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ABSTRACT

This report i{s a compilation of papers presented at the Second CSNI
Workshop on Ductile Fracture Test Methods, held at OECD Headquartars,
Paris, France, on April 17-19, 1985.

The contributors addressed advances in test methods to characterize
the fracture toughness of structural steels. Sess:.ns were held on
new and {amproved teat techniques, standardized J-R curve test
procedures, experience and problems with existing techniques, and use
of fracture mechanics by the nuclear industry. Summar ies of the
individual sessions have been prepared by the session chalrwen.

The meeting identified progress in test methods since ' ¢ first
workshop was held in 1982, A clear movement to standardize J) R curve
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
Organizatinn for Economic Cooperation and Development - Nuclesr Energy
Agency (OECD-NEA) is an international body of scientists and engineers
with responsibilities for nuclear safety research and nuclear
licensing. The CSNI fosters international cooperation in nuclear
safety among OECD member countries. The Secend CSNI Workshep on
Ductile Fracture Test Methods was undertaken pursuant to an action
item by the CSNI Principal WVorking Group 3 (Pric ¢y Cireuit
Integrity). The meeting was held at OECD Headquarters in Paris,
France. The objective of the workshop was to provide a forum for a
free exchange of views, based upon iInformal presentations, covering
advances in test methods and techniques for the experimental
characterization of ductile fracture toughness. In addition, (t was
intended to critically assess limitations and problem areas assoclared
vith these methods. A workshop on the same toplc was held in
December 1982, The success of that meeting prompted the organizing of
a second such workshop,

The meeting was organized and chaired by F. J. Loss with assistance
from Michael Stephens of OECD's Nuclear Energy Agsncy. A total of 9
countries was represented with 35 persons in attendance, all of wvhom
vere invited on the basis of demonstrated expertise in ductile
fracture testing. Each participant was asked to prepare a short
presentation focused on a particular topic to serve as a basis for
discussion. Thes¢ 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 vere held on new and improved test techniques,
standardized J-R curve test procedures, experience and problems with
existing techniques, and use of fracture mechanics by the nuclear
industry. Summaries of the individual sessions have been prepared by
the session chairmen.

The contribution of all the participants in making this a highly
successful meeting Is gratefully acknowledged.

F. J. Loss
Chairman

ix



WORKSHOP SUMMARY

In comparison with the first workshop of this type in 1982, the
subject meeting reflected prugress in the intervening 2.5 years.
There was not much discussion on the exact detalls of conducting J-R
curve tests, thereby implying that probleme 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
size (e.g., C,) specimens.

As with the 1982 workshop, the major emphasis was on ductile test
methods related to the J-R curve. While the J-R curve methodolugy was
originally developed in the USA, this technology is mnow fully
developed in Burope as well, In contrast, little was sald about the
COD concept. This probably was due to two fractors: first, a CTOD
workshop was scheduled in Gecsthacht, FRG, {mmediately following this
vorkshop and some of the participunts were presenting papers on COD-
related topics in Geesthacht. Second, the sponsorship of the workshop
by a nuclear agency (CSNI) discouraged COD-related papers since the
latter concept is not customarily applied iIn the nuclear
industry.There are basically three standardized J-R curve test methods
being developed by the USA (ASTM), France, and the European Croup on
Fracture (ECF). The last is based on a method developed by the CEGH
in the UK. However, Schwalbe from FRGC has a strong objection to the
expression of the blunting behavior proposed by the CEGB method. In
addition, the Japanese have developed a method for J, . However, no
representative from Japan was present at the workshop.

Given the occasional interactions of investigators from the USA and
Eurcpe at technical meetings, one could question why the efforts are
not focused at the development of a single J-R curve test method,
Certainly this would simplify technical exchanges among the various
countries. The reason for the present situation appears to be rather
sioplistic. Test methods are usually developed by relatively small
groups of individuals who have evolved their own speclal of
conducting tests. These groups often have different philosophie} on
the {mportant features of a rest method, Since these groups
(especially Europe wvs. the USA) do not interact on a regular and
formal basis, differences in test procedures can be expected to occur.

A further point to raise s the possibility of resolving the
differences among the three candidate procedures to develop a unified
approach. This should be possible If more technical interaction can
be promoted among investigators from the various countries. Without
this interaction, it (s conceivable that the ASTM J.R procedure will
become the most widely used. MHowever, 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
basic definition of the R curve is the same in all procedures. GCiven
this, one can easily have separate standards wvhich 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 te
transform from one standard to another.



Summari.ed below are some of the differences among the three methods
being developed as standards in the USA, in France and by the EGF
(CEGB procedure).

Blunting Line

The ASTM uses J = 20,04 vhere o4 is tn. flov stress and Aa
the crack extension due to Hlunting., f(his is 3 *formal*®
procedure and does not appear to represent the actual
blunting behavior of varlous metallic materials. Schwalbe
(EGF) has proposed a more realistic blunting line that
supposedly reflects the material behavior wmore
accurately., On the other hand, the CEGB procedure uses no
blunting line at all. The French procedure is preliminary
and {ts description did not address points of
disagreement, such as the blunting line. From the partial
description of this procedure, it {s clear that there
would be little problem in combining it with the other
procedures (ASTM, EGF).

Inftiation (ch)

The ASTM Lentative R-curve wmethod does not address J e
since this quantity 1is described by ASTM E lli.
Nevertheless, it is likely that these two methods will be
combined in several years. E 813 is currently undergoing
revision because of almost universal dissatisfaction with
ASTM approach. In spite of this, clear differences exist
between the ASTM and EGF approaches to crack initiation.
The ECF method emphasizes the CEGB approach which chooses
crack initiation at & fixed value (0.2 mm) of apparent
crack extension (blunting plus actual growth). All agree
that this does not represent the physical behavior since
the proportion of blunting vs. crack extenstion at 0.2 mm
of apparent growth {s diff-.ent for different materiils.
The CEGB philosophy {s that 0.2 mm is “good enough® for
engineering purposes. It does not propose an equivalence
between J, and J at 0.2 ma of apparent crack growth,

Negative Crack Growth

The disagreement as to the existence of negative crack
growth as a physical phenomenon exists as it did during
the first workshop in 1982, Some investigators attribute
the negative growth te poer mechanical alignment of the
test fixture, Nevertheless, the procedure developed by
the CECHB adaits the existence of negative growth and
shifts origin of the J vs. Aa plet to account for this
bahavior.

J Expression

All covw sles are us ¢ the ASTM expression for J. This
expresrsion is publ Jed via the ASTH E 24 subcommittee



activities. Unfortunately, this expression changes
periodically due to improvements in the theory. Ernst is
4 leader in promoting these {mprovements. However, the
Europeans would rather forego these changes until proposed
fmprovements have had time to gain more reviev and
acceptance.

Several papers presented the results of J-R curve tests in extreme
environments, Two papers described tests at elevated temperatur. and
a third reported on measurements in a high temperature PR
environment Several papers compared the single-specimen R.curve
methods in terms of the compliance procedure vs. the DC-PD
procedure. Three papers described the development of the J-R curve
with the key-curve approach. A new test procedure, based upon notched
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 a
discussion of interest in the initiation concept which was not as
evident during the 1982 CENI workshop.

Very little theory or snalytical modeling was discussed since this wvas
not a topie of the Workshop. However, Ernsi. presented his work on
developing a modified J integral (Jy) whose advantage is the ability
to measure uniform R curves from specimens of different geometry to
much larger values of crack extension than is possible with the
current J  expression which {is based on deformation theory
plasticity. Wallin (Finland) 1llustrated the advantage of J, in
collapsing the R curve frea IT-CT and +sized specimens to a single
R curve. A similar conclusion was reac by McCabe who found that
vithin the CT specimen geometry the J.R curve, in terms of Jy. was
independent of plan-view size and relative crack size even vhen crack
growth exceeded 1080 of the initial ligament size. A similar unique
Jy'® curve was shown for single-edge notch and double-edge notch
specimens in comparison with the CT specimen results.

The meeting included a discussion itew from CSNI Principal Vorking
Group 3 which was directed to the formation of a J-R curve data bank
for reactor primary cireuit steels and weldments. It has been
proposed that such a data bank be developed in coordinaticn with other
types of NEA data stored on computsrs at Saclay. The NRC is aware of
this initiative and has previously informed the CSNI of NRC activities
in this direction at Materials Engineering Associates and of a data
bank Yeing developed by the Metal Properties Council. Suggestions
from several perticipants regarding the pitfalls of J-R curve data
base development were given to Michael Stephens of the CSNI.

In sussary, the workshop provided a forus for a valusble exhange of
ideas in elastic-plastic test methods among some of the world's
leading investigators. The discussions provided a sounding board for
nev ideas and a weans of focus on problem areas within existing
methods The wmeeting showed an improvement in test procedures in
comparison with the first workshop held in 1982. Nevertheless, some
the problems and disagreements which evolved in 1982 still exist. Om
the other hand, there is now a clear movement toward standardization



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 veen
made, there is need for continuing emphasis on i rovewents in the
fleld of elastic-plastic test methods. Emphas!s should Le p “‘ed on
validation of proper test procedures with respect to a pre..ctive
capability for structural performance.



SESSION NO. 1| (PART 1)

New and Improved Test Methods
Chairman: T. Varga

Sysmary

Session No. | was devoted to new and improved test tecnnigues for thc mea-
surement of elasticeplastic fracture toughness properties, Crack initia-
tion and growth detection using heat tinting, partial unloading (compliance)
acoustic emissior, d.c, and a.c. potentail drop was discussed.

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)
and upwards to 1100 K (Incolay 30) M) iato the creep range.

Tjoa et al reported on highly irradiated (vo 102% avt) type 304 stainless
steel,tested at 823 K, The effect of radiation embrittlement was such, that
IT-CT specimen seemed to yield valid fracture toughness data.

Balladon and Foucault were successful in applying a d.c, potentiai drop me-
thod on stainless steel 17 Cr 12 Ni for Ji and J-R curve determination at
RT. Partial unloading “cwever is less suitable because of 2xcessive blun-
ting. Acoustic emission showed a characteristic change in the cummulative
number of events; nowever, this change ~id not correiate to initiation,

Gibson performed d.c, potential drop measurements on A 508 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 n water compared to
alr environment,



Loading rates were 5.10°% to 5,101 mm/min. The potential drop technique
di¢ predict final crack extention to within 10 ¥, except in PWR-water at
the lowest loading rate, (Time depenance could begin at that limit,)

Rousselier and Devaux belfeve in the advantage of initiation and crack
growth measurement ysing notched tensile specimens, Marked compliance chan-
ge showed crack initiation in & 2 % Cr 1 % Ni rotor steel. The slope of the
following section of the curve is related to the ductile resistance of the
material,

Since a numerical analysis is recently at our disposal, measured material
characteristics of specimens therefore may be transferred to actual struc-
ty ... An alternate method to ductile fracture mechanics seems therefore
to be established, limited to cases where no notch i.e, local stress con-
centration influence on fracture behaviour has to be taken into accouny,

During discussion many experimental details have been clarified and proce-
dures and practices compared, Tne questiion was also raised whether J-R cur-
ves are of overwhe'ming importance, Contrary to the “pinion of many re-
searchers, crack initiation is regarded by governmental agencies and those
dealing with the fracture safety assessment of structures as the primary
criteria to be used, (b irst step of a “defence in depth® consideration,)
Exact physical definition ¢f initiation ((landards) may be applied, Crack
propagation has to be regarded only for specia' well defined cases.



SESSION NO. 2 (PART 2)

New and lmproved Test Method

Chalrsan: P. Balladon
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SESSION NO, 3

Standardizativn of J-R Curve Test Procedures
Chalrsan: K.-H, Schwalbe

Sumsety

The session dealt with the efforts to revise the present experimentasl
methods for determining @ J-Recurve wundertaken by ASTM, CEGB (Unjted
Kingdom), Curopean Group on frecture (EGF), French Fracture Group, and German
Fracture Group,

Concerning the test pieces, the french Fracture Group recommends the
exclusive use of (1 specimens whose width can be non-proportional to its
thickness, All other groups allow the use of both CT and bend specimens,
Non-proportional width is also recommended by ASTM, It is worth noting that
the standard E399 CT design is being considered for J evaluation,

fyo groups suggest a splitting of the J.integral into & linear elastic and &
plastic portion: ASTM uses Ernst's ) formulation, whi>h incorporates a crack
growth correction, vhereas CEGB derived an own expressiun which wil)! probably
also be used by the EGF method,

The multiple specimen method is the reference method chosen by CEGB, EGF, and
the French Fracture Group, whereas the ASTM philosophy needs the single
specimen method for the creck growth correction of J,

ASTM hai a separate methrod ([813) for the interpretstion of & J-R-curve near
its origin as » measure of initiation of crack growth, The four sctivities in
Curope are aimed at combining the determination of initistjon with the R.curve
method, Both the CLGE ard the [GF methods take the point on the R.curve st
0,2 mm total crack growth as & “near initietion™ value, A value closer to
initistion may be obtained by 8 procedure being discussed in the German
Fracture Croup which uses a line parallel to and 0.2 = sway frov the
bluntang line the interception of which with the R.curve is taksn as @
defined initistion point with 0,2 mm ductile tearing, The blunting line
sccounts for the work-hardening porperties of the material, Similer
considerations are reported from ASTM and the French fracture Group (mot
presented at this meeting),

It is vorth noting that the EGF method will contain beth the J.integral and
the CTOD evaluation,



SESSION NO, 4

Experience axd Problems with Existing Technliques
Chalrman: D, E, McCabe

&“ll’!

The blunting line that should be used to identify of the oo . ¢ real slow-stable
ductile tearing in R-curve behavior of materials continue v, source of debate
Because personal interpretation on the significance of certain .,, .4 of experiniental data
s involved, the resolution of the issue may req ire cousiderable additional time In
addition to this, the end use for such & toughness number, (real ’h’ if in fact it were
identifiable, was & source o1 further debate. On the positive side of this, we observe that
the precision of measurement required te resolve the blunting line issue has properly
focused attention on the sharpening of test techniqu~s applied to Jp-eurve gene. stion. In
this session, abstracts that addressed improved iaeasurement techniques were by, (i)
Gordon and Garwood, (i) Ingham, Morland and Wardle, an” (ii') Kramer and
Wilkowski

The issue of geometry dependence versus independence of Jprewve apears o be
heading toward resolution, and in particular for the basic bend geomerries. The center
eracked tension, CCT, versus bend Jo curve comparisons may need more clarification.
The abstract by McCabe showed reasons why the CCT panel is & poor representative of
the generalized tension loading ease  Conversely, the abstracts by Schwalbe and Cornee
poict out that the CCT panel proved to be the more powerful geometry from the

standpoint of sustaining geometry independent erack growth la particular, their claim
is specific to plane stress constraint.

Studies to demonstrate the compatability between J and CTOD are continuing and
understanding is continuously being improved. The presentation of Ernst showed why
modified J, 1, »0d the &, type CTOD of the Schwalbe-Hellmann method correlate. In
appears to be s aatural consequence of the properties sought in development of modified
. Correlation is & matter of selection of the appropriste location on & “pecimen for
measurement of COD. McCabe showed R-curves for AS33B of various geometries that
verify a correlation between 1., and 4. Schwalbe showed geometry independence in N
type Recurves on aluminum alloys. Garwood showed the use of CTOD for failure
analysis in an R-8 assessment diagram type of format.

1



New ideas are being generated on how to utilize Jy-curve data, one example of which
is the proposed CEGB procedure. The general objective appears to be to seek
elimination of known problem areas in defining useable J toughness indicies. The
abstract by Akhurst discussed potential problem areas in the use of the CEGB proposal,
and he cited ihe directions for future courses of study.



PANEL DISCUSSION
Use of Fracture Mechanics by the Nuclear Industry
Chairman: S, L. Creswell

Supeaty

In this fifth, and final session the Use of Fracture Mechane
ieon in The Nueclear Industry Whs wisoussed, Three
presentations were given whieh covered the use of fracture
pnechanics in the Swiss, Frersd and UK Nuclear lIndustries,

The Swiss Perspective was o by Varga, Houssin gave an
everview of the French pos. and Creswell presented the UK
approach,

Several common threads could de dravn frowm the presentations.
In particular the extent to which post initistien (i.e. re-
sistance curve ) analysis 1= considered appropri‘-te and the
situations o which 4%t can be applied, It cenerally
agreed that for nucliear pressure circvit frae analysis
the initiation of stable crack extension should «.ay be exe
ceeded in extreme cases, That ia for normal aystem events all
analysis should be based on initiation toughness values and
Fegurve analysis only considered for use in the rarest = once
in a Jifetinue - events,

Driving force curves for the resistance gurve analysis that
have been carried o . has, up until now, been based on LEFN
plus plastic sone corregtion factors, converted to EPFM via
the small scale yielding equivalence formulae, This reliance
on small scale yilelding equivalence wnas placed lisitations
upen the extent of ductile fracture analysis that can be cone
sidered valid,

Design resistance ourves have been developed feor use In these
post initiation analyais which are considered to bound the
gaterial being considered., These design resistance curves are
lieited in the amount of duetile tearing incoryorated by the
need 1o maintain validity in terms of both the J integral and
the amall scale equivalenve formulae,

13



SESSION 1 (Part 1): New and Improved Test Methods

CHATRMAN: T. Varga
HSK, Switzerland
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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 fur Werkstoffmechanik
Wohlerstrasse 11, D-7800 Freiburg, West Germany

With the growing importance of fracture mechanics concepts to guan-
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 partifal unloading
compliance methods te 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,nomally at W/4 position, The poten-
tial drop 1s partly compensated by a constant DC-voltage, amplified,
filtered and recorded together with the force and load line dis-
placement, Inftfatfon of stable crack growth is indicated by a more
or less distinct change in slope., Fecr the contact geometry choosen
here the final amount of stable crack growth is - 1n a good approxi-
mation - propo-tional to the difference ¢ = at the enu 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
300%C, The J- aa-curve derived from these measurements is shown in
Figure 3 (No 7). All the other specimens were unloaded at different
smaller values of load 1ine displacement and of crack growth 4a
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 specinens,

Figure 4 shows the principle of J<R curve measurement by the partial
unloading compliance method as defined in References 1 and 2., This
method 1s realfzed 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,

One example of a J-R curve measured at -196°C for a CT-specimen of

aluminum alloy weld material 1s shown in Figure 6, The specimen was
cooled by 11quid nitrogen, Boiling nitrogen caused oscillations of
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the ¢ 1p gage totally immersed in the nitrogen and thus some scatter
of the Qa-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 1ine 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-
sitions 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
guided with very low friction by a system of springs, The hysteresis
of the system s in the range of 1 ym and even less for a total
range of 10 mm, The performance of the system may be demonstrated by
the three groups of unloadings (Figure 8) measured at room tempera-
ture and at 700°C with two different controlled displacement velo-
cities, Reproducibility and absolute agcuracy may be seen in Figure
9: In a creep crack growth test at 600“C at a displacement of V =
1,05 mn there were two unloaaing 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 % from the fracture surface measurement A a(BF),

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

References
s ASTM E 813-81, Determination of J a measure of fracture

toughness, Annual Book of ASTM Stsﬁdards, Part 10, American
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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

NETHERLANDS ENERGY RESEARCH 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 stee! at elevated temperatures. Th~ results from this method,
with small (}TCT, 30,0-28,8-12.0 mm) 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) on the characteristic resistance parameters.

’

It is concluded that, with (his test procedure, valid fracture toughness

data can be measured at 823 K with small (}TCT) 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 (LMFEQ,
MFR). These fracture mechanic properties have to be measured by means
of non-.onventional test methods and new procedvres, based on the elas-
tic-plastic (epfm) parameter J-integral,

In this report highly reproducible results are pr:sented frcm an exper-
imental test procedure at 823 K with small (i;ﬁr) 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 LMFBR-surveillance programmes. Valid fracture toughness data show
that the significant irradiation eftect can be quantified by reduction
factors D, . on the resistance agains: crack initiation and crack growth,
’

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 (4a) 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 specimeus are loaded at constant displacement rates
to selected crack extension (2a) levels with discrete intervals ranging
between 0.3 and 1.8 mm, Because the data points of the J,R-curve are reg-

u'arly distributed along the Aa-axis, there is no need for additional
condit.oms 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 data points of these resistance curves are distributed with intervals
of 0,05 mm along the Aa~-axis, The DCPD-signals are calibrated with op=
tical measurements of the final crack lengt!,

Specimens

The dimensions of the specimens for irradiation experiments are usually
restricted by the need to accommodate much material within the dimen=
sional limitations of the irradiation facility. Small (4{TCT, 30.0-28,.8-
12,0 mm) compact-tension specimens have been irradiated in the core of
the HFR in Petten, The Netherlands, to investigete the applicability for
fracture toughness experiments. The advantages and limitations of this
specimen Ior fatigue crack growth expiriments have been reported by

De Vrie and Michel (Ref. 1), Details of the material, specimen geometry
and irr.diation (onditions are shown in Fig. 1,
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Equi nt

The tests are performed on an Instron servo-hydraulic testing machine,

adapted for remote handling. This machine is installed in a lead-cell.

The auxiliary equipment consists of ele:trical-insulated pull-rods with
{TCT-clevises, electrical probes with connections and wirings for DCPD-
measurements, a 20 kN load-cell and one + 5 mm displacement transducer.
The specimens are heated in a resistance furncce with two small quartz

wvindows 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 furnace 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 mauchine-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 programmes have been extensively reported by Van den Broek,
Schaap and Tjoa (Refe 2, 3 and 4).

Loading procedure

The specimens are fully automatically tested in one loading sequence,

schematically shown in Fig. 4. The compiete loading )rocedure can be
divided into three stages:

Fatigue preloading

This stage consists of 4 sequences of | mm fatigue crack pgrowth at

823 K under combined load/crack-length control with Ppax of 4.0, 3.2,
2.6 and 1.8 kN successively., The sequences can be easily observed on
the fracture surfacex (markings) due to the scaling at elevated temper-
ature. After the final fatigue eycle the specimen is immediately un-
loaded to 0.4 kN and the control mode is transferred to combined ram~-
displacement/crack-length control,

Tensile loading

This is the actual fracture mechanics test. The specimen is loaded

at a constant displacement rate (0,002 mm/s) up to a predetermined
amount of crack extension, ranging from 0.3 to 1.8 mm. When the final
crack extension value has been achieved, che specimen is immediately
uuloaded to avoid creep crack growth. Then the control mode is changed
to loac-: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. After about 5 mm fatigue
crack growth at room temperature the specimen is separated under dis-
placement-controlled tensile loading to final fracture. After separation
the fracture surfaces are inspected by means of colour photography and
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.

RESULTS

Measurements

Two series of data sets, consisting of load-displacement and load-dis-
placement=DCPD valuss, are automatically measured during the test., The
first series is based on displacement intervals of 0,005 mm, to be able
to calcul. .e accurately the area under the curve. The second series is
based on the DCPD-intervals of 3 uV. A combination of load- and DCPD-
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 952

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

Fig. 6.

The advantage of the combination of two test techniqes is that the DCPD-
signal can be calibrated afterwards from the optical mcasurements on the
fracture surfaces. Such a calibration curve from a series of 6 inter-
rupted loading tests, is shown iu 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 uV, This is due

to the DCPD-contribution from extensive plastic deformation during the
initial tensile deformation prior to the real crack extension (Aa).
After the conversion of the DCPD-data with this "plasticity correction"
the Aa-values are considered to be valid within the Aa~range of the
calibration curve,

The corrected values of displacement and crack extension are used in
the calculation of the crack growth resistance (J,Kk=) curve using the
incremental J“,-!oruula from Reference 5

f a/w l +0,76 bi/w
)i "ﬁ"_ N ) [(a » hl - (a )i” (n

The J,R-curves from the serie: of 6 iriadiated specimens are shown in
Fig. 8. The scatter band is small and the results are highly repro=
ducible.

J

jor = ;¢
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Data analyses

The J,R-data are analysed to determine the values of the characteristic
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 om
parallel to the blunting line. The blunting line is constructed sccord-
ing the estimated formula J = 4 oy» based on empirical relationships
at room temperature (Ref. 2).

= Linear regression analysis of the remaining data (minimum of six data
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.

= Calculatiou of J at constant Aa-value of 0.3 mm (no offset value!) and
comparison with the actual measured Jg, k3. The calculated value is con-
sidered to be representative if the difference with the actual mea-
sured value is less than 0.15 times the slope of the regression line.

= Calculation of the tearing modulus T,

= Determination of the averaged resistance curve from the collection of
the data from all specimens (Fig. 9).

- Validation of Jq according the criteria from Roference 5:

B.o

JQ < —By (3)
b.o ¢

JQ < —By \_)

di/da < o (4)

The values of the resistance parameters for irradiated stainless steel
are compared in Table | with data for the same unirradiated maierial.
There is a significant reduction due to the irradiacion.

We have chosen the parameters Jp 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 J,) for
unirradiated and irradiated material. Purther 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 -i.‘!.
b 0.3

0.3 30 J-un{rr. © 0.6 (%)
o QJ/da-irr.
Dl dy/da - unirr. 0.68 (6)

The irradiation effect on the resistance curve is unambiyiously charac-
terized by thess data,
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CONCLUSIONS

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

Highly reproducible J R-curves are measured at 823 K.

The Jg-values are valid J'c-dnts according the criteria of tta ASTM-
standard E813,

Small (iTCT, 30.0-28.8-12.0 mm) compact-tension specimens are, in com
bination with this test procedure, applical ‘e for fracture toughness
tests at elevated temperatures in stainless steel irradiation programmes
(LMFBR surveillance programmes).

The irradiation effect on the resistance againsc¢ crack initiation and
crack growth can be unambiguously qualified by the parameters Jo 3 and
dJ/da. '
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Table | Comparisor of the values of the resistance paraneters for

unirradiated and irradiated stainless steel at 823 K.
unirradiated irradiated®

di/aa* (v /n*) 214 146

co* i ol 215 131

r? 0.91 0.96

“qQ (1 “'m?) 267 150

sa, (=m) 0.26 0.14

3.3 (kJ/m?) 27 175

T 530 360

« 3,102 n.w? (B> 0.1 MeV)
** linear regression: J « dJ/da da + C
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COMIARISON OF POTENTIAL DROP, ACOUSTIC EMISSION
AND PARTIAL UNLOADING METHOUS FOR THE EVALUATION
OF J-R CURVES OF AUSTENITIC STAINLESS STEELS.

P. BALLADON AND M. FOUCAULY

UNIREC, Centre de Recherches d'Unieux, BP 34
42701 PIRMINY (FRANCE)

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.

Aim of this work is to present an attempt to compare
J=R curves obtained on an austenitic stainless steel at room
temperature using partial unloading, DC potential drop, acous~
tic emission and interrupted loading (multispecimen) methods.

SUMMARY

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 comparad to interrupted
loading method. This method seems howewer slightly conser-
vative concerning J values for the onset of crack growth.

Crack extension can be easily correlated with potential drop
using a linear relationshiy for limited values of crack growth.

Partial unloading method cun lead to overestimate J

&l



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 owiLained show that J values
corresponding to a change .n acoustic emission rate are
related to a macroscopic crack extension and that amount of
acoustic emission events cannot be directly related to crack
extension values. However, further investigations must be
done using other signals like cumulative peak amplitu.es or
cumulative area under peaks.
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USE OF THE DIRECT CURRENT POTENTIAL DROP TECHNIQUE
FOR DETERMINING J-R CURVES IN PWR WATER CONDITIONS

G.P,GIBSON

AERE HARWELL, OXON, U, K,

ABSTRACT

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 m-ny
factors affect the measured potential drop during loading of a test
specimen, although a procedure has been developed to 7letermine the
change in potential drop due only to crack extension, vhich forms
the basis of a single specimen method for J-R curve determination,
Tests have been carried out on a ASTM AS508 class3 material at
288°C,both in air and PWR water conditions,over a range of
loading ratu(sxm‘1-5x10'4mm/rxunuto).‘rhe potential drop technique
could predict accurately(ie within 10%) the final cra:k ~xtension in
all cases except for tests carried out in PWR water conditions at
a loading rate of 5x)0"*mm/minute. The J-R curves determined in
air and PWR water conditions were n‘muu and are little affected
by loading rate over the range 5x10° -5:10'3mm/uumuo.nthou¢h
the J+R curve is higher at a loading rate of 5x10*%mm/minute.



INTRODUCTION

This report jummarises an investigation irto 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 288°C, both in
air and PWR water conditions at various loading utn(sxw"-
5:10"mm/m£nuu) is described.

EXPERIMENTAL PROCEDURE

The investigation into the fictors which affect the measured P.D,
was carried out using compact speciinens, manufactured from a plate
of a C«Mn steel, BS4360 43A, which were r.ainly 25mm thick and
50mm wide, The tests were carried out at room ten.perature at a
loading rate of about lmm/minute,

The procedure used to measure the P, D, across the specim-. is
briefly described below;further details can be found in reference 1,
A constant current of between 25-59 amps, depending on specimen
size,is passed through the specimen via electri.al leads which are
attached either to the {ront face of the sp~s_;men, configuration A,
or to the top and bottom surfaces of t':: specimen, configuration B,
see figure 1, The P,D, across the ¢ «ck mouth is backed off by a
known potential ana the residual ir amplified and recorded on a
chart recorder, see figure 2, The load and load-line dislacement are
also recorded, from which the J integral is determined according to
ASTM E813-81(Ref, 2).

The material used iuthe rest of the study was an ASTM A508 class3
pressure vessel material from which compact specimens 50mm
thick, 100mm wide with 25% sidegroovins were manufactured. The
tests were carried out at a temperature of 288:2°C and either in air
at a loading rate of 5x10°}, 5x10°%, 510" 3and 5x10"*mm/min ov in
PWR water conditions at a loading rate of 5x10°2, 5x10"%and 5x10°4
mm/min, To take into account possible changes in temperature and
current during the test,the current was also passed through a
reference specimen, placed close to the specimen being tested and
the resulting P, D, was also recorded, except at the loading rate of
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5%10" !mm/min when these changes were thought to be negligible.
FACTORS AFFECTING MEASURED P,D,

It was found with current lead 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 30V, 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 ‘ hows that when the pins
form a good electrical contact with the specimen, as « result of
loading the snecimen, the current car reduce its path length by passing
through the pins. Thus when the specimen is unloaded, chis "pin effect”
results in an increase in P, D, , whereas the opposite occurs when the
specimen is loaded.It is found by placing an electrically insulating
Slec.¢ «“~und each pin thay 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.

Figure 5 shows the P, D, trace, corre~ied 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 dating sleeves around
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
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 is 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

‘0 a load below the previous maximum, the hump in the P, D, trace
disappears,



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 crack 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 recbtain the or {ginal mouth
opening displacement. The rest of the orizinal 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,

Figure 7 gives a plot of residual P,D, versus J integral for the
notched spe:imen, 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
onset of filurous crack growth can be detected by a deviation from
linearity of the P, D, versus J plot, Figure 8 shows a plot of residual
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
from figure 8 and that determined from stretch zone width(S,Z.W,)
measurements taken from the {racture surface, However, it is worth
noting that the degree of departure from linearity is not always
marked, .s in figure 8, which can result in a degree of uncertainty in
determining J{, The residual P,D, obtained by extrapolating the linear
region of the P, D, versus J plot to zero J, for the notched specimen, is
about zero, Therefore,the residual P, D, obtained in the same manner
for the fatigue pre--rached specimen can be equated approximately to
the contribution arising {rom fatigue crack closure This contribution
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 crack
initiation(ie the 8, 2, W, at crack initiation,§, Z, W.c) can not be
determined from the increase in P, D,, above Vo, up to crack initiation,
as a significant proportion of this incrense is due to crack tip
opening, Therefore, the $,Z, W.. has to be determined either from a J
blunting line relationship or from measurements from the fracture
surface, However,the increase in P. I, above that at crack initiation
can be gelated directly to the increase in crack extension above the
S$.Z. W, ,using a previously determined calibration plot of P, D, versus
crack length, This is because it is not expected that there is any
further increase in P, D, irom crack tip opening after crack initiation,
as the crack opening at the tip of the growing crack is known to be
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independent of crack extension,
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,
traces for the "pin effect'’. At the test temperature of 288°C, there
was a significant P, D, ,up to 20-304V, 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 emf varied by less than 1-24V per day and so it was
viable to correct the measured P, D, . when the current was passing,
for the thermal induced em{'s, from measurements taken when the
current was off, These measurements were taken before and after the
test for the shorter term tests or once a day for the longer term
tests, Once the measured P, D, across the specimen and the reference
specimen were corrected for thermal induced emi{'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
wrfccu‘ie within 10%), except for tests carried out at a loading rate
of 5x10""mm/min in PWR water conditions. Under the latter conditions,
it would appear that the P, D, increases during crack tip blunting but
not after ~rack initiation, until the crack extension is above about
l.5mm when the P,D, increases again, The reason for this behaviour
is not clear, although it may be due to the formation of corrosion
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,

Figure 9 shows the J+R curves determined in air at the various
loading rates, together with the two J s points determined in PWR
water conditions at a loading rate of 5x10"¥mm/min. There is little
effect of loading rate on the J-R curve over the range 5x10° -5x10°3

mm/mwin, but the J-R curve is higher for the loading rate of sx10°4
mm/myn,

It can be seen from figure 9 that the two J-Aa points determined in
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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
deterniined in air, The same result is obtained at the um{ loading
rates, for as shown in figure 10 for a 1 ng rate of 5x10""mm/min
and figure 11 for a loading rate of 5x10"“mm/min, the J-R curves
vbtained 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 emf'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 bren suggested to determine the amount of crack
extension occuriing during the test from the P, D, trace,

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 {rom 5x10°! to sx10°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 result
of corrosion proeducts allowing current to pass between the crack
faces,

The J-R curves determined in air and PWR water conditions were
similar for an ASTM AS508 class) material and little affected by
loading rate over the range sx10°1.5x10" mm/1ain, but the J-R curve
determined at a loading rate of 5x10" " mm/min was higher,
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DUCTILE FRACTURE MATERIAL CHARACTERIZATION
WITH NOTCHED TENSILE SPECIMENS
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Les Renardieres, 7280 sur- . France
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Lsine de Chalon-sur-Saone. 71380 Saint-Marcel. France

INTRODUC TION

Ductile fracture test methods aim at

- fracture imtiation determination,

- stable crack growth measurements

This information is not available from usua!l load and displacement measurements on
precracked specimens That is why either specimen-consuming or sophisticated methods
were developed interrupted tests. potential drop. partial unloading. et

On the other hand, uhuhcmmphuuedlmnmumqmiottmmm:
1) that both above-mentioned information is available from the

of the simple notched tension test, wummawucwamm
A numerical analysis of the notched tensile specimen (s required to infer the material
characteristicos from experimental data. Numerical analyses of this . that were
mcomplete tll one year ago. are now close to perfection It makes mthultmuon
test a powerful method for ductile fracture material characterization

THE NOTCHED TENSION TEST

Typical load-displacement curves of round notched specimens are shown in Figs | and
2 The notch radii of specimens type AE2, AE4 and AF10 are 2. 4 and 10 mm respecti-
vely © the initial minimum diameter is 10 mm

At point A (Fig 1) there s 2 marked change in the dope of e Toad displacement cutve
This point commdes with the initiation of a crack in the center of the specimen | this
taMmduthmkMﬂMMAM‘ 1) the central
crack in a 2% Cr 1% Nisteel AES specimen is shown in Fig 3 .
initiation curve is related to the ductile tearing resistance of the material The relation
between the crack surface and the diametral contrzction is linear, with a precision bet:
ter than A% for a crack radius up 1o § mm | this relation can be calibrated with one inter-
rupted test

In conclusion the load displacement curve of a single notched tensile specimen provi-
des all the information for ductile fracture material charactenzation

MATERIAL CHARACTERIZATION
According to Mudry (Ref 3) values of ¢ and d) da can be deduced directly from the
notched tension test (see for instance Reference 2) However it is more adyisable 1o use

this test in a new methodology for ductile fracture analysis. based on damage functions
for the growth of voids (Ref 1 3 and 4)
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In Reference 4. three material parameters are to be calibratea in the ductile fracture model
< T mitial volume fraction of voids,

< L characteristic length related to spacing between inclusions or voids,

<oy related to the strength of the matrix matcrial

In ferritic steels 1, is to be equal to the volume fraction of MnS inclusions and
can e deduced from chemical composition of the steel £ « 0084 (8% -
0.001Mu%) The location of fracture initlation (point A of Fig 1) depends on f, and
a1 but noton € itis the well-known fact that the ductility depends on the volume frac:
ton of inclusions enly (Ref. §) 8o, oy is calibrated from the location of point A (Fig.
41 and Lrom the slope of the post-initiation curve (Fig. $) Actually only one numerical
analysis of the specimen is necessary, with estimated values of o and (; the definitive
values of oy and { are deduced from this first analysis.

CONCLUSION

The notched tension test is a ssample and powerful method for ductile fracture material
Charactenization It takes place in a new methodology for ductile fracture analysis
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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.0. Box 5055, 2600 GB Delft, The Netherlands

INTRODUCTION

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, together 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 S5t.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-locad line displacement test record by (Ref., 1, 2,
3):

A
SENB: J =» 2 [ as -~ [
o a

ole

ol
ba
W

(1)

A PA a

Nt JoGo2 [PRgp = el g &8
b % "% 5

(¢] ao

da (2)
with Ap' P and G as the plastic component of the load line displacement
4, the load per unit (net-) thickness and per crack tip, and the linear
elastic energy release rate, respectively.

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

e ), 9a (3)

which should theoretically yleld more consistent J-R curve behaviour,
Hence J"-ourvea were also determined for the specimens tested.
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TEST METHODS

Before presenting actual test results, a brief description of the
single specimen test methods, und 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).

* The Key Curve method, proposed uy Ernet & Paris (Ref. 2). The
method is based on the possibility to normalize the load-load line
displacement curvet of two-dimensional cracked bodies, which
permits the determination of Aa at each point of the P-4 record of
a cracking specimen from the P-A curve of a geometrically
identical specimen with a constant crack length. Such a P-4 curve
can be obtained in three ways:

- experimentally, by testing subsized and/or blunt notched
specimens where crack growth will only initiate at large
displacements (A) 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-0sgocd stress-strain law:

€ 0
— W -

‘ va ()" ()
EO oO 00

where L and Cy " 00/8 are a reference stress and -strain,
regpectively,

It was demonstrated by Ernst et al. (Ref. 3) for bend specimens
and subsequently by Steenkamp (Ref., 1) for tensilc 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 by:

SENB: da = ;-i (g- - gﬁ%) da (5)
g
an
CNT: da & = A———-E a8, (6)
= 14
b F
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with P, dP, da (or Ap

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

and dAp) taken from the actual test record,

see: - i (1) - 5 (50, m
: ' B
CNT: £ = £ () - - (5’-:-;)a (8)

As an example for SENB specimena of St.52-3, Key Curve functions
H'/H as determined in the aforementinned three ranners are given
in figure 3. The differences between the curves for low A-values
are caused by tne yield plateau in the materia.'s stress-strain
curve, figure 2. For each of the SENB and CNT secimens, four J-R
curves could thus be derived, viz. one from *otantial drop
measurements and three from the Key Curve cuncept (using finite
element, EPRI and experimental Key Curve fujetions),

During testing the crack fronts were marked 3 times with dye peretrants
(Ref. 8), thus yielding a large numUer 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
orack 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 (qelaminations) tha: 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 s ~ar lips that developed adjacent to the delaminations,

In figure %, a-d, a comparison {s made between the optically measured
beach marks and the predicted crack extensions., It is seen that:

* the Key Curve method g.nerally predicted the actual Aa within
4 10’|

* the use of an EPRI! Ke, Curve yielded i{naccurate predictions for
low values of Aa, which can be explained by the unability of the
Ramberg-0Osgood power law function, equation (4), to accurately fit
the initial part of a stress strain curve exhibiting a yield
plateau, figure 2,

* the Potential Drop underestimates the actual Aa by an average of

158, which {s attridbuted to crack front tunneling and the
oceurrence of the delaminations in the material.
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Due to the differences in predicted Aa, 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 otler
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 i{n material propertics id
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 of the four methods
were fitted with a regression function so as to obtain a mean J=R surve
with corresponding confidence limits. As an example, J-R curves as
nbtained from SENB specimens by means of the Key Curve method, using an
experimental Key Curve funatinn, are shawn in figure 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 werns found to be best
fitted by a power law function (of, 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
€. . method, are omitted for the sake of clarity). The differences
between the curves in figure 9 can thus be attributed to the
differences {n the methods used to determine 4a, while :ne size of a
90% confidence interval around these regression curves ‘figure %)
displays the degree of scatter i(n 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 ssem too large to be obscured by
the scatter in the material properties.

Trends as described above for SENB specimens were alsc 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:

* dur 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 (ef, e.g. Ref, 10);

® 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 JM for the J-R curves in figure 10 by equation (3)
ylelds figure 11, and {t {9 seen that the JM-curvos for tensile and
bending loads are much closer than in figure 10, Although the use of JM
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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 ‘esults 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 elemant Key Curve functions.

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

* Dye penetrants were successfully used t_ mark the crack iront 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

An  alternative to unloading compliance as a single-specimen method for
determining J-R curves is needed due to the complexity and high
precision required to obtain good results, The author has developed
over the last several vyears a unique method (Ref. 1) that has the
advantages of requiring no unloading and reduced clip Qage precision
requirement while not sacrificing precision in the crack-length
measurements, This paper reviews experience with the method and
recuamends 1ts extended use.

TEST METHOD

The procedure was developed ¢or use with the compact (C(7)) specimen
(Fi9. 1)« The objective of the adaptation to accomodate two
displacement measuremerts 18 40 obtain measurements at the load line
and at the crac“ tip., Linesr interpolatior between the positions of
the gages accomplishes that ubjective,

The test procedure calis for loading the specimen monotonically while
recording the locad F, éront displacement V., and back displacement V,
with a computer-controlled data 1ogQing system,

The completion of a test is indicated by any sign that the crack has
e tended about 40 percent of the ligament; one such indicator might be

a 40 percent drop in the load érom maximum 1oad. The specimen is
subsequently heat tinted or processed otherwise to mark the crack
front, Breaking the specimen and visual measurement of the crack

lengths, fatigque precrack and final éracture, allows one to calculate
the values of J and physical crack growth delta~a,, The calculations
are made using the eaquations shown in Fig, 2, Eaq. | and Eq. 2 give the
measured values of load-line displacement V. and crack-tip opening
displacement delta,, Ec, I, used to calculate crack length, contains
two parameters, One of these is the key curve which 1is given by Eq. 4,
and the second is the experimentally determined rho,

The key curve 1s the crack=tip opening displacement ¢or no crack
Qroath, 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., I, The independent variable X used in Eq, 4 and Fig., I
is the normalized dunction of V., initial crack length ac , Young's
modulus E and flow stress sigma.,
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The lead term of the key curve (Ea, 4) represents elastic response and
the secona term represents plastic response, The hyperbolic tangent
functions are smoothing functions to join the two terms., Note that the
elastic term is a weal function of elastic constants and crack length.
The adjustable parameter is determined using the initial elastic
loading displacements but must have a value near the mean theoretical
M ‘05!

The value of the adjustable parameter rho is accomplished using the
¢inal crack length and Ea. I rearranged to solve for rho, The order of
computation 181 first compute the elastic constant +for the key curve,
second calculate the value of rho,

Once the adjustable parameters are assigned values, the crack extension
values may be calculated for each data set recorddd dJuring the test
using Ea. Y. Usual practice is to calculate velues +for four variables,
Viy CTOD (deltar), J and crack extension delta-a,,

RESULTS

The results of applying this test method to several materials are
illustrated in Figures 4, T and &.

Figures 4 and € show results +for steels of widely varying strength
levels, Fig., 4 is for WYIZ0 steel (0,2% vield 130 ksi)., Specimens VS02
and JS0T were tested using the DEKC method: specimen VIOT from the sane
plate was tested using the unloading compliance by another laboratory,
(These tests were part of an ASTM J<R curve round robin.) Fig. § shows
the results for a structural grade of carbon steel. The four heat tint
results indicated were determined using four specimens Ffrom the same
plate, The results obtaired with these two materials 2'e shown to
enhance your confidence that the results are reliable.

The test method has been applied to metals PRavinmg 4 wide ~ange of
properties. Fig., & aehows FRezurve results for three nmetals, an
austenttic nmickel base allov, a ferritic structural steel and an
aluminum alloy. These results were all ocbtained uging the DEYC method,

CONCLUSIONS

The euperience to date of using the DEC methog 4for deteraiiing #
curves indicates that the method is general., The results shown here
illustrate that point, The author recosmends the ertended use of the
DEXC method besed or it's ease of use and general apolicebility.
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INTRODUCTION

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 dJ‘ornincd as a
function of temperature and loading rate. The experimen-
tal procedure for dynamic J_-curve testing involves
problems due to crack length asurement, Usual methods
like unloading compliance, potential drop technique,
ultrasonics and multi-specimen-technique are not suitable
for dynamic testing. Thus the key curve method developed
by Ernst et al, (Ref. 1) appears to be a promising
alternative for J.-curve determination, because the crack
extension can be obtained directly from the load dis-
placement record if a key curve function is available.

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

Basically unloading compliance and key curve method are
simiiiar. In the first case tha crack extension |is
derived from the elastic compliance whereas in the second
case crack extension is obtained from a calibration or
key curve function, which . Jresents elastic and plastic
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/Weratio are identi~-
cal, if the load F and the displacement : are divided by
the proper specimen dimensions. The normalized load value

F + W W = specimen width
B+b?

(1) Fl =
B = gpecimen thickness

b = ligament length

in the diagram }l the tensile stress F/(W:B) divided by
the ratio (L/W)® which implies the dependence of bending
stiffness on ligament size., According to Joyce (Ref, 2)
Fl becomes therefore independent of a/W for 3-point-bend
specimens and the key curve function is given by Fl1 (A/W)
In contrary, for CT-specimens the normalized load dis-
placemeni. curve Fl(A/W) additionally depends on the
a/W-ratic so that the key curve function is given by the
function Fl(A/Ww, a/W), Ernst has proposed tn develop the
"key curve" experimentally using subsized specimens,
because they can be loaded until higher values of Fl1 and
A/W without stable crack growth., In this case the experi-
ment for Jl-curvo determination has to be carried out



vith a larger geometrically similiar specimen where crack
initiation occurs at lower values of ./W. Fig. 2 presents
the load displacement record of a 1CT-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 deviaticr icdicates crack initia-
tion and at the points of intersection the instantanous
crack length of the 1CT-specimen is given by the a/W-ra-
tio of the respective lcad 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
path in the 4/W-2’/W-field. The cxpressions for the calcu-
lation of crack extension ta and J-integral are given in
Ref. 1. y

APPLICATION OF THE KEY CURVE METHOD TO JR-CURVE DETERMI-
NATION AT HIGH LOADING RATES

In the presert work the key curve function was developed
by FE-calculaticns because the experimentally determined
one has three principal disadvantages:

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

2., Using subsized specimens only a limited region of the
key curve function can be obtained as it shows Fig. 3.
At a supposed J_  ~-value of 150 N/mm the crack initia-
tion loads of dI?feront geometrically similiar CT-spe~
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 dotcrﬂinod with 1/2
CT-specimens until A/W = 0,035 because crack growth
takes place alterwards.

3, The experimental procedure is very expensive on

account of the great number of subsized test spe~
cimens,

FE-Calculations

FE-calculations were carried out to determine load
displacement curves for CT-specimens with a/W-ratios
between 0.7 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
criterion and isotropic strain hardening. The uniaxial
stress-strain curve was represented by a multilinear ap~-
proach, A geometrical nonlinear formulation was used,

As yielding and work hardening behaviour of steel depends

on strain rate ¢, key curve functions corresponding to
the displacement rates had to be determined. Yielding
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behaviour was investigated as a function of strain rate.
For two stress-strain-curves at different stra.n rates
FE-calculations were carried cut to develop a calibration
function., Fig., 4 shows stress strain curves and FE-calcu~-
lations, The <ca.iculated load displacement curves are
nearly identical, if Fl1 is related to the lower yield
point and 4/W to the elastic strain at the lower yield
point €¢_, Therefore it appears to be more sensible to
make ony 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 prescnts the
lower yield strength as a function of the activation
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.
The strain rate near the crack tip was evaluated accor-
ding to Shoemaker (Ref. 4) at the moment of general

yield:
2+« 7 3 RQL,Z

t = (2)

E'to

Using this formula time and place dependence of strain
rate was neglected and the estimated strain rate was
regarded to be characteristic for the specimen beMaviour.

Experimental Procedure and Technique

The fracture tests were performed on a high speed servo-
hydraulic testing machkine at constant displacement velo-
cities between 0,01 mm/s and 570 mm/s. 20% side grooved )
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 ‘ocadiny rates cali-
brated strain gages fixed on both sides of the specimen
and a non-contact displacement measuring system were
used in order to obtain a smooth load displacement record
without significant oscillations. Pig, 6 shows the
improvement of the load~time si~ 3l with regard to
superposed oscillations using strain gages instead of a
piezoelectric leoad cell, Load and isplacment were
recorded on transient recorders with a capacity of 8 bit
x 4000 words and a maximum sample rate of 20 MHKZ, Fig. 7
presents the test apparatus for fracture mechanics tests.
It shows tha clamped CT-specimen in the middle of the
figure, 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
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 specimers had been
heat tinted and broken at liquid nitrogen temperature,
Fig. 8 shows the good agreement between measured and by
key curve method obtained crack extensions. The evaluated
J.~curves of different loading rates in terms of dJj/dt
abe presented in Fig, 9.1w1th_1th_ni exception of the
J,~curve at - 3,7 10" MNm “s crack resistance
blhaviout increases with loading rate. So a conservative
estimation of fracture behaviour can be made by a quasi~-
static Ja-curvc.
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Table 1 Chemical composition and heat treatment of
20 MnMoNi 5 5 steel

c 8§i 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

gquenched and tempered: 900°C/40min/2i1/650°C/80min/air
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FEASIBILITY OF USING (CHARPY-SIZE SPECIMENS IN J-R CURVE TESTING
Wallin, K. and Saario, T.

Technical Research Centre of Finland (VIT)
Metals Laboratory, SF-02150 ESPOO 15, Finland

INTRODUCTTON

The most camonly used specimen type in nuclear surveillance programs
is the Qharpy-V-impact specimen. The specimen is small and has a
sanevhiat unpleasant testing geametry. The testing capasity of the
Charpy-specimen is also ver) small. The specimen is, however, much
used, and it is therefore important to examine it's suitability for J-R
curve ‘“timo

In this work J-R curves obtained with precrackel Charpy-specimens are
campared with J=R curves cbtained fram other specimen geanetries.
Special interest is di:ected towards the camparison of C‘JNpc- ard 1T CT
-specimens.,

EXPERIMENTS AND DISCUSSION

The tests were performed with the automatic testing system at VIT,
utilizing elastic partial unloading campliance technique (Ref. 1). Four
different specimen geanetries were tested (3 specimeny of each
gecmetry). The geanetries were 1T CT, 0.5 T RCT, 15 mm 3PD and .
The results are presented in Fig. la - b, Not much difference 1is

in the respective J-R curves, but the calculated crack extensions for
the C\Nm-sp-cm are seen to be much too small.

In order to investigate this error in the calculated crack extension, a
canpliance ~urve determination was perfonmed for the Mpc-goantry

The campliance was measured both at the load line deflection as well as
at the corsk mouth opening. First a sunple gecmetry correction was used
for the crack mouth opening. The results are presentel in Fig. 2a - c.
Striking in the results are that unbent specimens vielded a different
canpliance curve than bent specimens. Since the efrect was the same
Loth for the crack mouth copening as well as the deflection, the
investigation was continued only on the crack mouth opening

canpl iance.

The next step was to perform a real geanetric rotation correction on
the neasured crackiouth opening camnpliance. The results are presented
in Fig. 3a - ¢. It is seen fram Fig., 3¢ that the geometric rotation
correction 1s sufficient for the wbent specimens. The hent specinens,
however, still yield a different campliance,

This bending effect has of course several explanations:
= the loading rolls move causing chenge in the span width
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- the loading rolls indent into the specimen causing uneven loading
gearetry

- the strongly plastisized unbroken ligament may cause same effect on
the compliance.

Hecause these effects are very difficult to deal with theoretically, an
erpirical bending correction for the ON __-specimen was determined. The
results of the final geametry amd hordirsccorroctd campliance values
together with the crack length calculations are presented in Fig. 4a -
d, The crack length as well as crack growth results are now excellent.

The final resulting J-R curves are campared with the J-R curves
obtained fran 1% CT =-specimens in Fig. 5a. It is seen that the two
specimen geanetries yield quite different J-R curves. However, when
calculating ... as proposed by Ernst (Ref. 2), the two geametries
yield essentially identical Jyyn-R curve s. This is shown in Fig. S5b and
C.

SUMMARY AND CQONCLUSIONS

In this work J=-R curves cbtained with precracked Charpy specimens were
compared with J=R curves ocbtained with other specimen geanetries.

In conclusion it can be proclaimed that 20 § -side grooved
CWN__,~specimens can be used to derive reliable J-R curves. This demands

a »ay rigorous performance of the tests and analysis as well as the
use of the so called modified J-integral Jy o
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METHODS TO DETECT CRACK INITIATION
IN PRECRACKED CHARPY-TYPE SPECIMENS

T. Varga*', F, Loibnegger**’ , F, Salzmann*'*’

*'Institute for Testing and Research in Materials
Technology (TVFA), Techn, University Vienna, Expert,
Div, ot Reactor Safety, Swisa Federal Nuclear Safety

Ingpectorate 'HIK)
** ' Institute tor Testing and Research in Materials
Technology (TVFA), Techn, University Vienna,
Karlsplatz 13, A-1040 Vienna

Radiation embrittlement of RPV-ateel in the core region of
Light Water kear.ors 18 usually detected by Charpy-v-
gpecimens, The transiticn temperature shift at 30 or

SU ftilbe 52 J/cem® or 86 J/cm* 18 regarded as the measure
necessary to increase the lowest loading temperatures for
difterent pressures; i.e, Porse diagram and its
derivations,

Direct measurement of fract_re mechanice properties is far
more advantageous: quantitative considerations will become
feasible instead of arbitrar; methods and criteria, For
this purpose preocracked Charpy-type specimens are included
in latest surveillance programs. Additionally, they show
significantly smaller transition temperature regions than
the original Charpy-V-specimens in general [Ret, 1, 2).

Force-time, or better torce-deflection-diagrams are used
tor the tracture mechanics evaluation, Static loading does
not exhibit any ditficulties concerning inertia effects:
dynamic loading, however, needs special know-how and
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properties of the equipment (Ref. 3, 4, S, &, 7], There
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 ch —_—r Decec~
ting the initiation point represents one of the latest
fields of development in dynamic testing of precracked
Charpy-size specimens,

Initiation in CT-specimens has been successfully detected
by UT, like described in (Ref. &). However, Charpy-type
gpecimens need other type of transducers, see Fig, 1!
furthermore, according to ®ests by Salzmann, reflection is
less advantageous trom the extension of the existing
crack, Therefore a higher number of specimens yields no
sufficient UT indication of the initiation, see Figs, 2, 3
and 4,

Electrical Potential Methods have been investigated, too.
In the Figs, £,3 and 4 potentials, which were measured
Wwith external d.c, electric current feed, are shown,
Potential curves were in general of leass significance
concerning crack initiation, than the UT indicatione,

Compliance changea, a3 shown by the force-deflection
diagram in Fig, 4, gave on the steels tested, according to
teate by Lolomagger, the most reliable indication ot crack
initiation, 'The UT gives more pronounced change in this
test), This observation was correct in a similar wvay in
gtaticully or dynamically loaded specimens, The calibra-
tion ot methods tor the detection of initiation is simple
for static loading: the test can be stopped at any chosen
point of the force-deflection diagram without difficulty,
Heat tinting with tollowing low temperature fracture
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allowe the i1nvestigation of the crack face concerning
stable crack growth, Crack growth could than be correlated
with the indication of the metnod to be checked and
eventually calibrated,

Instead of stopping the pendulum abruptly, the instrumen-
ted chizel of the Schnadt Pendulum wag limited to an
adjustable amount of displacement, see Fig, Y. The loading
rate was decreasing during the movement of the chisel to
2ero’ however, the steel behaving in a fully ductile
manner under all loading rates, there 18 no objectiod
possible against the procedure described.

In Fig. &, 7 und & 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, &, amall crack growth in Fig, 7 ana consi-
derable crack extension in Fig, &, The appropriate scan-
ning electron micrographs are given in Fig, 9, 10 a and b
resp. in Fig., 11, The local magnification ot 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 17+19, 1985

C, Fossati - CISE, Segrate, Milan
., Ragazzoni = ENEL~-CRTN, Milan

EPFM TEST METHCDS FOR PRESSURE VESSEL STEELS CHARACTERIZATION

Use of elastic-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 intg |
grity criteria, based upon EPFM concepts, have recently been de- I
veloped [1,2] , which should resul: 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.

Defect stability analyses rely upon the measure of parameters
characterizing the material fracture resistance. Many experimen=-
tal techniques have been proposed: it is however fairly well recg
gnised that further developments are required in order to come to
a well established and standardized procedure for assessing the
fracture resistance of ductile structural materials,

Research and Development Division of ENEL started a research
project on "Structural materials integrity and otabtltty'{}] 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
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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properties under static as well as dynamic loading conditions
are measured for the components and weldments of the primacy
circuit system [{]. An extensive structural material characte~
rization is indeed felt to be necessary in view of the high
safet, and reliability requirements of nuclear plants [5.3].
Measured mechanical properties are being included ir a
Data Base of plant materials, to be used as a referer ¢ for
in=service inspection and surveillance programs,

The test methods for pressure vessel steels ductile fracture
resistance characterization,used in the frame of the aforemen-
tioned program, are hereafter gshortly outlined, together with
some related problems,

Initiation fracture toughness and ductile tearing resistance

The single specimen unloading compliance (U,C,) test method
is used, Tests are performed following ASTM E813 standarda [6] on
20% side grooved CT specimens, usually 1" thick, The specimen
geometry, Fig, 1, slightly differs from the¢ recommended ore - .
that the pin holes spacing has been reduced (according to E3.9
[7]gecmetry) to avoid plasticity problems in the specimen arms.
Standard E813 flat bottom holes are used for clevises, Jyc value
is determined using a linear fit to data points between 0.1% and
1.5 mm exclusion lines and the theroretical blunting line with
slope 26,, .. as per E81) procedure, Fig. 2.

In the initial blunting stage,U,C, test method often y.elds
3-0a points which do mot fall on the 2§ blunting line, resul-
ting in no-apparent crack growth or in an apparent “negative"
growth, Fig., 3, Rotation, friction and indentation effects have
been suggested as possible causes of this b@hlvtOt[)}

Different technicalities and ‘or data reduction methods are
used at present to handle this problem; in our testing procedure,
to aveid negative crack growth values, data reduction includes
a shift of thel a axis origin, On the other hand, expe-
rimental results of specific tests [!] or different specimen geo-
metries (CT, CCT) seem to indicate that, during initial loading,
crack length doesn't increase up to initiation,
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The need of furth - investigation for a better understanding
a Jescriptio.. of the blunting stage, in crder to obtain a re-
. determiration of the onset of crack growth and initiation
‘$, is now being widely recognized.
+owing this, both experimental and thecoretical work on this
is under way at CISE.

Initiation J value is not the only useful parameter in EPFM,
since Jesign against iniciation may be overconservative for ctruc
tural components which, in the operating temperature range, behave
in a fully ductile manner and can accomodate, by plastic deforma-
tion, even large 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-
bility assessment.

The influence of specimen size, testing technique and data
reduction method on these parameters, has not yet been well asses
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 accountirg 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.

Specimen size eifect on the fracture resistance behavior,
namely on initiation and J-R curve, is now being investigated at
CISE by testing CT specimens from 1" t. full plate thickness.

A specimen size vffect is indeed rzcognized. Plain 4" thick
CT specimens of AS533B Cl | steel testeu at room temperature under
weitt cleavage instability after a small amount of stable tearing,
whaereas side grooved 1" specimens behaved at the same temperature
in a fully ductile manner.

Some concern may 30 arise in the use of fracture toughness data |
obtained un small size specimens: in the transition region an in- |
crease in the crack tip constraint may cause a change of the frac-
ture mechanism, leading to a shift towards higher temperatures of
reasured transition range.
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Again specimen size effects shoula be carefully considered.
The fairly 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 measuremeat of the fracture resistance properties,
under both static and dynamic loading conditions, is to be
pursued for primary pressure bou.dary 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 Aa values not influenced by specimen geometry and size.
Geometry, s'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.
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STATUS OF SPAIN IN IRRADIATED SPECIMENS JIc TEST DEVELOPMENT

Antonio Tanarro Aparicio

San Sebastian de los * yes, Madrid, Spain

INTRODUCTION
This report summarises the conditions under which, TECNATOM decided to
develop a testing procedure for determining the plane strain JI-R curve,

The pr cedure 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 faligue 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 JI v A Measure of Fractur2 Toughness" by unloading compliance
method for Seterminig the plane strain J_<R curve taking into account
recent issues about this tnheme (ref., 1).

The need for une engineering method proposed in the mentioned NUREG (ref.
2) is dictated by the fact that some materials (primarily weld metals)
used in RPVs wi'l have Charpy V-notch (Cv) impact test upper shelf energy
(U,S.E.) ievels 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-
ments 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, The
single specimen unloading compliance method was proposed and recommended
in the mentioned paper.

Current test procedures recommend a compact specimen configuration similar
as deccribed 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 812 (ref. 3) and ref. 1 though it is not possible to
do it in specimens 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 Huduk in reference 4,
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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.

This testing procedure will be very useful for sone current research pro-
grams in Spain about radiation embrittlement and fracture analysis.
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FIG. 1 COMPACT SPECIMEN ACCORDING TO ASTM E399
O fatigue crack
FIG, 2 COMPACT SPECIMEN ACCORDING TO ASTM E813

-

Fatigue crack -
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PRESENTATION OF A FRENCH TENTATIVE TEST PROCEDURE
FOR THE DETERMINATION OF THE FRACTURE
RESISTANCE OF DUCTILE STEELS

M. BETHMONT

Flectricité de France (EDF), Département Etude des Matcriaux,
Les Renardieres, 77250 Moretsur-Loing, France

ABSTRACT

This tentative procedure has been drawn up by the task-group «-das of the French Group on
Fracture (the list of members is given in Appendix).

INTRODUCTION

This paper deals with the project of a French test procedure for the determination of the fracture
resistance of ductile steels which has been written recently. The discussion is still open about
it in France

The presentation is limited to the fiest part of this procedure in which an effort has been made
to detail the experimental aspects of the single specimen elastic compliance 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

COMMENTS ON THE PROJECT (see appendix)

The contents of this procedure is typical of French standards. This paper is limited to the com-

ment of chapters § and 6 and annexes 1, 2 and 3 ‘o which some experimental procedures are
detailed

Specimens

1 - In the objective of unifying the experimental procedures, it seemed better to recommend
the sole use of Compact Tension specimens (appendix § 3 ') 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 proposvd

4 - The remark about distance between the pin-holes (appendix § § %) comes from observations
on specimens in austenitic stainless steel 316 L, for example ; for such a material, the model B
is more appropriate

4 - Only one condition is recommended for the pre-cracking of the specimens - the maximum
load should never exceed 0.4 Py (appendix § §.4) In ductile fracture resistance measurements,
the test is carried out on a material which fails in the ductile mode and there is no reason to
limit the range of AK during pre-cracking

Equi nt

1 - The clevis geometry recommended in AFNOR French Standards is the same as in ASTM Stan-
dards (appendix § 5 1) 1t was calculatea 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 CT28 specimen. In the
case of the austenitic stainless steels, the opening may reach 18 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 minimize the plasticity and consequently the fric-
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 reccommended to center properly the pins on flat parts. Unfortunately, it is not possible to quan-
tify simply this recommendation.

3 - Inannex 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 similer for load or displace-
ment transducers, are concerning only the accuracy and the rc‘pfoduclbillty

But if single specimen elastic 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) © 20/du € 0,1%
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5 - SPECIMENS

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

If necessary other geometries may be used, such as ¢
<CT 125, CT 75 and CT 100
- or reduced thickness CT 12.5/B, CT 25/8, CT S0/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 & 0.025)

The thickness in specimen notch plane is designated by By

In some cases, for example for heterogencous ma  rials, it may be helpful to cut shallower side
grooves, priof to pre-cracking. These grooves proy e a fatigue crack growth in the plane of the
notch with a straigth crack front. The thickness in . notch plane of this specimen is designated
by By

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 each test, knife edge sharpness
and cdge parallelism should be checked

Specimen machining may eventually be adapted to other types of transducers so that measure-
ment be cacried out on load line

For information, specimen models are shown on Figure |

With ductile and very tough steels, care should be taken to limite the distance between the pin-
hole 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
ol the crack reaches 0.60 3 005 The length of fatigue crack f should be greater than 5% of
4., and at least equal to 1.3 mm

Maximum load of pre-cracking should never exceed value 0.4 P where
Bf‘“ « h - ¥ R(-c

P = —
2W + h o+ f
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