis geometry recommended in AFNOR French Standards is the same as in ASTM Stan.
dards (appendix % 6.1), it was calculateu that with the standard clevis, the pins are free of fric. ;

tion if the load line opening is approximatively less than 7 mm, for a CT25 specimen. In the
case of the austenitic stainless stects, the opening may reach 15 mm. It is the reason why a diffe-
rent clevis is proposed with a larger flat part in the pin holes. In addition, the angle of the clevis
in contact with the pin is rounded in order to minimlie the plasticity and consequently the fric. I

tion at this point.
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2 - Again with the intention to keep pins free of friction as long as possible during the test, it |
is recommended to center properly the pins on flat parts. Unfortunately, it is not possible to quan-

'

'

tify simply this recornmendation.
3 In annex 2, methods of fixture alignment control are proposed. For example in A.2.3., it
is proposed to utilize a CT specimen fitted with a deformation gage which makes possible to quan-

'

tify the misalignment of the fixture..

4 The calibration of load or displacement transducers is a very important point especially if
compliance method is used.
In case of multiple specimens method, the requirements, which are similar for load or displace- ;

ment transducers, are concerning only the accuracy and the reproducibility.
Ilut if single specimen clastic compliance method is used, it could be necessary to take account '

of the curvature of the calibration curves of the transducers. The criteria which is used to deter-
mine the analytical form of the calibration curve is based on statistical analysis of measurements,
it is expressed by the following relationship (see annex 3) : 2a/au ( 0,1%.
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APPENDIX

TENTATIVE TEST PROCEDURE FOR Tile DETERMINATION
OF Tile FRACTURE RESISTANCE OF DUCTILE STEELS

Members . M. IIALLADON (UNIREC)
| M. IlETilMONT (EDF)
'
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|

I
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'
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Annex 3 : Transducer calibration procedures

!
'

,

|

1
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5 - SPECIS1 ENS

5.1 - The specimens used are the Compact Tc.ision specimens (CT). Reference geometries are
CT 25 and CT 50 specimens.

If necessary other geometries may be used, such as :
CT 12.5, CT 75 and CT 100
or reduced thickness CT 12.5/B, CT 25/B, CT 50/B, CT 75/B or CT 100!B.

In these latter cases, the first number is the nominal specimen dimension (0.5 W' and B, the
thickness.

|

5.2 - Following the fatigue pre-cracking stage, the specimens are side grooved on a total depth
; equal to 20% of thickness (Charpy V type notch : d 45*, p = 0,25 t 0,025). !

'
The thicknc>s in specimen notch plane is designated by llN.

J

j in some cases, for example for heterogeneous man rials, it may be helpful to cut shallower side
#

grooves, prior to pre cracking. These grooves prot i te a fatigue crack growth in the plane of thea

notch with a straigth crack front. The thickness in ta notch plane of this specimen is designated
by B .t

5.3 For measurements of load line opening, the knife edges permitting the attachment of a
clip gage are either machined in the specimen or inserted. Before cach test, knife edge sharpness 1,

and edge parallelism should be checked. ,

a

j Specimen machining may eventually be adapted to other types of transducers so that measure.
; ment be carried out on load line.
,

For information, specimen models are shown on Figure I.

| With ductile and very tough stects, care should be taken to limite the distance between the pin.
'

holes in order to prevent plasticity in the arms of the specimens.

5.1 Specimen fatigue pre craking. Specimen pre cracking is carried out until the relative depth
of the crack reaches 0.60 i 0.05. The length of fatigue crack f should be greater than 5% of

and at least equal to 1.3 mm.a o

Staximum load of pre cracking should never exceed value 0.4 P . where :t

lit (W - h - f)2 Hee
P.=t

2W + h + f i

Fatigue crack propagation is most often monitored by compliance, resistivity or optical techni-
ques, however, any other method providing an equivalent precision may be utilized.

A chevron shape at the tip of the machined notch is suggested if crack initiation is a
problem.

f Iit is advisable to use the lowest ratio R = P min /P max as possihte (as a ru|e 0.1) to minimlee,

cracking procedure duration.

i Fatigue pre cracking should preferably be carried out with the materialin the same metallurgical
condition in which the material is to be tested.

,

J
|

|
,

1
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6 EQUIPMEN1

6.1 The recommended clevis geometry is identical to that indicated in AFNOR A 03180 stan-
dard (figure 2).

For information, another geometry is proposed in Annex 1 for single specimen compliance
method.

1

i it is advisable to ascertain that the selected geometry allows a friction less rotation of the pins
up to the maximal specimen opening.

6.2 Check of fixture alignment. Prior to each test, it should be made sure that the pins are
properly centered on clevis holes flat parts.

A periodical check is performed regarding proper machine and clevis system aligment. An align-
ment checking method is proposed in Annex 2.

6.3 - Calibration of Load and Displacement Transducers.

Load Transducer .

Load transducer should be class 1 to AFNOR NFA 03 501 standard.

Displacemt t Transducer :

Accuracy error and reproducibility (Cf. NFA 03 501) should be at the most 1 % of measured value,
or at the most 0.2% of transducer range, only the highest of these two values being selected.

- Specification for Single Specimen Flastle Compliance Method

Load and displacement transducer calibration curves are expressed under linear or polynomial
analytical form (Cf. Annex 3).

An analytical expression is acceptable, if the following inequality is verified : 2a/au 50.1% where
o is the measurement standard deviation and du measurement range.

This checking procedure applies to the whole multiple instrument measurement assembly.

6.I - Temperature Measurements

it is recommended to measure specimen temperature 5 mm away from fatigue crack plane and '

tip or in such a way as to know the temperature in the propagation zone through a prior calibration.

Temperature should remain stable in said zone at 2 3'C t also prior to the test it should remain i

stable for a period such that :
t > 11 x 1 min /mm. |'

i

|
|

J

|

|

|
,
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ANNFS 1

CLEVIS MODEL
(single specimen compliance method)
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ANNEX 2 i

! FIXTURE ALIGNMENT CONTROL ~

A.2.1 - Tensile Calibration Bar ;. r,

Gages glued on this bar are utilized to display the para. |
site bending : for a given tensile load, the electric signal '*---- Load cell
emitted by each gage varies as the bar revolves around

| Its own axis. , +--- Comparator !

A.2.2. Utilization of a Comparator Cylindrical
|

reference surface |

The measurement principle is sketched on figure A2,1 - -_ !

the comparator, while leaning against a reference cylin- @ [ j
'

drical surface integral with fixture top,is made to turn

..% j 7ai.
;

around lower fixture axis. The maximal deviation bet.
. , , .

'
,

'"' c"Aween measurement values read on the comparator . -. - u .

should not exceed 0.05 mm.

A.2.3. Utilization of a Crack Specimen (fig. A2.2) i,,

A CT specimen, fitted with a deformation gage on one i
'

of its faces, at a 1.5 mm distance from notch tip, is
utilized. It should be made sure the gage is placed away
from the plastic zone at the crack tip, by verifying that Figure A2.1
the emitted signal returns to zero with the load after

,_

a few cycles. - rixture alignmen t
|.

control by means of

a comparator, i

|

|
s

I defomation
| / gage

_

I
i

- - . .
-

_

o o

_ >

,

Figure A2.2
r

- Uncracked ci specimen fitted with gages for the
purpose of checking clevis alignnent. ,

Then the specimen is stressed up to a load correspon. |
ding approximately to OA P . The load vs. deforma-t <

tion diagram is recorded. After the specimen has been !

turned end for end, the same load application is car.
Tied out and a second load vs. deformation diagram is
recorded. The alignment is considered satisfactory
when the deviation between the readings on the gage
for the same maximalload does not exceed 2L

f
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ANNEX 3

TRANSDUCER CAllllRATION PROCEDURES

A.3.1 Transducer Linearity Control

The calibration range of the transducer is divided into a minimum of 10 equal intervals. Three
series of measurements are carried out in each of the subdivision points.

The measurements are carried out at the end of a multiple instrument measurement assembly
(plotting table or computer). Following the reproducibility control (Cf. s 6.3), the correlation
factor r = Vp p' is calculated (p and p' are the slopes of the two linear regressions, obtained
through the least square method).

The transducer may be considered linear if linkage probability A is such that :

A = 1 - VI - rd > 0.998"

This limit corresponds approximately to the result obtained for a series of points with a i 10 s
amplitude random rectangular distribution around a theoreticallinear linkage y = x within the
[0,1] interval."

Therefore, this limit is equivalent to :
2 o/Au < 0.1% where a is the measurement standard deviation and au the measurement range.

Otherwise, calibration procedure proceeds as described below.

A.3.2 Calibration of Transducers non. Linear According to A.3.1

ist Method On thc basis of preceding data, a polynomial of a degree not exceeding i is establis-
hed as follows :

m
Y= E 11) XI - I

j=1

with 3 < m ( 5

Y is the physical magnitude and X the measured information. Coefficients lij are determined by
the least square method I c., if no specific constraints are imposed, by the resolution of the j
system :

N N
Ik-IAj=k=1 X[l-2i E i and Ci= E Yk X|A j] [Iljl = [C ] withi t

k=1

Other fittings with adapted calculations permitting an analytical formulation may be used. In all
' cases

the condition of accuracy according to scatter index should bc : 2a/Au ( 0.1%.
j

the compatibility between the adjustment function derivative and the local evaluations should-

; he verified.
1

1 2nd Method _ in the vicinity of each point in the calibration range subdivisions, a local calibra-
tion is performed on a range corresponding to a partial unloading (for instance 0.1 mm for the
dhplacement). It is necesury to extry out a minimum of 10 cvenly spaced apart measurements.

,

The local slopes (6Y/6X) are determined by linear fitting according to the least square meshod.

i al Test Carried out in Analogic Mode
i

it shall be possible to use the transducer only if the local slope es olution, throughout the measu.
| rement range, may be linearlied with a scatter band 4 a less than 2% of the average slope and

if the overall variation does not exceed 1% of said average slope.

,

l

1%, ,

t i

f
.--. . . -



If these conditions are met, together with those of accuracy and reproducibility (cf. 6.3), the
transducer may be assumed to be linear, as an initial evaluation. The compliance measurements
should be corrected by taking into acceunt the local slope / average slope ratio at the middle pointI

! where the partial unloading is carried out.

bl Test Carried out with Digital Acquisition

i The preceding procedure applies with the same reservations about validity.
|

t

More generally, the evolution of the reciprocal of the measured local slope is expressed in func.
tion of the measured mean signal by a polynomial of a degree less or equal to 3, through the
least square method.

m'
l.c. . Y' = E It') XI- I with 2 < m' < 4

j=1

Then, the calibration polynomial is determined by :
m

Y= E 11) XI- I with m = m' + 1
i=1

11' I

tij = j -) 1with for 2 < j < m
,

N m
E IE [Yn k = 2 lij XR']and l_It

k=1
N

Il l s the integration constant optimized en the basis of the initial d.ita obtained as described ini
A.3.1.

The accuracy condition according to the scatter index still is : 2al.iu ( 0,1%.

1

f

;

I

i

|
1

157
i

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



THE DETERMINATION OF THE FRACTURE RESISTANCE
OF DUCTILE STEELS

|
B.K. Neale

Central Electricity Generating Board
Berkeley Nuclear Laboratories

Berkeley
j Glos
j GL13 9PB

! 'APPROACH

i In order to fully assess the integrity of a structure, it is necessary
to know the fracture properties of the component steels. The CEGB
Procedure (Ref 1) provides a method for detemining the fracture

i properties of ferritic steels by measuring the variation in fracture
resistance J with crack growth da. Typical J-Aa behaviour for a steel,

is shown in Figure 1. The initial behaviour is associated with crack
tip blunting followed by crack initiation and crack growth as J
attains some limiting value. Crack initiation occurs at a value of L

J usually designated J .
[g

For assessment purposes J values which do not characterise the
.

fracture behaviour are unimportant. Consequently, the objectives of '

the CECB Procedure are to measure Ji and detemine the limit to the
J-da behaviour beyond which J - controlled behaviour can no longer
be assured. In practice, it is dif ficult to detemine the precise

; location of J . An alternative approach used in the CEGB Procedure
is to determike the value of J at 0.2cm crack growth. J can then >

0.2
; be used as an engineering approximation to J .

g

METHODOLOGY

,

In the CEGB Procedure, the J-Aa behaviour of a steel can be measured
using either the single edge notch bend specimen shown in Figure 2 or ,

the coepact tension specimens shown in Figure 3. A modified compact ;

tension specimen can be used which incorporates wider pin hole spacing !

i than the standard specimen so that a clip gauge can be inserted on the i

| load line. Using these specimens typical load displacement behaviour
j shown in Figure 4 is measured. The behaviour is usually characterised
J by a linear region followed by crack initiation and crack growth as a ',

| limit load is reached and collapse of the specimen occurs.
i

i Both single specimen and multiple specieen methods can be used for
! measuring crack growth. With the multiple specicen method the crack
I growth as is measured directly from the fracture surfaces while the
! f racture resistance J is detemined from the area under the load
I displacenent record.

,

The singic specinen nethod is based on the unloading compliance tech-
j nique and details are given in the Procedure for both performing the
I
I I

|j 1$9
i

!
|
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test and analysing the data. Typical J versus crack length behaviour
is shown in Figure 5. The minimum crack length is used to estimate the
initial crack length a . The unloading compliance at the end of the
test is used to estimaEe the final crack length. Providing the estimated
initial and final crack lengths and the crack growth meet specified
accuracy requirements, a can be subtracted from the crack length data
to provide the J-aa beha0iour.

J-Aa VALIDITY REQUIREMENTS

Validity limits are applied to the J-on data to ensure that J charact-'

'crises the stress ficids ahead of the growing crack, Figure 6. It is
assumed that data satisfying these limits are a material property indep-
endent of test specimen size and can be used to derive fracture
parameters suitable for the assessment of structural integrity.

INTERPRETATION OF J-da DATA
,

The derivation of fracture parameters from J-on data used in the
Procedure is dependent upon the extent of the valid crack growth range,

i Aa If oa is less than 2 mm then a straight line is drawn through.

thE*Eata remaTSfng between a 0.2mm exclusion line and as
Figure 7. Theinterceptofthislinewiththe0.2mmand*2E,asshownin '

exclusion
1.ncs defines J and J , respectively. The slope of the "**
line is dJ/da. O*2 If aa8 is greater than 2mm, a power law fit is
drawn through the data rESEining between the exclusion lines in order to
avoid overestimating J and J at large crack growths. For this case
theJ-dadataisdescrk6bdbyJ

.2, J and the equation of the power8

law. 8

SIGNIFICANCE OF FRACTURE PARAMETERS

For many steels, J can be regarded as an engineering approximation to2 ;theinitiationfrack0reresistance. The value of J represents the
maximum fracture rr-istance that can be measured frEm a given test
specimen for J-cor olled crack growth. In writing the Procedure, it

: should be noted that J was considered less important than J which
attemptstoexploitth9'!ncreaseinfractureresistancewithcEackgrowth.

CONCLUDING REMARKS
'

, This note briefly describes the essential features of the CECB Procedure f'

for the determination of the fracture resistance of ductile steels. '

,

The advantages of the CEGB Procedure aret

1. It permits the use of single edge notch bend and compact tension
specimens.

2. It incorporates multiple and single speelnen rethods.

) 3. It avoids the use of a blunting line construction.
i

j
,

! 160
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4. It does not attempt to measure J at crack initiation.

5. It describes a valid crack growth fracture resistance curve in
; terms of suitabic chracterising parameters.

!

For a more thorough treatment, the reader is referred to Reference 1 !

and to the accompanying explanatory backgrounJ notes to the Procedure ;

'given in Reference 2. 1
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PROGRESS REPORT ON THE ASTM R-CURVE STANDARD

D. E. McCabe

Westinghouse R&D
1310 Beulah Road

Pittsburgh, PA 15235

'

The method is now in its 10th draft, and as of November 1984, the method
has been approved for submittal to subcommittee ballot. The 10th draft

d

has several substantive changes from the earlier draft that had been
reported in the Journal of Testing and Evaluation, November 1982. These
are!

!

1. Title and Scope

(Old! Tentative Test Procedure for Determining the Plane Strain
J -R-Curve.g

(New] Test Procedure for Determining J-R-Curve.
i

| 2. Specimen Design
(Old) David Taylor Specimen (0.188W pins]

| [New) Westinghouse Design (0.25W pins)
l David Taylor Design (0.188W pins]
| Ratio H/W must be maintained. Thickness is nominally 0.5W but any
| thickness can be used so long as the size criteria of section 9 can
> oe met. When the component structure being evaluated has a

thickness too small to meet the size requirement of section 9, the
J -Curve may be determined for that thickness so long as the planarR i

size requirements are met. (J, , = bo /20). In that case, the J ' |y RCurve may not be geometry inde, pendent but will give toughness that
is appropriate for the component thickness being evaluated.

3. New Equations for J
D

~

A
j (Old) Jgg = (Jg+(f)g ' I'l) (1 - qH
; N

(K ,g)2I
g

(New) Jgg = E * (J )b1p

(J)pg*((J)g+(f)g((A)1,N))
I

|
P g, g

p p 8 i il, i)
N ;

P * + P*.(A )gg = ((6 ); q - (4 )g) [ )p p

|

(6 )g = 6g-PCgg |p

171
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i

i

e

j 4. Effective Modulus Adjustmenc for Compatability Between a, and
.

Initial Elastic Slope
I W+a 2 a

{ Eg=CB W-a '

1 oe o I

i wheret C, = initial compliance

I s, = s-(s-s,)2fs j

i

: 1 ty ,

thent (E B,C) +1g

j a/W = f (Ug) j
; 5. Rotation Correction to Unloadina Compliance |

>

' I
C =Cc m (H/R) sine-cos0) [(D/R) sine-cos8)

j C,= measured elastic compliance (load line) j
'

i
corrected compliance ;: C ac

I !

Issues j
!

Specimen type effects on J-R-Curve (bend Bar-compact) i
Seen in round robin on HY130 [
Seen in round robin on A710 i

J. Newman results suggest no geometry effects f
s

i To subcommittee ballot Mar-Nov 1985.
|

I !
l

| [
:
,

1 .

! i
t
i
t
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: !
I i
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f
i
i
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D-g, 4176%!

1.25 W t 0.01 W=

f 0.5 W H - W * 0.005 W =
~"

; I !

I 0.13 W

0.355 W l I s 0 |e .01 W4 .L

2H = 1.2 W i-
.._. . .- - - ' *

-

1 0.010 W / '
!._

0.05 W

'
;

0.25 W Ola.
;

i -

,

Compact Test Specimen for Pin of 0.24 W I + 0.000 W/- 0.005 W1 Olameter f
I

t

I

4 1.2Wi0.010W Ir
:

- B o 0.5 W-. p 10.005 W ,

_.. _ _ _ ...

t v -

i0.375 W Q,g w--

1_ _0 lw
~

s,, _ _ . _ ____

2H a l'2 W f
* 0.01O W 0.21 W W il

. . . . _ . _ . - +
0'!M W Ola,

i

Compact lest Specimen for Pin of 0.lt'5 W I + 0.000 W/-0.001 W1 Olameter

,

Two compact specimen designs that have been proposed in the
R-Curve test procedure
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EXPRESSIONS FOR J AND J FOR GROWING CRACKSg
lHugo Ernst

TECHNINT Argentina
Buenos Aires

|
:

Since the introduction of the multispecimen method to determine
J, by Begley and Landes, significant effort was devoted to decrease the
number of specimens needed for its determination. Expressions for J were
then developed based on single specimen behavior following the original
workofRice,ParisandMerkle[1]. In general J can be expressed as

J=g Pde (1)

where n: is a function of the crack length and material properties, but
not on the level of defomation.

b: is the re-aining liga:nent.
B: is the specimen thickness.
P: is the applied load.
6: is the load-point displacement.

As discussed extensively in Reference 2, the existence of n
as a function of a, but independent of the level of defomation is related
to the possibility of variable separation in the expression of load as a
function of crack length and displacement.

P=A(a)D(6) (2)

The value of n is related to the scaling properties of the above expression,
in tems of crack length. More precisely, n is given by

>P bn=gy (3)

I Mailing address: TECHNINT SA 708 Third Ave., NY, NY 10017.
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As was noted in Reference 2 there are some cases for which the scaling

j properties of the P-6 relationships are not the same in the linear

; elastic regime and in the fully plastic one. Thus giving the two values

the elastic, n,) and the plastic one, n ). Consequently, J isi
p

expressed as
|

J- Pd6,) + Pd6 ) (4)p
t

'( !

where 6,) and 6 ) are the linear elastic and the plastic part of thep
displacement, respectively. Only for casr; where n,) % n ), an expression |

"

p

like Equation (1) is expected to give correct results. j
i

,
J

Growing Cracks

For the case of growing tracks, the meaning of J is not clear, f
,

! since unloading occurs in some port ons of the body and the irreversibility ;

of the process becomes apparent. This fact can be ignored, as a first !
.

i

| approximation, and strict defomatior theory of plasticity interpretation |

1 of J can be followed. That is, consider the material as nonlinear elastic, |
and J is history independent in the P-6 plane. The value of J at a point, I

I

can be obtained following any path getting to that point in the P-6 plane. |
i

The expression of Equations (1) and (2) could then be used. I
;

j provided the areas were taken under the corresponding calibration or
. nongrowing crack curve, passing through the point of interest. Usually, j

this is not a very practical way of calculating J since nongrowing crack !

j curves are not always available. Instead Equation (1) and (2) can be f
!

1 cifferentiated and reintegrated to give the value of J ba',ed on the actual

f test record. This procedure was followed by several investigators using

! different estimation techniques to give fomulas for J for growing cracks.

| Among these, Ernst [3] proposed an incremental fomula for J given by:
$
i Y

j*(J.)+(h)i-1 A ),g)(1 - (g)1-1 (ag - a ,))) (5)
|

J g gj
;

|
2

! 1

! I

|j 176

|
'

_ - - -- . - . _ . - - -- ---



- . ._ ..= .- - - _ - . _ _ . _ - - . _ -_ - ..-.__ - ... . .

|

|
!
;

with a),),) as the area under the load displacement record between these ,

two steps f
n=2 SENB !

n = (2 + 0.522 b/w) CT !

y=1 SENB |
:

y=(1+0.76b/W)CT !

Recentandmoredetailedstudies[4]seemtoshowthatthevalueofngiven
above tends to overestimate the n,) for the SENS, whereas it tends to i

underestimate the n,) for the CT. As a result it seems more convenient
touseanexpressionofthetypeofEquation(2), using for the first !

8tenn on the right hand side J,) = X /E',
|

J = J,) + d ) (6)p

i
Following the preceeding discussion. J ) is given, for growing cracks. {p

1 da + PIUpl * B B do )p,

(7)
J ,) ,6 ) f,a p p

y p da + n ) g d6 ) (=-
p p

a aod

o ,

[

with 9p) = 2 SENB

= (2 + 0.522 b/W) CT :

y=1 SENB

y = 1 + 0.76 b/W CT
|
i

To numerically evaluate this expression, different estimation technit;ues '

can be followed. One, is to simply use Equation (5) applied to the
plastic area, that is I

l

l

pi .) * b ,) #pi .),$ ~ h .)I*i * *i-1 N N*Upi g j g g g
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I

)
;

Another methoo, specially suited for situations where values of a are
.

' obtained at very close intervals (continuously monitored, for example),
uses a trapezoidal rule for evaluating the integrals to give

,

J )1-1 (1 -(h
i ' 1

+ I ) *I)J ) =< '
p 2 2p

1-1 i i-L- -
3

< s

!

j ( |*

1

(10) |
l y ,<

(1 +(g )(a_g - a ;j)] |3 q

1 2 s !-

I

1 _The Modified Jo i

! Recently a modified version of J. J . has been introduced [5), |
''

g
! as a parameter beliesed to give a better description of the process of :

A l
defomation and growth. It has been defined as i,

i
j ,a 3g j

Jg=J- j da (11) |
-

6)' a, p

!

| It can be shown [6), that this expression is completely equivalent to:

! ,3 pl 3J,g t

j Jg=G+ d3 ) = t

a6 a p
; <o pl
i ,

1 !

L<

l !

Ih o do ) '(12)=G+ P
g g p

o.

|
f In particular for the SENB and CT, these expressions give: !
; '

'' U
p1

Jg=J- y B) da:

| '*o
(13)

,

1

PIJg=G+ de )p

4 :
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!

!

i

withyandnasdefinedinEquation(8). Correspondingly, incremental
,

expressions for Jg can be produced using the above equations together
witheither, Equations (6)and(7)orEquations(6)and(8), depending j
on the size of step between crack length determinations. As mentioned |

before, the fonner would best express J for the case of the larger [g
steps, whereas the latter would be better for cases of continuously
monitored crack length. [

| In particular for this last case, J can be expressed as: |g
| |
!

[Jg=G+Jg

{|
p1 ;

(14)
J |

+[(() +(f)1-1][J =Jg g 2B
,

pli pli-1 i *

}

It is emphasized that two different paraneters are defined here. J and
j J. The different formulaes appearing above, for each of them, shouldg

| be regarded as different numerical techniques to evaluate the integrals,
,

depending on the size step of crack length deteminations,
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THE MEASUREMENT, INTERPRETATION AND USE OF CRACK
GROWTH RESISTANCE CURVES

|

J.R. Gordon and S.J. Carvood

The Welding Institute,

Abington Hall.

Abington, Cambridge,
CBI 6AL

,

SUMMARY

In the first section of the report various aspects concerned with the

measurement of crack growth resistance (R) curves are discussed:

* use of compliance formulae

* transducer sensitivity requirements

* variation of Young's Modulus I

* data spacing

* comparison of bend and CT test geometries. |

The second part of the report covers recommendations with regard to the
interpretation of f racture toughness data (CTOD and J) from R curves for
f racture assessments.

Finally a fracture assessment procedure for using CTOD R curves and
maximum load toughness is presented. I

!
INTRODUCTION

>

t

The Velding Institute has been actively involved with the measurement of j
material resistance (R) curves using single and multiple specisen {methods using J and CTOD methods for the past ten years. More recently j
studies have been extended to incorporate R curves into fracture

|
assessment procedures. This paper is divided into three sections
indicating the latest developments concerning the measurement, i
interpretation and use of R curves.

MEASUREMENT OF R-CURVES

A procedure for the determination of the fracture resistance of fully
ductile metals has recently been produced at The Welding Institute (1).
This document covers both the multiple specimen method and single
specimen unloading compliance technique. Particular areas of interest
include:

183
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| Calculation of Crack Tip Opening Displacement (CTCD)

The formula advocated in BS5762 (2) to calculate CTOD is
,

'

0"g2 (g,,y ) * 0.4 (W a,) V2 p
II)

2o E 0.4W + 0.ba, + ay3,

'
i

The first term in this formula represents the elastic component of CTOD
which is expressed as a function of the stress intensity factor. An j;

additive plastic component of CTOD is then calculated from the plastic
component of clip gauge displacement (V ). The general method of :p '
determining V involves measuring the slope of the load versus clip-

p
gauge displacement line in the elastic regime so that the elastic

,

component of clip gauge displacement at failure may be deducted from the
; total displacement. (Thim method is demonstrated schematically in l

! Fig. 1). However since it is not always easy to define the slope of the

) elastic loading line this method can result in substantial errors in the
estimation of V . With this in mind an alternative r:cthod of calculating

|
'

p
Y which is based on elastic compliance relationships has been ~

p
j developed (1). In this method the plastic component of clip gauge |

i displacement V is determined by subtracting the elastic component of
i clip gauge displacement calculated from elastic compliance relationships [
I (based on the applied load at the point of interest and the measured

|

initial fatigue crack length) from the total clip gauge displacement.

The relevant equations for single edge notch bend and compact tension

; specimens aret
1

a) SENB specimens
.

I r

V, , 24P (1 E ) (1 + 1.7 rN ) [0.76 - 2.28 (8o} (2) f
a o

EB W W l
1

|

(*oN )I + )+3.87(*oN)2
0.66

- 2.04

(1 *oN )
i

j b) Compact tension specimens [

4 !

V, = [ } (2.163 + 12.219 (*oN ) (3)
* *

,

- 20.065 (*oN )2 - 0.992 5 (a,y )3 + 20.609 (*oN J' - 9.9314 (*oN )5 } (
:

i,i

4
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| For sidegrooved specimens B should be replaced by B, in both the above
equations.

E is Young's Modulus at test temperature.

The compliance relationships used in the single edge notch bend and i

compact tension specimen expressions were originally proposed by

| Tada et al. (3). and Saxena and Hudak (4) respectively. However both
equations have subsequently been modified by including the term (1 + 1.7i

zN) to take account of the effect of knife edge height (5). This
I correction term is based on the resulta of a finite element study (6) to
i assess the influence of knife edge height on elastic compliance

,

relationships.
! 1

'
A graph showing the error in converting the compliance measured at a

! knife edge height a to the compliance measured at the specimen surface

) (SENB) or load line (CTS) using the (1 + 1.7 zN) conversion factor is
I shown in Fig. 2. It is evident that the ratio zN should be kept as

I small as possible. !

I :

) Resolution Requirements for the Unioading Compliance Method
e

i If the load and displacement signals are converted to digital form for [
j subsequent computer processing the resolution of the digital signals for |

| the unloading compliance method should be such that the following values
i of load and displacement can be resolved. i

N
YSDisplacement

500 E
4

1.oad YS (5)

It ehould be noted that the resolution requirements are dependent on the,

; specimen size becoming more stringent the smaller the test piece. The j
! above requirements can be applied to either compact tension or SENB '

; specimens provided the aN ratio is at least 0.5. j
i

'

; These requirements ensure that the resolution of the load and |
) displacement channels are less than 0.5% of the load and displacement '

ranges produced by a 15% unloading at general yield conditions. (
]

j Alternatively these requirements can be expressed as the maximum
i transducer range a data acquisition system can handle. For an n bit data
| acquisition system with a resolution of A the range (R) is given by: (

R = 2" A (6)
1

Substituting the resolution requirements for A therefore gives the |

;
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maximum transducer range that a data acquisition system can handle yet

still provide the required resolution. Figs. 3 and 4 show the maximum
load and displacement transducer ranges for a 12 bit and a 16 bit data
acquisition systems as a function of specimen size for a typical nucleard

A533B type steel. 1er

2 3
(cy3 - 500N/mm E = 207 x 10 N/mm )

Variation of Young's Modulus with Temperature
.

If the single specimen unloading compliance method is used to estimate
crack lengths then the material's Young's Modulus must be known at the
temperature of interest.

Graphs showing the variation of Young's Modulus with temperature for ,
,

ferritic steels, austenitic steels, and aluminium are presented fu Figs. :

5 and 6. (This information is from BS5500 (7). In addition Table 1 lists
values and ranges of E for different materials (8).

_ Data Spacingi

i

j To ensure that the R-curve is sufficiently well defined over the crack
! growth range of interest the following requirements on data spacing have

! been proposed. (Note these requirements should only really apply to
j multiple specteen data).

l
j i) Ideally at least four data points (all associated with evidence of

,

j tearing) should be evenly spaced between:
1

I as = 0 and at = 2mm or at = 5% (W-a)
1
a

i whichever is the largest.

1

'| 11) Furthermore if the total crack extension up to the maximum
exclusion limit is divided into four equal regions and numbered

i 1,2,3 and 4 in order of increasing as, as shown in Fig. 7 then at I

least one point should lie within each of the regions 2,3 and 4. A

7
fourth point should lie within regions 1 to 4 '

i

j CT vs SENB R-cutves
|
J Figs. 8 and 9 relate the R-curve behaviour of 50mm thick CT and SENB
' specimens. The material employed was 50mm thick A533B Class I plate in
l the L-T orientation with a yield stress of 471N/em and an ultimate of2

2591N/mm .

The SENB specimens were manuf actured to BS5762 procedures with W = 100mm
Iand aN = 0.4 The CT specimens were of the modified geometry in ASTM,

| E813 also with W = 100em but aN = 0.55. ;
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f

The figures show five datum pointe for each geometry obtained by |
interrupting the loading at +70'C on five separate specimens, heat '

tinting and breaking open cold. Load point displacement measurements

were obtained using the double clip gauge method for SENB, and from a .

'
clip gauge on the load line position in the notch for the CT geometry.

J estimates were made using E813 procedures, whilst CTOD measurements j

(6 were derived using the formula in BS5762 for SENB and the ASTM I

E2$)08.04draftprocedurefortheCTgeometry.
.,

; i
I Fig. 8 indicates a slight tendency for the SENB data to be grouped above

the CT. '

.

; These specimens are non sidegrooved and it appears that the SENB
j specimens tend to show less crack growth at the surface of the specimens
j although crack extension measurements over the central 70% of the width

are similar for the two geometries. Fig. 9, which illustrates the CTOD*

R-curve shows good agreement between SENB and CT results due to the use ;
'of 6a measurements to BS5762 Appendix A.,

',

i INTERPRETATION OF R-CURVES
I

I
1

j Whilst the Welding Institute procedure (1) sets out a method of
.

I estimating the initial crack length in the event of apparent negative !

f crack stowth, recent modifications to the Welding Institute unloading
i compliance system have, to a large extent. removed the phenomenon of |

negative crack growth. These modificaticns include

!

1. a new servo electric test machine.i

1

2. computer control of test machine.,

|
1 3. tests performed under clip gauge control.
i

'
4 continual sonitoring of the unloading rate observed during the

I| hold periods (ie. constant clip gauge optning) before an
f1 unloading. The subsequent unloading sequence does not commence

until the load relaxation rate is less than 0.5% of the clastic !

1 loading rate neasured in the elastic regime.
i f
j Typical J and CTOD R-curves produced by the present systen are shown in :

Figs. 10. and 11 respectively. i
'

l

| It is evident from Figs. 8 and %. that the ASIM J estination1c ;
! procedure is unrealistic for e,b H urerfal A: :hn R-cune has an initial

|
) slope which is similar to the W 'it 2 * me , 10 :s therefore

I i

i l'

t

i

!

i
i
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J

|

|

|
Welding Institute policy to express the value of toughness (either J or j
CTOD) corresponding to 0.2mm ductile crack length extension. The

'

procedure used to determine J .2 or CTOD .2 is to draw a best fit line0 O

4
or curve through the data between the upper exclusion limit ( ta = 2mm or
5% (W-a)) and a line corresponding to 0.2mm ductile crack growth. The

| value of toughness at 0.2mm is defined as the point of intersection

between the best fit curve and the line constructed at 0.2mm ductile
I crack growth

"

THE USF. OF R CURVES IN A FRACTURE ASSESSMENT

i

Part of BS PD6493 is based on an approximate version of The Welding
Inse.itute's present CTOD design curve approach. In its current form BS |

'

PD 6493 suffers from four major deficienciest !

,

1) The present CTOD design curve is partly empirical and validated
*

only for ferritic steels. For other materials an 1.E FM based
approach is adopted.

i t

!I 11) A variable safety factor is inherent in the approach making
j probablistic studies and critical analyses difficult. *

*

!

iii) There is no mechanism for incorporating a material's resistance
'

,

: curve. t

i I
j iv) 11astic collapse solutions are not an integral part of the i

] analysis. (
! I

j To address these drawbacks a collapse modified strip yield model of the fform
3 j

8o 2, i

6= in sec ( ") (7)
E#

YS pc i

i

i is examined in reference (9). This model does not incorporate a safety |
| factor and is also relevent to materials other than ferritic steels. i

,

' The undel can also be written in the form of the ratio of applied CTOD
to critical CTOD. 6, ( = 6,pp / 6 )c

2
! 6, = h S (In see f S,[1.e. (8)

S, ( = ,pc ) is the stress ratio.where
j
; i

5 |
,
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>

This relationship can be plotted as a CTOD Failure Assessment Diagram i

equivalent to the CEGB R6 approach, see Fig.12. |

A material's CTOD resistance curve descrites the variation of crack tip ;

opening displacement, 6,, with incremental crack extension, As .
p

Rewriting equation (?) in the forat ;
i
,

fys 6,2e
g [ exp (

*Eo
j pe ) ] (9)o= cos,

pe)2 -
,

8(o a

;

I allows input of 6, values to determine the locus of applied stress, o, .

I with incremental crack extension as in Fig. 13. In this way, the maximum

applied stress and crack extension at that stress, can be determined for
j a particular cracked component. By plotting this curve with the pre- ,

] dicted collapse behaviour, the mechanism of fatture (ie. whether t

i dominated by collapse or fracture) can also be assessed. The maximum I

) applied stress is the instability condition under load controlled
'

i conditions; however, in a less coispliant loading system, stable tearing -

) will continue beyond maximura stress. I

i

| The effectiveness of this procedure was assessed in Ref. (9) by ,

j predicting the behaviour of vide plates and burst tests in API 51.X56 and [
j A5338 Class I ferritic parent steels and of wide plate tension tests in

;

stainless steel plate and weldsents. The predictions were then compared ;
,

with physical data obtained from the tests. |

Reasonable predictions of maximum applied stress were achieved. However,
the accuracy was very dependent on the plastic collapse estimations. !
This was particularly true for the high work hardening stainless steel |

1 plate where, to avoid an overestimate of collapse, an ef f ective flow i

stress was assumed equal to the stress at 31 strain in a untaxial !j
tensile test.

{The accuracy of the crack growth prediction at maximum applied stress

! varied f rom very good for the API $1.X56 steel, to a severe underestimate '

| for the stainless steel plate. For accurate predictions of the behaviour

| of a high work hardening material it was necessary to adopt a more
couplex assessment incorporating the material's s',ress-strain curve as.

' discussed in Ref. (10). ;

The use of maximum load CTOD, 6 ith the collapse modified strip yield;

modelwasalsoconsideredinRef.,w(9).Usingthisapproach, conservative
.

predicticos of the maximus applied stress were obtained for the tests<

j analysed. These results were also compared with predictions using 6, !

j and the CTOD design curve. More accurate and more consistent predictions

! were obtained with the strip yield model.
,

i
'
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Finally the use of the CIOD at initiation of tearing, 6 , as input tog

the assessment procedures was evaluated. In general, this procedure
gives unacca;ptable levels of conservatism and misleading indications of
the controlling mechanism of failure.

;

The geometry dependence of resistance curves and the inaccuracy of the
i strip yield model for high work hardening materials means that the cost
; of producing an R curve and the extra analysis time wonld not generally

be repaid by significant improvements in the accuracy of the
; predictions.

l

Thus for general assessments of ductile materials, the use is'

recommended of maximurn load toughness with the collapse modified strip |

yield model or, for ferritic steels, of the CTOD design curve. The '

3
,

complexity of more sophisticated approaches is not generally warranted

| where input data are variable or uncertain. However, for very specific
assessments and particularly when analysing laboratory tests, a more
accurate and complex approach (eg. see Ref. (10)) is necessary., ,
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Table ! Data for Youngs Modulus at 20*C
,

t

1<

IMaterial E (GN/M ) ,

!
,

Nickel 214

Nickel Alloys 130 - 234
!

Iron 196

i Ferritic steels, low alloy steels 200 - 207 |
1

'

i
j Stainless, austenitic steels 190 - 200
i i

Cast Irons 170 - 190;
,

'
i

| Copper 124 I

'
a
'

Copper alloys 120 - 150 |

i
'Vanadium 130
.

Titanium !!6 !
|

Titanium alloys 80 - 130 r

I
r

Zirconium and alloys 96 t

3
Aluminium 69.

Aluminius alloys 69 - 79
!

\-

,

a
4

! [

! [

! !

i t

) 192

i !

!
, - - - _ - . - . _ - ,__- .. -.. . . - - - _ - _ _ _ . . - -__-



- _ _ _ _ . _ _ _ __ _ . - . _ . _ _ _ __ _ . . . . _ _ . _-

|
|
\ ,

J i

i l,
/ :il ij ;

/ !

"g /-

>,

i

/ i
"

i
: / I
i / !
! / i

8
i

) / i'

fkB |

r

0
j

y = v = ~ V, ~p
'

Displace men t --* i
i

b t
fig.1. Graphicaldetermination of V,. fi

|
!

i.

1

| 70 , . . i , , ,

j)
3 .

-

'"~~o,,sg ,
,

s,
t

s\, .s- $
<

4 s.

j
-

{
s'h _,\

.
' >g 1 -

I'
-

g' g 'EsWg[[cah f
.

h. tqg.3-~s..h * ', 9 8t
m 2 - -s ,

\. N a
,' 5. 4 \- -

1 * Le 011.

j d \. W- -

b \ ;
1

. 0 R |
- -

! \.ro -

;-
J

\l 12 'o-
-

d

f

N'4,N h o t.041'.f 4 '
-

16 N- -, , , , , .

t 0 0.1 0.1 03 04 05 0.6 CJ 0.0 i

{ c -

W

f4 7 Percentage error en compliance vong the krute edge hesht correction.

i formul.a.
l 193
<

|
1
1

- - - _ , _ _ _ _ _ - - - _ _ - - - _



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .

i

!

$00 10
~

,, . - - r > - ' i i << > > > > > >

l '
| g 16 bit ,11 bit _

9450 y pg g,y .- --

.

'
s 1 '8 [400 - - --

= 1 I , ,. ,

= f 6

s) 87t 1<350 - - --

I ~ ~ ~ C TS4 y u ,

t ,1 1 %6 f '

7300 0'S SEN0 '- ~ '

2 Il / *

| -

|'y 5,150 oa g
-- -

E ' '

h4 - | j200 I y
-- - u

I i n ~

O3 ;s'15 0
- ---

|| , ,
j

2 ,g100 -t* i - -- CTS - ,a
i / 8=8 Sik! f* , s * 7]];p

*4-7 , t
"

s , , , , , , i

0
, , , ,

0 10 20 30 40 50 40 70 00 90 100 0 10 20 30 40 50 40 10 80 90 100 i
Specimen thickness, mm Spetisen thickness,an

fig 3 Loadrange v specimen thickness. FigA Displacement range v. specimen |
thickness. [

[

150 100 j, , , , , , , , , , ,,,,,,,,
t

- . |140 p0- -

- . |h.130 ~ so- -

. ??0 70- - - -

= =
% 110 n' 4 0 - --

O1 D f 50 |e 100 - - . -

.* a

f7 170 .a 40
- -

@ P
- .

= ,

O 180 }30 i- - - -

g70 ,, @ Ferritic steels ,g, ,, ,

- Q Austenotic steels16 0 10 - ,

g50 0
,,,,,,,,i , , , , , , , , .

0 60 tM IN 140 300 360 410 4M $40 M0 100 M0 110 80 40 0 40 00 1:0 140 700
Tergera turt,*C Tenperclure,*C

fog 5 'Vanaton m Young's modulus nrth fig & Vanaten in Young's modulus n,th
temperature Ifemte strets and austenitk- temperature (alummium).
strets).

|

|

194
.

|

|

|
_ _ . _ - _ _ . _ _ _ _ _ _ _ _ _ _ _ _ . _ . _ . _ _ - - _ _ _ . _ _ - . ._



, - - - - --- ---,- -_ _ _ _ - - , - - , - - - -- , . , - - , - , - - - _ - - - - - - - - , - - - - - - - - - - - - - -

l

i

!

I

i

!

i

O

&
4 N [S %- ,

i

\ 2
- I. c

g {| 5 e4

, %4

4,

i
N

!

i

.; d i
i: :

} t'

. m. =========m. == == = = = = I:
{is

''

J

!

! %
,i

-

3a s t

4 w
L

{ 5, .
_ __o. =. - --

I
J %
1

1 , -

e !
L1

,

1
. m. e., == es. === == == e. == es

,

t

!

4

.

:
i

[,

i = 00D JO fa

l
i ;

| l
) !

i
l'
i r

i l
i '

4J

,
.

i 195 l
'

1
I>

1
. , _ - - - -

c



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -

t

I a i i a a i 8 . . 1 I i i I I . I a s . r I r

b
AS338
,79,( ASTM E813

1.5 -

g,Sg,, blunting line -

.

o ..

.
.

.
.

) y,0 . e 6
.

Q . .

N . o _

. $ -

o
. o .

0.5 -
-

b SENB_
.

b o =CT_
_

_ _

.

' '0- ''''''''''''''''''.0
' ' ' '

0 OS 1. 0 IS 2 25
b a to ASTM E813. mm

7

fig.8. J R curve (with ha including stretch zone width).

.i i iiiiii.. i i i i . . . . , , . , , ,

. AS338 0
.

+70*C
" BsS0mm o *

1.5 -
-

-
-

i

-
.

. o -

,
. 6 -

G. 1.0 -
.

J . $
_

_

. ,b _

-
-

QS -
-

"6 b * SENB ~

~

o a CT ~

~
-

| -
.

, u, , , . . . . . . . . . . . . . . . . . . .,0 0S 1.0 1S 2.0 2.5

bo to BS $162.mm
fig.9. CTOO R curve to BS 5762.

196
4

..

_ -



;

1.50 , , , . , , , , ,

Matl . AS33B
- Specimen . SEN8 -

- / *-
/

~
+

~

ASTM blunting line - +

+/i i, . +, -

e
.

} 0.7S- ,/ -

,

/ '

|
,

5 +

_ + .

+

_ + -

* B 25mm
. + W Somm -

a ,0.5

0% sidegrooved. + -

.

O
'* * ' ' ' ' ' ' ' ' '

0 0.7S 1.S0
Crack growth mm
fig.10. J R curve.

1.50 . , , , , , , , ,

Matl, AS338 f*
Specimen: SENB

+

- + .

/+.

+ ,+
-

g - [ .

e
d +

Q 0.75 -
-

y

-
+

-

+

~
~

B 2Smm
*

W 50mm
- + 1% d5 -

f0% sidegrooved+

,+
*

++
r , , , , i i , , ,p

0 0.7S LSO
Crack growth,mm
fig.11. CTOO R-curve.

|
197

'



. ..

i i e i i i i i i i

1.0 ~ -

. .

. .

. .

. .

A
* 0.5 - -

- -
|,

'

|- -
i ;

. _

_

'
i i i i e i i i ig

0 05 L0

Sr

Fig.12. CTOD failure analysis diagram derived using the stnp yield model. -

,

i

Plastic collapse
'' ~,,
O. . _m a_x _ _ _ ~~~~,o ,

w' I

U '
I. y

[a at ow <

Om ax max High tearing resistance !% -

S s (collapse controlled)
a t

bo at
Omax

i . Low tearing resistance
Initia tio n

i, (fracture controlled)
. of tearing >

'
1

i

,

Crack extension, b a

fig.13. Afaximum stress assessment derived from the locus of the predicted
nominalstress with increasing crack extension.

!

-
r

198

. ._ _ _ _ _ _ _ _ . _. -. _ - - _ _ _ . , _ _-. - - - - - - - - _ - _ -- .. _- __ _ - . - - --



1

|_ DETERMINATION OF J USING NEWIc

BLUNTING LINE CONSTRUCTION

| J. Heerens, A. Cornec, K.-H. Schwalbe
GKSS-Forschungszentrum Geesthacht GmbH

Institut fur Werkstofftechnologie
Max-Planck-Str.'

D-2054 Geesthacht, FRG.
2

I ABSTRACT

A modification to the present J test standard ASTM E813-81 (13. isIc
proposed, which is currently being discussed by the german working

.

group "Kennvertermittlung und Anvendung der Bruchmechanik".
.

j

In the Propcsed procedure J is defined at a certain amount of duc-j
tile tearing, 6a = 0.2 mm. J is determined by the intersection bet-Ic
veen the J-oa curve and an intercept line which is a line parallel,

to, and 0.2 mm off the blunting line.

In addition, requirements for the data point distribution, the data

point fitting and crack growth measurement accuracy are proposed.

1

! For the calculation of the stretch zone development during the blun-

ting phase, an improved blunting line equation J = 6a o /0.4 d I"g n
derived, which is based on the HRR-field theory. This improved blun-'

ting line equation gives good agreement with the experimental stretch
zone width measurements, whereas the recommended ASTM blunting line

q equation J = 207 6a overestimates the stretch zone width in all ma-
'

terials tested.
1

4
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Proposed JIc-Procedure

JIc-procedure being discussed by the german working group
"Kennvertermittlung und Anvendung der Bruchmechanik" is shown in

Fig. 1.

|

For the determinat.on of a Jy -value the following requirements must
be satisfied:

- At least five data points must be within the exclusion lines El and

E4.

- At least one data point must be between El and E2, E2 and E3, E3
and E4 respectively.

The data points between El and E4 should be fitted using the power
lav J = A 6h . The J7 -value is determined by the intersection of the
power lav and the 0.2 mm offset line, see Fig.1

Using the single specimen technique, Ao must be measured with suffi-
cient accuracy. The accuracy of the indirect tha measurement methods
(PU, DCPD, AC, US. . .) must be better than 2 0.1 mm ort 15% 40, which-
ever is larger. It is proposed to check the accuracy by comparing the
indirectly measured final crack extension with the final crack exten-

sion determined directly on the fracture surface,

t

'
i
,

f

I

!

i
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| Crack tip blunting investigations

E_ x p e _r_im_ en__t a _l
___ _ _

Using the infiltration technique the following quantities were measured,
see Fig. 2.

quantity neasured on

0 Replica45 Rep

2SZH Replica

SZH Frac. surface

Measurements vere conducted mainly, during the blunting phase i.e.
J<J, J = initiation value.o g

Materials used:
- X6CrNil811

'_ 20MnMcNiS5

Specimens used:
CT, W = 50 mm, B = 18_25 mm

a /W = 0.5 0.6g

R e_s_u_l_t s___

Frem Fig. 3 it can be scen:

45 HRR = d d , (plane strain), Shih{2]6 6.45 Rep. na
o

62SZi' . 45 Rep. |

SZW = 0.4 252H

|

8'" I'I'[ 3 ]'according to the determination of dn ""d
o |

|
|

|

|
1
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{ggg!gs{ggs

SZW = 0.4 d E
nU 0

if SZW = 6a

6a = 0.4 d S blunting line
n oo ,

|
.

O2211S0$130.2[.bD2.5190$109.11"2

The blunting line equation J = ba . o /0.4 d v s examined by compari-g n
con with experimental stretch zone vidth results measured on the mate-

riala shovn in table 1, see Fig. 4

TABLE 1

tested material E0.2 UT

X6CrNil811 24o 622 195 090

20MnMcNiS5 478 612 210 va0
A 572 400 592 210 000

Al 2024 FC 75 217 71 000
HT 60 l) 596 667 210 000

HT 80 l) 765 814 210 000

[ N/mm2)

1) 5Z11 resulta taken from ref. ( 4]

It can be seen from the ciagrams that the recommended ASTil blunt-
ing line J = 2 6a overestimates the stretch zone width whera-

f

as the proposed blunting line J = Aa0 /d 0.4 gives a good cor-
9 n

4 relation with the experimental resulta,

j
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FIGURE CAPTIONS

Fig. 1: Schematic of Jg,-determination procedure being discussed
in the german vorking group "Kennvertermittlung und An-
vendung der Druchmechanik".

Fiq. 2: Replica of the crack tip profile showing the definition j
of stretch zone width (SZW), double stretch zone hight
(25ZH) and 633 i

Fig. 3: Stretch zone measurements on crack tip replicas

a) Austenitic steel X6CrNil811
b) Nuclear reactor pressure vessel steel 20MnMoNiS5

fig. 4: Predicted and meaeured stretch zone width for all mate-
rials of table 1.
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SIZE REQUIREMENTS FOR J-R AND 6 -R-CURVE TESTING

K.-H. Schwalbe and D. Hellmann
i

'

GKSS-forschungszentrum Geesthacht GmbH
Institut fur Werkstofftechnologie

Max-Planck-Str.
D-2054 Geesthacht, FRG.

ADSTRACT

Experimental methods are described which serve to determine size requirements
fr- J- and 6-contro11ed crack growth. These methods arcs

a) The curve splitting method which takes the points of divergence of the R-
curves due to variation of specimen size as the limiting condition for J-
or 6-contro11ed crack growth,

b) A single specimen method exploiting the linear realtionship between J and
6 . The point of breakdown of this linearity is taken as the limit of J3
control,

c) A further single specimen method which takes the end of lincority between
J and load line displacement as the limit of J control.

All methods result in comparable criteria.

I

|
l

1

a

i
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INTRODUCTION

Comprehensive experimental work on relating stable crack growth to the
parameterc J-integral and crack tip opening displacement (CTOD) has been done
at GKSS vith the main emphasis on size and geometry effects on the crack
growth resistance curve (R-curve). The experimental data can be evaluated
such that information on criteria for size and genmetry independent R-curves i

are obtai.ied.

By "J-integral" ve mean the deformation J the use of which is nov common
practice, see for example Refs. [ 1,2]. The merits of the modified J-integral
proposed by Ernst [ 3 ] vill be investigated in the near future.

,

The CT00 is measured on the specimen's side surface at the fatigue crack tip
over a gage length of 5 mm. This way ve free ourselves from the restriction
of the standardised CTOD measurement [ 4 3 to bend specimens. Our 6 5 can be
measured on any specimen geometry of interest.

The first phase of the investigation has concentrated on specimens with thin
sections under plane stress conditions; a few cases with plane strain and
mixed mode behaviour have been studied as well. Complete reference to
experimental procedures and results obtained so far is made in Ref. [ 5 3. The
following statements refer tu conditions of plane stress.

The J-integral and the CT00 in terms of 65 have been determined independently
on each specimen tested. Within certain limits which vill be discussed belov,
compatibility between J and 65 can be demonstrated, which means that for a
given material there is a unique relationship between J and 6 , independent5
of size and geometry, fig.1 (see also Ref. [ 63).

This relationship is linear and can be expressed as

f (1)6
5 =

The data points used for fig. I are within the limits of validity of J for
each individual specimen.

values of approximately 25kJ/mpon yic1 ding conditions are present beyond JIt may be noted that net sect
. The question may arise whether there is any

relation between our 65 and the CT00 determined by the British Standard BS
5762 [ 4 ] and by a similar draft ASTM method. It vill be shown in a separate
paper [ 7 3 that both quantities are equal provided that the slight material
dependence of the rotation factor, k, in the following equation and a crack
growth correction are taken into account. Thus, a modified CT00 according to
BS 5762 can be determined as follows:

2 v1 (2)K (a)M p
3 ,

05 - 200.20 a+z+ W.n
k

W-" |aa+o
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|

|
,

;

|
;

where a is the pre-crack length, a the actual crack length, v 1 the plastic io p
i portion of the front face displacement; for the other symbols see the nomen-
; clature. The rotation factor, k,1s.affected by the material such that the

centre of rotation is the closer to the crack tip the higher the strain har- !
I

! dening of the material 18 There is some support of the assumption that the |
; method underlying Eq(2) can be applied to single edge notched bend (SENB) and

.

compact (CT) specime,ns. |;;
,

'Two interesting features arose from the plane stress work4

In plane stress, tension type specimens: centre cracked tension (CCT) and |
-

double edge notched tension (DENT) exhibit longer valid R-curves than the '

i bend type SENB and CT specimens if the original ligament W-ao is the same, !
Fig. 2. This applies for both J- and 6 -R-curves.; '

3

The 6 -R-curve is valid for substantially more crack growth than the J-R- j5
-

curve. The results obtained so for cuggest that with tension ty'pe speci- ',

mens almost the whole original ligament can be consumed by crack growth [

<

| and the resulting 6 -R-curve is still valid in the sence that the same R-5 ,

curve is obtained on a specimen with a larger initial ligament. |
1

,

r
; For an R-curve to be valid certain requirements have to be met which can be ;
! expressed as requirements for a minimum size of a specimen to be tested in i

order to determine e valid R-curve with a required maximum crack extension.
The reason for this is that the test capacity of a fracture mechanics speci- ;,

men depends on its size.
'

|

J Three criteria for a valid J-R-curve arise from theoretical considerations !

j (8-11]:
) for J to dominato the crack tip field the CT00 should not exceed a certain '

-

fraction,1/p , of the ligament, b,,

1
1

1 !

CT00 = ),,, < ,1, (3) |
,

b cFb o ;
I !
j vith or = 0.5 (00.2 +U )* ju
| The unloading effects of crack growth are believed to be negligible if the-

increase in external load is sufficiently large. D M con be expressed in !
a minimum slope of the R-curve

|
,

*

t
i I

j (d]/dn) (4) |; J

|i In addition, the amount of crack growth shall not exced a certain fraction,-

j a,of the original ligament length, b )o
1 .

| 9a.-<a (5)
j
,

i b Io
|

I Estimates for the constants a,0, and w have been obtained for nuclear reactor !| pressure vessel steel under plane strain conditions (8-11), i

1 \

l
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Bending Tension
aa 0.0.6 a a 0.01 (6)
p = 25.. 50 0 = 200 (7)
wa 10 W = 80 (8)

To the knowledge of the authors there 10 little experimental verification of
these criteria; furthermore, similar resulto for plane stress don't seem to
exist at all. This was one of the motivations for our invcotigations of crack .

growth in relatively thin sections [5 ), furthermore, size requiremento for 6 |
-R-curve testing had not been established at all. |

!

It 10 the aim of the preacnt report to deceribe three emphrical methods for
the determination of size requirements for a "valid" J.R-curve. By "valid" it

Iis meant that the J-R-curve is unique if size and geometry of the specimen
are varied. Concerning the 6 -R-curveo, only one method was utilised.5

METHODS AND RESULTS

J R-Curven

The three methods used are depicted in Fig. 3. The first one is a "multiple
specimen" method requiring R-curve plots of at least two specimens with
different ligament oizes. Starting with the argument that the specimen with '

the charter initial ligament, b, exhibits the shorter valid R-curve, the ,

o
eveat of deviation of this R-curve from that one obtained on the specimen
with the longer ligament should be indicative of the limit of validity of the
former R-curve. At this point of R-curve splitting the values of a , p, and w
have to be evaluated. Ideally, constant values should be obtained for a
variety of ligament lengths. Any actual finures for these criteria depend of
course on the error accepted for the quantity of interest. In our cace, we
chose a deviation of 54 in J, see Fig. 4 for an example. The individual
valuco of c , p, and w , henceforth marked vith the index "J" to distinguish
between J- and 6 -R-curves, are plotted in Fig. 5.5

The second method to a "single specimen" methods it is based on the
experience that 65 provides a unique description of the specimen behaviour up
to substantially,

- higher loado,
- higher deformations, or
- more crack growth.
Since it has been found [ 5, 6,12) that there in a unique linear realtionship
between J and 63 for a given material (oco also fig. 1), the breakdown of
this linearity ohould be a measure of thn limit of validity of J, see Fig.
3b. The three examples plotted in Fig. 6 illustrate thia. With this method
only a few evaluations (2024-FC) were done the results of which are compiled
in Fig. 7a.

The third method 10 also a single specimen method. It rolles also on a linear
,

relationship, namely on that one betvoen J and the load line displacement, o,4

neo Fig. 3c, and again the deviation from linearity 10 taken ao the limit ofi

!
validity of J. However, the method worko only for bending configurations
(fig. 8a and b) oince there lo no distinct linear section in the experimental,

l
4

|
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J-s-curves obtained on CCT specimens (Fig. 8c). This may be due to the larger
contribution of elastic deformatione to the total elongation of CCT
specimens. The same behaviour has been shown by the theoretical work of Ref.
[l4 ] . Fig. 8a shows the evaluation of two SENB specimens with different
vidths. The slope of the linear curve section is almost exactly equal to the

| theoretical slope which was determined as follows: for rigid-ideally plastic
| behaviour one obtains [13]

2.9120 y { (W-a ') (9)J = o

with S being the span vidth of the bend specimen. -

This slope was then corrected for strain hardening according to the
difference between the curves for 1/n = 3 and for perfect plasticity in Fig.
6a of Ref. [14 ]. It can be shown that the correr: tion of the slope for crack
growth (which would result in a non . linear curve as well) doesn't change the
situation of the present case very much.

This may not be true in other cases where the deviation of the experimental
curve from the non-linear theoretical curve has to be evaluated.

The curve splitting method has been applied to all of our R-curve tests
whereas the two single specimen methods have been used in a few cases only.
The results of the former method con be summarised as follows:

Bending Tension, Lov Hardening

J = 0.04-0.1 J = 0.1 - 0. 2 (10)G a

03 = 30 - 60 pg = 10 - 40 (11)

3= 4 - 14 WW 3- 7 (12)J=
; Tension, High Hardenir.g

J = 0.25-0.35 (13)Q

03 = 10 (14)
j W3=2-3 (15)

The single specimen methods yield larger statter. Nevertheless, the results
of the linearity check of the J 65 relationship are comparable with those,

listed above. HovcVer, according to fig. 7b the linearity check of the J-s'

relatiennhlp yields 6j values which are consistently higher than those of the
other two methods, see Fig. 6b.

Thus, it may be concluded that the curve splitting method is the base method
! since it shovo immediately what one is interested in, namely to vhnt extent J
! correlates crack growth in a unique vay. If only one ligament size con be
| tested the linearity check of the J- 63 relationship seems to be a good
I substitute whereas the third method - at least in its form used here - yields
1 specimen size requirements which are too optimistic.

1
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6 -R-curves5
|

Of the three methods shown in Fig. 3 only the curve splitting method makes
sense. The data obtained thereby are compiled in Fig. 9. A rough ,

'

representation of these data can be given by the following equations:

Bending Tension

a6 = 0.2.. 0.3 06 = 0.7 (16)

= 5 (17)p6 = 10 .. 20 06

= 0.5 (18)wg = 2-3 "64

in additions b>B (19)

The latter condition has been introduced to avoid constraint effects which'

may occur when the actual ligament, b, becomes smaller than the thickness, B,
and which may shif t the state of stress from plane stress towards plano
strain. ,

,

Similar vork for plane strain is at present being done at CKSS to derive size
requirements for this regime,

,

CONCLUSIONS

In spite of the different approaches to verify the criteria for J-contro11--

ed crack growth our data for a3, pa, and wa obtainalfor CT and SENB ope-
cimens are in remarkably good agreement with the data given by Eqs(6-8).
Various independent methods can be employed to determine size requiremento-

for J-controlled crack growth resulting in comparable results.
For 6 -R-curves, only the curve splitting method vao used; it r,nds up with5

-

the conclusion that cubstantially smaller specimens are needed if a valli
R-curve of a required extension has to be determined.

,
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NOMENCLATURE
!

a actual crack length

a, fatigue pre-crack length
i

Ao crack length increment
'

b actual length of remaining ligament

b, value of b for a = og

B thickness of specimen

E Young's modulus

J J-integral

K linear elastic stress intensity factor

a load line displacement
i

S span vidth of bend specimen '

.
W vidth of bend and CT specimen,'

half vidth of CCT specimea

z distance of knife edges from specinien's front face

6 crack tip opening displacement measured at the fatigue crack5 tip with a gage length of 5 mm

o flov stress, overage of 00.2 ""d Og u
|o ultimate tensile strergthu

a

o yield strength, general
{y

0.2 percent proof stress0.2
.

4

.

l,

J

l

1

,
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SUMMARY OF EI.ASTIC-PI.ASTIC R-CURVE STUDIES ,

;

,

D. E. McCabe
i

!Westinghouse R&D
1310 Beulah Road ;

! Pittsburgh, PA 15235

|
\ t

!-

I.

INTRODUCTION e
'

i I

A program titled "Elastic-Plastic Methodology to Establish R-Curves and i
;

Instability Criteria" had an objective to determine if there are [

| geometry effects in the fracture toughnu s perforpance of structural ;

steels. The work has been supported by this Electric Power Research< ,

; Institute over a period of about six years, (ref. 1) Specifically, the !

postulate that R-Curve is a material property, independent of geometry i
"

I variations wms under study using a carefully planned pattern of i

# controlled experiments.

) For the first part of the presentation, we will show results of testing f
) steam generator A508 tube plate steel (Table I) as compact specimenst j

i investigating thickness and/or starting ligament size effects (ref. 2). !

Ij These results were used to set up a test practice for reactor vessel
1 surveillance specimens. The second part of the presentation will show [
! an evaluation of loading mode (tension va bend) on R-Curves. The |
) material was 0.1-inch thick A5338 steel. (Table I) Thin section ,

! specimens were used in this case to control constraint to that of plane |
| stress throughout. l

Compact Specimen Results

| The matrix of test specimens is shown in table II. All specimens were f
i 20% side grooved. There had been some metallurgical inhomogeneity mixed i

j within the matrix and only the results from those specimens that were {
; demonstrated to be equivalent by key curve will be compared here. The t

] diaronal from top left to bottom right represents compact specimens of j
E399 proportionality from 1/2T to 10T size with a The J -
Curve data appeared to be independent of specimen,/W = 0.5.

j g
isize, Fig. 1, with

]
perhaps some subtile deviation for IT at the largest values of as . In :'

Fig.2weaddthe1/2TspecimenwhichclearlyshowsdifficultywiEh |
ideformation theory Ji open points. Note that Aa 5 0.1 b seems to be

critical to geometry dependence with deformation theory J,. Ernst had |
p

developed modified J, based on a postulate, originally specialized to a |

specific problem solution by Rice and Herman in earlier work (ref. 3). :,

| See Table III. The new J-like parameter tends to display independence |

i
1 :

!
;

l '
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|

Ifrom crack growth whereas deformation theory J tends to dcvelop
inaccuracy due to growth.

Surveillance Specimen Tests
;

|

IFracture mechanics specimens had been introduced into reactor
surveillance capsules at a time when fracture mechanics was K based
and brittle fracture behavior was anticipated. Specimens were!C

,

IXWOL
'

where the arms were designed to be weaker than the strength of the
remaining ligament, and these were unsuitable for R-Curve work.
Nevertheless the exposed specimens were irreplaceable from the,

i standpoint of the irradiated meta 11urgica1 cotuditions that tNcy
J represented and R-Curves were needed. To make R-Curve specimens, the

]
following was done

1) Back edge was trimmed to H/W = 0.61 the plan view
proportionality of compact specimens.

ii) Specimens were side grooved 20%.

iii) Front face displacement was measured and crack growth was
determined using differential compliance.

"

iv) Load line displacement for J calculation was inferred by
a procedure of Landes. (ref. 4)

,

v) Modified J was used.
,

j vi) A special loading jig was built to accommodate large |
j rotation of specimens in a frictionless connection. See

Fig. 3.

1 ,

n
t

] Since the typical initial remaining ligament was only about 0.45 incher,
modified J was necessary to obtain reasonable geometry independent J3 RCurve. To verify the method, we tested one 1XWOL specimen as received ,

'

versus the modified specimen recommended. See Fig. 4 Note the J '
R

| Curve from the 10T specimen. Both small specimens were taken from one i

i broken half of the 10T specimen. ,

Loading Mode Effects,

I

. The work to study loading mode ef fects had emphasized tests on single !'l edge notched specimens where bend to tension stress ratio o IO could be
|B T

| varied through changed relative crack size. The test matrix that
' indicates specimen widths, relative crack size and corresponding bend to

tension ration is given in Table IV. A modified specimen design was
1 made for economy of resterial. See Fig. 5. The specimen was tested for
1 elastic-compliance calibration and J-calibration. In all cases the
i material was 0.1-inch thick to maintain plane stress conditions !
I '

i

! |
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!

! |
r

,

Ithroughout. Modified J was used throughout. J R-Curves were found tog
be independent of SEN specimen size Fig. 6 (a/W = 0.3) and Fig. 7 (a/W =
0.5). For variable a/W at fixed size (W = 20) Fig. 8 is given. Note
that solid data points are from compact specimens.

A second part of this study was to test center cracked and double edge
cracked tension panels: Table V. Panel width reduction was measured
during the tests using dial gages. The J R-Curves for the four centerg,

| cracked panels is shown in Fig. 9. These data are consistent with
I traditional R-Curve concepts from the standpoint that there is no crack
| size, remaining ligament, or specimen width effects in the data set.
,

However, the solid line represents the fit to SEN specimens. The width
reduction measurements proved to be eclightening from the standpoint of)

! what they revealed about the deformation mechanism. Figure 10 shows
! overall panel displacement on the abscissa versus width reduction. The
j relationship of linearity between the two measurements is suggestive of
J

classical slip line field development depicted schematically in Fig. 11.
All four CCT panels displaced exactly the same, with the same angle ofr

I slip line, independent of initial ligament size. The development of
such a wedge shaped zone can be expected at onset of general yield.
However, the unusual aspect here was that onset started at about half of
general yield.

j It was concluded that the center cracked panel may be unique and not
'

representative of the general tension loading case. To explore this, we
tested double edge notched specirrens of comparable size. Figure 12

R-Curve data at a/W = 0.5 for three specimen designs. Thecompares Jg
q unique slip line character of CCT panels had been eliminated by DEN
i design R-Curve independence from loading mode was thusly demonstrated.

Finally Figs. 13 and 14 show the difference between CCT and DEN plastic'

} deformation visually. To make these photos, the specimens were coated
{ with blue machining dye after the test, and than the test sections were
j surface ground to clean off those areas unaffected by plastic

deformation. The plastic flow regions remain accentuated by the dye.

CONCt.USIONS
,

1
* Within the compact specimen geometry, J -Curve was found to beg

independent of plan view size and relattve crack size. Modified J was
calculated to retain geometry independence when crack growth exceeded
10% of initial ligament size.

j A test practice incorporating many special modiilcation schemes has been
' devised for the R-Curve testing of nuclear reactor surveillance

specimens.
,

) 1,oading mode per se does not have an effect on R-Curve behavior of
i materials. The CCT geometry, however, will yield a different R-Curve
1 than other specimen geometries because of a unique deformation
| characteristic.
|
i
1

,
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S-185-20

Table i
Mechanical Properties

|
i

Yield Strength Tensile Strength CVN FATT
o/o ElMaterial

::: ksi MPa ksi MPa Ft-Lbs J F k
. :

A508 Class 2A (55) 380 (80) 550 30 (115) 157 (110) 3961

A5338 (68) 469 (90) 620 (92) 126 '

|
'

|

i

i

;

! '

I
_____. _ - _ _ _ _ _ _ _ _ _ _ _ _ _ __ _.
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! Table 11 - Test Matrix
;

,

Thickness Ligament Size - Inches
Inches 1/2 1 2 4 10,

,

1/2 w=2 w=2 w=4

g I w=2 w=2
|

w=8 w=8 w=8 w = 20

2 w=4 w=4
'

w=8 w=8

4 I w=8 w=8
1

10 w = 20

-- - - - - - - - - - ... __ _ _ __ . - -- - __ _ _ _ _ _ _ - -
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S-185-21 .

I

!Table ill
Deformation Theory J, Modified J !

i

!

i

Jj+1 = Jj + 1- aj+1-aj
g

J =J +1 ID i

's !
a ,

JM=3- J da (Old)D p

'' j
'

6
P U |p

JM = g2/E + P d6 (New) |

O i -

;

n = From Fully Plastic Solutions4

P
= f (a/b, h , h , n)

i 3

!
!

- - _ _ _ - . _ - . - _ _ - _ - _ . __ _- _ _ _ - . __ ___..
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l
i l
1 :

i Table IV |
: ;

! Single Edge Cracked Specimens |
:.

|

1 I
;

\ |
a/w 0.3 0.4 0.5 0.6 0.7 |

'

|

o /oT 1.3 2.0 3.0 4.5 7.0~ >
B! c

| W = 254 mm X X X l

j 508 mm X X X X X !

: 762 mm X X X

4 !
! I
l !
i :

1 ,

i
I |

i,

|

|
t

- - - - - - - . - - , - - - _ . , - .. - --- - ----- ----- - .- .. - .. - --. .- . - - - -- - -- _ _ _ _ _ - - _ . _ - -



S-185-23

Table V
Tension Test Specimens

Width (mm) Type 2a /wo

406 CCT 0.5

406 CCT 0.6,,
"

203 CCT 0.5

203 CCT 0.6

406 DEN 0.35

406 DEN 0.50

203 DEN 0.35

203 DEN 0.5

|
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Fig. 1 - J -curves for material in the 150-170 ksi
R

j nominal strength category.
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| 246

: :
' <

.. . . -- . . _. -- __ . . . - - _ _ _ . - - - _--_----_ . . - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



____________ _ _--- - - - -

curve 739557-A
i
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|
r

Fig. 4 - Modified IX-WOL geometry with W = 0.95 inch. |
0 iA508 Class 2A, test temperature 400 F.
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Curv e 745060-A

| | | | I | 1 1 I I
i '
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- ~
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-
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5 14,07) -

-

6 o
2 O
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-0
l

| I I i 1 I I I I I !
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Fig, 6 - J -R curve from SEN specimens of a/W = 0.3g
and variable width.
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curve 785061-A4
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curve 745062=A
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THE ANALYSIS OF J-Aa DATA, WITH PARTICULAR
REFERENCE TO THE CEGB PROCEDURE

K.N. Akhurst

Technology Planning & Research Division
Central Electricity Generating Board

Central Electricity Research Laboratories
Kelvin Avenue, Leatherhead, Surrey KT22 7SE, England

INTRODUCTION

The CEGB J-testing procedure (Ref.1), which is described by Neale
elsewhere in these proceedings, contains requirements relating to both
experimental test methods and data analysis. The purpose of the data
analysis is to provide a simple description of the valid J-6a data for
use in ductile-tearing structural-integrity assessments. The present
paper illustrates the method of data analysis in the CEGB pro:edure,
with particular discussion of the use of alternative validity limits
and the significance of J .2 Possible future extensions of the0
procedure, to cover austenitic stecis and the assessment of material

- variability, are also considered.

THE METHOD OF DATA ANALYSIS

Figure 1 illustrates the application of the CEGB procedure to unloading
compliance data for a C-Mn stoel. Validity of the results is enoured
by applying exclusion lines to the data, and fulfilling requirements on
data numbers, data grouping and the gradient oi the line (the ' omega '
criterion). To describe the J-6a behaviour, a line is fitted to the
data points within the exclusion box. For simplicity and case of use a
straight-line description is preferred (Fig. 1). Hcwever, it is
recognized that a straight line would not usually adequately desc.ibe
J-ea data over large on ranges, and for ranges greater than 2 mm a
powet law fit is required (Fig. 2).

ALTERNATIVE VALIDITY LIMITS

To ensure that the J-6a line is valid, data for which J or 6a exceeds
certain values are excluded f rom analysis (Fig, 1). Values of J andmax
Aa are recommended in the procedure, but alternative values aremax
allowed if the user can justify their use. An increase in J andnax
As may for example be of value if there are particular limitationsmax
on specimen sizes. Such an increase could probably best be justified
if tests on a similar material showed agreement between valid data from
large specimens and invalid data from smaller specimens, for exemple as
in Fig. 3. Such an argument relies on a close similarity between the
steel to be tested and thet used for the justification.

AreductionofthevaluesofJ,3becauseo,3xand As can sometimes be of value,
if the J-ea line is invalidated f the omega (w) or
data grouping requirements in the CEGB procedure (Fig. 4). Such a
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reduction is clearly justified as it is more restrictive than the
recommended exclusion lines.

THE SIGNIFICANCE OF J .20

It is not intended that the CEGB procedure should be used to obtain a
value for J at the initiation of ductile tearing. While for some

steels J .2 may give a good agreement with an initiation toughness0 ;

derived using a blunting line (e.g. ASTM E813; Fig. 5), in general this |
and J increases theis not the case. The difference between JO IChigherthetoughness(cf. Fig.5andFig.6)'2 In addition there is a.

potential variability in the value of J .2 for a given steel, depending |0
on the range of 6a analysed. A procedure solely intended to derive 1

J .2 w uld concentrate on obtaining data near 0.2 mm crack growth. The0
purpose of the CEGB procedure is to describe simply J-Aa behaviour over
a variable range of 6a, and some resultant variability in the value of

J .2 is an acceptable consequence. Nevertheless, for many steels J .20 0
should provide a reasonable engineering estimate of the initiation
toughness for integrity assessment purposes.

AUSTENITICS

The procedure is currently limited to ferritic steels. In very high
toughness austenitic stecls it can be difficult to achieve valid data
beyond the initiation of ductile tearing (or indeed any valid data) in
specimens of a reasonable size (Fig. 7). Even if the results in Fig. 7
were produced by 100 mm thick CT specimens the valid data for this
steel would all correspond to crack blunting. This is not necessarily
a problem as an integrity assessment is not concerned intrinsically
about the mode of crack advance. The value of J in such a situation

R
could be regarded as a lower bound to the J for the initiation of
tearing . The possible use of the CEGB procedure may therefore present
no major problems for austenitic materials, even though it may be
difficult to obtain valid data. Some austenitics have relatively low
toughness and for these valid data can be obtained relatively easily
(Fig. 8).

HATERIAL VAAIABILITY

Mean Fracture Resistance

For steels with a large variation in fracture resistance the CEGB
procedure recommends the use of a single specimen test method such as
unloading compliance. For such steels a small number of multi-specimen
data points do not provide sufficient information to establish a
reliable regression line (e.g. Fig. 9). In principle, provided
suf ficient multispecimen data are obtained a best fit line should
provide an accurate prediction of the most likely value of J for a
given value of 6a. However, the best. fit line in such a situation can
be strongly dependent on the method of regression (J on Aa,
perpendicular distance, 6a on J, or some intermediate method). The
statistically most appropriate line depends on several factors (Ref.
2), including statistical bias introduced by the exclusion lines (Fig.
10).

,
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These problems demonstrate the value of using a single specimen method
Not only are more data points collected, but the variations in J due to
6a changes in a given test and those due to material reatter between

| different tests are separated, providing much more information. If

only multispecimen data are available then it may le preferable to
describe the fracture resistance in terms of the mean of all the data
points (e.g. Fig. 9), or 'mean torn toughness' (Ref. 3). All the
straight regression lines pass through this point if equal weighting is

l used, and it is the position where the statistical confidence in the

{ mean lines is highest.

The CEGB procedure makes no recommendation on the number of single
specimen tests necessary to ensure that the range of material
variability is properly sampled. This cleary depends on the extent of
this variability. For the steel of Fig. 9, Milne ar.d Curry (Ref. 4)
suggest that at least six single specimen tests would be necessary.

4 Lower Bound Fracture Resistance *

The determination-of a lower bound confidence limit to the J-6a data is
not covered by the CEGB procedure. At first sight its incorporation
would appear fairly straightforward. The level of confidence (e.g.4

95%) would be chosen according to the degree of conservatism required.
Lower confidence limits to J .2 and J or 6a at J !calculated from single specimen data,E (d a suitabf$x) could then be0

an interpolation used
to give a lower bound line (Fig. 11). The problem is that confidence
limits can be very sensitive to the nature of the statistical
distribution that the data is assumed to follow (the values in Fig. 11 ;

'

were calculated assuming a normal distribution). If the distribution
were known, then three or four single specimen tests would probably be
sufficient to define the 95% confidence limit with reasonable securacy
(e.g. Ref. 5). In prretice it appears that little is known about the
statistical distribution of J-6a data. To establish this distribution
in the region of the confidence level would require a large number of )tests (~20 single specimen tests for the 95% confidence level). If it

{is necessary to fit a distribution to inadequate data then the normal
distribution appears to be preferable to a three parameter Weibull fit,

,

l

as the normal distribution generally results in more conservative lower
bounds and the analysis, in particular the allowance for uncertainty in
the fitting, is simpler.

The determination of lower bound lines is even more difficult with
multispecimen data. There is the same problem of choosing the
appropriate distribution and the bands of confidence are wider than for
the same number of single specimen tests. There is also usually
insufficient information from multispecimen data to establish thea

variation of scatter with Aa, and a simple assumption has to be made.
If uniform scatter is assumed, when thr, J-aa curves actually diverge,
then the lower bound values of J .2 tend to be too low and those of J0
too high (unless J,, limited), as shown in Fig. 12. Thesefactorsc$n
resultinlowerbounNvalueswhicharenegative. Windle (Ref. 6) has

| proposed a method of avoiding this unrealistic outcome by transposing
i and scaling the data points and fitting a two parameter Weibull

distribution to them, ensuring that negative J values are not allowed.
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llowever, wherever possible, single specimen testing is clearly
preferable.

Thus, at present it is apparently not possible to determine lower bound
values confidently from relatively few tests. Milne and Curry (Ref. 4)
have noted that other conservatisms should normally . ensure suf ficient |

pessimism when using mean J-Aa data. The reliable allowance for
material variability awaits a theoretical or experimental derivation
of the appropriate statistical distributions, unless the user is
prepared to perform large numbers of tests.*

CONCLUSIONS
,

1. The CEGB procedure allows the use of alternative J and Aamax max
; exclusion lines, provided that these are, justified. While the ;

justification of larger values of J and Aa may require con- .}
'

max max
j siderable effort, the use of smaller values can clearly be ;

justified. Smaller values of J ,x or Aa,,x may allow the use of !d

data which fails the data grouping or omega (ra) requirement when :

the recommended values are used. !

!

2. Jo,2 is not in general equivalent to JIC, but for many steels it I
should provide a reasonable engineering estimate of the initiation ;

]
toughness for the purposes of structural integrity assessments.

3. There should be no major problems in extending the CEGB procedure ,

'

to cover austenitic steels, although difficulties in obtaining
valid data may be encountered.

,

4

4. It may only be possible to obt.ain reliable results with very <

variable material if a single specimen test method is used.
|

5. The outstanding problem in determining lower bound J-Aa behaviour f4

is the difficulty in establishing the appropriate statistical [;

distribution. If this is not known then a large number of tests
are necessary. If it la required to fit a distribution to
inadequate data, then the normal distribution should be preferred [
unless it predicts negative J values, in which case a two parameter i

>

Weibull fit may be pref erable (Ref. 6).
|
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THE INTERPRETATION AND ANALYSIS OF SINGLE SPECIMEN AND

MULTI-SPECIMEN J DATA
R

T Ingham, E Morland, G Wardle

UKAEA, RNL

(1) TIIE VALIDATION OF J ^ ^
R

METHODS

Published prceedures for interpreting J-aa data derived using the
unloading compliance method base their verification criteria upon agreement
between predicted and measured values of absolute initial crack length and
final crack growth (Refs 1,2). Under certain circumstances, sole use of
these two criteria can lead to anomalous values of "initiation" toughness
(Ref 3). Typical examples of situations where problems might arise are
shown schematically in Figure 1. The need for additional verification was
recognised by Futato et al (Ref 4) and a procedure has subsequently been
derived at RNL which is intended to provide a more rigorous validation of

J, data. To date, the procedure has only been developed for and applied to
the interpretation of J data for ferritic steels.

R

The procedure involves the two basic checks on initial and final crack
length predictions plus three additional checks relating specifically to
the initial portion of the J curve (the blunting region) and the shape ofp
the J curve. The details of the procedure are summarised as follows:-

R

1) Initial Crack Length:

a predicted = a measured 1 3%. (1)

2) Crack Growth:

aa predicted = aa measured 1 15% or 0.3mm whichever
is the smaller. (ii)

|

3) Level of J Associated With a :'

The purpose of this check is to ensure that no crack growth has occurred at
the J,a point defining a ie to guard against abnormally high J values,

hrising from either negakive crack growth effects or random error'

associated with the finite resolution in predicted crack length. It is
assumed that, for ferritic steels, an upper bound to crack tip blunting is
given by J = 1.50 aa where o =a +o /2. Measuring J values in MJ/m' and

values in MPa,Ipermissibl[ J vdiueS which can be used to define a , are
a[strictedto:-r

J(a ) < 1.5 o x 0.15nm (iii)f

4) Crack Tip Blunting:

This test assesses whether the blunting characteristics are within
acceptable bounds.
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At least 3 data points are required within the crack growth range O < Aa <
0.15mm. These data are used to define the value of J at aa = 0.lmm lJO.l'
and thence a "blunting coefficient"

m=J **
0.1 f

The acceptance condition for ferritic steels is given byt-

1.5 <m< 3.5 (iv)

1 5) Shape of the J Curve:p

Experience with ferritic steels suggests that a simple power law analysis;

will provide a satisfactory representation of resistance to crack growth.'

Accordingly, at least 7 J-on data points are required for a power law
'

regression analysis on data where 8a > 0.2mm.
,

The condition for acceptance is:-

2 > 0.9 (v)r
,

The restrictions on oa ranges imposed by criteria iv) and v) ensure that
no negative aa data are included in the R curve definition. The procedure !

is applied iteratively starting with the first recorded J,a data point toa i

define a can be used to construct a J curvej
only whe0. A predicted value of athe J-oa data associate [with this reference data poink satisfy

.

| criteria (1) to (v). On re-defining a , all prior data are ignored ie !
J-values below Ja are not included in the analysis. More than one
solution can be obtained from an unloading compliance test, therefore the
most conservative J curve should usually be used when defining fracture

R
| toughness values.
,

| The precedure, which is summarised in Figure 2, has proved to be especially
j useful when interpreting test results where "regative crack growth" was

[predicted during the initial part of the J urve. A schematic analysis is
R,

shown in Figure 3. (
"

r

J Typical examples of as computed and verified J data are shown in Figures
'

p
4-6. The "negative crack growth" seen in Figure 4 was attributable to lack
of care in specimen alignment prior to testing. The "maximum" and
"minimum" solutions (Figures 5 and 6) were obtained by defining a as

|, respectively, the first or minimum value of a which satisfied criteria (1) i
j to (v). There is little difference between these bounding values, most k

j results falling between the 90% confidence limits to the multi-specimen :

]
data.

I
L

{ "Initiation" toughness is far more sensitive to the definition of a than ;
9J resistance to crack growth and comparison of estimates of the former

i provide a more stringent check on the adequacy of the procedure. The I

results chown in Figuress 4-6 are part of a larger data base involving 30 ,

i separate unloading compliance tests. Taking "initiation" as the value of J
at 0.2mm crack growth. J solutions. All i

of the solutions were wikfi$n, the data base produced 45 Jthe95%confidencelimitst8'$ulti-specimen
3

:
i

) data and 38 solutions were within the 90% confidence limits. Of the seven !
l solutions between the 90% and 95% confidence limits, three were '
'

over-estimates and four were under-estimates. [

,
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The presence of negative crack growth in unloading compliance data is
|generally indicative of poor experimental procedure. It does not however, ;

necessarily preclude the use of some of the J-aa data (usually after a '

redefinition of a ), for subsequent R curve construction, eg ref (2).
Additionally, the absence of negative crack growth does not, in itself,
ensure valid R curve data. In either case, the eventual J-aa data which
are used to construct an R curve must be rigorously examined. The
procedure presented above, is designed to perform this function and screen
against the interpretation of "low quality" data. Since the method has
been developed for ferritic steels the precise limits that have been set
for criteria (iii)-(v) will probably need to be amended to cover different
materials and could be more rigorously formalised. It is suggested that
inclusion of additional criteria of the type desnribed will provide a more
rigorous, test-system independent interpretation of unloading compliance
data.

(2) SPECINEN SIZE EFFECTS

A large number of multi-specimen tests on an A533B-1 steel have been used
to demonstrate no significant size effects on J when testing standard (W =
28) compact specimens of thickness 10 to 100mm(p). Further tests on5
compact and bend specimens within the thickness range 10 to 20mm have been
made to provide additional data on specimen sizes suitable for surveillance
testing. Equivalence between multi-specimen data from 20mm thick standard
(W = 2B) bend and compact specimens is shown in Figuro 7. Results for all
20-25% side-grooved specimens tested at ambient temperature are shown in
Figure 8. (The J-6a data points lying close to or below the -95%
confidence limit to all data were obtained from 12.5mm-15mm thick compact
specimens and Charpy sized specimens which were extracted from plate
mid-thickness). The data-base suggests that for these specimen geometries
the size requirements for providing "valid" J data for A533B-1 steel couldp
be relaxed considerably. For example, providing shear lip formation is
minimised by side-grooving, J-6a data from small specimens can be
realistically taken for up to 20% of the ligament without influencing the
J curve. Indeed, equivalence between small scale Charpy sized bendg
specimens and large specimen J-6a data was obtained for crack growths of
approximately 40% of the ligament of the Charpy-sized specimen. Figure 9
compares unloading compliance data from these Charpy size specimens with
the 95% confidence limits to data for compact specimens.

l Values of initiation 'oughness, defined as J , and tearing moduli at.

1.0mnand2.Ommcrackgrowthfrompowerlawkn$lysesforeachspecimensize
i are compared in Figure 10. Within experimental limits, the 20-25%

i

side-grooved specimens provide size independent J data for all thicknesses !

R
| examined. Thus, specimens which would be considered useful for

)' surveillance purposes (typically B = 10 or 12.5mm) should provide
1

meaningful J data for A5338-1 (and similar) steel, even though the size IRrequirements for J-controlled growth are grossly violated.
i

All of the J data shown in Figs 8-10 were defined using the expression:g

[ 0.75f ("o/W) - 1) 6ay,y y,

b lo |
I

Unloading compliance data for the Charpy-sized specimens were obtained !

using experimentally derived relationships between load-line displacement |
corrected for extraneous displacements (6 ) and the knife-edge |
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displacement (Vg) measured from an initial opening of 4mm, using a
conventional clip gauge located at a knife-edge height of 2.5mm from the
front face.

A = a + m Vg : a + 0. |

Values of m which were determined at both 20*C and 288'C for 20%
'side-grooved specimens are m = 0.96 for a/W = 0.5 and m = 0.94 for a/W =

O.6.

Compliance values were then determined using:

C(a/W) = E Be (m l )
P

5

where C(a/W) = { Ai C (a/W)
i=o

-2 ~#
A = 0.072, A = 1.251 x 10 ,A2 = -1.103 x 10
A . 81 x 10 ,A4 =4.266 x 10 ,A5" *0 *3=

B-{(B-Bri)' }and Be =
|

"
| B
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) APPLICATION OF ELASTIC-PLASTIC FRACTURE
TEST METH005 TO NUCLEAR PIPING MATERIALS

G. S. Kramer and G. M. Wilkowski

Batte11e's Columbus Laboratories. Columbus Ohio USA

INTRODUCTION

Ovar the past several years. Battelle has had great success in applying
the direct current potential drop (dc-PD) technique to elastic-plastic
fracture testing. While much of this work concentrated on small-scale
laboratory specimens, numerous experiments have been conducted on full-
scale piping and pressure-vessel components. Recently. Battelle has
undertaken a multiyear research prograal to conduct elastic-plastic
fracture experiments on degraded nuclear piping. Both laboratory and
full-scale experiments are being conducted at 288 C (550 F). This papt'
describes the application of the dc-PD technique to several of these
full-scale pipe-fracture experiments along with benefits and problems
encountered.

ELASTIC-PLASTIC FRACTURE EXPERIMENTS USING de-PD

Past experimental work has shown the de-PO technique to be a fairly
inexpensive and flexible method of determining crack initiation and
crack growth in structures. It has been applied to fatigue cracks,
stress corrosion cracks. dynamic crack growth, and elevated-temperature
crack growth. The dc-PD method can account for crack tunneling and is
an extremely sensitive method if used properly. The method also can be
used in pipe-fractura experiments in which the compliance of the pipe
changes due to ovalization as well as crack propagation.

Behavior of the de- N d gaal is similar in both laboratory and full-
scale fracture experiments, Three distinct stages are observed if the
de-PD signal is plotted against the crack mouth opening displacement as
in Figure 1. The first stage is a linear region that corresponds to
plastic deformations that occur as the crack tip blunts. Deviation of
the de-OP record from this blunting line determines the point of crack
initiation. This has been documented by comparing cr$ck mouth opening

lversus dc-PO rely)ts to multiple specimen testingl -31 and unloading
compliance datalJJ. The second stage corresponds to a nonlinear region
that is due to crack tunneling in through-wall cracked specimens. The
third and final stage corresponds to crack growth occurring with a
constant crack-opening angle. This region usually occurs after maximum
load has been reached.

TRANSITION FROM LABORATORY TO FULL-SCALE EXPERIMENTS

In general, basic data requirements are similar between laboratory and
full-scale pipe-fracture experiments. Load. Ioad-line displacement, and
crack growth are the most imMrtant parameters. The dc-PD method can
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be used to detect crack initiation and propagation in both caset. This
requires that the specimen be electrically isolated, that the de-PD
signal be stable, and that the dc-PO data be calibrated to crack growth.

There are also certain problems that are similar due to high-temperature
testing. Some of these are:

,

)
e Determining a method of heating the specimen to elevated

temperature
1

e Maintaining temperature of the specimen at a constant level |

e Electrical noise and drift due to heating method |
:

i e Electrical isolation is more difficult

e Time element due to specimen heat-up and cool-down.

The elevated temperature also effects the resistivity of the specimen ;

and, hence, the dc-PD. In addition, thermal electromotive force
voltages can effect the de-PD if the problem wires have a different
composition from that of the specimen or if the probe junctions are at

; different temperatures. Fortunately, this temperature differential is
usually negligible with larger specimens.

,

.! The greatest difference between laboratury and full-scale pipe-fracture
experiments is complexity. In a full-scale environment, the complexity,

' of the instrumentation is increased (more instrumentation, more data,
more data storage), complexity of the test facility is increased (higher
applied loads, larger displacement, larger energy releases), and com- !
plexity of the high-temperature equipment is increased (larger heating
elements, more power requirements, longer heat-up times).

,

' Often, the full-scale experiments are conducted outside in a field-like
environment due to size or energy release considerations. Thus, natural -

environmental problems arise. One must contend with moisture and con-
densation and their effect on instrumentation. Ambient temperature,,

wind, and precipitation all cause delays and complications . ,

j FULL-SCALE PIPE EXPERIMENTS WITH THROUGH-WALL CRACKS i
.

| From past experiments conducted on various diameter pipes et room
! temocrature, through-wall crack calibration curve has betn
j construt.ted.(pi This is presented in Figure 2 and p?ott normalized

:-

dc-PD against normalized crack growth. This curve shows close agreement ;

with the theoretical Johnson calibration curve for center-cracked panel
i

; tests. L

l The basic flaw geometry and instrumentation locati'ons used in these
!

i full-scale pipe experiments are depicted in Figure 3. These are '

compared against those of the complex crack pipe en eriments thit will |
,

be described in the following section. Expariments with this flaw l

'

I geometry were conducted at 288 C (550 F) under 4-point bending loads.

] 290 [
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Figure 4 is a post-test photograph of a 711-m (280-inch) diameter,
22-m (0.875-inch) wall, through-wall crack pipe experiment. The,

overall specimen length of this carbon steel pipe was approximately
15.2 m (50 feet). In this experiment, the crack initiated and quickly j
turned at a 35- to 40-degree angle from the original crack plane. ,

Figure 5 shows the fracture behavior at one of the crack tips. Figure 6 ;

is a post-test photograph of similar crack-propagation behavior in a !

102-m (4-inch) diametar carbon steel pipe experiment and in a 1T ,

I compact tension speciAen machined from the same pipe specimen.
'The dc-PD technique was used in sach of these experiments to measure

crack initiation and growth. Figure 7 is a typical de-PD versus crack- ,

opening displacement record from the 102- m (4-inch) diameter experiment L

showing data from potential drop probes at each crack tip. Clearly, in
this experiment, crack initiation at each crack' tip occurred at
different points. Once initiation was determined using the probes at

; the crack tips, average crack propagation was determined using the
centerline dc-PO probe.

j

Figure 8 presents the results of the load versus load-line displacement .

Irecord from the 102-m (4-inch) pipe experiment. Once past maximum load
in the experiment, the specimen was unloaded several times in order to
mark the extent of crack growth. Due to the out-of-plane behavior of
the crack propagation, these unloading profile r.arkings were quite
useful. They were used to calibrate the dc-PD signal to the total out-

I of-plane crack extension. The crack growth also was projected back to
| the plane of the original crack for comparison purposas. These crack-
1 growth results also are presented in Figure 8. Construction of a J-
| resistance curve from this experiment is continuing at this time.
I
l FULL-SCALE PIPE EXPERIMENTS WITH COMPLEX CRACKS ,

As defined in this paper, a complex crack is one in whirh a long inter-
nal surface crack (up to 360 degrees) has propagated through the wall of

3

i the pipe at some point creating a short through-wall crack. The crack
,

geometry for this(gype of specimen was shown in Figure 2.
From past i

,

lexperimental work 1, we have seen that the constraint imposed on thei

i propagating crack front by the existing internal surface crack greatly
lowers the J-resistance curve. This is shown in Figure 9 for a Type 304<

| stainless steel pipe. Current experiments have been conducted on 152-m |
(6-inch) diameter carbon steel, Type 304 stainless steel, and Inconel |i

| 600 pipe.
,

i

( Crack initiation and propagation were again determined using the dc-P0 t

technique. Unloading cycles also were used to mark crack growth once ;
'

past maximum load. Figure 10 compares the load versus load-line
;

displacement curves from the Type 304 stainless steel and carbon steel i

pipe experiments. |

The effect of the unloading cyr.les on crack arrest and reinitiation was
examined more closely in these eroeriments. It was found that the !

unloading cycles did not significartly lower the applied load at which
the crack would reinitiate. Tnis can be seen in Figure 11 which is a

1
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blown-up portion of a test record from a Type 304 stainless steel pipe
expe)iment. Reinitiation appears to occur once the load-line displace-
ment has exceeded its previous maximum value at the unloading point.

Figure-12 is a post-test photograph of the fracture surface from the
Type 304 stainless steel pipe experiment. Also evident are the crack
front unloading marks along each side of the specimen. As seen in the
photograph, crack propagation along the inside pipe surface greatly
precedes crack propagation along the outside surface. Figure 13 details
these unloading profiles and relates each to the corresponding total
applied load at the unloadings. Crack-growth measurements were made
using the inside surface, outside surface, and 9-point averages from
each of the profiles. A continuous record of crack growth versus load-
line displacement was then calculated by calibrating the centerline
dc-PD data to the measured crack-growth data from the unloadings. This
is presented in Figure 14 for the inside, outside, and average crack
growth,

i

Based on the results of five complex crack-pipe experiments, a !

normalized dc-PD versus average crack-growth calibration curve was
generated. This is presented in Figure 15 and is compared against the
calibration curves previously presented in Figure 2. Although the
complex crack pipe data fall somewhat below the first two curves, the
overall agreement is quite good.

CONCLUSIONS

Successful results have been obtained using the dc-PD technique on both
laboratory specimens and full-scale piping. In both cases, the general
behavior of the dc-PD signal in auite similar.

In addition, the dc-PD technique has been quite useful in conducting
full-scale nuclear pipe fracture experiments at 288 C (550 F). It has
been successful in experiments where (1) crack initiation occurs at two
crack tips, (2) the pipe specimen ovalizes, (3) crack propagation is out
of plane, and (4) crack propagation is nonuniform through the thickness.
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DETERMINATION OF FRACTURE MECHANICS PARAMETERS |

OF SMALL AND LARGE SCALE SPECIMENS ,

;

E. ROOS

STAATLICHE MATERIALPROFUNGSANSTALT

UNIVERSITY OF STUTTGART

DIRECTOR: PROF.DR.-ING.K. KUSSMAUL

:

: i

I
i

!

| l.

I I
- !

| 1. Introduction !
t-

I

A material characteristic describing the crack initiation !

| behaviour of a specimen or component independent of size,
1 !

; geometry and loading condition is necessary for the calculation :

of the crack initiation load of notched or cracked components.

This paper describes a method utilizing the fracture toughness |;

.; parameter J-integral to determine a physical and transferable j

) crack initiation value. |

f I

$ 2. Determination of Material Characteristics on Small Scale f

3
Specimens j

l I
Generally, the crack initiation value on the basis of the J- [
integral is determined by the crack resistance curve (J -curve) fR

of CT-25 specimens. The known methods provide the value J , j7
,

i according to ASTM E-813 /1/ and the value J acc rding to '

0,15
Loss /2/. These values represent a qualifying evaluation of the;

i

material but not the physical crack initiation value. At the MPA,;

] the points measured experimentally by means of single or multiple
'

specimen techniques are approximated within the entire range by

| the power law fit described by Loss or by a polynominal. The

physical crack initiation value J can be determined by measuringg

I
1 309
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.

the stretch zone width (SZW) aa n the specimen surface
; st

and intersecting the J -curve with a line running parallel i
R

to the ordinate with a distance of 6 ast, rig. 1 /3/. A sum-j

Ic' # ,15' # ) measured on a fine- {j mary of three values (J 0 1

I grained structural steel is given in rig. 2. The dimensions |
1

| of the SZW measured by a scanning electron microscope on [

l specimens of various thickness show the size independence for
f{ specimens up to CT 100, made of the same material, rig. 3.

| However, the SZW varies across the specimen thickness on large :

1 and small double edge notched tensile specimens (DENT, DECT) ,
'

J
and CT-specimens without side grooves, but the average SZW t,

value varies only insignificant 1y with specimen size and geo- iq

! metry, rig. 4, /6/.
:

: ,

A wide range of material toughnesses was investigated within ;

f the research programme "Integrity of Componts" (FKS),. rig. 5.
.

The J curves for these materials are plotted in Fig. 6. The
R

and J -values increases with in-difference between Jye, J0,15 gq

{ creasing material toughness, rig. 7. These differences in the ;

{ crack initiation parameters influence directly the results of I

the computed initiation load for structures and provide values (
on the unsafe side. {

!

I f
; 3. Determination of Material Characteristics on Large Scale j

Specimen |
|

!
'

] Tests were performed within the toughness spectrum in rig. 5

) on a number of specimens with component-like dimensions, rig. 8,

I which can be calculated easily /7,8/. J-integral load curves as i

} well as crack resistance curves with help of the partial un-

| loading method have been recorded on large scale specimens by !
Ij means of extensive instrumentation and a computer code system

| PROMEON /9/, rig. 9. It was possible to show that two large j
DENT-specimens mada of various tough materials tested in the {
upper shelf energy level had attained the physical crack ini- |

j tiation value J at instability load, however, no stable crackg

| extension could be detected. The values J and J are0,15 gc j
l t

! 310
|
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J t

i i

b
,

I Ii
i

j distinctly above the experimentally measured instability load,
,

rigs. 10 and 11. A J -curve could be determined for another
R

j large DENT-specimen that exhibited stable crack extension. The j

] J -value agreed well with the value from CT-specimen, rig. 12. jg

] The CT-specimen has been examined with the same notch configu- ;
j ration as the DENT specimen. The good agreement of the physical !

values J determined according to this method compared with a j1

j CT-25 specimen, can also be found for a large SENT and DENT- ;
4 >

1 specimen, rig. 13. Here it is worth mentioning that the CT-25
I

] specimen with 20 percent side grcoves has the lowest tearing j

j resistance /10/. A further proof of the size and geometry in- !

] dependence of the J -value on the notched round tensile speci-
{g

j mens up to a diameter of D = 143 mm, is shown in Fig. 14. ;

!
; 4. Transferability to a Large Scale Specimen under Pressurized l

Thermal Shock Conditions |
i,

i The examination of the transferability of the physical crack
initiation value could also be performed under the complex (

I conditions of pressurized thermal shock (PTS). A 200 mm thick I

} hollow cylinder with an internal circumferential crack was sub- !

jected to cold water injection, internal pressure and a high1

, axial tensile load. The stress state is similar to that in a I

| real vessel with an axial flaw, Ptg. _ h The first test of a1

j whole series with different material toughness levels was I

completed recently. The upper shelf energy (USE) for this !
cylinder was in the range of 200 0, and its crack resistance |

lcurve is shown in Fig. 16. The driving force for the specific i

PTS condition was computed in terms of J-Integral in the ela- !
! stic-plastic regime for an artificial 50 mm deep circumferential I
I

Icrack and compared with the material resistance curve, rig. 16.
i

Trom this investigation a stable crack extension of approxima- !
tely 1 m was predicted for the experiment. Nondestructive !

Itesting and subsequent fractographical examination confirmed
i

an average crack extension of about 1 m, Fig. 11 This result
{is in good agreement with the analytical treatment of this
!

complex situation. Further investigations will show if this !
good agreement can also be established for the other specimens
with lower shelf energy /11/. 311
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! 5. NJmerical Investigations to Explain the stable Crack

| Extension Beyond to Initiation.

]

| The examples of large scale specimens (Figs. 10, 11 and 12)

| proved a trend towards a more stable crack growth for smaller

: crack depths of geometrically similar specimens /8/. To enplain

| this effect, the J-integral and the state of stress were examined

for CT and DENT specimens, as well as for a pressure vessel."

!

; To determine the stress state in front of a crack tip, the

values of the principal stresses or the invariants of the stress ;

tensor have ,o be known. In so far, a single parameter like the |
J-integral or the crack opening' displacement (COD) cannot adequa- |
tely descr.be the behaviour of the crack tip stress field, [
especialty if larger amounts of clastic strain occur. Conside- |

|
ring this, it is proposed to quantify the stress state by a !

I second parameter called the constraint f actor. This f actor is }
j a measure for the reduction in plastic flow due to the three |

f| dimensional stress state. The constraint factor is defined:

i !

(d - sp a . (d2 ~ dd * '#3 ~ #dg. .
3

| !
i !
I ror several loading stepa with increasing nominal stress levels, !

f the various values of the constraint factor ; in front of the !

| crack tip are shown in Fig. 18 for a DENT specimen. All calcu- |;

| 1ations show a minimum n in front of the crack tip. The value

l of this mininum increases with growing plastic deformution which
,

! means that the constraint effect decreases with increasing f
'

plasti flow. !
i (

A plot of thece mininum values for each loading step versus j
J the J-integral is shown in Fig. 19. In addition w -values for i

extal cracks of different depths for a pressure vessel have

been plotted. As expected, the vessel containing deeper cracks
;

j had more constraint than the one with shallow cracks, and the j
j CT-25 specimen reached the hig' constraint over the entire )
{ loading range. !

| 312
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The experimental results show crack initiation and stable crack
growth at.the CT-25 and DENT specimen at locctions marked with
arrows in Fig. 19. However, no stable crack extension could be i

detected in a test made on a pressure vessel with a crack depth
ratio of a/W = 0,75 /12/. Consequently, the assumption is that
a critical value of the J-integral and of constraint is neces-
sary for the onset of stable crack grown. /13/. The distances
of the location of maximum constraint from the crack tip are
plott in a micrograph of the DENT specimen, Fig. 20, so that

'uct of maximum constraint on crack initiation can het .

Void nucleation has been observed to originate at thesee,

location of maximum constraint. It is not obvious whether the
crack starts growing first from the crack tip or from the voids.

6. Conclusions s

The physical crack initiation value J can be determined from1

CT-specimens with the method presented. The method.s generally
used for determining J , or J0,15 pr vide values which are7

evidently higher than tnose compared with the ones from the
physical initiction value. The deveJ , ament of a method to deter-
mine the J-integral and crack resistance curve in the test also|

on large scale specimens confirm the transferability of the J
1value even to the complex conditions of pressurized thermal

shock. The additional dependence of the stable crack extension
on conctraint as well as tre J-integral could be proved by
means of finite element analyses.
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Fig. 20: Comparison of the location of voids in a DENT specimen

with the minimum of the constraint factor
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