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FOREWORD 

Instrumented precracked Charpy testing is a pramising method of measuring the tough

ness and the resistance to cracking of steel. The test procedure has received more 

attention in Europe than in the United States, where there is as yet no general 

agreement on the precise details of the procedure. 

Since toughness and resistance to cracking are of paramount concern in nuclear power 

plants--particularly in regard to reactor vessels--the Committee on Safety of 

Nuclear Installations sponsored a meeting to review the state of the art and to 

initiate work toward standardizing procedures and establishing the range of validity 

of instrumented precracked Charpy tests. 

Thus, one goal of the meeting was to define as accurately as possible the range of 

calibration for the instrumented precracked Charpy test. A second goal was to eval

uate the value of the test method for developing conservative estimates of static 

fracture toughness for eventual use in the integrity assessment of large structures. 

As to the first goal, the range of calibration was roughly defined in terms of frac

ture toughness, as fram the "lower shelf" to approximately 110 to 140 MPay'iD. For 

the second goal, the consensus of the participants was that the test, when used 

correctly, can provide an assessment of the fracture toughness of a material. The 

small size of the specimen, coupled with the simple test procedure, makes it an 

excellent candidate for a supplementary reactor surveillance test. It is appro

priate for the standards-making bodies (ASTM, etc.) to confirm these observations. 

At this meeting a follow-on experimental program was defined for validation, and 

specific commitments to embark on the experimental program were made. 

The contribution of aIl the participants toward making this a very successful con

ference, particularly that of Peter Oliver, is gratefully acknowledged. Campletion 

of the work that is under way and was proposed at the conference should help estab

lish precracked, instrumented Charpy tests as another tool to assess toughness in 

nuclear structures. 
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ABSTRACT 

This report presents the status of the testing and data analysis proce

dures for the instrumented precracked Charpy test with emphasis on the 

application of the test technique to the nuclear industry. The report 

(Proceedings) consist of invited technical papers by specialists in the 

field and a synopsis of the comments, conclusions, and recommendations 

reached in a workshop session. 

The CSNI-sponsored and EPRI-hosted meeting confirmed both the popularity 

of the test technique in the nuclear industry and the problems asso

ciated with the test technique due to the lack of a national or inter

national concensus standard. Major emphasis in the meeting was devoted 

to evaluating the existing industry testing procedure (EPRI procedure) 

and proposed national standards (ASTM, ASK). The EPRI procedures were 

considered adequate by specialists concerned with engineering applica

tions, but too restrictive by specialists concerned with research 

applications. 

As a result of the conference, a compilation of state-of-the-art papers 

is now available to code and standard committees. Specific comments 

concerning test and data analysis procedures, applications in the 

nuclear industry, and future research areas are also contained in the 

Proceedings. 
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SUMMARY 

The CSNI/EPRI meeting of specià1ists in instrumented precracked Charpy 
Testing (IPCVN) substantiated the popu1arity and usefu1ness of the test 
in the nuc1ear industry. It -a1so emphasized the credibi1ity prob1em 
associated with the test due to the 1ack of a national or international 
concensus standard (i.e., ASTM). However, the existence of industry 
procedures (EPRI) and drafts of proposed standards (AS TM , ASK) provided 
a basis for the specia1ists to reach a genera1 consensus on key aspects 
of the test. Of course, some differences still existed between the 
specia1ists with regard to using the test beyomcertain 1imits. These 
differences plus enthusiasm for new applications 1ed to specifie recom
mendations for future work and a request to have another meeting within 
a year. 

With regard to specifie technica1 issues raised during the conference, 
the two most controversia1 and 1east reso1ved concerned the 3T limita
tion and the use of a static ana1ysis to ca1cu1ate fracture toughness. 
A1though it was genera11y agreed that the use of 3T and a static ana-
1ysis (EPRI procedures) produced acceptable data, s~me specia1ists fe1t 
that this approach was too restrictive in 1imiting the impact ve10city 
and thus stress intensity rate. The basis for this conf1ict is in the 
perceived application of the test. Those specia1ists concerned with 
the engineering applications of the test fe1t that the EPRI procedures 
were necessary to keep the testing and data ana1ysis simple and practi
cal. Those specia1ists conuerned with research fe1t that recent ad
vances in dynamic ana1ysis (shadow optica1 method of caustics or dynamic 
phtoe1asticity) permitted the determination of the dynamic stress inten
sity factor, and thus the limitation on impact ve10city imposed by the 
31 criterion.(to a110w a static ana1ysis) was superf1uous. It was re
solved that the 3T requirement was an empirica1 re1ationship and that 
a physica1 basis and acceptable differences shou1d be estab1ished. 

Another area of controversy which has its basis in the perceived appli
cation is the e1ectronic frequency response requirement and whether 
some fi1tering shou1d be a110wed. The "engineers" fe1t that the fi1ter
ing a110wed by the EPRI procedures simp1ified the interpretation of the 
raw data with 1itt1e 10ss of accuracy; whereas, the "researchers" fe1t 
that the best availab1e e1ectronics shou1d be used. A11 the specia1ists 
agreed that obtaining the best raw data is desirab1e, but those concerned 
with engineering applications were concerned about the inexperienced 
technician interpreting the large osci11atory signa1s. 

One of the most interesting aspects of the meeting was the discussion 
concerning the origin and interpretation of the oscillations on the 
10ad signal from the instrumented tape A11 but one specia1ist agreed 
that there is a 10ss of contact between the tup and specimen during 
impact, and that this 10ss of contact is inf1uenced by the contact 
stiffness of the specimen-machine-system. A mode1 was presented which 
accounted for contact stiffness and identified the requirements for 
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minimizing the oscillations. It was resolved that contact stfffness 
of the test system should be controlled and specified for each testing 
system. 

The limitation of the small precracked Charpy specimen were discussed 
and it was generally agreed that cleavage initiation dynamic fracture 
toughness values are acceptable for KId < 120 ksi in. Although there 
was sorne concern about precracking proolems in the Charpy specimen, 
most specialists thought that the problems identified were common to 
aIl ·fracture mechanics specimens. Several specialists reported using 
the IPCVN test to generate dynamics J-integral fracture toughness, but 
the validity of obtaining J from an oscillatory load signal and a static 
analysis was questioned. The generation of pseudo J integral R-curves 
and crack arrest toughness from the IPCVN test was also reported. The 
results appeared promising and it was recommended that future research 
be performed to de termine the validity of obtaining J and KI from the 
IPCVN test. a 

There were many other specific points and recommendations made during 
the meeting. These are covered in Session VI. A general consensus 
statement was drafted and approved as follows: 

Sufficient understanding of the instrumented precracked 
Charpy test exists from both simple qualitative studies 
that reveal the important parameters and from recent 
optical and computational studies; which include the 
effects of plasticity, to believe a meaningful value of 
fracture toughness can be extracted from the test, 
necessarily using existing static formulaS for the time 
being .•. It is clear that certain variables, such as 
notch depth ratio, overall length of test piece, tup 
nose dimensions, etc., play a larger role in affecting 
the measured tup loads than might be thought in absence 
of the analyses. Certain recommended controls (such as 
the 3T criterion and the value of T ) may therefore be 
sensitive to alterations in the mechanics of the test. 
Such terms must therefore be controlled or recommendations 
altered to suit. Because of the above, and other yet 
more fundamental aspects of dynamic stress intensity 
factors, it may not be possible to extrapolate the 
recommended procedures to other dynamic tests without 
very detailed study. Results of even carefully conducted 
tests may therefore be less precise than for static tests. 
A quantitative assessment of the variability of results is 
expected to emerge from the ASTM Round-Robin now being 
conducted. 

$-2 



INTRODUCTION 

SPONSORSHIP 

The CSNI Specialist Meeting on Instrumented precracked Charpy Testing 
was held at the Electric Power Research Institute (EPRI), Palo Alto, 
California, USA, on December 1-3, 1980, and was sponsored by the Commit
tee on the Safety of Nuclear Installations of the OECD Nuclear Energy 
Agency. It was organized by the CSNI Secretariat (P. Oliver, represen
tative) and hosted by the Electric Power Research Institute (T. U. Mars
ton, representative). The chairman of the meeting was R. A. Wallaert 
of Fracture Control Corporation. 

BACKGROUND 

The Committee on the Safety of Nuclear Installations (CSNI) and its 
predecessor, the Commit tee on Reactor Safety Technology (CREST), have 
sponsored international co-operation for some years in a number of spe
cific subjects related to the safety aspects of steel components in 
nuclear installations. In addition to regularly comparing research re
sults, exchanging views and preparing status reports, the Committee has 
arranged international specialist meetings on ultrasonic inspection of 
reactor components (1976), reliability of ultrasonic testing of auste
nitic materials (1980), elastic-plastic fracture mechanics (1978) and 
plastic tearing instability (1979). 

The instrumented precracked Charpy test (IPCVN) is currently used in 
the nuclear industry to characterize the fracture toughness of components 
such as pressure vessels (in surveillance programs), support structures, 
piping and valves. There is a long standing controversy over the vali
dit Y of the data obtained from this test, particularly with regard to 
inertial load effects, the relative merits of static and dynamic analy
ses and size limitations. Efforts have been made to develop standard 
procedures for the IPCVN test itself and for analyzing data, but no 
world-wide consensus has been reached. It, therefore, appeared timely 
to convene experts in the subject to assess the state-of-the-art and to 
arrive at recommendations regarding general acceptance of the test. 

PURPOSE 

The purpose of the meeting was to assess the state-of-the-art of the 
instrumented precracked Charpy test as it pertains to the nuclear indus
try and to arrive at con~lusions and recommendations concerning the 
acceptance and limitations of the test. The ultimate aim of the meeting 
was to provide CSNI, through the Proceedings, with a status report on 
the topics covered by the program, and recommendations as to areas in 
which further work was desirable. 
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ORGAN IZATION 

The meeting was organized into three general areas; (1) test and data 
analysis procedures, (2) applications and correlations, and (3) work
shops to generate conclusions and recommendations. The authors were 
asked to address the following technical areas associated with the 
instrumented precracked Charpy test: 

1. Problems associated with data aquisition (inertial load, 
displacement measurement, etc.). 

2. Problems associated with data analysis (compliance correc
tions, need for dynamic analysis, etc.). 

3. Problems associated with the Charpy-type specimen (size, 
sampling, precracking, etc.). 

In addition, the authors were asked to comment on the following specific 
areas of application of the IPCVN test: 

1. Current use of the test in the nuclear industry 
(surveillance, reference toughness, metallurgy). 

2. Correlations with other tests. 

3. Development of a standard (EPRI, ASTM, ASK). 

A technical rapporteur was used to provide guidance and insight in achiev
ing the goals of the meeting. Session chairmen were responsible for 
drafting a summary of their session along with conclusions and recommen
dations. The meeting was arranged in six sessions as shown in the Con
tents of these Proceedings, and the papers are grouped according to 
these sessions in this report. 
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SESSION 1 

TEST PROCEDURES 





EPRI INSTRUMENTED IMPACT 

TEST PROCEDURES 

Paul McConnell 
William Server 
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INTRODUCTION 
Instrumented impact testing has deve10ped from a 1aboratory curiosity 

in the ear1y 1920 l s to bec orne a fracture test wide1y used throughout the 
wor1d, on the verge of standardization in the US and other countries, a1beit 
the test procedures and data interpretation continue to be unnecessari1y 
shrouded in controversy. Scores of laboratories employ instrumented 
impact testing to quantitatively or qua1itatively assess the resistance 
of a variety of materia1s to fracture under impact loading conditions. 

A conventiona1 impact testing machine (e.g., Charpy pendulum, which 
reveals only the total energy required to fracture a specimen) can easily 
be instrumented by positioning ca1ibrated load cells on the strikin!1 hammer 
(tup) near the contact-points. A load-time or load-deflection signal may 
thus be obtained in place of the conventional totalenergy to failure 
information. From such load signals, reproducible determinations are made 
of the energy required to fracture a specimen (which may be differentiated 
into energy absorbed at any stage in the failure event), the dynamic yield 
and fracturestrengths, and dynamic fracture toughness values, thus greatly 
supplementing the meager data obtained from a non-instrumented impact sys
tem. Rhetorica11y, when a material of sorne inherent value (e.g., an irradi-
'stee1 specimen) is to be impact tested to determine the total energy 
required for fracture, shouldn1t an instrumented test be employed, which 
does indeed provide the total impact energy, but in addition, a wealth of 
other pertinent data? 

Early Work 
The earliest references to obtaining load-deflection (or 10ad-time) 

data representative of the dynamic response of materials subjected to 
impact loads appeared in the late 1920 I s. 1,2 Watanabe3 used a piezo
electric technique, with the crystal placed on the anvils, to monitor the 
load on a cathode ray tube. From those early beginnings, little work on 
instrumented impact testing can be found in the literature until the late 
1950 l s when Tanaka and Umekawa4 describe research werein the piezo-e1ectric 
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crystal was p1aced on the striking tup to measure the 10ad app1ied to the 
test specimen--this location is now near1y universa1ly preferred over the 
alternatives of p1acing a 10ad sensing device on the support anvils or, 
more exoensively, on each individua1 test specimen. On05 soon after began 
to use strain gages (on the anvi1s) for 10ad measurement. Sakui and 
co-workers,6 in the ear1y 1960's placed the strain gages on the striking 
tup and monitored the s~ecimens' load response as a function of temperature. 

Augland,7 in 1962, was apparent1y the first to derive the total 
energy absorbed by the test specimen by integrating the 10ad-time curve 
and app1ying a correction which accounts for the reduction intup ve10city 
during impact: 

where 

t 

Eo = initial impact energy 

~E = total energy absorbed o 

Vo = initial impact ve10city 

f Pdt = area under 10ad time curve 
o 

(1) 

(This expression has been elegantly derived from Newton's Seco~d Law by 
Grumach and associates. 8). Aug1and was also the first to corre1ate the 
resu1ts obtained from integrating the load-time curve with the energy.meas
ured direct1y from the pendu1um di al gage of a conventional impact machine. 
(This fact, incidently, has been verified repeatedly, in many laboratories, 
using, for instance, AM~1RC impact machine calibration specimens. Thus, if 

the area under load-time trace is known to be accurate, in terms of energy, 
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and if the time base of the electronic instrumentation is properly cali
brated--a routine procedure--then, the load signal should be a reasonable 
analog of the forces experienced by the test specimen.) 

Tardiff and Marquis9 soon after also applied this expression to con
clude that the total energy measured from the pendulum agreed well with 
that from the load-time trace. Furthermore, they differentiated the total 
energy into IIcrack initiation" and "crack propagation" energies associated 
with the failure event and correlated the appearance of the load-time curve 
with the fracture appearance of the test specimen. (Kobayashi, Takai and 
Maniwa,lO later made such correlations in more detail--establishing links 
between the 1 oad-defl ecti on curve, the gross fracture appearance, and both 
metallographic and microfractographic appearance.) More notably, Tardiff 
and Marquis, anticipating an increased interest and awareness in fracture 
mechanics, were also the first to report dynamic fracture toughness values 
(i n terms of Gc ' Il the work necessary to create a unit area of frac tu re Il ) 
and were thus able to suggest a parameter from an impact test that could 
serve useful in. solving fracture problems, in an engineering sense, in 
real structures. 

The volume of work in instrumented impact testing increased drama
tically in the late 1960 1 5. Fearnehough and Hoyll also derived dynamic 
fracture toughness results, were the first to calculate dynamic yield 
stress values, and graphically delineated relationships between critical 
loads and times, and the energies expended during various stages of frac
ture initiation and propagation, all as a function of test temperature 
and fracture appearance. Radon and Turner12 tested specimens with fatigue 
precracks and sidegrooves in 1966. [Hartbower, however, had been testing 
precracked Charpyls, but without dynamic instrumentation, prior to this 
time (e.g., Ref. 13)]. In keeping with the general requirements of frac
ture toughness testing, just coming into wide use in the early 1970 1

5, 

others also tested precracked specimens. Server and Tetelman published a 
favorable comparison between fracture toughness data generated from large 
compact tension specimens of A533B ("HSST plate 02" material), tested a 
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various loading rate, and the fracture toughness data obtained from instru
mented impact testing of small precracked Charpy specimens. 14 

Unfortunate1y, much of the work published prior to the early 1970's 
must be considered suspect. Insufficient information regarding experimen
tal parameters was suppl ied in these ear1y papers ta ensure that the true 
specimen response was being monitored. 

Work published by Server and lre1and15 ,16 drew attention to inaccu
racies in deriving, from Aug1and ' s expression, energy values at sorne inter
mediate stage in the fracture event without a1so taking inta account the 
energy absorbed by the test machine due comp1iance effects. A1so, work by 
Venzi and co-workers,17 Nash and Lange,18 and others 19 was highlighting 

th: fact that during early stage~ in the impact even,t, no ~~, .... l~Î:~,!f"t"iC!"~ 
Shl P between the 10ad measured el ther on the tup or tnyf1Î-'~;' •• *,IIIe.S," , 

~. ,.", . ~:'~i "'. 
ured on the specimen itse1f existed main1y due to inertia1 loading effects, 
and errors thus arose from misinterpretations of the load-time curves--this 
misinterpretation was of particular influence when the fracture was: 

-

characterized by re1atively 10w 10ads accuring over short duration. 

Also, in the early'1970's, American Society for Testing and Materials 
(ASTM) Task Groups (E24.03.03 on Precracked Charpy Standardization, and 
E24.03.04 on Dynamic Fracture Toughness Standardization) began to consider 
standardization of a test procedure for instrumented impact testing--such 
standardization, however, is still pending. The ASTM a1so sponsored a 
symposium on the subject in 1973. 20 Meanwhi1e, the nuc1ear community, 
which was bound by the requirements imposed by the now well-known KIR 
curve of the American Society of Mechanical Engineers (ASME) Boiler and 
Pressure Vessel Code (Appendix G, Section III), prompted an interlaboratory 
program under the auspices of the Pressure Vessel Research Committee/Metals 
Properties Council (PVRC/MPC) Joint Task Group on Fracture Toughness Pro
perties for Nuclear Components. Since the KIR curve used a lower bound 
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envelope to a set of "dynamic ll and "crack arrest" fracture toughness data 
for a limited number of heats of material, a prime goal was to develop a 
recommended testing procedure capable of producing dynamic fracture tough
ness values for medium strength ferritic nuclear pressure vessel steels. 
The PVRC/MPC Task Group used as a stepstone the 1968 report on instru
mented impact testing of Commission X of the International Institute of 
Welding. 21 Simultaneously, the Electric Power Research Institute (EPRI) 
funded several programs to validate the KIR concept. Extensive testing 
of a large number of heats of nuclear pressure vessel steels, including 
welds, was conducted on a multiple lab basis. The tes~ing included static 
and dynamic fracture toughness (per ASTM E399) , NOTT, tensile, Charpy V-

. _.-

notch (CVN), and instrumented impact testing of precracked Charpy V-notch 
(PCVN) specimens. Inherent to these programs was an evaluation of the 
practicality of using small test specimens (i.e., PCVN) to measure mean
ingful fracture toughness values. The program office for the EPRI Round 
Robins was tasked with generating test methodologies for the various tests. 
The instrumented impact test procedure for both CVN and PCVN specimens was 
a ô'nonstandard',' test technique. Necessarily, therefore, the EPRI 
Program Office (Effects Technology, Inc.)23 developed instrumentation and 
test procedures for instrumented impact testing. These procedures have 
come to be known as the "EPRI Procedures" for instrumented impact testing. 
They have been incorporated into the ASTM draft standard for instrumented 
impact testing of precracked Charpys and are widely used by a number of 
researchers. Incidently, the PVRC/MPC test procedure final report22 was 
issued shortly after the EPRI work began and, consequently, there are 
subtle differences in the two reported procedures with the latest EPRI 
version more up-to-date. 

In what follows, key aspects of the IIEPRI Instrumented Impact Test 
Procedures" will be reviewed with special emphasis on test signal validity 
requirements which serve to ensure that the load-time signal generated is 
adequately representative of the true response of the test specimen. 

1-7 



EPRI VALIDITY REQUIREMENTS 
Instrumented impact testing (lIT), be it on a standard Charpy V

notch specimen or a precracked CVN specimen, requires that the force 
applied to the specimen during the fracture event be reliab1y obtained. 
The load signal measured from an instrumented tup (strain gage transducer) 
during an impact test oscillates about the actual load required to deform 
the samp1e. This is due to the fact that the signal generated by the 
strain gages is a complex combination of primari1y:16 

• The true mechanical response of the specimen 

• The inertial loading of the tup as a result of acceleration 
of the specimen from rest 

• Miscellaneous low and high frequency fluctuations caused by 
reflected stress waves and electronic amplification noise. 

Thus, the signal analysis procedures employed should minimize deviation 
of the apparent load from the actual specimen deformation 10ad. The 
E1ectric Power Research Institute sponsored large testing programs to 
refine and verify test procedures for lIT of ferritic pressure vesse1 
steels. 23-26 

The EPRI test requirements for ensuring reliable load measurement 
in an lIT are summarized in Table 1. 

The mechanics of conducting an instrumented impact test are basica1ly 
those of the existing ASTM standard test methods E23 and/or E39927 insofar 
as they relate to such parameters as specimen geometry, dimensions, test 
temperatures, test hardware, and fatigue precracking. Such details will 
be discussed more fully in subsequent presentations. 

The requirements specified in Table 1 relate to the load-time signal. 
Adherence to these requirements, although at times at the expense of maxi
mizing the strain rate, has been shown to provide reliable load measurements. 
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TABLE l 
EPRI lIT REQUIREMENTS 

Inertial Effects t > 3T 

t~l.lTR Limited Frequency Response 
- ------

Electronic Curve Fitting if 2. 3i < t < 3T then T R ~ 1. 4T 

Energy Criteria E > 3W
M 0-

where 

Eo > ET 

t = time corresponding to shortest time required for measure
ment after specimen has been impacted 

T = period of apparent specimen oscillations 
TR = electronic system response time for 10% attenuation 
Eo = avail ab le impact energy 
WM = energy absorbed to the point of maximum load including 

contributions due to the test system 
ET = total fracture energy 

Inertial Effects 
During the initial loading of the instrumented striking tup in an 

instrumented impact test, a discontinuity occurs before the load again 
increases. The magnitude of this discontinuity has been defined as the 
lIinertial load. Il Its presence has long been recognized al though the 
physical interpretation of this inertial load was a matter of some dis
agreement. ll ,12,19,2S,29 It is now generally agreed that the initial dis-
continuity in load-time profiles is a result of the inertial loading caused 
when the test specimen is rapidly accelerated from rest to the tup velo
city.10 The loads recorded during the first stage of impact are dominated 
by this rigid body acceleration of the specimen; mechanical bending load 
plays a relatively minor role at this point in the fracture event. 19 The 
magnitude of the inertial load is primarily a function of the initial 
impact velocity, Vo ' and, to a lesser extent the acoustic impedances of 
the tup and specimen. The period for which the inertial portion of the 
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tup signal dominates the load-time record of the specimen is a function 
of the specimen geometry and, again, the acoustic impedances of the tup 

d • 16 an speClmen. 

In addition to the inertial loading oscillation, the tup senses 
apparent specimen oscillations due to system ringing from stored elastic 
energy and reflected stress waves. The period of these apparent specimen 
oscillations can be empirically predicted for span/width ratios of four 
by:30 

where B = specimen thickness 
W = specimen width 

Cs = specimen compliance 
y = elastic modulus 

So = speed of sound in material 

(2) 

For a steel CVN specimen, T is on the order of 33 ~s (~5l ~s for a PCVN 
of a/W = 0.5). The value of 3.36 in Eq. (2) is an empirical fit to data 
generated using Al, Be , and steel specimens of varying a/W ("a" is 
the crack length). Theoretically, for a free standing wave it can be 
shown that Eq. (2) is valid wh en the factor is 4/n, where n is the 
mode of oscillation. Since the oscillation pattern during impact appears 
to be a combination of mode 1 and mode 3 with mode 1 dominating, the 
empirical factor of 3.36 is reasonable. 3l 

The impact of an unsupported specimen also creates inertial oscil
lations in the contact load between tup and specimen and a time of 
approximately 2T is required for the inertial load to dissipate. The 
magnitude and frequency of the inertial load sensed by the tup, during 
this 2T period, is nearly the same for a supported and unsupported 
specimen. Empirically, therefore, it is not possible to use the tup 
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signal to determine specimen loads (and, hence, fracture toughness) for 
times less than 2.. The EPRI procedures have conservatively specified 
loads corresponding to times greater than 3. as being reliable. Con
trol of time is obtained through control of the initial impact velocity, 
Vo ' Thus, for a valid lIT load-time signal, 

t > 3. (3) 

Limited Freguency Response 
The instrumentation employed for instrumented impact testing has 

limited frequency response, that is, the true amplitude of a signal of a 
given frequency detected by the instrumentation may be attenuated. The 
extent of attenuation is a function of the signal frequency. The system 
frequency response is determined experimentally by superimposing a con
stant amplitude sine wave signal on the output of the strain gage bridge 
circuit at a frequency low enough to ensure no signal attenuation. The 
frequency of the sine wave is then increased until the value for which 
the amplitude is attenuated 10% (0.915 dB) is found. This 10% attenua-
tion factor was subjectively judged the maximum allowable for an instru
mented impact test. Thus, the specimen response signal should be of a 
frequency less than that for which the electronic systemhas 10% attenuation. 

The frequency response can be represented in terms of arise time, 
T h · h f' . 16 R ' w lC, or a Slne wave, 1S: 

TR ~ 0.35/fO.915 dB ( 4) 

where fO.915 dB = frequency at 0.915 dB (10%) attenuation 

The response time for most electronic systems employed for lIT of CVN 
specimens is on the order of 70 ~s. The potential problem of limited fre
quency response of the strain gage transducer amplifier is thus avoided 
by specifying: 31 

1-11 



(5) 

The specification in Eq. (5) results in approximately 4 percent load ampli
tude attenuation at arise time equal to 3T if TR ~ 2T. This is an 
upper limit of attenuation and does not appear to affect the maximum load 
response for instrumented impact tests for which the time to maximum load 
exceeds 3T. 

The ampl itude of the observed oscillations may be effectively IIcurve 
fit ll by specifying a minimum value for T R. The di sparity between tup 
contact load and the effective deformation load 1s thus minimized. For 
the bend test, it has been empir1cally verified that for RC circuit sys
tems that the express ion: 

(6) 

ensures adequate electronic curve fitting (filtering) without altering 
the overall form of the load-time curve when t ~2.3T .32 When t ~ 3T , 
no electronic curve fitting is necessary since the disparity between the 
contact load and the specimen defonmation load is less than 5%. 

Energy C rite ri a 

The requirements for obtaining acceptable load-time records result 
in the need to control the impact velocity Vo . In controlling Vo ' a 
corresponding control of the available impact energy, Eo' is inherent. 
In order to ensure a substantially constant tup velocity during the impact 
loading of a test specimen, a conservative requirement is: 

(7) 

where WM is the system energy absorbed to maximum load. This requirement 
ensures that the tup velocity is not reduced by more than 20% up to maxi
mum 10ad. 32 Of course, a total fracture energy criterion is required if 
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total energy values are desired; the available impact energy must be 
sufficient to completely fracture the specimen (i.e., Eo > ET)' 

Experimental Verification 
Experimental verification of the EPRI lIT procedures has been 

described in detail in Ref. 31. A 4340 steel which is relatively insen
sitive to loading rate, was employed for the verification program. Valid 
quasi-static (R ~ 2 x 100 ksi.inl / 2/s) and intermediate loading rate 
(K ~ 102 ksi.inl / 2/s) fracture toughness values were obtained, per ASTM 
Method E399, from standard size PCVN specimens, l inch square Charpy-type, 
and 2-inch square Charpy-type precracked specimens. Standard size PCVN 
specimens and l-in square Charpy-type specimens were impact tested with an 
instrumented system to obtain dynamic data per the EPRI lIT procedures 
(R ~ 2 x 105 ksi.in l / 2/s). Some of the test specimens were strain gaged 
in order to compare the loads measured on the specimen with that measured 
by the striking tup. 

In the figures that follow, the static scatter bands for the slow
bend PCVN test and the static scatter bands from all the static testing 
are used for comparison with the dynamic test data. All toughness data, 
static and dynamic, including that from the PCVN specimens, meets the 
AS TM E399 size requirements. Sorne of the dynamic tests were intentionally 
performed at conditions, however, that violated the EPRI lIT requirements 
of Eqs. (3) and (5). 

Figure l shows the acceptable test results, per EPRI lIT validity 
requirements. Invalid data are plotted in Figure 2. 

Significantly, the acceptable dynamic data are in agreement with the 
static results. Also, the valid tupsignal data agree well with that from 
the specimen gage. 

However, at the high impact velocities (low t and high R) where 
t < 3T , the dynamic tup data start to deviate from the trend band whereas, 
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the specimen gages produced toughness results consistent with the static 
values even when t < 3T. This derivation from the trend band does not 
markedly occur until t < 2T for the PCVN data, hence the t ~ 3T cri
terion appears conservative. The extremely high toughness values indi
cated in Figure 2 (closed stars) are due to inertial effects. When these 
high inertia affected signals are filtered (closed diamonds), the signals 
drop closer to the static trend bands. For fracture times greater than 
3T (open symbols), the effect of electronic filtering are small, and so 
the only other criterion that must be met when t > 3T is that of limited 
frequency response (Eq. 5). 

ComplianceCorrections 
By using the EPRI test specification requirements and, of course, 

ensuring that the load, velocity, and tirne rneasurements are in calibration, 
calculation of proper critical energies is possible by employing Eq. (1). 
However, when calculating energy values for sorne time during the fracture 
event (e.g., energy to maximum load), it must be kept in mind that the 
apparent energy obtained from the area under the load-time curve includes 
contributions other than that of the deflection of the specimen. There
fore, a compliance energy correction is always needed to determine the 
true specimen energy.33 When the fracture is linear-elastic, it can be 
shown that the true specimen energy to maximum load can be calculated 
di rectly from: 

where 

and 

PM = maximum load 

CND = non-dirnensional specimen compliance33 

= C YB s 

(8) 

Values for CND as a function of the specimen crack depth to width ratio 
(a/W) are tabulated in Ref. 32. 
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For genera1 yie1d fracture, the true specimen energy to maximum 10ad 
is obtained by correcting the apparent energy through use of the fo110wing: 

where 

(9) 

CT = total specimen comp1iance, ca1cu1ated at genera1 yie1d 
and corrected for tup ve10city decrease 

= (V otGy/P GY) - (V~t~y/8Eo) 

where PGy and t Gy are genera1 yie1d 10ad and corresponding time. 32 

Fracture Toughness Calcu1ations 
Justification for app1ying the static stress intensity factor to 

determine the dynamic stress factor will be examined in a later session. 
Wi1shaw, however, has maintained,34 as others do, that despite the fact 
that the dynamic bending moment distribution is considerab1y different 
from the corresponding static moment, the stress intensity coefficients 
are not significant1y different. Thus, it is va1id to use static re1a
tionships between the central bending moment and the stress intensity 
factor. Furthermore, the 10ad-time curve is a reasonabl.e ana10g of the 
central bending moment (providing the inertial oscillation has dissipated 
and the other EPRI procedures have been adhered to), and, hence, the 
stress intensity factor as we11. 

50 when the fracture is elastic, the dynamic stress intensity fac
tor can be ca1culated by app1ying the static 1inear e1astic fracture 
mechanics expression.27 The specimen size requirements of A5TM E399 
appear to be too conservative for dynamic testing, however. 24 Therefore, 
as long as general yie1ding has not occurred, a 1inear e1astic value is 
ca1cu1ated. The stress intensity rate, ~,is ca1cu1ated as: 

( 10) 
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* 

The lowest values for K for impact loading are on the order of 
105 kSi o inl / 2/s, higher than that obtainable from a closed-loop hydraulic 
machine, and truly indicative of impact loading. 

When general yielding occurs, an energy-based value of the J-integral 
can be determined ~rom the load-time trace to obtain a measure of fracture 
toughness. Current work in ASTM Committee E24 (Task Group E24.0l.09 on 
Elastic Plastic Fracture Cdteria) is directed towards obtaining a standard 
method for elastic-plastic (post general yield) fracture testing. The 
calculation of the ductile fracture toughness J Ic is contingent upon 
knowing the initiation point of fracture on the load-time trace. work 
by server,35 to be reviewed in a later session, describes a multi-specimen 
technique for developing a J versus ôa R-curve for impact loading con
ditions. However, for cleavage initiated fracture, the point of crack ini
tiation generally corresponds to maximum load for nuclear pressure vessel 
steels. 25 For fibrous initiation, maximum load initiation is generally a 

* nonconservative assumption. When the initiation point is known, then: 

( 11) 

The general requirements of the ASTM draft standard for determining the 
J integral are followed insofar as possible. 

General Yielding 
Because plastic constraint near the root of the specimen notch is 

limited by specimen dimensions, plastic yielding eventually spreads across 
the minimum section; the applied load at this point is defined as the 
general yield load, PGy ' By applying a slip-line field solution for 
general yielding, estimates of high loading rate yie19 stress values can 
be obtained from either CVN or PCVN specimens: 36 

(12 ) 

It is important to emphasize that the maximum load must signify initiation 
(generally cleavage) and a specimen size requirement corresponding to a 
50J/oF criterion appears to be necessary.32 
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and for the flow stress: 

where k = 2.99 for blunt notched specimens (CVN) 
k = 2.85 for precracked specimens (PCVN) 

(13) 

The stress values obtained using this approach agree favorably with 
high rate tensile test results. 36 These values of yield stress are of par
ticular interest for loading-rate sensitive materials (e.g., A533B). Nor-
mal tensile tests are not routinely performed at strain-rates indicative of impact 
tests. Dynamic fracture toughness tests require the knowledge of dynamic 
yield stresses for the determination of validity limits for the fracture 
toughness measurements. 
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A Revi ew Of The 
Proposed Standard Method Of Test For 

Impact Testing Precracked Charpy Specimen 
Of Metallic Materials 

by 

D. R. Ireland 

The precracked Charpy specimen is being evaluated by ASTM Committee E24 

for use as a fracture toughness screening test in slow bending or impact. This 

paper describes the status of the efforts to date for impact testing of metallic 

materials by an instrumented (dynamic load monitoring) apparatus. Specimens 

are precracked according to the general procedures of ASTM Method E399. For 

the proposed method, dynamic notch toughness is a stress intensity related term 

which is identified as KpCI(tf ). The subscripts PCI denote precrecked Charpy 

specimen tested in impact. The tf in brackets is the measured time (seconds) 

between initial impact and fracture. The KpCI(tf ) determinations require 

recording of the effective midspan load during loading to fracture and subsequent 

completion of the crack propagation across the specimen. If fracture occurs 

before general yielding, the maximum load is used to determine the KpCI(tf ) 

from this value and the original dimensions of the specimen using the bend 

relationships of AS TM Method E399. This paper includes descriptions of; 

apparatus, inspection and calibration requirements, dimensions and preparation 

of specimens, test procedures, and calculation and interpretation of results. 

Typical examples of acceptable and unacceptable test results will be presented. 
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1.0 INTRODUCTION 

~e instrumented precracked Charpy impact test has been under inves

tigation by ASTM since 1 October 1971. Committee E24 has had primary re

sponsibi1ity for deve10pment of fracture toughness test methods, with ASTM 

Method E399 representing the single most in-depth fracture test method 

avai1ab1e in the wor1d today. Within E24 Sub-Committee E24.03 has had the 

primary responsibi1ity for deve10pment of dynamic test methods, with ASTM 

Methods E436 and E604 being the most wide1y recognized. In October 1971 

Sub-Committee E24.03 initiated the investigation of precracked Charpy 

testing by formulation of Task Group E24.03.03. 

~e genera1 scope of the Task Group was to encompass both slow bend 

and impact eva1uations of the precracked Charpy specimen. ~e first 

activity was to investigate the existing precracking procedures of 

Method E399 to seek an abbreviated method which wou1d app1y to the Charpy 

specimen. An in-depth statistica11y designed 

sufficient data to permit modification of the 

testing program produced 

requirements of Method E399 

for use in the preparation of fatigue precracked Charpy.specimens. 

testing and resu1tant ana1ysis report were comp1eted in 1977. 

~e 

Para11e1 to the ASTM work with the precracked Charpy specimen were 

efforts by the Metal Properties Counci1, Pressure Vesse1 Research Committee 

and E1ectric Power Research Institute (EPRI). ~ese efforts centered on 

the instrumented impact method rather than slow bend testing and a1so 

focused on ferritic nuc1ear pressure vesse1 stee1s. Test procedures 

were formu1ated specifica11y for these efforts and verified through 

exhaustive'testing programs and correlations to avai1ab1e dynamic fracture 

toughness data. In 1977 the resu1ts of these efforts were submitted to 

ASTM for use by Task Group E24.03.03 in deve10pment of an acceptable test 

method for instrumented impact testing. 

In December 1979, Task Group E24.03.03 submitted Draft Copy A of a 

proposed test method for instrumented impact of precracked Charpy specimens 
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to Sub-Committee E24.03 for review. The results were received as ballots 

with comments. Substantial revision of the method resulted in formulation 

of Draft Copy B which was reviewed with selected members of E24.03. This 

again generated comments and preparation of Draft Copy C which is now 

(Spring 1980) ready for submission to E24.03 for ballot. This paper pre

sents theproposed test method in a form similar to that to be balloted 
by ASTM Sub-Committee E24.03. 

This method describes fatigue precracked Charpy specimen impact 

testing of metallic materials by an instrumented (dynamic load monitoring) 

apparatus. It gives (a) a description of apparatus, (b) requirements for 

inspection and calibration, Cc) dimensions and preparation of specimens, 

Cd) testing procedures, and Ce) calculations and interpretation of results. 

The nominal dimensions of the specimen are those given in ASTM 

Method E2l. Fatigue precracking of the specimen follows the general 

guidelines of ASTM Method E399 with minor modifications specifically 
for this method. 

The method involves three point bend testing of fatigue precracked 

specimens, impact loaded by a moving mass with a known kinetie energy 

great enough to break the specimen. The impact machine can be either a 

pendulum or a vertical falling weight. 

Dynamic noteh toughness determinations by this method require re

cording of the midspan load from the time at which impact occurs through 

fracture and subsequent unloading. If fracture occurs before general 

yielding, the maximum load is used to determine the dynamic notch toughness 

[~CI(tf)] from this value and the original dimensions of the specimen 

using the bend relationships of ASTM Method E399. The tf is a time value 

that references the relative rate of loading. Acceptable ~CI(tf) values 

can not be determined for fractures that occur after general yielding 

(i.e., the onset of elastic-plastic specimen deformation). 
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These dynamic notch toughness I~CI(tf)] values are for nominal 

stress intensity rates, K, of 5 x 104 to 5 x 105 MPa~1/2/s (5 x 10
4 

to 
5 1/2 -4-4 5 x 10 ksi-in • Typica1 tf values are 1.5 x 10 to 3.0 x 10 s. 

These toughness values can be of service for a variety of purposes. 

Some typica1 examp1es are as fo11ows: 

• In research and deve10pment of materia1s, to study 

the effects of such variables as composition, heat 

treatment, mechanica1 processing, environmenta1 de

gradation, etc., where a ranking of materia1s in 

terms of their dynamic notch toughness. I~CI(tf)] 

may be usefu1. 

• For specifications of acceptance and manufacturing 

, qua1ity control and for service eva1uation to com

pare the resistance to dynamic fracture. 

• To estab1ish the variation in ~CI(tf) with testing 

tempe rature and in particu1ar to determine ranges 

of tempe rature in which substantia1 changes in the 

~CI(tf) occur (transition temperature). 
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2.0 TERMINOLOGY. SYMBOLS AND ABBREVIATIONS 

Termino1ogy of ASTM Method E616 for Fracture Testing is applicable 
to this method. 

2.1 DEFINITIONS 

Definitions and attendant exp1anations are as fo11ows: 

-3/2 1. Stress-Intensity Factor, ~, K2' K3' (FL ) - the magnitude of 

the idea1-crack-tip stress field for a particu1ar mode in a homogeneous, 

1inear-e1astic body. 

Values of K for the modes 1, 2, and 3 are given by: 

K - 11mit [a ,/2,fr], 1 y 
r-+o 

K2 - 11mit fT &r), and xy 
r-+o 

K3 - 11mit [T ,/2,frJ, yz 

where r - a distance direct1y forward from the crack tip to a location where 

the significant stress is calculated. In this method, mode 1 is assumed. 

-3/2 2. Dynamic Notch Toughness, ~CI(tf) (FL (s» - a measure of 

toughness of a material measured by the operationa1 procedure specified 

in this test method. 

~CI is computed in terms of a stress-intensity factor K. Dynamic 

notch toughness values by this method are reported as ~CI(tf). In this 

method, determinations of ~CI(tf) are restricted to fractures that occur 

at an app1ied load that is 1ess than that required for genera1 yie1ding 

and at a specified loading rate. For acceptable loading rates, the ratio 
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of ~CI to 
1/2 MPa-m /s 

4 5 
the time to maximum load (t

f
) is between 5 x 10 and 5 x 10 

4 5 1/2 (5 x 10 to 5 x 10 ksi-in /s). Typical time to maximum (tf ) 

values are 1.5 x 10-4 to 3.0 x 10-4s • 

The interpretation of ~CI(tf) values determined by this method is 

that the fracture initiates and rapidly propagates before either general 

yielding or significant stable crack growth, either which normally can be 

identified by a definitive departure from linearity of the load-time record. 

2.2 DESCRIPTION OF TERMS 

A description of terms specifie to this method is as follows: 

1. Time to Maximum load, tf[s] - the nominal time to maximum load, 

computed as the difference between time at maximum load, and time at impact 

which is indicated by the initial rapid rise in load. 

2. Stress-Intensity Rate, K [FL-3/
2
/s] - the nominal rate at which 

the stress-intensity factor (K) is increased up to maximum load. In this . 
method K, is the ratio of ~CI to the time to maximum load (tf )· 

2.3 SYMBOLS AND ABBREVIATIONS 

The following list of symbols used for terms found in this method 

are believed to be generally applicable to fracture testing. Symbols for 

other terms used in this method may be found where the term is first in

troduced. 

a crack size 

B specimen thickness 

c longitudinal bar-wave speed in the specimen mate rial 
o 

C
LL 

specimen load-line compliance 

E Young's modulus 

U energy 
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p 
m 

° 

v 

w 

frequency 

stress-intensity factor 

dynamic notch toughness from precracked Charpy impact testing 
referenced to the time to maximum load 

maximum load 

stress 

0.2% offset tensile yield strength 

0YS at fatigue precracking temperature 

0YS at test temperature 

time 

tempe rature 

velocity 

specimen width, beam depth 

1-34 



3.0 APPARATUS 

The procedure invo1ves impact testing of notched specimens that 

have been fatigue precracked. Load versus time is recorded autographica11y. 

Total absorbed energy is determined from the difference between the kinetic 

energy of the hammer at the moment of impact and the final kinetic energy 

of the hammer upon comp1etion of the fracture. Testing may be done in 

various machines (pendu1um or drop weight) having suitab1e load sending 

devices, recording instrumentation and sufficient energy to comp1ete1y 

fracture the specimen in a single b1ow. The apparatus requirements can 

be separated into those for the machine or mechanica1 aspects and those 

for the instrumentation of the machine. 

3.1 MECHANICAL 

The mechanica1 requirements are those for the actua1 loading to 

fai1ure of the specimen. The impact test apparatus can be either a 

pendu1um machine, as for the Charpy test (ASTM Method E23), or a drop 

tower, as for the SIS-in (lS.9 mm) DT tests (ASTM Method E604). 

3.1.1 Pendu1um 

ASTM Method E23 is the single best source of the pertinent information 

for proper operation of a pendu1um impact test. For this method tests 

must be performed in strict accord with the requirements of ASTM Method 

E23 except as modified for acquisition of the load-time data and certain 

ve10city reductions. The ve10city requirements of the pendu1um apparatus 

stated in paragraph 4.1.2 of E23 must be modified to accommodate the need 

for performance of instrumented impact tests of fatigue precracked speci

mens at various prese1ected ve1ocities. The revision of paragraph 4.1.2 

of ASTM Method E23 inc1udes the fo11owing additions: 
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For ~CI(tf) determination, tests may be made at various velocities 

(normally between 1.2 and 4 mIs (4 and 13.1 ft/s», but the associated 

energies should be sufficient to completely break the specimen (see 

Available Energy Section). Velocity shall always be stated as the maximum 

velocity of the striking member at the center of strike (see Figure 1 

of ASTM Method E23). 

3.1.2 Drop Tower 

For this type of testing, it is recommended that the crosshead 

(hammer) be guided on smooth columns. The maximum transverse slack 

should be less than 1 mm (.04 in) in any direction perpendicular to the 

center line of the vertical path. 

The pase plate, to which the specimen support fixture is attached, 

should be securely fastened to a rigid foundation having mass greater than 

or equal to ten times that of the falling crosshead. The requirements for 

maximum available kinetic energy of the hammer assembly are discussed in 

the following Available Energy Section. 

3.2 INSTRUMENTATION 

The minimum instrumentation required for instrumented impact testing 

shall be a transducer to sense the specimen loading, the associated signal 

conditioning equipment, and autographic recording equipment suitable for 

providing a permanent record of the load sensing transducer output versus 

time or displacement. 

The load-sensing transducer, associated signal conditioning equipment, 

and autographic recorder combination selected for the test shall allow de

termination of the maximum load to with +3 percent as verified periodically 

in accordance with the calibration procedures of the following Inspection 

and Calibration Section. 
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The autographic 10ad recording apparatus sha11 be capable of re

cording the 10ad-sensing transducer output during the time immediate1y 

preceding the test, in addition to the time period of specimen 10ading 

during the actua1 test. The purpose of this requirement is to define an 

actua1 zero 10ad trace and to assure recognition of undesirab1e dynamic 

effects on the 10ad-sensing transducer during the pendu1um approach to 

the specimen. A means sha11 be provided for verification of signal ampli

fication (e.g., a shunt calibration resistor). The equipment sha11 in

c1ude a device capable of verification of the initial impact ve10city of 

the hammer. 

In addition to the ab ove minimum requirements, the instrumented im

pact testing equipment may inc1ude a 10ad-integrating device capable of 

superimposing upon the autographic 10ad plot a record of the impulse, 

interpreted as energy absorbed during the test, as a function of time 

or disp1acement. 

3.2.1 Load Transducer 

The 10ad transducer for the impact machine is identified as an in

strumented tup. The tup is the part of the hammer or crosshead which 

strikes the specimen and must conform to the genera1 mechanica1/geometrica1 

requirements shawn in Figure 1 of ASTM Method E23. It is recommended that 

semiconductor strain gages be p1aced on the tup in a protected recess to 

sense the compressive 10ading during impact with the" test specimen. The 

gages shou1d be positioned symmetrica11y on both sides of the tup, with-

in 25 mm (1 in) of the point of contact with the specimen. It is re

cammended that a simple Wheatstone bridge circuit be emp10yed for the 

strain gages. The inactive resistance portion of the strain gage circuit 

can be resistors. 
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3.2.2 Dynamic Response System 

The Dynamic Response System (DRS) is that portion of the instru

mentation system which serves as the interface between the 10ad trans

ducer and the signal disp1ay system. The DRS inc1udes the fo11owing 

basic functions for the strain gage bridge circuit of the instrumented 
tup: 

1. Excitation power supp1y 

2. Ba1aoce control 

3. Output signal amplification. 

The power supp1y must be regu1ated constant voltage contro1 t The circuit 

shou1d a1so inc1ude a potentiometer for ba1ancing the strain gage bridge. 

A means for verification of signal amplification sha11 be provided. It 

is a1so recommended that this amplifier be of the differentia1 type and 

have e1ectrica1 characteristics like that of a simple resistor capacitor 

circuit. 

It is possible for the DRS to have improper frequency response, which 

results in the disp1ayed signal being an unknown distortion of the actua1 

signal transmitted from the tup. Reference (1) describes in detai1 the 
• 

effect of 1imiting frequency response. This limitation shall be stated 

in terms of the response time, TR, (see Dynamic Response System Section) 

of the equipment and specifie requirements for T
R 

are stated in the 

foliowing Load Signal Section. 

3.3 INSPECTION AND CALIBRATION 

The mechanica1 and instrumentation portions of the apparatus must 

be carefu11y inspected and calibrated. The inspection and calibration 

of the instrumentation for instrumented impact testing is in the form of 

proof and verification tests. That is, the performance of each component 
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of the instrumentation is evaluated by the general effect on a specifie 

dynamic signal which is passed from the instrumented tup circuit through 

to the final display of that signal. 

3.3.1 Available Energy 

The available energy requirements for ~CI(tf) testing are based on 

minimizing the reduction in hammer velocity during the period required to 

reach maximum load. The energy absorbed by the specimen at maximum load 

is identified as UI and to comply with this requirement for minimizing 

velocity reduction, the total available energy at impact (U ) shall be o 

where 

U 
o 

1 2 
=~v 

2 0 

where v is the velocity at impact, m is the effective mass of the pendulum 
o 

or hammer-tup assembly given by m = w/g, where g is the accelerationdue 

to gravit y, and w is the effective weight of the pendulum (determined by 

the procedure in paragraph 5.4.2.2 of ASTM Method E23) or hammer-tup 

assembly. In addition, U must be greater than the energy required to 
o 

completely fracture the specimen. Requirements for low impact velocities 

(see Load Signal Section) must be considered in light of the above avail

able energy restriction. 

3.3.2 Velocity 

For instrumented impact testing, the impact velocity shall be known. 

The velocity, v , can be directly measured with an accuracy of +2 percent 
o -

by use of photo-electric devices. 
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3.3.3 Proof Tests 

The proof testing shall be employed to check both the mechanical 

and instrumentation portions of the apparatus. The single best technique 

for checking impact machines for comp1iance with the requirements of ASTM 

Method E23 for proper mechanica1 operation is the proof testing described 

in paragraph 6.1 of that method. Standard calibration specimens must be 

obtained from the USA Army Materials and Mechanics Research Center (USA 

AMMRC). 

3.3.4 Load Transducer 

The load transducer (instrumented tup) is a strain gage device which 

is probab1y the most vulnerable component in the instrumentation system 

to defective operation. Check of the operability of the transducer may 

be obtained by pressing against the edge of the tup, or lightly bumping 

the tup against a hardened bar resting against the anvils in the test 

position, and observing the displayed signal. This check demonstrates 

the abi1ity of the strain gage circuit to generate a signal when sub

jected to strains in the tup. 

The calibration of the load transducer requires dynamic tests to be 

performed and the resu1ts equated to the known reference values for those 

particular specimens. The reference variables are the known maximum load 

for strain rate insensitive materials and/or the known total absorbed 

energy for standard material. Suggested maximum load materia1 is aluminum 

a110y 6061-T651 plate. Standard energy material is the AMMRC calibration 

specimens. 

The specimens employed for the above maximum load calibration pro

cedure shou1d be standard Charpy V-notch specimens from 6061-T651 a1uminum 

plate stock. At least three .specimens from this same stock and orientation 

should be tested by slow-bend testing in a conventional, universal-type 
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static testing machine using a static load cell, which has been calibrated 

in accordance with the latest revision of Method E4. The maximum load for 

each test should be with ±3 percent of the average value, which is then 

identified as P for this relatively strain rate insensitive material. 
m 

The loading geometry and dimensions for these slow-bend test shall be 

carefully matched to those employed for the impact machine (see Method E23). 

When these specimens are tested in impact, the allowable tolerance on the 

average P of three tests is +3 percent of the average static value. 
m 

The samples employed for the total absorbed energy calibration pro

cedure should be standard AMMRC Charpy specimen. The average energy value 

obtained from the instrumentation shall agree within 1.4J (1.0 ft-lb) or 

5.0 percent, whichever is greater, of the nominal known values. 

3.3.5 Dynamic Response System 

The inspection and calibration of the Dynamic Response System (DRS) 

is primarily concerned with the frequency response or response time, TR, 

characteristics of the unit. 

The response time, T
R

, of a component has been defined(l) as the 

apparent rise time, t , of a signal which has been attenuated 10 percent. 
r 

T
R 

Must be determined experimentally by superimposing a sine wave on the 

output of the strain gage bridge circuit. The peak-to-peak amplitude of 

the signal must be equivalent to approximately one-half the full-scale 

capacity of the load transducer (e.g., 26.7 kN (6000 lb) for a typical 

Charpy tup). The frequency of the sine wave is then varied until the 

value for which the amplitude is attenuated 10 percent is found, and 

the response time is calculated from 

where f.9db is the frequency at a .9db attenuation (10 percent voltage 

attenuation). 
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The response time (TR) must be known for the specific DRS char ac

teristics to be employed. Response time (T
R

) must be determined for the 

entire system employed for data acquisition and display. 

3.3.6 Trigger 

The trigger component is primarily used to supply an external signal 

to the display component just before the tup strikes the specimen. This 

component may also be designed to produce a signal which is useful for 

measurement of the maximum tangential velo city of the tup. 

Systems which employ transient signal recording techniques may utilize 

internaI triggering from the load signal and therefore, do not require a 

trigger component. However, care should be taken to ensure that the entire 

load-time record is recorded. 

3.3.7 Display 

The display component of the instrumentation must also be subjected 

to the same inspection and calibration procedures for frequency response 

as was the Dynamic Response System. The single most important parameter 

to be inspected and calibrated for the display component is the unit con

trolling the sweep rate of this component. The unit shall be calibrated 

for an accuracy of 2 percent. 
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4.0 TEST SPECIMENS, DIMENSIONS AND PREPARATION 

4.1 DIMENSIONS 

The precracked Charpy type specimen is shown in Figure 1. The 

dimensions W, B, L and a are width, thickness, length, and crack length, 

respectively. Width must be 10 mm (.394 in) to ensure proper alignment 

of tup contact surface at impact for pendulum machines. The length should 

also comply with the requirements of Method E23 and be 55 mm (2.165 in) 

maximum and 52.5 mm (2.067 in) minimum. The crack length is the sum of 

the machine starter notch and fatigue crack lengths. The crack length 

is normally equal to one-half of the width. However, for this method 

acceptable values of a are 0.45 to 0.55 W. Dimensional tolerances are 

as shown in the figure. 

The crack starter sha11 consist of a machined V-notch as for ASTM 

Method E23. The following variations are acceptable, see Figure 1. The 

depth of the machined notch should be no greater than 0.2 W. The radius 

at the bottom of the machined V-notch should be no greater than .25 mm 

(.010 in). A radius of .08 mm (.003 in) i8 obtainable by normal machine 

practice and is recommended. 

4.2 FATIGUE PRE CRACKING 

In order to ensure a sufficient1y sharp fatigue crack and to facilitate 

the. production of this crack, the fo1lowing procedureshall befollowed. 

1. The fatigue cracking shall be conducted with the specimen in the 

condition of heat treatment in which it is to be tested. 

2. The method used for fatigue cracking shall be such that the 

crack extension direction is perpendicular to the notched face of the 

specimen. Cantilever bending or three point bending may be used to pro-
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duce fatigue cracks. Cantilever bending faci1itates comp1ete1y reversed 

loading which aids in starting and propagating the crack. For practical 

purposes, the K calibration for three point bending may be used to estimate 

the stress intensity factors. 

The expression given in ASTM Method E399 for the K calibration in 

three point bending may be rewritten in terms of the bending moment, M, 

as fo11ows and used to compute the stress intensity in cantilever bending: 

K - (4M/BW3/ 2) f(a/w) where the values of the function f(a/W) are given in 

tabular form in ASTM Method E399 and listed be1ow. 

a/W f(a/W) a/W f(a/w) 

0.450 2.29 0.500 2.66 

0.455 2.32 0.505 2.70 

0.460 2.35 0.510 2.75 

0.465 2.39 0.515 2.79 

0.470 2.43 0.520 2.84 

0.475 2.46 0.525 2.89 

0.480 2.50 0.530 2.94 

0.485 2.54 0.535 2.99 

0.490 2.58 0.540 3.04 

0.495 2.62 0.545 3.09 

0.550 3.14 

The stress distribution at the crack tip in cantilever bendtng can 

be influenced by excessive clamping forces to the extent that the fatigue 

crack will deviate from a plane normal to the notched face of the specimen. 

3. The fatigue crack shall extend at 1east 2.5 mm (.100 in) beyond 

the tip of the notch starter. During the last .5 mm (.020 in) of fatigue 

cracking, the ratio of the maximum stress intensity of the fatigue cycle 

to Young's modu1us (Kf(max)/E) sha11 be in the range between 0.00013 and 

0.00029 m1/ 2 (0.0008 and 0.0018 in1/ 2). 
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4. The stress intensity range should not be less than 0.9 Kf(max). 

5. When the fatigue cracking is conducted at a temperature, Tl' and 

then tested at a different temperature, T2 , where Tl < T2~; the Kémax) of 

the fatigue cycle should be that value determined in item 3 above multi

plied by 0YSI/OYS2' where 0YSI is the tensile yield strength at temperature 

Tl and 0YS2 is the tensile yield strength at temperature T2• Where Tl > T2 , 

proceed as in item 3. 

In aIl cases Kf(max) must be less than the subsequent measured value 

of I),CI(t f ). 
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5.0 PROCEDURES 

5.1 SPECIMEN MEASUREMENT 

AlI specimen dimensions shall be within the tolerance shown in Figure 
1. 

Measure the thickness, B, to the nearest .025 mm (.001 in) at not 

less than two positions between the fatigue crack tip and the unnotched 

edge of the specimen and record the average value. Measure the depth, W, 

to the nearest .025 mm (.001 in) at two positions, one on each side of 

the crack starter notch and record the average value. 

After fracture measure the initial fatigue crack length, a, to the 

nearest 0.5 percent at the following three positions: at the center of 

the crack front and midway between the center and the intersection of the 

crack front with the specimen surfaces. Use the average of these three 

measurements as the crack length in the calculation of ~CI(tf) (see 

Section 6.0). If the difference between any two of the crack length 

measurements exceeds 5 percent of the average, or if part of the crack 

front is closer to the machined notch root than 5 percent of the average, 

the specimen should be discarded. Also, if the length of either surface 

trace of the crack is less than 80 percent of the average crack length, 

as defined above, the specimen should be discarded. In addition, the 

crack plane shall be parallel to both the specimen width and thickness 

directions within ± 10 deg. 

5.2 SPEC!}ŒN SUPPORT 

Specimen supports and tup (striker) shall conform to the requirements 
of ASTM Method E23. 
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It is recommended that se1f-centering tongs simi1ar to those suggested 

in ASTM Method E23 be used for p1acing the specimen on the anvi1 supports 

of the impact machine. The a1ignment of specimen on the anvi1 and with 

respect to the tup sha11 comp1y with the requirements of ASTM Method E23. 

5.3 SELECTION OF IMPACT VELOCITY 

The speed of testing for impact tests is defined as the maximum 

ve10city of the center of strike immediate1y prior to impact with the 

specimen. There are four major reasons for selection of various speeds 

of testing, as fo11ows: 

1. Subject the materia1 to a specific nominal stress-intensity . 
rate, K. 

2. Provide sufficient ve1ocity, such that, the attendant energy 

is compatible with the availab1e energy requirements of the apparatus 

stated in Avai1ab1e Energy Section. 

3. Ensure the time of fracture (tf ) will be sufficient1y greater 

than the 1imiting response time (T
R

) of the instrumentation. The apparatus 

requirements for TR are stated in Section 3.3.5. Section 6.0 discusses tf 

and other interpretations of the load signal portion of the test record. 

4. Minimize the relative effects of inertia1 loading(l) on the load 

signal through reduction of velocity. These effects are interre1ated with 

T
R 

and t
f

, and are regu1ated by the va1idity requirements of Section 6.0. 

For this method the initial impact ve10city for instrumented impact 

tests shall be in the range from approximately 1.2 to 4.0 mIs (4.0 to 

13.1 ft/a). The specific apeed selection sha11 depend on the above four 

reasons and the re1ated apparatus requirements (Section 3.0). 
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5.4 TEMPERATURE OF TESTING 

Requirements for achieving and controlling specimen temperatures 

shall conform to the procedures of ASTM Method E23. Requirements for 

temperature monitoring and recording apparat us for the instrumented im

pact test are those of ASlM Method ES. 

5.5 TEST RECORD 

KPCI(t f ) testing requires a record consisting of an autographie plot 

of the instrumented tup load output versus time. Acceptable test records 

can be obtained as photographs of oscilloscope CRT traces or from pIotter 

type records produced by the secondary transmittal from transient signal 

recorders orsimilar computer aided devices. The entire apparatus employed 

for producing these test records must comply with the requirements of 

Section 3.3.1. The initial slope of the linear portion of the load-time 

record 8ha1~ be between 1.0 and 3.0. 
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6.0 CALCULATION AND INTERPRETATION OF RESULTS 

6.1 LOAD SIGNAL 

A schema tic diagram of an idea1ized disp1ay record of the load-time 

signal for a 1inear elastic fracture of a notched three-point bend specimen 

is shawn in Figure 2. The load signal derived from an instrumented tup, 

in an impact test, osci1lates around the actual load required to deform 

the specimen. (1,2) The amplitude of the oscillations decreases with time 

and the requirements for acceptable load data in this method are based 

upon assurance of sufficient dampening to provide confidence in the in

dicated fracture load values. These fluctuations of the tup signal are 

knawn as inertial oscillations. 

It has been shown that the period of the inertia1 oscillations can 

be predicted by the fo11owing empirica1 expression: (2) 

where S i8 the support span, c is the longitudinal bar-wave speed of 
o 

sound in the specimen, E is Young's Modulus, and CLL is the specimen 

comp1iance or def1ection per unit applied load. For tests of a1uminum, 

titanium or steel a110ys with W - 10 mm (.394 in) and S - 4W, it can be 

shawn that T is adequate1y predicted by 

T = 7 x 10-6 (EBC )1/2 
11 

where EBC
LL 

is a non-dimensiona1 specimen compliance determined by(3) 

EB~L = 72Ig(a/W)] + 20 
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where 

234 g(a/W) - 1.86(a/W) - 3.95(a/W) + 16.38(a/W) 

- 37.23(a/w)5 + 77.55(a/W)6 - 126.87(a/w)7 

+ 175.53(a/w)8 - 143.96(a/w)9 + 66.56(a/w)10 

Acceptable load values for Pare obtained when the instrumentation m 
requirement for frequency response is satisfied and the inertia1 oscillations 

have been sufficient1y dampened. These two conditions can be stated as 

fo11ows in terms of the time value tf obtained from the test records (see 
Figures 2 and 3):(1,2,4) 

(INERTlA) 

(FREQUENCY 
RESPONSE) 

where TR is the system response time defined in Section 3.2.2 and tf 18 the 

time ta the point on the test record for which the load value is to be used 
ta determine IPCI(tf ). 

Typica1 values of the minimum time (3T) for which acceptable load 

values can be obtained from the test record of specimens of variou8 crack 
depth ratios (a/W) are as fo11ows: 

3T 
a/W (10-3s) 

0.450 to 0.480 0.15 
0.485 to 0.510 0.16 
0.515 to 0.540 0.17 
0.545 to 0.550 0.18 
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To ensure comp1iance with the restrictions for acceptable load values, 

the single best method is selection of initial impact ve10city (see Section 

5.3). It is genera11y good practice to use the lowest applicable ve1ocity. 

6.2 GENERIAL YIELDING CRITERION 

To determine if fracture occured before genera1 yie1ding, compare the 

ratios of 10ad to def1ection at maximum load and approximate1y one-ha1f 

maximum load (see Figure 3). The two ratios must be within ten percent 

to be assured fracture occured before genera1 yie1ding. 

When def1ection data is not direct1y avai1ab1e, the def1ection values 

can be determined as fo11ows: 

d '"' v t 

where t is time, v is average ve10city and can be computed by 

where U , v andU are defined in Section 6.5. 
a 0 0 

6.3 DYNAMIC NOT CR TOUGHNESS 

When fracture occurs before genera1 yie1ding, see Figure 2, the dynamic 

notch toughness for e1astic 10ading ~CI can be ca1cu1ated from the measured 

value of P and the initial specimen dimensions as is specified by the 
m 

bend specimen re1ationship for S= 4W in ASTM Method E399. The resu1tant 

toughness values are reported as ~CI(tf)' where the time value tf in 

parenthesis references the relative testing rate in units of seconds. tf 

is defined in Section 2.2, item 1 and i11ustrated in Figures 2 and 3. The 
1/2 1/2 

re1ationship for ~CI in units of MPa-m (psi-in ) is as fo110ws: 
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K = (P S/BW3/ 2) [2.9(a/w)1/2 _ 4.6(a/W)3/2 -l'CI m 

+ 21.8(a/w)5/2 - 37.6(a/w)7/2 + 38.7(a/w)9/2] 

This expression is specifica11y for a/W in the range 0.45 to 0.55. 

Where 

P = maximum load, kN (lb) m 
B = specimen thickness, cm (in) 
S = support span, cm (in) 

W = specimen depth, cm (in) 

a = crack 1ength as determined in 4.0, cm (in) 

For the Charpy specimen geometry, where B equa1s W and S equa1s 4W 
. 1/2 in units of inches, the above expression for ~CI in units of psi-in 

reduces to 

where 

h(a/W) = 46.9(a/w)1/2 - 74.4(a/w)3/2 + 352.6(a/W)5/2 

- 608.2(a/w)7/2 + 625.0(a/w)9/2 

To faci1itate ca1cu1ation of ~CI' values of the power series given in the 

above expression are tabu1ated as fo11ows for specifie values 

a/W h(a/W) a/W h~a/W) 

0.450 36.86 0.480 40.37 
0.455 37.41 0.485 41.01 
0.460 39.98 0.490 41.66 
0.465 38.55 0.495 42.33 
0.470 39.15 0.500 43.01 
0.475 39.75 0.505 43.71 
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a/w h(a/W) a/W h(a/W) 

0.510 44.43 0.530 48.31 

0.515 45.17 0.535 49.14 

0.520 45.92 0.540 50.00 

0.525 46.70 0.550 50.88 

0.530 47.59 0.555 51. 78 

6.4 LOADING RATE 

The relative rate of loading and test temperature shall be used to 

reference the resultant value of ~CI(tf). Calculate relative stress 

intensity rate, K, as follows: 

where tf is the time between impact and maximum load (P ) which is used to 
• m 

compute ~CI(tf). For this method, K values in the range of approximately 

4 5 1/2 4 5 1/2 
5 x 10 to 5 x 10 MPa-m Is (5 x 10 to 5 x 10 ksi-in Is) can be 

expected. Typical 
-4 3.0 x 10 s. 

-4 time to maximum load (t
f

) values are 1.5 x 10 to 

6.5 ABSORBED ENERGY 

The energy absorbed (U) at any time (t) during the impact event 

can be computed from the instrumented tup load-time record as follows(l) 

U a 
U = U (1 --) 

a 4U 
o 

where U is the total available energy at impact (Section 3.3.1) and U o a 
is determined as follows from the area under the load-time record: 

U = v ft Pdt 
a 0 0 
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where v ia the initial impact velocity and Pdt is the incremental impulse o 
or area under the load-time record. The total absorbed energy UT is de-

termined by the above expression for U when t - t , (see Figures 2 and 3). 
n 

The energy required to reach maximum load (U
I

) ia estimated·by the abQve 

U computation for t - tf (see Figures 2 and 3). 

6.6 CRACK PLANE ORIENTATION 

The toughness of a material often depends on the orientation and 

direction of propagation of the crack in relation to the anisotropy of 

the material, which in turn depends on the principal directions of 

mechanical working or grain flow. Reference should be made to ASTM 

Method E399 for a description of the system used to designate crack 

plane orientation and crack propagation directions for precracked bend 
specimens. 

6. 7 FRACTURE APPEARANCE 

The appearance of the fracture may furnish valuable supplementary 

information. A means for describing the fracture appearance of cracked 

bend specimens is given in ASTM Method E399 and may be used to characterize 

the fracture appearance of the precracked Charpy specimens. 

1-54 



7.0 REPORT 

The report sha11 inc1ude the fo11owing for each specimen tested. 

1.0 

2.0 

3.0 

A11 specimen dimensions. 

The maximum load (P ). 
m 

The critica1 time value (t
f
). 

4.0 The absorbed energy to total fracture (UT)' 

5.0 The initial impact ve10city (v). o 
6.0 The total energy avai1ab1e at impact (U ). 

o 
7.0 Test temperature. 

8.0 The maximum stress intensity IKf(max)] during 
the final 0.5 mm (0.02 in) of fatigue cracking. 

9.0 Crack plane orientation. 

10.0 Fracture appearance. 

11.0 Dynamic notch toughness I~CI(tf)] where 
applicable. . 

12.0 Loading rate (K) as determined by this method. 

13.0 Response time (TR). 

14.0 Load time and/or load disp1acement record. 
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8.0 TYPICAL CALCULATION AND INTERPRETATION OF RESULTS 

Let the idealized load-time record shawn in Figures 2 and 3 represent 

an actual test where the specifie values shawn on the figures are as 
follows: 

P .. 1150 lb 
m 

tf == 0.2 x 10-3s 

U at the following time values a 

t. 5 ' 0.32 ft-lb 

tf ' 1.15 ft-lb 

tn ' 1. 45 ft-lb 

The selected test parameters are as follows: 

test temperature, T - 72F 

impact ve10city, v - 10 ft/s 
o 

total energy available at impact, U == 100 ft-lb 
o 

-6 system response time, T
R 

== 60 x 10 s 

The specimen was a standard Charpy with fatigue precrack. After the test 

the average crack length (a) was determined from the three crack plus 

notch depth measurements (reference Section 5.1 of this method) across 

the crack front as follows: 

al - .201 in. 

~2 - .206 in. 

a3 -.202 in. 
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a ... 203 in. 

The W dimension for the Charpy is 0.394 in. and the a/W value for this test 

is then 

a/W 0.203/0.394 

a/W 0.515 

To verify that acceptable load values have been obtained compare the 

measured tf value with the requirements for frequency response and inertia1 

oscillations as stated in Section 6.1 of this method. 

tf > 3T 

-4 
3T = 1.7 x 10 s, for a/W 0.515 

t = 2 x 10-4s 
f 

therefore, the inertia1 oscillations have been sufficient1y dampened. 

-4 
1.1 T

R 
= 0.66 x 10 s 

t = 2 x 10-4s 
f 

therefore, there was adequate frequency response. 

To insure that fracture occurred before genera1 yie1ding compare the 

ratios of load to def1ection at P and 0.5P (reference Section 6.2 of m m 
this method). 
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At P m 

U a v = v (1 --) 
o 4U 

o 

-

U = 1.15 ft-lb a 

U = 100 ft-lb 
0 

v 
0 

= 10 ft/s 

tf = -4 2 x 10 s 

d = vt f ' 

Ratio la P Id 
m 

At .5P 
m U - 0.32 ft-lb a 

-4 
t. 5 - 1.1 x 10 s 

v = 10 ft/s 

d = 2 x 10-3 ft 

5 Ratio - 5.75 x 10 lb/ft 

-v = 10 ft/s 

-3 
d = 1.1 x 10 ft 

5 Ratio = 5.23 x 10 lb/ft 

Fracture occurred before general yielding because the load deflection ratios 

are within 10 percent of each other. That is, 

5 5 5.23 x 10 15.75 x 10 - 0.91 

Dynamic notch toughness, ~CI' is computed as follows (reference 

Section 6.3 of this method). 
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p = 1150 lb 
m 

a/W = 0.515 h(a/W) = 45.17 

~CI P h(a/W) ~CI = 52,000 psi_inl / 2 
m 

-4 
tf = 2 x 10 s 

This toughness value is reported as 

1/2 -4 
~CI(tf) = 52,000 psi-in (2 x 10 s) 

The relative rate of loading (reference Section 6.4) is reported as a re-

lative stress intensity rate as fol1ows: 

The total absorbed energy for fracture (UT) of this specimen is com

puted as fo11ows (reference Section 6.5 of this method). 

U a 
U = Ua (1 - 4U ) 

o 

UT = 1. 44 ft-lb 

U at t is 1.45 ft-lb 
a n 

U = 100 ft-lb 
o 

The avai1ab1e energy was 100 ft-lb and is sufficiently large to assure 

there has not been adverse velocity reduction during the test (reference 

Section 3.3.1 of this method). 

1-59 



Il A x TIR 1 

l'-____ t''''"'-_t_
wo

_
a _~IIJ. A X TIR.! 
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.----FATIGUE CRACK 

t ~ -NOTCH RADIUS 
a 0.08 TO 0.28 mm 

(0.003 TO 0.011 in) 

~ 
ENLARGED VIEW OF NOTCH 

aNV = 0.45 TO 0.55 

.... 
g 
ci 
c:( 

Il 63 ~ 
-..~-

L = 52.5 TO 55 mm 
(2.067 TO 2.165 ln) 

W = 10 ±O.025 mm 
(0.394 ±O.OO1 ln) 

B = 10 ±O.025 mm 
(0.394 ±O.001 ln) 

Figure 1. Specimen Geometry and Dimensions 
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Figure 2. Idealized Load-Time Record for Elastic Fracture of 
Three-Po1n~ Bend Specimen 
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Figure 3 Idealized Load-Time Record Showing Load. Time and Area 

%lues lSed R>r Checking General Yielding Criterion. 
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Abstral'!t 

The essential technical content of the ASK procedure originated from 

development work in Switzerland since 1963, and practical experiences 

gained since 1972. The remainder of the content and the format of the 

procedure are based on the ASTM E 24.03.03. (Tentative Draft Copy) 

"Proposed Method for precracked Charpy Impact and Slow-Bend Testing 

of Metallic Materials" ,by C. E. Hartbower, 1973. 

Two different velocities, 5 mis and 0.1 mis were used with a Schnadt

Type machine of rigid construction. The stiffness of the machine proved 

to be very suitable for instrumented testing. 

The instrumented Schnadt-Type machine was equipped with strain gauges 

bath on the t~p of the pendulum and on the chisel. A static force 

calibration was followed by energy calibration; comparing potential 

energy losses with the area under the force-deflection curve. 

Deflection was measured using a high frequency eddy current method on 

the pendu1um, and for slow testing by means of an inductive gauge on the 

chisel. 

Charpy-Type specimens of 1.0 mm max. notch depth and 0.12 mm max. notch 

radius were precracked using a resonant fatigue testing machine, or an 

eccentric drive machine. 

Crack propagation rate da/dN was measured using "Russenberger" measuring 

gauges. 

In addition a new technique for the detection of dynamic crack initiation, 

developed at the Institute of Research and Techno1ogy (TVFA) in Vienna is 

discussed and some results presented. 
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1. Introduction 

The use of a "sharp crack" at the apex of the machined 
notch minimizes the crack initiation stage of the 
fracture proc~ss. In the standard V-notch Charpy test, 
crack formation not only requires an appreciable 
percentage of the to~tl work done in fracturing the 
test specimen but also contributes to the scatter of 
the test data, because the initiation energy is dependent 
upon the radius and contour of the machined notch. Thus, 
the precracked Charpy-type test simulates the conditions 
under which an existing crack will begin to extend. 

The essential technical content of the ASK procedure 
originat~d from development work in Switzerland since 1963, 
and practical experiences gained since 1972. The remainder 
of the content and the format of the procedure are based 
on the ASTM E 24.03.03. (Tentative Draft Copy) "Proposed 
Method for Precracked Charpy Impact and Slow-Bend Testing 
of Metallic Materials", chairman C.E. Hartbower, 1973· 

2. Testing conditions and apparatus 

ASK-AN 425 gives guidance concerning slow bend (rate of 
loading less or equal 25 mm/minute) intermediate loading 
rate (up to 0,1 mis) and impact testing (up to5mls). Tup, 
anvils and span of fixture should be of the same geometry 
(essentially ASTM E 23). For slow bend tests universal 

testing machines may be used. 

The impact testing machine shall be instrumented to 
measure dynamic load and deflection over time. Appropriate 
recording has to be foreseen. The striker has to be 
equipped with a strain gauge instrumented tup for the 
load measurement. Special care is needed to avoid 
intolerable force signal oscillations caused by reflected 
shock waves. No mechanical damping is acceptable. 
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Static calibration of the tup is required; furthermore 
energy readings shall not deviate more th an 15 96 froID 
energy measured in the load deflection diagram (except 
very brittle fracture behaviour, where tf' time to 
fracture is smaller than 50 ~s.Limits are given with 
t < 25 ~s and s ..... 

tr~10 ~s, where t s ist settle time and tr ri se time. 

Force oscillations have to be less or equal to 50 % of the 
average force during the first inertial oscillation. 

Inertia correction is not required with tf more than 50 ~s 

The deflection measuring system should be capable of 
measuring maximum deflection of 25 mm with an accuracy 
of ± 1 % of the selected range (mainly 5 mm). Actually 
high frequency eddy current method is used on the 
pendulum. The Schnadt-type machine has proved to be 
very suitable because of its stiffness. 

The pendulum allows testing in the range from2,5 to 5 mis 
(the latter yields K = 2,5.107 Nmm- 3/ 2 ) whereas the chisel, 
equally instrumented, can be used for 0,05 to 0,1 mis 
(deflection is measured here by inductive gauge). 

3. Specimen geometry and preparation 

Charpy-V-type specimens of overall geometry according 
to ASTM are used. The notch characteristics are as 
follows: machined notch depth is 1,0 mm maximum, notch 
radius 0,12 mm maximum (radii down to r = 0,05 mm are 
being used now). Specimen thickness B from 5,0 to 10,0 mm 
can be used. 

Precracking and fatigue crack tolerances have to be performed 
according to ASTM E 399. One exception has to be mentioned: 
surface to inner crack depth is relaxed to the extent 
corresponding to a 10 mm CT-specimen (deviation max. 10 % 
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of surface trace of crack to average crack length a). Our 
previous experience showed the difficulty of complying 
with the criteria for the surface trace of the crack in 
Par. 8.2.4. of ASTM E 399 due to the precracking technique 

available at that time. 

4. Temperature of Testing 

Unless otherwise specified, tests shall be made at 
23 ~ 5 oc. The test temperature shall be reported to 
1 Oc tolerance. Other testing temperatures are according 

to ASTM E 23. 

5. Fracture Toughness 

K
lc 

or K
ld 

will be calculated in the first case for static 

or low loading rate, in the second case for high loading 
rate tests. For this purpose use the value Pc' see Fig. la 
+ lb. Force oscillation amplitudes have to be less than or 
equal to 50 % of the average force during the first inertial 
oscillation. Only if fracture occurs after the first load 
dis continuity , at load which is at least 50 % higher than 
the average force during the first inertial oscillation, 
K
lc 

or K
ld 

may be calculated according to ASTM E 399-74 
using the distance s = 40 mm as distance between loading 
points. As long as no measureable plastic deformation can 
be found on the recording before fracture, the behaviour 
is regarded as linear elastic. The result is taken as a 
linear elastic fracture toughness; a force-time recording 
may be sufficient. If the linear elasticity at the point 
of fracture does no longer exist, KQ may be calculated from 

PQ (Fig. lc). 
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If it is ascertained that initiation of the crack propagation 
does not take place before the maximum force is reached, an 
equivalent energy dynamic fracture toughness value Kt can 
be determined if force-deflection is recorded (the same 
condition applies to the J-integral determination). For 
illustration, see Fig. lc. Only those areas have to be 
taken into account which contribute to deflection. 

6. Further developments 

In ASK AN 425 two further developments are not yet included: 
first, the continous recording of crack growth using 
Russenberger thin foil gauges and hereby automatic 
precracking in the resonant fatigue machine, second, the 
detection of the initiation point from the fattigue crack 
by means of a potential drop technique. Figures 2 to 8 
show force-deflection-diagrams in conjunction with potential
deflection-records concerning a carbon steel Ck 45 and grey 
cast iron, as illustrations of the applicability of this 
method. 

7. Conclusion 

Since 1972 thousands of fatigue precracked Charpy-type 
specimens have been tested by the method described in 
ASK AN 425. Because aIl results are proprietary, very 
little of those could be published. Presently seven 
instrumented Schnadt machines are being built. One of 
those will be delivered to a University, another to a 
Government laboratory. Therefore more published results 
can be expected in the future. 

The authors wish to thank for permission to present 
proprietary results of George Fischer Ltd., Schaffhouse, 
Switzerland. 
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Legends 

1. Examples of Load-Deflection Curves 

1a and b: Linearelatic Fractures 

Pc .. Maximum Load Reading: Pm - P osc/2 

1c: Elastoplastic Fracture 

In the case of a continuou& transition from the 
elastic to the plastic regime in the load
deflection curve, PQ can be determined using the 
5 %-secant-method as described in ASTM E 399-74. 

2. Force-time- and potential-time-diagramm of a 
plain carbon steel with C-content of 0,45 % 
at-20 oC; limited deformation capacity. 

3. As Fig. 2, at 0 oC; rather brittle be~aviour. 

4. Force-time- and deflection-time-diagramm of a 
nodular grey cast iron at -60 oC; fully ductile behaviour. 

5. Potential-time- and deflectio~time-diagramm, 
same specimen as in Fig. 4. 

6. Force-time- and potential-time-diagramm, 
same specimen as in Figs. 4 and 5. 

7. Material as in Figures 4 to 6, testing temperature 
0 -20 C. The initiation point is defined at the first 

increase of potential after the minimum value. 

8. Material as in Figures 4 to 7, testing temperature 40 oC. 
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1. Examples of Load-Deflection Curves 

1a and b: Linearelatic Fractures 

Pc .. Maximum Load Reading: P - P m osc/2 
1c: Elastoplastic Fracture 

In the case of a continuous transition from the 
elastic to the plastic regime in the load
deflection curve, PQ can be determined using the 
5 r~secant-method as described in ASTM E 399-74. 

P 

( 1 ) 

p 

(11) 

p 

( ft ) 

P08c/2 

Pm :> 1. 5 Pava rage 

f (mm> f (mm> 
Pig. 1 a Fig. 1b 

Pc = maximum load reading Pm - POBC / 2 

Pig. 1B and 1b : linearelastic fractures 

Pmax 

Fig. 1 c elastoplastic fracture 
f (mm) 
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1 Proposcd Method for Instrumented Precracked Charpy-.,!,ype Tests 

1. SCOPE 

1.1 General Requirements 

ASK-AN 425 
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This practice describes notched-bar three-point slow-bend, intermediate loading 

rate and impact testing of metallic materials by fatigue precracked Charpy

type specimens having thicknesses of 5 to 10 mm. The practice provides a 

description of 

a) the dimensions and preparations of specimens 

h) requirements for inspection and calibration of impact testing machine 

c) fatigue precracking procedures 

d) testing procedures at different loading rates 

e) the method for determining work / area, W/A value and 

f} test evaluation procedure. 

It vill he seen that: 

1.1.1 the specimen is similar to the type A Charpy specimen describcd in ASTM 

E23-66. 

1.1.2 the impact testing technique is in principle the same as that described 

in ASTM E23-66 except that the units are in J/cm2 rather than ft-lb. 

1.1.3 the impact testing machine requires special instrumentation and calibra

tion to assure accurate force, displacement and energy measuremcnts. 

1.1.4 tests at all loading rates vill be done vith tup and anvils of gcometry 

in principle duplicating that of the Charpy impact testing machine in 

either a conventional tensile machine or in a machine spccially designed 

for higher loading rates. 

l Based on ASTM E24.03.03 (Tentative draft Copy) "Proposed method for precracked 

Charpy impact and slow-bend testing of metallÏc matcrials" by C. E. Hartbm'lcr, 

1973 und Sulzer's practice. 
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1.1.5 the testing machine shall be instrumented to obtain load-deflection and 

load-time information. 

1.1.6 test evaluation procedure shall be provided to dctcrmine W/A values, and 

if appropriate, dynamic fracture toughness K
1d

• 

2. SUMMARY OF METHODS 

2.1 Essential Features 

The ecsential f.eatures of the precracked Charpy-type test are: 

a) a machined small radius/small depth notch sharpened by fatigue crack"exten

sion 

b) a modification of the standard 10 x 10 mm Charpy cross section vith the 

thickness of the beam adjusted to the thickness of interest in the range 

of 5 to 10 mm * 
c) an anvil or support on vhich the test specimen is placed to receive the 

blow of the moving mass 

d) a moving mass of known kinetic energy which must be great enough to break 

the test specimen placed in its path. 

e) a Besle for accurately measuring the residual energy in the moving pendulum

mass after the specimen has been broken, respectively the energy used to 

break the specimen 

f) a device for sensing load on the striking tup along vith suitable devices 

to record the load-deflection and/or load-time behaviour of the Charpy

type specimen during loading 

g) at all loading rates the york done in fracturing the precracked specimen 

should be obtained by measuring the area under the load-deflection diagram 

h) at all loading rates the resistance of the material to crack initiation is 

measured. 

* Upon agreement smaller thicknesses down to 2,5 mm may be used. 
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3. SIGNIFICANCE 

3.1 The "Sharp Crack" 
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The use of a "sharp crack" at the apex of the machined notch minimizes the crack 

initiation stage of the fracture process. In the standard V-notch Charpy test, 

crack formation not only requires an appreciable percentage of the total work 

done in fracturing the test specimen but also contributes to the scatter of 

the test data, because the initiation energy isdependent upon the radius and 

contour of the machined V-notch. Thus, the precracked Charpy-type test simulates 

theconditions under which an existing crack will begin to extend. 

3.2 The Load Deflection and Load-Time Inform~tion 

According to the recommended practice the load-deflection and load-time behaviour 

of the precracked Charpy-type specimen can be measured at all loading rates. So 

precracked Charpy-type tests can, even at higher loading rates, be treated as a 

three-point bend test, and the load-deflection data can be analysed in the same 

manner as slow-bend data. The various eriergies associated with crack initiation 

and crack propagation can be determined by measuring selected areas under the 

load-def1ection diagram. Thus, if the crack-initiation energy is significant due 

to general yielding, it can be measured and subtracted from the total energy 

absorbed. 

The 10ad-def1ection and/or load-time information obtained from an instrumented 

impact test of precracked specimens can also be used to provide an estimate of 

the dynamic fracture toughness, K
ld

• If the precracked Charpy-type specimen 

satisfies the criteria outlined in ASTM E399-74 for measuring plane-strain fracture 

toughness, then the fracture load obtained for fracture occurring before general 

yie1ding can be used to calculate a valid dynamic p1ane-strain fracture toughness 

K1d• * 

* The dynamic yield strength measurement has to be agreed upon. rul unnotched 
Charpy-type specimen may be impact loaded with a striker velocity of l rn/sec 
or more. The first devi.ation from linearity of the force-deflection record 
indicates the onset of yicld in the outer fibre. For practicnl purposcs the 
10% secant intcrsection may be used for the yicld force reading. 
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3.3 The Strain Rate 
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Slow-bend and intermediate loading rate testing ha.s been included as a part 

of the recommended practice because of the detrimental effect of slow rates of 

·straining that has been shown2 to occur· in some materials. For example, in 

precracked Charpy-type slow bend and impact tests of high-strength steel and 

titanium alloys, it is sometimes found that a lower toughness is measured in 

slow bending than under impact loading. The lower toughness in slow bending 

is believed to be the result of a combination of factors, including the strain

rate sensitivity of the strain-hardening process, an adiabatic temperature rise 

"in the plastic zone on impact, and some time-dependent-embrittlement mechanism 

occurring in slow bending. 

Thus, it appéars that the concept of strain-rate sensitivity should not be 

limited to the traditional interpretation that impact is the most severe test 

of a material. In a nucber of common structural metals, the situation is re

versed; that is the materials are in fact more "sensitive ll to slow rates of 

straining. In other cases materials become too brittle at high impact velocities, 

then strain rate reduction offers the possibility to measure the appropriate 

fracture toughness. 

4. Apparatus 

4.1 General Requirements 

4.1.1 The method of fatigue precracking shall provide a reproducible depth 

of fatigue crack. Fatigue cracking is usually accompli shed by cyclic 

loading the finish-machined test specimen as a simple beam. Details of' 

procedure for precracking are described in para 7. 

4.1.2 The testing machine for impact testing shall be a pendulum-type machine. 

2 IMPACT TESTING OF METALS ASTM STP 466, American Society for testing and 

Materials, 1970, pp. 113-147 
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For slow bend and intermediate loading rate testing a suitable universal 

testing machine may be used. For intermediate loading rate testing an 

impact machine with a pendulum actuated chisel can also be used. 

Tests shall be conducted with instrumentation to provide a record of load 

versus deflection and/or load versus time. Heans shall be provided to· 

conduct tests at different temperatures from -196°C to +260
0

C. 

~.2 Impact Testing Ma~ine 

~.2.l The testing machine shall be a pendulum type of rigid construction and of 

capacity more than sufficient to break the specimen in one blow. The 

impact ma.chine will be inaccurate to the extent that some energy ~s used 

in deformation or movement of its component parts or of the machine as 

a whole; this energy will be registered as usual in fracturing the specimen. 

Looseness of parts must be avoided and deflections must be kept low; the 

vise andanvil region is particularly critical in this respect. The ma

chine shall be rigidly mounted on an adequate foundation. The machine 

frame sha.ll be equipped with a bubble level or a machined surface suitable 

for establishing levelness to within 3 : 1000. 

~.2.2 The dimensions of the pendulum shall be such that the center of percussion 

of the pendulum is at the center of strike within l percent of the 

distance from the axis of rotation to the center of strike. The plane 

of swing of the pendulum shall be perpendicular to the transverse ax~s 

of the Charpy specimen anvils within 3 : 1000. The mechnnism for 

releasing the pendulum from its initial position shall operate freely 

and permit release of the pendulum in a start without initial impulse, 

retardation, or side vibration. Transverse play of the pendulum at the 

striker shall not exceed 0.75 mm under a transverse force of 4 percent 

of the effective weight of the p.endulum applied at the center of strikc. 

Radial play of the pendulum bearings shall not exceed 0.075 mm. 

1-91 



ASK-AN 425 
Rev. l 
Page 8 

4.2.3 Means shall be provided (Fig. 1) to locate and support the test specimen 

against two anvil blocks in such a position that the center of the notch 

can be located within + 1.0 mm of the midpoint between the anvils (see 

8.3) • 

4.2.4 The supports and striking edge shall be in the envelope of t~e forms and 

dimensions shown in Fig. 1. Other dimensions of the pendulum and supports 

should be such as to minimize interference between the pendulum and broken 

specimens. 

4.2.5 The center line of the striking edge shall advance in the plant that 

is within 0.4 mm of the midpoint between the supporting edges of the 

specimen anvils. The striking edge shall be perpendicular to the longi

tudinal axis of the specimen within 5 : 1000. The striking edge shall 

be paralle1 within 1 : 1000 to the face of a perfectly square test specimen 

held against the anvil. 

4.2.6 Specimen supports shal1 be square with anvi1 faces within 2.5 : 1000. 

Specimen supports shal1 be coplanar within 0.125 mm and paral1e1 within 

2.0 : 1000. The supports may have a 1ip to ensure 1ine contact vith 

the specimen,thus reducing heat transfer. 

4.2.7 Tests may be made at different ve10cities. The ve10city is the maximum 

tangentia1 velocity of the striking member touching the specimen at the 

center of strike (see Fig. 1). The recommended velocity is 5,0 mis 

± 10%*. The ve10city sha11 be determined and recorded (see para 5.4.3). 

4.2.8 The impact energy shal1 be taken as the energy absorbed in breaking the 

specimen and is thus proportional to the difference between the height 

of drop and the height of upsw1ng after breaking the specimen. The machine 

sha11 be furnished with a sca1e graduated either in dcgrees or directly 

in Joules (or mkp) on which readings can be estimated in increments of 

0.5 percent of energy range or less. 

* Upon agreement 2,5 mis ~~10% or other velocity may be used. 
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Friction los ses shal1 be accounted for by adjusting the zero point of 

the sca1e after free swings (see para 5.4.5.1) 

The error in sca1e at any point sha11 not exceed 0.2 percent of range or 

0.4 percent of reading, whichever is 1arger. The error in energy of blow 

caused by error in the weight of the pendulum ahall not exceed 0.4 percent. 

The actual height of the pendulum in the release position sll61l not differ 

!rom the nominal height by more than 0.4 percent: . Friction losses of the 

machine during the swing in the striking direction' sha11 not exceed 3/4 

percent of scale range capacity, and pendulum energy 10ss from friction in 

the indicating mechanism shal1 not exceed 1/4 percent of scale range 

capacity. 

4.3 Instrumented Impact Testing 

The fo1lowing applies to impact testing with loading rates of 1 mis or more. 

Means sh611 be provided to measure 10ad-defleqtion end ~Qad-time for each 

specimen tested. see para. 10 and 11. 

4.3.1 Force measuremènt system 

The striker has to be equipped with a strain ga~e instrumented tup for 

the 10ad measurement. 3, 4 

~he distance between the edge of the tup and the nearer edge of the strain 

gauge sh61l be 8 to 12 mm. The strain gauges shal1 be mounted symmetric61ly 

on the tup as indicated in Fig. 1. 

To avoid intolerable force signal oscillations caused by reflected shock 

waves, suitable design, machining and mounting of the tup is essential. 

3 Mall H.P.: Die Kennzeichnung des Sprëdbruchverhaltens von Baustiihlen durch 
Aufnahme von Kraft-Durchbcigungs-Kurven im Kerbschlagversuch. 
Thesis TH Anchen 1968 

Beisken H.: Bruchmechanische Untersuchung mittels Kerbschlagproben. 
ETH Thesis, Nr. 5114, 1913 
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The force acting on the tup must not be influenced by mechanical damping. 

Between the tup and the spec1men no damping material shall be used. 

The tup has to be capable of measuring loads up to 40 kN. The tup has 

to be calibrated statically with an appropriate testing machine. The 

accuracy of the statically measured load shall be within 2% of the 

selected load range. 

4.3.2 Deflection measurement system 

The deflection of the spec1men will usually be measured by the displace

ment of the pendulum. The correlation of these dimensions is better with 

ductile than with brittle behaviour of the specimen. 

The influence of the measuring system on the pendulum should be minimised. 

This cao be achieved by applying contactless sensing devices. 

The system should be capable of measuring a maximum deflection of 25 mm 

vith an accuracy of ~ 1% or better of the selected range. 

The deflection measuring system will be calibrated statically by mechanical 

means. This can be accomplished by using probes machined to different 

ligament sizes. 

4.3.3 Amplifying and recording systems 

For the purpose of amplifying and recording force and deflection signals, 

suitable amplifiers, storage oscilloscopes or analog-digital storage 

devices may be used. 

The amplitying and recording system is characterised by its rise time and 

settling time. 

Rise time t is defined as the time required for the system step response r 
to go from 10 to 90% of its final value. 

Settling time t s is defined as the time after which the system step 
+ response remains within an error band of - 0 t 1 % of i ts final value. 
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In order to avoid an over-attenuation of the signals the rise time t has r 

to be less than or equal to 10 ps. 

The settling time t for a + 0,1% error band has to be less than or equal 
s -

to 25 fS. 

The rise times of both the force and deflection amplifying and recording 

systems for force-deflection measurement should be equal to within 10%. 

This should also be applied to the settling times. This may be checked 

by compairing static and dynamic loading points. 

The system frequency response is determined experimentally by superimposing 

a constant amplitude sine wave signal on the output of the strain gauge 

bridge circuit. The peak-to-peak amplitude of the signal should be 

equivalent to approximately one-half of the full-scale capacity of the 

load transducer at a frequency low enough to ensure no signal attenuation. 

The frequency of the sine wave is then increased until the limit frequency 

value fg for which the amplitude is attenuated 3,0 dB, is found. The rise 

time (t ) is calculated from 
r 

t 
r 

= .Q..t12. 
fg 

For a limit frequency fg of 50 kHz and an attenuation of -3 dB, t becomes r 

The rise time and settling time of the system may only in special cases 

and upon agreement be increased by electronic filtering. 

When recording load versus time measurements the recording system has to 

be triggered in such a way that the force reading is recorded from the 

rirst touch of the tup to the specimen. 

The energy determined from the the force deflection diagram area shall be 

within ~ 15 % of the absorbcd energy indicated on the niachine scale * 

*) Upon agreement small deviation from this may be permitted. 

1-95 



Rev. 1 
Page 12 

Care has.to be taken that electrical interference does not influence to 

any great extent the reading of the results. 

4.3.4 Measurement ranges 

The maximum measurement force is not expected to exceed 30 kN. Thus, a 

measuring system with a range up to 40 kN will be sufficient for most 

practical purposes. 

Force oscillation amplitudes have to be less than or equal to 50% of the 

average force during the first inertial oscillation (see Fie. 5a). 

The force range should be selected in such a way, that maximum force 

indication will be between 30% and 100% of the full range. 

The usual deflection range for brittle behaviour will be 5 mm for full 

range and with ductile behaviour up to 25 mm for fUll range. 

4.3.5 Inertia effects have to be taken into consideration, if the time from the 

tirst touch of the tup on the specimen to fracture is less than 50 ~s. 

Correction may be made by deducting the energy absorbed by the acceleration 

of the broken specimen ha1ves. 

4.4 S1ow-Bend and Intermediate Loading Rate Testing 

4.4.1 The tup, anvils and span of the fixture shall be of the same geometry 

and dimensions as those used to impact testing. The test shall be con

ducted with instrumentation to provide a record of load versus deflection 

and/or load versus time to record the energy to fracture the test piece. 

The rate of loading in slow bend shall not exceed 25 mm per minute; it 

shall be higher, preferably 0.1 mIs for intermediate loading rate. 

The loading rate shall be measured and recorded witn an accuracy of ~ 10%. 

4.4.2 The accuracy of the statically measured load shall be within ~ 2% of the 

full range. The accuracy of the measured deflection should be ~ 1% of 
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the selected range. The usual range for brittle behaviour will be 5 mm 

deflection for full range and with ductile behaviour up to 25 mm for full 

range. This applies both to direct display (i.e. oscilloscope) and 

indirect display (storage plus display) systems. 

~. Inspect~on 

5.1 Installation 

The impact testing machine shall be level to within 3 1000 and securely bolted 

to a concrete floor or a foundation. 

5.2 Wear of Critical Parts 

5.2.1 Specimen Anvils and Sunports. 

These shall conform to the dimensions shown in Fig. l or, are inside 

the envelope given by these drawings. In the latter case the geometry 

has to be agreed upon to assure a minimum of energy loss through absorption. 

Bolts shall be secured as tightly as possible. 

5.2.2 Pendulum striking edge 

The pendulum striking edge shall be in the envelope of the forms and 

dimensions shown in Fig. 1. 

5.3 Pendulum Release Mechanism 

The mechanism for releasing the pendulum from its initial position shal1 comply 

vith 4.2.2. 

5.4 Pendulum Operatio~ 

5.4.1 Pendulum Alignment 

The pendulum shall comply with 4.2.2. If the side play in the pendulum 
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or the radial play in the bearings exceeds the specified limits, udjust 

or replace the bearings. 

5.4.2 Potential ~~ 

Determine the initial potential energy using the following procedure for 

the normal case where the center of strike of the pendulum is coincident 

vi th the line from the center of rotation through the center of gravi ty. 

If the center of strike is more than 2.5 mm from this line, suitable 

corrections in elevation of the center of strike must be made in 5.4.2.2, 

5.4.4.1 and 5.4.6, so that the elevations set or measured corraspond to 

what they would be if the center of strike were on this line. 

5.4.2.1 Place a half thickness specimen, 10 by 5.0 mm, in test position. With 

the striking edge in contact withthe specimen, a line scribed from the 

top edge of the specimen to the striking edge will indicate the center 

of strike on the striking edge. 

5.4.2.2 Support the pendulum horizontally to vith in 15 : 1000 vith two supports, 

one at the bearing {or center of rotation} and the other at the center 

of strike on the striking edge. Arrange the support at the striking 

edge to react upon some suitable weighing device such as a platform 

scale or balance, and determine the weight to within 0.4 percent. Take 

care to minimize friction at either point of support. Make contact vith 

the striking edge through a round rod crossing the edge at a 90-deg. 

~gle. The weight of the pendulum is the scale reading minus the 

weights of the supporting rod and any shims that may be used to main

tain the pendulum in a horizontal position. 

5.4.2.3 Measure the height of pendulum drop for compliance vith the requirement 

of 4.2.8. Measure the height from the top edge of a half-thickness 

(or center of a full thickness) specimen to the elevuted position of 

the center of strike to 0.1 percent. 
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5.4.2.4 The potentia1 energy of the system is equal to the height from which 

the pendulum falls, as determined in 5.4.2.3 times the weight of the 

pendulum, as determined in 5.4.2.2 

5.4.3 Impact Velocity 

Determine the impact velocity, v. of the machine, neglecting friction, 

by means of the following equation: 

where 

v = striking Velocity, [m/~ 

Er. = acce1eration of gravit y {]n/s2J and 

h = initial elevation of thestriking edge [m] 

5.4.4 Center of Percussion 

To ensure that minimum force is transmitted to the point of rotation, 

the center of percussion shall be at a point within 1.0 percent of the 

distance from the axis of rotation to the center of strike in the specimen. 

Determine the location of the center of percussion as follows: 

5.4.4.1 Using a stop watch or sorne other suitable time measuring device, capable 

of measuring time to within 0,2 s, swing the pendulum through a total 

angle not greater than 15 deg and record the time for 100 complete cycles 

(to and fro). 

5.4.4.2 Determine the center of percussion by means of the following equation: 

where: 

L = 248. 4p2 to determine L in millimeters 

L = distance, ~J from the axis to the center 

of percussion, and 

p = tirnc [s] of a complete cycle (to and fro)of 

thé pendulum 
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The energy loss from friction of the pendulum and friction in the record

ing mechanism, if not corrected, will be included in the energy loss 

attributed to breaking the specimen wld can result in erroneously high 

impact values. 

Determine energy losses from friction as follows: 

5.4.5.1 Without a specimen in the machine, release the pendulum from its 

starting position and record the energy value indicated. This value 

should indicate zero energy if frictional los ses have been corrected 

by the manufacturer. Raise the pendulum so it just contacts the 

pointer at the value obtained in the free swing. Secure the pendulum 

at this height and determine the vertical distance from the center of 

strike to the top of half-width specimen positioned on the specimen 

rests (see 5.4.2.1). Determine the weight of the pendulum as in 

5.4.2.2 and multiply by this distance. The difference in this value 

and the initial potential energy is the total energy loss in the penduluc 

and indicator combined. Without resetting the pointer, repeatedly 

release the pendulum from its initial position until the pointer shows 

no fUrther movement. The energy loss determined by the final position 

of the pointer is that due to the pendulum alone. The frictional loss 

in the indicator alone is then the difference between the combined in

dicator and pendulum losses and those due to the pendulum alone. The 

two frictional values obtained may with sufficient accuracy be assumed 

to be distributed uniformly over their respective ranges of action. 

5.4.6 Indicating Mechanism 

To ensure that the scale is recording accurately over the entire range, 

check it at graduation marks corresponding to approximately 0, 10, 20, 30, 

50 and 70 percent of each range. Wi th the striking edge of the pcndulwn 

scribed to indicate the center of strike, lift the pendulum and set it 
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in a position where the indicator reads, for example, 10 Joules. Deter-

mine the height of the pendulum to within 0.1 percent. The height of 

the pendulum multiplied by its weight, as determined in 5.4.2.2 is 

the residual energy. Increase this value by friction losses in 

accordance with 5.4.5 and subtract from the potential energy determined 

in 5.4.2. 

The value recorded by the indicator shall equal this calculated value 

to wi thin 0.2 percent of range or 0 .I~ percent of indi cator reading, 

whichever is larger. Make similar calculations at other points of the 

scale. The scale pointer shall not overshoot or drop back with the 

pendulum. Make test swings from various heights to check visually the 

operation of the pointer over several portions of the scale. 

5.5 Specimen Clearance 

To ensurc satisfactory results when testing materials of different strengths and 

compositions, the test specimen shall be free to leave the machine with a minimum 

of interference and shall not rebound into the pendulum before the pendulum 

completes its swing. Using aC-type pendulum, the broken specimen will not 

rebound into the pendultun and slow it down if the clearance at the end of the 

specimen is at least 12.7 mm or if the specimen is deflected out of the machine 

by some arrangement as is shown in Fig. 2. 

5.6 Load and Deflection Measuring and Recording Systems 

The measur1ng, amplifYing and recording system is to be checked according to 

para 4.3. 

For load and deflection measurements an electronic calibrating device may be used 

to calibrate signal ranges and for daily checking. This uses a signal super

imposed on the load resp. deflcction signal and calibrated t0 a fixed load 

resp. dcflection. 

5.7 Inspection Intervals 

An inspection as described under para 5.1 to 5.6 is to be performed afLer t.he 
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first installation of the apparatus, after any major chanee or reinstallation 

pf the sYptem and in accordance with para 12. For daily checking see para 8. 

6. Test Specimen 

6.1 General Reguirements 

The main dimensions of the precracked Charpy-type spec1men are basically the srume 

as those of the simple-beam V-notch Charpy impact test specimen of ASTM E23-66 

Type A. Notch geometry, tolerances and finish requirements are different and 

thethickness of the beam is variable to permit testing materials 5 to 10 mm thick*. 

The width of the beam is held constant at 10 mm. The machining tolerances are 

shown in Fig. 3. 

6.2 Notchin~ 

The sharpness of the notch (notch radius) and the depth can affect the number of 

cycles required to produce the desired fatigue precrack. Therefore it is 

generally desirable to use as sharp a notch as practicable, smaller than or 

equal to 0,12 mm in radius,to facilitate precracking. The notch depthshall be 

smaller than or equal to 1,0 mm. Because some materials are affected by specimen 

orientation and notch direction, then, unless otherwise specified, specimens 

shall be taken in the direction of major working and the base of the notch shall 

be perpendicular to the surface of the test material. 

6.3 Stamping 

When specimens are stamped for identification, su ch stamping shall be on the 

ends of the specimen or in a manner that will not interfere with proper support 

when the specimen is placed on the nnvil of the impact testing machine, and will 

not cold deform the metal in the path of fracture. At the time of rough machin

ing, it is advantageous to stamp the ends of the test spe~imcns in such a pOsition 

so as to index the test piece with respect to notch location. 

* Upon agreement thickness down to 2,5 mm may be used 
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7. Fatigue Prccracking 

7.1 Method 

Fatigue precracking of Charpy-type specimens may be accompli shed on a fatigue 

machine specifically designed for the purpose or on any standard machine that 

cao be suitably adapted to accept Charpy-type specimens and apply a cylic tensile 

and/or bending load unifor~ly across the thickness of the specimen. Stressing 

in the notched surface of the specimen may be tension-zero-tension (tension

smaller tension-tension), tension-compression-tension or in very brittle materials 

where fracture immediately follovs the initiation of a fatigue crack, compression

zero-compression may be effective in producing a fatigue crack wihtout fracturing 

the specimen. Only in very soft materials, especially where the yielQ-to-ultimate 

streneth ratio is lov, fatigue cracking may be difficult to achieve without 

p1astically deforming the specimen. The notch radius of ~ 0.12 mm and depth of 

(1.0 mm is helpful in precracking. 

7.2 Load for Precracking 

The rules of ASTM E 399-74 have to be folloved, unless otherwise agreed upon. 

7.3 Notch and Crack Depth 

The depth of the machined notch shall be ~1,0 mm. Un1ess otherwise specified, 

the fatigue crack depth shall be 2 - 4 mm. The depth of the machined notch plus 

the fatigue crack must be betveen 2,5 and 5 mm. The lover limit is preferable. 

Crack depth during the fatigue precracking operation cao usually be estimated 

visually, at the sides of the specimen, using a lov pover magnifier or inferred 

by the increasing compliance of the test piece (as measured in suitable equipped 

machine). The use of Indian ink, to mark the crack front is not permitted. 

Thè average depth of the fatigue crack shall be defined according to AS'l'M E 399-74 

as the depth average at 1/4, 1/2 and 3/4 thickness. If for the 10 mm thick 

specimen the difference between any two of the crack 1eneth Ineasurcments exceeds 

0,5 mm (5% of crack length "a" in a 10 mm thick CT-specimen) or, if any part 

of the crack front is closer to the machined notch l'oot than 1,3 mm, thcn the 
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test rcsult is invalide If the length of either surface trace of the crack is 

less than the average crack length minus 1,0 mm (10% of "a" in a 10 mm CT specimen) 

then the test is also invalide 

For a specimen vith a thickness less than 10 mm the crack length tolerances are 

the same as for a CT-specimen of the same thickness. 

The area of fracture section (vithout the precracked area) shall be calculated from 

the average crack length and the thickness of the specimen. The energy absorbed 

in fracturing the test specimens is then divided by the calculated value of 

the fractured area; the quotient is W/A in JOule/cm2 • 

1.~ Condition of the Material to be Tested 

Specimens shall be fatigue cracked in the same condition as the material thàt 

will be subjected to service lo~ds, unless otherwise agreed upon. So fatigue 

precracking vill be done after the final heat treatment of the actual piece, which 

usually makes a simulated heat treatment of the test coupon necessary. 

8. Impact (high loading rate) Testing Procedure 

8.1 Daily Checking Procedure 

Alter the impact testing machine has been ascertained to comply vith Sections ~ 

and 5, the routine daily checking procedures shall be as follovs: 

8.1.1 Prior to testing a group of specimens and before a specimen is placed in 

a position to be tested, check the machine by a free sving of the 

pendulum. With the indicator at the initial position, a free swing of 

the pendulum shall indicate zero energy on machines reading directly 

in energy which are compensated for frictional losses. On machines re

cording in degrees the indicated values, when convert~d to energy, shall 

be compensated for frictional losses. 

8.1.2 Prior to testing a group of specimens, the load and deflection measuring 

system has to be checked for proper zero reading. Rrulge and calibration 
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In most materials, impact values vary with temperature. Unless otherwise specified, 
a tests shall be made at 23 ~ 5 C. The actual testing temperature has to be 

reported to 10C tolerance (e. g. transition curve). Accuracy of results, when 

testing at other temperatures, requires the following procedure: 

8.2.1 Low Temperature Tests (Tests at temperatures down to -196°C) 

For liquid cooling fill a suitable container, which has a grid raised at 

least 25 mm from the bottom, with liquid so that the specimen when immersed 

vill be covered with at least 25 mm of the liquide Cool the liquid to 

the desired temperature. The device used to measure the temperature of 

the bath should be placed in the center of a group of the specimens being 

cooled. Calibrate all temperature measuring equipment to ensure accurate 

testing temperatures. Rold specimens cooled in a liquid medium in an 
a 

agitated bath at the desired temperature within + 0 and - 1.5 C for 

at least 5 min. The condition applies also to in situ cooling. Rold 
o 

specimens cooled in gas at the desired temperature within + 0 and - 1.5 C 

for at least 60 min. Leave the mechanism, used to remove the specimen 

from the coolant, in the coolant, except when handling the specimens. 

Remove the specimen from the coolant and break it within 5 s. The coolant 

shall not influence the fracture behaviour of the specimens. 

8.2.2 High-Temperature Tests 
. 0 

Tests at elevated temperatures up to 260 C may be conducted by immersing 

the specimen in agitated oil or other suitable liquid and holding at test 
o temperature within -0 and + 1.5 C for at least 10 minutes. The flash 

point temperatures of the oils must be carefully observed. This condi

tion applies also to in situ cooling, hold time being at least 5 minutes. 

Above 2600 c use a furnace or heating oyen and hold the specimens at 

telnpcratures within - 0 and + 2.50 C for nt least one hour. In situ 

henting holding at test tempera.ture may be restricted with slow heating 
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to 5 minutes. With d.c. electric resistance heating no holding time is 
required. 

8.3 Location of Test Specimen in Machine 

Some aspects of centering the specimen will be discussed here; but these can be 

used only at rooru temperature or it has to be demonstrated that they do not 

influence temperature. It is recommended that self-centering tongs similar 

to those shown in Fig. 4 be used in placing the specimen in the machine (see 

4.2.1). The tongs illustrated in Fig. 4 are for centering V-notch specimens. 

If an end-centering device is used, caution must be taken to ensure that low

energy high-strength specimens will not rebound off this device into the pendulum 

and cause erroneously high recorded values. Many such devices are permanent 

fixtures of machines, and if the clearance between the end of a specimen in 

testposition and the centering device is not ~ 12.5 mm, the broken specimens 

m~ rebOUlld into the pendulum. 

8.11 Operation of the Impact Testing Machine 

8.4.1 Set the energy indicator at its initial position, take the test specimen 

from its cooling (or heating) medium, place it in proper position on 

the specimen rests, and release the pendulum smoothly. This entire 

sequence shall take less or equal than 5 s. 

8.4.2 Strike the test specimen on the side opposite the notch while supported 

against the supporting blocks in such a position that the center line of 

the striking edge strikes in line with the center line of the notch. The 

notch shall be midway between the points of support as defined in 4.2.1. 

8.4.3 If any specimen fails to break, do not repeat the blow but record the fact, 

indicating whether the failure to break occurred through extreme ductility 

or lack of sufficient energy in the blow. Such results shall not be 

includcd in the average. 
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8.4.4 If any specimen jams in the machine, disregard the results and check the 

machine thoroughly for damage or maladjustment, which would affect its 

calibration. 

8.5 Operations of Machines for Slow Bend and Intermediate Loading Rate 'festing 

These have to be operated according to the machine manuals and in such a way as 

to gain the results stated in para 4.4. .; 

9. Determination of Brittle-Ductile Transition 

9.1 Test Procedure 

To determine transition temperatul'e for a given material and specimen orientation, 

break at least four (~) specimens, each one at a different temperat\~e, with 

the range of temperatures as specified or encompassing the anticipated service 

temperature. Based on the tr.end established with these preliminary tests, test 

at least eleven (11) additional specimens at suitable temperatures (at least 

five) to develop the desired·transition curve. At each temperature a set of 

3 specimens has to be tested •. · 

10. Evaluation of Tests 

10.1 Specifie Energy 

The specifie energy per fractured area W/A will be calculated from the scale 

energy indication divided by the fracture area defined in paragraph 7.3. 

Another possibi1ity is: the calculation of the specifie energy from the 10ad

deflection curve. 

For fracture mechanisms application the energy from the 10ad-dcflection curve 

shall be used. 
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10.2.1 KIc or KId will be calculated in the first case for static or low loading 

rate, in the second case for high loading rate tests. For this purpose 

use the value P , see Fig.5a+5b. 
c Force oscillation amplitudes have to 

be less than or equal to 50% of the average force during the first 

inertial oscillation. Only if fracture occurs after the first load dis

continuity, at load which is at least 50% higher than the average force 

during the first inertial oscillation may K
Ic 

or K
Id 

be calculated accord

ing to ASTM E 399-74 using the distance s = 40 mm (Fig. 1) as diste.nce 

between loading points. As long as no measureable plastic deformation 

can be found on the recording before fracture, the behaviour is 

regarded as linear elastic. The result is taken as a linear elastic 

fracture toughness; a force-time recording may be sufficient. If the 

1inear elasticity at the point of fracture does no longer exist, KQ 

may be calculated from P
Q

. (Fig. 5c). 

10.2.2 If it is ascertained that initiation of the crack propagation does not 

take place before the maximum force is reached, an equivalent energy 

dynamic fracture toughness value K~ can be determined if force-deflection 

is recorded •. (The same condition applies to the J-integral determination). 

For illustration, see Fig. 5. Only those areas have to be taken into 

account which contribute to deflection. 

10.3 Striking Velocity 

The recommended striking velocity is 5 rn/sec. which corresponds to the rate of 

. .. 2 5 101 / ft43/2/ W' h .. f th stress lntenslty lncrease of • x N mm s. lt varlatlon 0 e 

pendul\uu drop height or by using an excenter actuated instrumented chisel, other 

velocities are also possible on certain machines. 
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The test report shall include at 1east the fol1owing information for each specimen 

tested. 

11.1.1 Identification 

Test date, materia1, specimen code, 1aboratory and operator(s) shal1 be 

identified. 

11.1.2 Specimen Parameters 

- Type of specimen 

- Crack plane orientation 

- Dimensions with tolerances (thickness, width etc.) 

- Notch depth and radius 

- Crack 1ength a 

Average crack length a, and a(l/4), a(1/2), a(3/4) and a at the 

surfaces 

- Precracking conditions 

temperature, stress intensity factor (Kf-max.), fatigue cycles and 

crack extension. 

11.1.3 Test parameters 

- Temperature 

- Response time 

- Striking velocity 

- Pendu1um energy 

11.1.4 Test data 

- Load: maximum and yield 

- Energy: total and initiation 

- Time: maximum time to fracture and yield 

- Load-deflection and/or load-time records with proper1y indicated scnles 
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- All validity criteria 

11.1.5 Test Results 

- Crack depth ratio 

- Compliance (specimen, machine) applied, e.g. ASTM-STP 410 page 13 

Fig. 7 

- DynaDlic yield (measured, calculated or estimated) 

- Dynamic fracture toughness 

Linear elastic, J-Integral, equivalent energy 

Fracture energy 

Total, initiation, J-Integral 

- Work and specific work done in breaking the specimen 

- Lateral expansion (impact tests) 

- Fracture surface appearance and percentage of ductile appearance 

12. Frequency of Calibration 

12.1 General Reguirements 
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It is recommended that Charpy impact machines, when in constant use be checked 

forconformity with this method at intervals of 12 months and, when used 

intermittently, at intervals of 2 or 3 years. It is not intended that parts 

not subject to wear (pendulum weight and scale linearity) need be measured 

at these intervals. Charpy machines shall, however, be recheckcd immediately 

after making repairs or adjustments, after they have been moved, or whenever 

there is reason to doubt the accuracy of the"results, without regard to the 

time interval. 
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In the case of a continuous transition from the elastic to 
the plastic regime in the load-deflection curve, PQ can be 
determined using the 5% - secant-method as describcd in 
ASTI-1 E 399-74 
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E.N.Klausnitzer, A.Gerscha, G.Hofer, KWU Erlangen: 

KWU-experience with instrumented precracked charpy testing 

1. Introduction 

Generally the fracture mechanics testing methods are said 

to exhibit wider scattering of data than the conventional 

mechanical testing methods. This statement is correct inso

far as with fracture mechanics two additional parameters 

have to be taken into account, namely precracking of the 

sample and the effect of specimen size. 

Particularly with instrumented precracked charpy testing, 

the problem of force measurement during dynamic testing is 

an additional difficulty. In the present case the effect of 

specimen size makes no difference, since only one specimen 

size is used. 

After KWU had to provide a larger number of precracked 

charpy specimens within the frame of a surveillance pro-

gram, in detailed investigations the conditions for 

reproducible precracking and testing the samples were gene

rated. 

2. Precracking of specimen 

The following possibilities of precracking a sample received 

a closer consideration: 

1. Servohydraulic testing machine 

2. Mechanical pre cracker 

3. Electro-mechanical resonance pulser 

2.1 Servohydraulic testing machine 

Precracking Charpy specimens reproducibly on a servohydrau-

lic testing machine does not offer any fundamental difficul

ties. However, as substantial drawbacks have ta be mentioned 

the high price of such a machine and the long time per sample at 

maximum frequency of 50 cycles per second. Therefore,this 

possibility was not pursued any further. 
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2.2 Mechanical precracker 

With two models of a commercial mechanical precracker, on 

which 8 samples are precracked simultaneously at a maximum 

frequency of 35 cycles per second, no satisfactory results 

were obtained. The main drawback was that the prestress, 

applied by screws was reproducible to + 20 to 50 % only, 

even though extensive efforts had been taken to insure repro
ducible conditions. 

2.3 Electro-mechanical resonance pulser 

The electro-mechanical resonance pulser offers aIl the con

ditions for precracking fracture mechanics specimens repro

ducibly, fast and economically. Sole drawback is the intense 

annoying noise, which, however, with small machines can be 

reduced by a sound screening hood so far that operation in 

a normal testing laboratory is possible. 

After appropriate pre-investigations the fol~owing test set 

up was chosen: The sample is positioned in a three-point

bending device and an inductive strain transducer is attached. 

Precracking is carried out at room temperature and starts at 

an upper value of force corresponding to. 

Kf " ·t" l ~ lnl la 
750 N/mm3 / 2 . 

From the given K-value and the pertaining crack length a 

value of the force is calculated which then is transformed 

into a stress. This stress value then is transferred from the 

computer via the ASC II interface card of the coupler onto 

a digital voltage source. This one then gives a con-

trol potential equal to the input value of the required force 

to the pulser. 

There a force equal to the calculated value a?d proportional 

to this potential is adjusted by the machine control circuit. 

The crack length of the sample is determined from the crack 

opening measured by an inductive length transducer. 
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Among crack length a,the potential measured by the inductive 

length transducer h and the acting force F the following 

empirical relation was found: 

a =o{+~ ~ 

a = crack length (precrack) 

h = potential of the length transducer in volts 

F = acting force in kN. 

The constants ~ and ~ were determined by calibration 

experiments. 

Immediately after the program is started the constant ~ is 

checked and corrected. The starting condition is 

a = 0 

This means, no precrack exists yet. Past this step the K-value is 

kept constant until the crack has grown by 0,1 mm. Having 

arrived at this value a new force is calculated corresponding 

to a lowered K-value. The initial drop of force amounts to 

10 % and is reduced stepwise down to 1 %. 

The K-value is reduced to a minimum of 250 N/mm3/ 2
. 

At all stages the stress ratio R is 0,1. For documentation a 

diagram is recorded of each sample, containing all essential 

precracking data. A typical example is given in Fig. 1. In 

the described Ï1'J.anner approximately 750 samples of ferritic 

and austenitic steels of various raw materials (forgings, 

sheet, tubing) weld deposit and heat affected zone (HAZ) have 

been produced. Moreover, according to the same principle 

approx. 250 samples (CT, WOL-X-, three-point-bending-type) 

with thicknesses ranging from 3 to 40 mm were precracked. 

Meanwhile , the whole test set up runs for 6 years wi thout 

any irregularities. Failure test caused by the machine are 

not recorded. On the basis of this positive expé~ience a second, 

equivalent set up was installed in the hot cells for pre

cracking of irradiated samples, which operates without any 

irregularities as welle 
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3. Statistical evaluation of precracking data 

For a surveillance program approx 400 precracked Charpy 

specimens had to be provided made from base material, weld 

deposit and HAZ. 

The pertaining most important data are given in Fig. 2. B~ 

the described test set up aIl specimens could be precracked 

without any problems. 

It turned out, however, that in relatively many samples 

the precrack would grow unevenly, so that substituœ samples 

had to be preckracked. The statistical evaluation of aIl 

samples is given in Table 1, Table 2 only contains the valid 

results; Table 3 gives on overview as to the drop out ratio. 

It turned out, that the drop out ratio for the base metal II 

and the pertaining HAZ is clearly higher as with the other 

materials. For this a higher inhomogenity of the material is 

responsible. The range of scatter of the remaining criteria 

is small except for the number of cycles. In this point the 

weIl known relatively large scatter of crack growth rates is 

expressed. Particular investigations as to the reasons for 

this state of affairs have not been made. How far the 

statistics found aretypical, cannot be judged, since correspon

ding investigations of other institutions are not available. 

The samples contained in the statistics are not yet tested, so 

that no statements as to the scatter of KID-values can be 

made. 

4. Round-Robin-Test concerning the influence of precracking 

conditions on the dynamic fracture toughness 

In order to clarify the question of how far precracking - and 

testing conditions affect the dynamic fracture toughness, a 

Round-Robin-Test has been arranged among KWU and two further 

laboratories. For the test a total of 72 samples 10 x 10 x 55 mm3 

had been prepared from homogeneous steel sheet material (SA 533 
Grade B, Class 1). Each participant had to precrack 24 samples 
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according to his method) and at -6S oC had to test S samples of 

each of the remaining participants. The following conclusions 

may be drawn from the compilation of data in Table 4: 

1. The difference among KID-values as a function of precracking 

conditions is significant. 

2. Furthermore, a remarkable effect of the testing equipment 

is observed. 

3. The single values of KID differ by a factor of 2. 

4. The scatterband of samples precracked by KWU is the most 

narrow one. 

The conditions of precracking are suspected to be the main 

reason for the large differences among the KID-values. Those 

of the other laboratories,however, being unknown, visual inspection 

of the samples shows, that the plastic zones developed quite 

differently. This state of affairs is shown in Fig. 3 - 5. 
While the KWU samples show a decreasing plastic zone with in

creasing depth of crack, with laboratory A a constant plastic 

zone and with laboratory B an increasing plastic zone with 

increasing depth of crack can be abserved clearly. In the same 

sequence the KID-values are getting larger. 

From other investigations it is known as weIl, that the 

conditions of precracking will have a considerable effect upon 

the fracture toughness values. Therfore ~t has to be guaranteed 

absolutely, that precracking data are specified accurately and 

that they are obeyed. Therefore ,the question cornes up if the 

specifications given in ASTM-E 399 for the pre cracking of samples 

are sufficient. As long as Kf is related to the ex-, final 
pected Kr D-value, there is the risk of initial failure tests, 

at Ieast with unknown materials . To check if Yf f" l affects , lna 
KID' in principle for each new material respectively material 

condition Kf f" l had to be lowered until no furthereffect upon , lna 
KID can be noticed. 
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It is KWU-practice to precrack 

generally with a Kf f' l that , lna 

Charpy specimens for K1D tests 

lies below 300 N/mm3 / 2 . This 

value is at the boundary of the technicaTIy meaningful efforts 

and near the threshold relative to fine grained structural 

steel for nuclear components. This procedure explains the 

high numbers of cycles, evident in Tables 1 and 2. 

For testing the samples KWU applies a commercial, instrumented 

impact device, with reduced velocity of impact, however. This 

velocity generally amounts to approx. 2 rn/s. For further re

duction of the impact for each sample a soft aluminium - or 

copper washer is attached at the front of the hammer. 

With the described test set up force-time-diagrams according 

to the typical shape given in Fig. 6 are obtained. 

The experience available up to now at KWU shows that aIl 

K1D-values of fine grained structural steel obtained with 

samples precracked and tested in the described manner, are 

below the K1c-values. These statements refer the range of 

brittle fracture only. 

5. Conclusions 

According to the available results Charpy specimens can be 

precracked controllably and reprocucibly by a computerized 

electromechanical resonance pulser. The K1D-values measured 

with such samples have a narrow scatterband and, with fine 

grained structural steels in the range of brittle fracture, 

they are below the K1c-values. From this state of affairs it 

is concluded that the chosen testing technique can be maintai

ned for the future as weIl. 
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2 

10/8/77 

22 Ni Mo Cr 37 

50A 

RT 

R= 0,1 
1/1 

Crack Length a in mm 

Technician Munster 

Project Gosgen-RDB 

1.rype of Sample JSO-V 

Wedge Length J= 0,7mm 

Frequency f= 200Hz 

'Load Cell 5kN 

Program Carâ No. 13 

Readings at the End of Fatiguing 

Load Crack Length Cycles Computer Alli 

1,71 2,5 2,3 0,77 0,400 

1,68 2,7 2,5 0,96 0,1000 

1,68 2,8 2,5 1,02 -11-

1,55 3,0 2,8 1,49 -11-



HAZ 

EDM-notch 

fatigue crack 

Base metal: 

Weld metal: 

Heat treatment: 

Fig. 2: 

Weld met al 

Base metal 

[ t~ 5:~., .1 

Steel-forcing, 22 NiMoCr 37 
Csimilar to A 508 cl. 2) 

Manual arc weldment 
Mo-type weld met al 

~ 

Quenched and tempered, 
stress relieved at 605°C after welding. 

Location and orientation of specimens 
Material characterization 
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Fig.3: KWU-Laboratory 

Fig.4: Laboratory A 

Fig.5: Laboratory B 

Fig. 3 - 5: Shape of plastic zones of precracked charpy-specimens. 
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Fig. 6: Typical Load -Time-Record fram KID- Test 
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Material Kf Final, 
Nlrnm3 / 2 Cycles, Xl0-6 

lë 0, % X cr, % 

Base metal l 295 10 1,16 41 

Base metal II 292 22 1,19 56 

HAZ l 281 7 1,00 38 

HAZ II 278 7 0,88 36 

Weld metal 280 7 1,00 43 

Table 1: Precracking data total 

Base metal l 296 10 1,10 38 

Base metal II 289 7 1,15 47 

HAZ l 281 7 0,97 38 

HAZ II 276 7 0,88 27 

Weld metal 280 7 1,01 43 

Table 2: Precracking data without failed specimens 

Material Number of Specimens, 
total 

Base met al l 66 

Base metal II 130 

HAZ l 67 

HAZ II 128 

Weld metal 126 

Table 3: Number of failed speoimens 

~ KWU-Laboratory 

Tested at 

KWU-Laboratory 1066 + -

Laboratory A 1275 + -

Laboratory B 967 + -

o 
Table 4: K1D-values at - 68 C 

44 

120 

52 

Specimens 
failed 

6 

35 

7 

34 

18 

Laboratory A 

1505 + 400 -
1701 + 250 -
1205 + 174 -

Crack length mm 

al a 5 

ië cr , % ië 0, % 

2,97 7 2,93 10 

2,88 10 2,90 8 

2,95 5 2,97 5 

2,91 8 2,96 8 

2,94 6 2,88 7 

2,99 7 2,96 8 

2,93 5 2,93 5 

2,96 5 2,96 5 

2,95 5 2,98 6 

2,93 5 2,91 5 

Percent age of 
failed specimens 

9 

27 

10 

27 

14 

Laboratory B 

1562 + 111 -
1848 + 168 -
1675 + 78 -

(the simple standard deviatian (68 %) ist alsa shawn) 
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INTRODUCTION 
Economic considerations associated with characterizing a large num

ber of heats dictate the need for simple inexpensive tests; additiona11y, 
space 1imititations in surveillance programs dictate the need for sma11 
specimens. Because of its sma11 size and since the sma11 Charpy V-notch 
specimen has been used in the historica1 transition temperature approach 
to fracture safe-design, the 10gica1 place to begin is to consider modi
fications of this specimen (i.e., fatigue precracking to pattern a 
standard fracture mechanics three-point bend test piece) and associated 
impact test techniques (i.e., instrumentation and control). A major hurd1e 
was present in that no ASTM standards existed for obtaining dynamic frac
ture toughness, and yet dynamic toughness data were needed to compare with 
the ASME KIR reference toughness curve. Thus, the "EPRI procedures" 
for re1iab1e instrumented impact testing came into existence. 

EPRI INSTRUMENTED IMPACT PROCEDURES 
These procedures basical1y insure that three conditions are met when 

an instrumented impact test is conducted. First, the impact velocity must 
be sufficiently 10w so that inertial effects are essentia11y dissipated 
prior to any desired 10ad and time measurements; this criterion is met by 
requiring that any important time measurement (t) has to be greater than 
a multiple of three times the apparent specimen oscillation period (.). 
The second criterion relates to the frequency response of the e1ectronic 
system used. For a typica1 direct current, resistance-capacitance, trans
ducer amplifier, the potentia1 prob1em of limited frequency response is 
avoided by specifying that any time measurement must be 10% greater than 
the 0.915 dB response time (TR) of the amplifier. The third criterion 
relates to the need to keep the impact tup velocity (Vo) from decreasing 
more th an 20% prior to the time of maximum 10ad; thus, the avai1ab1e 
kinetic energy of the impacting tup (Eo) must be greater th an three times 
the system energy dissipated to maximum 10ad (WM). Additiona11y, require
ments for e1ectronic curve fitting can also be employed under stringent 
conditions, but in most cases these are unnecessary. These criteria are 
discussed in more detai1 in another paper presented at this meeting1; Table 
l a1so 1ists these criteria. 
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Within the instrumented impact procedures a technique was developed 
to correct the apparent energy absorbed for machine compliance contribu
tions; this calculational technique is important for the determination of 
dynamic elastic-plastic (post-general yield) toughness. The procedure 
employs the calculation of the machine compliance (CM) for each test by 
determining the total system compliance (CT)' utilizing the load, time, 
and velocity at general yield (or at some other elastic point in time), 
and subtracting the known specimen compliance (CS) based upon the speci
men dimensions and elastic modulus (E). The machine compliance is assumed 
to be linear elastic and an extraneous machine energy term is calculated 
based upon the load corresponding to the time of the energy calculation. 
This same technique has also been applied to compact specimen testing in 
which the ram (crosshead) displacement was monitored. 2 

Speci·al experiments were conducted,3,4 in evaluating the use of the 
"EPRI procedures." These experiments included strain-gaged specimen tests 
for a comparison with instrumented tup results. The instrumented specimen 
results agreed favorably with tup data as long as the EPRI test require
ments were met. Additionally, relatively rate-insensitive 4340 steel 
(Rc 52) results for both static and dynamic 1inear elastic toughness 
agreed as shown in Figs. 1 and 2 as long as the EPRI procedures were fo1-
10wed. The data in Figs. 1 and 2 are plotted as a function of the stress 
intensity 10ading rate which is inversely proportional to the loading time 
(time to fracture). 

Linear elastic resu1ts for SA533B-l steel (HSST Plate 02) in the 
transverse (TL) orientation tested at or near 4°C are shown in Fig. 3 as 
a function of stress intensity loading rate (~). Also shown are static 
and dynamic results from other studies, on the same heat of steel. 5,6 
The impact loading scatter limits for toughness as shown in Fig. 3 are 
based upon ±2 standard deviations for 18 test results (±2o) for both 
acceptable tup data and gaged-specimen data; specimens were all three
point bend with a span-to-width ratio of 4, but different thicknesses (up 
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* to 2T) and thickness-to-width ratios of 1 or 2 were emp1oyed. The 1T 
bend and precracked Charpy data from Ref. 6 met the EPRI requirements for 
acceptable instrumented tup resu1ts. The 1inear e1astic trend 1ine in 
Fig. 3 indicates the average trend of the toughness resu1ts shown as a 

function of R. 

SIZE AND FRACTURE MODE LIMITATIONS 
Precracked Charpy specimens of nuc1ear pressure vesse1 steel fai1 

in the 1inear e1astic regime by slip-initiated c1eavage fracture (except 
at extreme1y low temperatures). Limits for 1inear e1astic behavior are 
simp1y based on fracture before genera1 yie1ding and values of KIc up 
to approximate1y 65 MN·m- 3/ 2 can be ca1cu1ated direct1y. At tempera
tures above where genera1 yie1ding occurs (TGy )' fracture can still be 
predominant1y c1eavage initiated and an e1astic-p1astic measurement of 
specimen energy converted to a J Ic (and to an equiva1ent KJc ) is made. 
Genera11y, e1astic-p1astic KJc values o~ up to 135 MN o m-3/ 2 provide 
re1iab1e toughness measures by mere1y using maximum load (c1eavage load 
drop) as the point of fracture initiation, i.e., Jmax = J Ic and 
KJM = K

Jc
· Above this toughness 1eve1 which corresponds to the 50J/oF 

1eve1 (oF is the materia1 f10w stress), either a specimen-size restric
tion for c1eavage initiated fracture is needed or stable crack growth 
(fibrous initiation) occurs prior to maximum load. In each case, Jmax 
is greater than the true J Ic ' and the equiva1ent stress intensity values 

are nonconservative. 

Figure 4 compares e1astic-p1astic toughness resu1ts at 4°C with 
the 1arger specimen 1inear e1astic trend 1ine shown in Fig. 3. The 1T 
compact data compares very we11 with the trend 1ine, but on1y a portion 
of the precracked Charpy data agree. It appears that there are two data 
groups for the precracked Charpy resu1ts, one that is 1ess than the 

* 2T designates a test specimen with a thickness of 2 inch (50.8 mm); 
this abbreviated form is used to specify specimen size. 
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50J/oF level and one that is above the 25J/oF level. It was observed 
that the change from cleavage to fibrous initiation occurred at about the 
25J/oF level, thus indicating that the grouping of the data is due to 
differences in fracture initiation mode. However, there appears to be a 
size restriction based upon the 50J/oF limit for cleavage-initiated 
fracture. 

Figure 5 shows precracked Charpy data as a function of temperature 
for an SA508-2 steel forging. The toughness results have been fit by a 
nonlinear regression technique7 to the equation 

(
T - T ~ 

K = A + B tanh C 0_, ' (1) 

where K represents fracture toughness, T is temperature, and A, B, 
To ,and C are the regression parameters. The dynamic toughness data 
are either linear elastic K1c (circles); elastic-plastic, cleavage
initiation KJc (triangles); and elastic-plastic, maximum load, toughness, 
KJM (closed diamonds). The criteria shown in Fig. 5 are: 

(1) b ~ 2.5~:)2 , ASTM E399 llnear elastic size crlterion,8 

(2) b ~ O.26~:)1/2 , TGy ' llnear elastlc fracture before general 

yield, 

(3) elastic-plastic size criteria, 
b ~ 50J/oF 1 
b ~ 25J/oF 

where b is the test specimen remaining ligament depth, which is the 
limiting specimen dimension for the precracked Charpy specimen for a 
crack depth-to-width ratio (a/w) of about 0.5; 0y and oF are the 
material yield stress and flow stress (mean of the yield and ultimate) 
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at the appropriate temperatures and loading rate. The temperature depen
dence of the various criteria is therefore dependent upon the temperature 
dependence of 0y and oF' Other data indicate that the ASTM E399 size 
requirement is overly conservative for this class of material, and the 

,use of TGy as the limit for linear elastic behavior (KIc ) may be justi
fied. 9 The elastic-plastic size criterion of 25J/oF reflects the cur
rent size requirement for fibrous-initiated fracture as proposed from ASTM 
activities. 10 However, as mentioned earlier and indicated in Fig. 4 (and 
also shown in Fig. 5) the 50J/oF criterion appears to limit cleavage
initiated fracture in terms of specimen ligament size; additionally, the 
25J/o

F 
criterion corresponds to the change in fracture initiation mode 

from cleavage to fibrous at the temperature TCL ' Figure 6 summarizes 
these precracked Charpy test criteria for a typical pressure vessel steel. 

Another comparison of precracked Charpy results with other dynamic 
loading data was made using a tempered 4340 (Rc 4B) and 1018 cold-rolled 
steels. ll A high loading tensile pulse initiated by the detonation'of 
an explosive charge at one end of a prefatigued, notched round bar was 
used to obtain loading rates in excess of 2.2 x 106 MN o m-3/

2
s-

l 
. Although 

the loading rate is about an order of magnitude higher than a IIvalid ll EPRI 
precracked Charpy test rate, the data compared exceptionally well for the 
linear elastic (K

Ic
) 4340 steel. The 1018 steel results were also favor

able through the linear-elastic (pre-general yield) temperature regime. 
The comparison between elastic-plastic (cleavage-initiated) results in 
the post-general yield regime were also favorable, in tel'ms of average 
temperature dependence up to the 50J/oF cutoff, although the precracked 

Charpy results showed more scatter. 

YIELD STRESS ESTIMATION FROM GENERAL YIELD LOADS 
By applying a slip-line fields solution for general yielding, which 

includes the tup indenter for Charpy V-notched and precracked Charpy tests, 
estimates of high loading-rate yield stress values can be obtained.

l2 

These values of yield stress are of particular interest for loading-rate 
sensitive materials such as low strength steels in which 110rmal tensile 
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tests are not performed at strain-rates indicative of impact tests. Addi
tionally, dynamic fracture toughness tests require the knowledge of dyna
mic yield stresses for the determination of validity limits for the frac
ture toughness measurements. The equations for obtaining yield stress 
(cry) fram Charpy V-notch and precracked Charpy specimens are: 

2.99PGyW 
(V-notch) cr = 

Bb2 Y (2) 

and 

cr = 
2.85PGyW 

(Precracked) y Bb2 (3) 

where PGy is the general yield load, W is specimen width, B is 
specimen thickness, and b is the remaining ligament depth below the 
machined notch or fatigue crack. The elastic strain rate for a typical 
Charpy impact test is about ~275 s-1.12 

The SA533B-l steel data12-14 presented in Fig. 7 provide evidence 
that Charpy V-notch and precracked Charpy general yield loads can be used 
to determine dynamic yield stress values for nuclear pressure vessel 
steels. The temperature-rate relationship Tln{108/~) can also be used 
to determine high strain-rate yield stress values, but supplemental Charpy 
testing could provide added confidence in rate-temperature parameteriza
tion of yield properties with little additional effort. Application of 
this method to other materials would require additional experimental 
data; however, the estimated values of yield stress from instrumented impact 
testing shown in Fig. 7 agree closely with high-strain rate tensile test 
results. 

SUMMARY 

Instrumented impact testing of small three-point bend specimens 
(Charpy-size) results in a dynamic loading rate on the order of 
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105 MN.m-3/ 2s-1 using procedures developed under Electric Power Research 
Institute sponsorship. The results presented here utilize these procedure 
to compare initiation fracture toughness data obtained using both linear 
elastic and elastic-plastic (J 1c ) calculations over a range of loading 
rates (from static to greater than instrumented impact testing). The 
linear elastic results show excellent agreement for rate sensitive mate
rials such as pressure vessel steels when both large and small specimen 
results are compared; non-rate sensitive material results show excellent 
agreement between static and dynamic loading. Elastic-plastic toughness 
results also show good agreement with larger specimen data as long as the 
fracture mode for initiation is the same and certain size requirements 
are met. Also. since dynamic yield and flow stresses are needed to specify 
size requirements. this paper also compares high strain rate yield stress 
values with estimates of yield stresses for dynamic three-point bend tests 

for pressure vessel steels. 
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TABLE 1 

EPRI INSTRUMENTED IMPACT TEST REQUlREMENTS 

l t > 3T 

II t ~ 1.lTR 

E 
o 

0.35 

f O• 915 dB 

1 2 
= - mV 

2 0 

t 
m 

W = v f Fdt M 0 

o 

Avoid Inertia Effects 

Avoid Limited Frequency Response 

Avoid Excessive Ve10city Decrease 

A1ternative1y, but 1ess desirable, marginal high velocity tests may be 

eva1uated if e1ectronic curve-fitting is app1ied: 

t > 2.3T 

on1y if 

plus Requirements II and III are met 
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Effects of Precracking Variables on the 
Responses Computed From Charpy Tests 

by 

Charles G. Interrante and James J. Fil1iben 
National Bureau of Standards 

ABSTRACT 

The significance of four variables in the technique used to precrack 
Charpy specimen~ of metallic·materials is determined by analyses of 
seven responses computed from results of slow-bend Charpy V-notch tests. 
The variables include crack size, stress-intensity'factor at the start 
of precracking (Kf max), notch preparation prior to precracking, and 
material. Values for the crack-size factor range from a/W = 0.25 to 
0.6. Three levels of Kf max were used and they range from 0.2 to 1.2 
times the value-recommended in ASTM Method E399. The notch preparation 
factor included three levels of root radius: (1) a standard 0.25 mm 
root-radius V-notch modified by sharpening the root with a razor blade; 
(2) a machined, non-standard V-notch of 0.125 mm root radius; and (3) a 
standard V-notch modified by sharpening to about 0.05 mm by electric 
discharge machining. The materials included an a1uminum alloy, a maraging 
steel, and a titanium alloy. Three analytical methods are used to 
determine the significance of each of the test variables. These analyses 
are conducted for each of seven response parameters (each represent 
alternative methods for evaluations of fracture toughness) that were 
evaluted for each test. These responses are based either on a single 
value of load or on energy absorbed in the test. The results indicate 
that: (1) AlI seven computed responses are linearly re1ated to crack 
length and the sensitivity to crack length is a function of both respon~e 
parame ter and materüü. (2) Precracking at either very high or very low 
levels of stress-intensity factor, Kf' are to be avoided. (3) The 
method of notch preparation prior to precracking does not signiflcantly 
affect the test response. This work summarized the results of a st.udy 
conducted by ASTM Task Group E-24.03.03 and members of eight participating 
laboratories. lt is believed that the precracking procedures established 
by this work on slow-bend Charpy tests is equally applicable to impact 
tests of precracked Charpy specimens. 
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MEASUREMENTS OF DYNAMIC STRESS INTENSITY FACTORS IN IMPACTED BEND SPECIMENS 

J.F. Kalthoff, W. Bohme, S. Winkler, W. Klemm 
Fraunhofer-Institut für Werkstoffmechanik, (formerly IFKM), D-7800 Freiburg 

ABSTRACT 
The influence of inertial load effects in impact tests is investigated. Model 
experiments are performed with prenotched bend specimens made from the epoxy 
resin Araldite B and a high strength steel. In the experiments the load signal 
at the tup of the striking hammer is recorded as usual. In addition, the actual 
dynamic stress intensity factor is measured directly at the crack tip by means 
of the shadow optical method of caustics and high speed photography. The data 
indicate that a static analysis is not adequate to describe the loading condi
tions in the specimen, even when large times tf > 3T prevail. A fully dynamic 
procedure for measuring the impact fracture toughness KId is described which is 
based on shadow optically determined impact response curves. 

1. INTRODUCTION 

Instrumented impact tests with precracked bend specimens are commonly used for 
measuring the dynamic fracture toughness KId at high loading rates. In these 
tests the load at the tup of the striking hammer is recorded as a function of 
time (or deflection of the specimen). The interpretation of these load records 
and the determination of KId-values from these data, however, has been contro
versial for more than a decade and no consensus has been reached. It has been 
emphasized by many authors [1-15], that inertial effects can influence the load 
records. Consequently, toughness values may be erroneous when they are derived 
from the critical load for onset of crack propagation utilizing conventional 
static stress intensity factor formulas. Meaningful data in these cases can only 
be obtained if fracture of the specimen occurs after times sufficiently large 
that a quasistatic loading condition has been reached in the specimen. It has 
been proposed to ASTM,therefore, that a quasistatic evaluation procedure would 

yield reliable KId-values if the time to fracture tf would be larger than three 
times the period T of the oscillation of the impacted specimen [16], 

(1) 

In this paper, restrictions on the test conditions resulting from this require
ment are considered. Furthermore, the influences of dynamic effects on the 
measured hammer loads and the actual loading conditions at the crack tip are 
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investigated for different time ranges. Finally. a fully dynamic evaluation pro
cedure for measuring Kld is described which would be applicable under all test 
conditions. 

2. THE RANGE OF APPLICABILITY OF A QUASISTATIC EVALUATION PROCEDURE 

In order to fulfill the tf > 3T requirement it is favourable to utilize specimens 
with a short period T and test conditions which yield a large time to fracture tf. 
Short periods T result for small specimens. For Charpy specimens of size 55 x 10 
x 10 mm

3 
the 3T-value is in the range of about 0.1 to 0.2 ms+). depending on the 

crack length. Large fracture times. on the other hand. are obtained when more 
ductile materials are tested at low impact velocities. 

Experiments have been performed to measure the time to fracture under different 
test conditions. Fig. 1 summarizes data obtained with precracked Charpy specimens 
impacted by a pendulum (20 kg mass). and of larger precracked bend specimens 
(220 x 40 x 20 mm

3 
and 620 x 150 x 40 mm3 of size) which were tested in a drop 

weight machine (90 kg hammer mass). All specimens were machined from the same 
pressure vessel steel characterized by an upper shelf energy of 200 Joule. The 
tests were performed at the same impact velocity of 5 mis in a temperature range 
of -80

0
C to room temperature. In most cases. in particular with the larger speci

mens. tf was far below the 3T-value of the specimen. Only with Charpy specimens 
tested at temperatures higher than 100 C could the tf > 3T requirement be met. 
Data from further experiments with Charpy specimens machined from another pressure 
vessel steel with an upper shelf energy of only 40 Joule tested at different im
pact velocities are shown in Fig. 2. The tf > 3T requirement is fulfilled at 
lower temperatures if the impact velocity is reduced. 

As illustrated in Fig. 1 the tf > 3T requirement demands small specimen dimensions 
and high test temperatures. Such test conditions. however. are contradictory to 
the usual requirements for a valid LEFM-test. which, in general, demands large speci
men dimensions and low temperatures [5]. Both requirements can only be fulfilled 
simultaneously if the loading rate applied in the test is generally reduced by 

+)calculated according to the empirical formula [9] T = 1.68 {SoWoBoCoE)1/2/co ' 
where S is the support span. W and B are the width and the thickness of the 
specimen, C is the specimen compliance, E is Young's modulus and Co is the 
sound wave speed (5000m/s for steel). 
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utilizing low impact velocities. 

The tf > 3T requirement, therefore, severely restricts the range of applicability 
of impact tests. Although it will allow measurements of certain dynamic fracture 
toughness data, which are of interest and importance for reactor safety conside
rations, it is also evident that the requirement is very unsatisfactory from a 
general point of view. 

3. INFLUENCE OF DYNAMIC EFFECTS ON THE HAMMER LOAD AND THE CRACK TIP STRESS 
INTENSIFICATION 

Model experiments were carried out to investigate the influence of dynamic effects 
on the hammer load aDd the actual stress intensification at the crack tip. The 
investigations were performed in the 3T < t ~ 5T range in order to check the accu
racy of a static evaluation procedure under these conditions. In addition, the 
small time to fracture range tf < 3T was also investigated in order to provide 
information on the physical processes during the impact event which will be the 
basis for developing a fully dynamic evaluation procedure for impact tests. The 
stress intensification directly at the crack tip in the specimen was determined 
by shadow optical techniques. 

3.1 The Shadow Optical Method of Caustics 

Stress intensity factors can be derived directly from the linear elastic stress 
strain field around the crack tip by means of the shadow optical method of 
caustics. This method, originally introduced by Manogg [17], is an effective and 
simple experimental tool for determining stress intensity factors. It is parti
cularly well suited for determining dynamic stress intensity factors when used 
in combination with high speed photography [18,19]. 

The physical principle of the method applied in transmission with transparent 
specimens is illustrated in Fig. 3. The impacted specimen is illuminated by a 
light beam. A cross section through the specimen at the crack tip is shown in 
Fig. 3b. Due to the stress concentration at the crack tip the thickness of the 
specimen and the refractive index of the material are reduced. Thus the area 
surrounding the crack tip acts as a divergent lens and the light rays are deflec
ted outwards. As a consequence, in an image plane of a distance Zo behind the 
specimen a shadow area is observed which is surrounded by a région of light 
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Fig. 3 The shadow optical method of caustics in transmission 
a) Experimental set-up b) Light configuration c) Shadow pattern 

Fig. 4 Shadow optical photographs of a bend specimen during 
the impact event (Araldite B) 
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concentration, the caustic. The mode 1 shadow pattern was calculated by Manogg 
[17] from the linear elastic stress strain field around the crack tip. Fig. 3c 
compares the result with a shadow pattern photographed from an Araldite B 

specimen. 

The method can also be applied with nontransparent materials, such as steels, when 
used in reflection. The arrangement is shown in Fig. S. A light beam illuminates 
the mirrored surface of an impacted steel specimen. Fig. Sb shows a cross section 
of the specimen at the crack tip. Due to the surface deformations, light near the 
crack tip is deflected towards the center line. An extension of the reflected 
light rays onto the virtual image plane at a distance Zo behind the specimen re
sults in a light configuration which is similar to the one obtained in the trans
mission case. Fig. Sc shows the calculated caustic together with a shadow pattern 

photographed from a high strength steel specimen. 

Quantitatively the diameter D of the caustic is a function of the stress inten

sity factor KI and is given by the formula 

KI = M'DS/ 2 (2) 

The factor M is determined by the geometrical arrangement of the experimental 
set-up and the elasto-optical constants - transmission case - or the elastic con

stants - reflection case - of the material [20]. 

3.2 Experimental Procedure 

Impact experiments were performed with prenotched bend specimens made from two 
model materials: the epoxy resin Araldite B and the high strength maraging steel 
X 2 NiCoMo 18 9 SI). Araldite B is a material well suited for photoelastic investi

gations of dynamic fracture phenomena [21]. The high strength steel has been 
selected because of its low plasticity effects. Both the plastic zone at the crack 
tip and the shear lips are about 1 mm in size only. Thus the shadow optical K-eva
luation formula, which is based on a linear elastic theory, is applicable with 
sufficient accuracy [20]. One side of the steel specimen was carefully ground, 

l)Produced by Stahlwerke Südwestfalen and designated HFX 760. Nominal compo
sition: 18% Ni, 9% Co, 4.8% Mo and 0.03% C. Heat treatment: 4800 C for 4 hrs 
in air. This steel is similar to the American designation 18 Ni maraging 
grade 300. 
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lapped, and polished to achieve a highly planar Jnd mirrored surface. The main 
relative dimensions of the specimen agreed with those of Charpy specimens, but 
the absolute sizes of the specimens were 6 to 10 times larger than Charpy speci
mens. The absolute specimen dimensions are given with the experimental data in 
Figs. 7 to 12. The specimen thickness was 10 mm in all experiments. Breaking of 
the specimen at early times was suppressed by utilizing blunted notch tips and 
rather low impact velocities. The experiments were performed in drop weight 
machines. The Araldite B specimens were impacted by a hammer of 4.9 kg mass; the 
high strength steel specimens were impacted by a hammer of 90 kg mass in a 
DYNATUP 8100 system. During the impact event the hammer load was recorded by a 
strain gage at the tup of the striking hammer, and the shadow patterns at the tip 
of the crack were photographed by a Cranz-Schardin 24 spark high speed camera. 
Prior to impacting the specimen the falling drop weight interrupts a laser beam 
traversing the specimen at its rear edge, thus providing the signal to trigger 
the high speed camera. 

3.3 Experimental Results 

Typical series of shadow patterns photographed from Araldite B specimens and high 
strength steel specimens are given in Figs. 4 and 6, respectively. Only a few of 
the total 24 pictures are reproduced here. Each picture shows the central part of 
the impacted specimen at subsequent times. 

Quantitative data are given in Figs. 7 to 9, Il, and 12. The shadow optically 
determined dynamic stress intensity factors Klyn are plotted as functions of time. 
In addition, the stress intensity factors K~t t(PH) are shown: they were deter
mined from the hammer load signals PH utilizing conventional static stress inten
sity factor formulas from ASTM E 399. The times are given in absolute units and 
also in relative units by normalization with the T-value of the specimen. Although 
large scale bend specimens are investigated it is speculated that the results will 
also yield information on the behavior of normal size Charpy specimens when dis
cussed in relative time units. 

~r~l~i!~_ê_~~!~~ 

Fig. 7 shows results for times 0 < t ~ ST obtained with Araldite B specimens im
pacted at 0.5 rn/s. The K~tat-values calculated from the haumer loads show a 
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strong1y osci11ating behavior, whereas the actua1 dynamic stress intensity factor 
values K~yn show a more steadi1y increasing tendency. In particu1ar, it is recog
nized that for times 1arger than 3T the influences of dynamic effects obious1y 
have not vanished and marked differences are measured between K~tat and Kfyn. In 
the sma11 time range, t < 3T, these differences are very pronounced, as expected. 
After the inertial peak, 0 < t < 0.45 ms, the hammer 10ad decreases to zero for 
a time of about 0.45 ms, indicating a 10ss of contact between the specimen and the 
hammer, as was observed a1so by Krisch [22,23]. During the 10ss of contact between 
the hammer and the specimen the shadow optical measurements indicate a steadily 
increasing crack tip loading. 

Fig. 8 shows simi1ar results as in Fig. 7 for the t < 3T range obtained at a 
higher impact velocity of 1 rn/s. In addition to these experiments, investigations 
have been performed under identical experimental conditions as given in Fig. 8 
but utilizing specimens of reduced length: 412 mm instead of 550 mm. These data 
are shown in Fig. 9. From a quasistatic point of view a reduction in specimen 
length should not affect the data. But in comparison to the Charpy shaped speci
mens,the specimens with reduced length show a more complicated behavior for both 
the K~tat_ and the Kfyn-curve. In particu1ar, the more pronounced oscillations in 

the K1
yn

-curve indicate that a mean load line of the measured hammer load re
cords, as proposed by Turner et al. [5], generally need not be a good represen
tation of the actual loading condition at the crack tip. Similar oscillations in 
the crack tip load were also measured by Loss et al. [11,12] utilizing a strain 
gage instrumentation of the specimen. 

In order to understand the very different influences of dynamic effects on Charpy 
shaped specimens and specimens of reduced lengths additional measurements were 
performed [24]. The loads PA at the anvil were recorded and the movements sA of 
the specimen ends were registered by an inertia free optical clip gage. Such data 

. obtained with specimens of reduced lengths are shown in Fig. 10c,d together with 
the data of Fig. 9, which are repeated in a different format in Fig. 10a,b. After 
a time of about 200 ~s, which corresponds to the time for transverse waves to 
travel from the point of impact to the support points, the ends of the specimen 
respond to the impact event by a movement away from the anvil against the impact 
direction. A loss of contact between the specimen ends and the anvils is observed 
for about 400 ~s. Only after this time is the specimen pressed against the anvils. 
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This is also indicated by the first non-zero load registered at the anvils for 
this time. The whole process can be interpreted as another impact of the sepcimen, 
but this time by the anvils. Similar experiments with Charpy shaped specimens show 
only a negligible loss of contact between the specimen and the anvils, since 
Charpy shaped specimens - by chance - are supported near the nodes of the freely 
oscillating specimen. These loss-of-contact processes ·explain several characteri
stic features of the hammer load signals and the actual stress intensity factor 
curves [24]. 

tlign_~!r~~g!n_~!~~l_~~!~~ 

Wave phenomena in the model material Araldite B are different from those in steels. 
In particular, the wave propagation velocity in steels is higher and the attenua
tion of elastic waves is smaller than in Araldite B. Therefore, in order to better 
quantify the influences of dynamic effects in impacted steel specimen~ experiments 
were performed with prenotched bend specimens machined from the high strength 
steel X 2 NiCoMo 18 9 5. 

In Fig. Il data are reported on experiments performed at a small impact velocity 
of only 0.5 mis in order to reach a long observation time (0 < t ~ 4.). Data ob
tained for a high impact velocity of 5 mis are given in Fig. 12 for times 
o < t < 1.5 •. The results of these experiments with high strength steel specimens 
are similar to the ones obtained with Araldite B specimens. The oscillations in 
the K~tat(PH)-curves are somewhat smaller than in Araldite B specimens .. But in 
general, the data confirm the earlier conclusions: The K~tat(PH)-curves show a 
strongly oscillating behavior, whereas the actual dynamic stress intensity factors 
Kt

yn 
increase more gradually. The differences between the two curves are very large 

for small times t < 3., but even for larger times 3. < t < 4. the dynamic effects 
have not vanished to a sufficient degree, and K~tat(PH) can still differ signifi
cantly from the actual dynamic stress ï'ntensity factor Ktyn 

4. CONCLUSIONS AND FUTURE RESEARCH ACTIVITIES 

It has been discussed that the tf > 3. requirement restricts the applicability of 
impact tests in an unsatisfactory way: Specimens of large dimensions, which are 
often required for a valid toughness test, cannot be utilized. Materials which fail 
in a more brittle manner cannot be investigated. The maximum allowable loading rate 
i s l imi ted. 
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Furthermore, shadow optical model investigations with prenotched bend specimens 
of Araldite Band high strength steel have shown that even for times t~4T or 5T 
dynamic effects are not yet negligible. In this time range, K~tat(PH)-values 
derived from the measured hammer load utilizing static stress intensity factor 
formulas still do not agree with the actual dynamic stress intensity factor K~yn 
An acceptable agreement will occur only for much later times. These results were 
obtained from model experiments utilizing large scale specimens machined from 
very brittle materials. But, the same principal behavior is expected for original 
Charpy specimens made from usual structural steels, although sorne modifications 
may result due to different contact stiffnesses and plasticity effects. 

It seems necessary, therefore, to develop a fully dynamic evaluation procedure 
which will yield reliable dynamic fracture toughness data under all experimental 
test conditions, in particular, also when high loading rates are applied and small 
times to fracture result. Work is performed by the authors to develop such a 
measuring procedure. Impact experiments were performed under identical test con-
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ditions with specimens characterized by the same elastic behavior (i.e. E and v) 
but different crack initiation conditions (i.e. fracture toughness, crack tip 
bluntness). In all experiments one unique curve was found for the shadow opti
cally determined stress intensity factor as a function of time, K~yn(t). The 
critical stress intensity factors for onset of crack propagation were discrete 
values along this curve corresponding to the different times at which fracture 
initiation took place. On this basis a technique for measuring the dynamic frac
ture toughness KId can be established. The procedure is illustrated in Fig. 13. 
In pre-experiments with high strength steel specimens the dynamic stress inten
sity factor versus time curve, K~yn(t), is determined by the shadow optical 
method of caustics. This curve represents the elastic response of the specimen 
to the specific impact event and is called impact response curve. Then an im
pact test is performed under the same experimental conditions but with the 
structural steel to be investigated. In this test only the time to fracture is 
measured. That dynamic stress intensity factor of the impact response curve 
which corresponds to this time represents the KId-value of the structural steel. 
This procedure and first results obtained for different steels at several tem

peratures are described in detail in [25]. 
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OYNAMIC ANALYSES OF NOTCH BENO SPECIMENS 

by 
A. S. Kobayashi*, A. F. Emery*, and B. M. Liaw** 

In the first part of this paper, dynamic photoelastic and dynamic finite 
element analyses of 368 x 88.9 mm photoelastic specimens subjected to drop 
weight testing and machined from 9 mm thick Homalite-100 and 3.2 mm thick 
polycarbonate plates are reviewed. For the brittle Homalite-100, the crack 
initiation fracture toughness, Kld' is equal to the static fracture toughness, 
KIC. while for ductile polycarbonate, Kld is 65 percent of the corresponding 
pop-in KIC. Fracture and kinetic energles of the brittle specimens are approx
imately 6 and 86 percent, respectively, of the total energy absorbed, while 
for the ducti l e specimens 53 and 42 percent are expended for fracture 
energy and kinetic energy, respectively. Oynamic finite element analyses of 
the above Homalite-100 and polycarbonate specimens as well as A533B steel 
notch bend specimens of 228.6 x 50.8 x 25.4 mm also proved the validity of 
the NRL procedure of determining KId from the dynamic response of a strain 
gage mounted near the crack tip of an impacted notch bend specimen. 

Oynamic finite element method is then used in its application mode to 
analyze dynamic fracture of notch bend specimens subjected to fixed end rota
tion in the second part of this paper. A normalized dynamic fracture tough
ness, KIO/KIC, versus normalized crack velocity, â/Cl' relation is postulated 
and steel and Homalite-100 notch bend specimens of 6.4 x 25.6 mm and 640 x 
2560 mm in sizes are analyzed. Oespite differences in sizes, the normalized 
dynamic stress intensity factor Kldyn/K IC ' versus normalized instantaneous 
crack length a/ai' relations for all notch bend specimens remain essentially 
the same. This series of numerical experimentation also indicates that the 
previously discussed dynamic fracture responses of Homalite-100 and polycar
bonate photoelastic specimens can be used to predict the dynamic fracture 
responses of brittle and ductile steels with identical Kldyn/KIC versus a/Cl 
relation. In particular, the dynamic fracture response of the smaller size, 
namely precracked Charpy impact specimens, should be predictable from larger 
model specimens, such as Homalite-100 and polycarbonate. 

1 NTROOUCTI ON 

In the course of several years of experimental and numerical investigations 
on the dynamic fracture, the authors have studied various aspects of the dynamic 
fracture responses of notched bend specimens [1,2,3,4]1. In the first three 
references, dynamic photoelasticity and dynamic finite element analyses were 
used to analyze the fracture dynamic responses of dynamic tear test specimens 
machined from brittle and ductile polymerie materials which conveniently yielded 
the dynamic stress intensity factor, Kl dyn , during the fracture process. The 
disadvantage in using such polymerie specimens is the uncertainty involved in 
relating the results to those of metallic specimens. Oynamic finite element 
* Professor, University of Washington, t1echanical Engineering, Seattle, 

Washington 98195 
** Graduate Student, University of ~Jashington, Mechanical Engineering, Seattle, 

Washington 98195 
1 The numbers in brackets refer to the list of references appended to this 

paper. 
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method has also been used to analyze the dynamic fracture initiation responses 
in steel and aluminum notch bend specimens [4], as well as the fracture responses 
of small ceramic notch bend specimens. Through these seemingly unrelated series 
of analyses, a general trend in the dynamic fracture response of notched bend 
specimen has emerged. The purpose of this paper is to review the salient fea
tures of past as well as new results on notch bend specimen and to speculate 
that these results can be used to predict the dynamic fracture response of 
precracked Charpy specimens. 

FRACTURE DYNAMIC RESPONSES OF POLYMERIC NOTCHED BEND SPECIMENS 

Impact loaded polymeric notched bend specimens, 253 x 46 x 10 mm in size, 
have been analyzed by Kalthoff et al. [5], who used the method of caustics to 
determine the dynamic fracture initiation toughness, KId, in Araldite B material. 
They concl uded that the crack started to propagate after the first peak load 
in the tip and that for an initially sharp crack, the KId=0.56 MPalrn was about 
30 percent lower than the static fracture toughness of KIC=0.77 MPalrn. 

The results obtained by the author and his colleagues, using dynamic photo
elasticity [2] on the other hand, showed that for a Homalite-100 dynamic tear 
(DT) specimen, 394 x 89 x 9.5 mm in size, dynamic crack propagation initiated 
prior to reaching the maximum load as shown in Figure 1. The KId=410 kPalrn 
obtained by interpolating the KIdyn changes in four Homalite-100 DT specimens 
was approximately equal to the fracture toughness of KIC=415 kpalrn. The small 
difference in the dynamic crack initiation time between Kalthoff and the authors' 
results could be attributed in part to the differences in the impulses generated 
by the impacting tup as well as the tup instrumentation used to measure such 
impulses. On the other hand, there is a large difference in KId/KIC ratios 
between Kalthoff and the authors' experimental results which may be in part 
due to the strain rate sensitivity of the Araldite B used by the former. 

The measured crack velocities of the dynamic photoelasticity experiments 
were also used to drive a dynamic finite element code in its generation phase. 
The resultant KIdyn for a fracturing Homalite-100 DT speeJmen are compared with 
the corresponding KIdyn obtained by dynamic photoelasticity in Figure 3. While 
better agreements between the numerical and experimental KIdyn are to be expec
ted with the use of an updated dynamic finite element code, the differences 
between the two KI dyn obtained three years ago are still moderate. Figure 4 
shows the energy partitions in the Homalite-100 DT specimen. While fracture 
energy accounts for only six percent of the total work input to the specimen, 
kinetic energy is eighty-six percent of the total input work. 

The above results show that in a relatively brittle material such as 
Homalite-100, the total input work is an order of magnitude larger than the 
fracture energy dissipated during the fracture process of this brittle DT speci
men. Since experimental variations in the measured total work exceeds this 
fracture energy, total input work can hardly be used as an indicator of the 
fracture resistance of this specimen. 

Dynamic photoelasticity and dynamic finite element analysis were also used 
to analyze the fracture responses of 394 x 89 x 3.2 mm, polycarbonate DT speci
mens [3]. Figure 5 shows the load-time response and a crack extension history 
in a polycarbonate DT specimen. Crack propagation initiated at the smaller 
second load humpin this ductile polymer while it initiated before the fir5t 
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peak load in the brittle Homalite-100 specimen. Similar differences in the 
initation times of crack propagation should be observable in different metallic 
DT specimens. 

Figure 6 shows the numerically and experimentally determined dynamic stress 
intensit.v factors in the same fracturing polycarbonate DT specimens. The experi
mental curve originally reported in Reference [3] was corrected for small scale 
static yielding at the propagating crack tip following the procedure described 
in Reference [6]. Despite the ad hoc static ductile correction to the dynamic 
experimental data, the experimental and numerical results are in good agreement. 
The average dynamic crack initiation fracture toughness of seven polycarbonate 
DT specimens, i.e., KId~2.3 MPa0n, is approximately 65 percent of the pop-in 
static fracture toughness, KIC=3.43 MPa0n. This reduction in KId with strain 
rate is commonly observed in steels [7] and indicates that the polycarbonate 
DT specimens more closely model dynamic fracture of steel than the Homalite-l00 
DT specimens. 

Figure 7 shows the energy partitions in the polycarbonate DT specimens. 
Fracture energy and kinetic energy occupy 53 and 42 percent, respectively of 
the total work into the specimen. While the share of fracture energy has in
creased from the previously reported 6 percent for the Homalite-100 DT specimen 
to 53 percent of the total input work in the polycarbonate DT specimen, nearly 
half of that total input work is still expended in propelling the broken speci
men. The fracture energy for another polycarbonate DT specimen was 28 percent 
of the total input work, thus indicating that this energy partition could vary 
from test to test. As a result, the total input work to this ductile DT speci
men may not be representative of the fracture energy absorbed by the poly
carbonate. 

DYNAMIC CRACK INITIATION IN NOTCHED BEND SPECIMENS 

Having shown that the maximum tup load at fracture cannot be related to KId 
in the above series of dynamic photoelasticity and dynamic finite element analyses 
of photoelastic polymer DT specimens, a numerical investigation [4] was undertaken 
to verify an alternative procedure for KId determination which was developed at 
NRL [8,9]. The NRL procedure utilizes the measured dynamic response of a stratn 
gage mounted near the crack tip of a DT specimen. The instantaneous dynamic 
stress intensity factor, KIdyn, is computed from an instantaneous local dynamic 
strain using a static calibration of the three-point bend specimen. Initially, 
this procedure was verified by the dynamic photoelasticity and dynamic finite 
element analyses of the photoelastic DT specimens described above. Figure 8 
shows the increases in dynamic stress intensity factors from the time of tup 
impact to the onset of crack propagation. Remarkable agreements between the 
KIdyn obtained directly from the computed crack opening displacement (COD), the 
computed dynamic strains at locations A and B, and also from dynamic photoelas
ticity are noted. 

The legend in Figure 9 shows the A533B steel, notched bend specimens [9] 
and the location of the strain gage for monitoring dynamic strain. Dynamic finite 
element analysis was then used to analyze the dynamic response of the notched bend 
specimen under impact loading. Figure 9 shows the load-time history of the tup 
and the idealized load trace which was used in the dynamic finite element analysis. 
Figure 10 shows the computed and measured dynamic strains at strain gage location 
l in the legend. Figure 11 shows the increases in KIdyn from the time of impact 
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to the onset of crack propagation. Excellent agreements between the KI dyn ob
tained from the computed dynamic strain with that obtained directly from the 
computed COD are obvious. 

The above results were duplicated with added precision by Mall [10J, who 
conducted a similar analysis of an A533B DT specimen using a different dynamic 
finite element algorithm. 

The excellent agreement between the computed and measured dynamic strains 
was not duplicated in an aluminum DT specimen [llJ shown in the legend of Fig
ure 12. The idealized tup load shown in this figure was prescribed as input 
condition to the dynamic finite element model of the aluminum DT specimen and 
the computed and measured dynamic strains at locations land 2 were computed 
in Figure 13. Notable is the lack of parasitic oscillations in the computed 
dynamic strains which cou1d be due to the differences in the support conditions 
of the numerica1 mode1 and the actua1 DT specimens. Fortuitous agreement be
tween the computed and measured dynamic strains at the onset of crack propaga
tion assured agreement between the dynamic stress intensity factors obtained 
from measured and computed dynamic strains. The differences in KIdyn prior to 
crack propagation are, however, direct1y proportiona1 to the dynamic strains 
shown in Figure 13. Figure 14 shows the inherent consistency of the NRL pro
cedure for computing KIâyn where the KIdyn determined direct1y from the computed 
COD are in excellent agreement with those obtained by the computed dynamic 
strains at locations 1 and B. 

The conclusions which can be derived from the above studies are that the 
dynamic finite e1ement mode1 is a good representation of the notched bend speci
men under impact loading, and that the NRL procedure of computing the dynamic 
stress intensity factor up to the onset of crack propagation yiélds accurate 
results. This study a1so showed that simple static computation of KIdyn using 
the maximum tup load can 1ead to erroneous resu1ts and that the NRL procedure 
provides a simple solution to this comp1ex dynamic prob1em. 

NOTCHED BEND SPECIMEN UNDER FIXED END ROTATION 

A1though the NRL procedure provided a solution for KId determination in a 
re1ative1y large notched bend speicmen, simi1ar dynamic fracture ana1ysis of the 
pre-cracked Charpy specimen machined from typica1 steel is yet to be conducted. 
If the conclusions of these studies are to be used in assessing the dynamic frac
ture responses of sma11 pre-cracked Charpy specimens, th en the resu1ts of the 
large po1ymeric DT specimen must be re1ated to the former. The missing 1ink be
tween the 1arger po1ymeric DT specimens and the sma11er, pre-cracked Charpy steel 
specimens was made by ana1yzing numerica11y the dynamic fracture responses of 
large po1ymeric and sma11, notched bend steel specimens under fixed end rotation. 
This simp1ified loading condition of fixed end rotation, whi1e preserving the 
essentia1 geometry of the DT and pre-cracked Charpy specimens, provided a simp1i
fied but representative loading condition under which the crack propagated dynam
ica11y. For the numerica1 studies, the crack was assumed to propagate under an 
idea1ized crack ve1ocity, a, which is 15 percent of the di1ationa1 wave ve10city 
of Cl' versus dynamic fracture toughness, KID' relation as shown by the straight 
1ines in Figure 15. This figure a1so shows that the a versus KID relations when 
norma1ized with respecttothedilata,tional wave ve10city Cl" and KIC, respective1y, 
of Homa1ite-100 [12J, po1ycarbonate [12J, and A533B steel [13J can be rough1y 
approximated by this idea1ized curve. The dynamic finite e1ement code was then 
executed in its application mode in order to propagate the crack dynamica11y in 
accordance with this norma1ized a versus norma1ized KID relation. 
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Figure 16 shows the KI dyn variationswith crack propagation for A533B and 
Homa1ite-100 notched bend specimens with fixed end rotation. A1though these 
notched bend specimens are sma11er than the Homa1ite-100 and po1ycarbonate DT 
specimens, separate numerica1 ana1ysis [14J has shown that a hundred-fo1d dif
ference in specimen dimensions will not change the distribution of norma1ized 
KIdyn/KIC. Thus, identica1 KIdyn/KIC distribtion with respect to crack 1ength 
to specimen width ratio, a/W, is to be epxected for a specimen width of W=89 mm 
and W=64 mm. The identica1 K1dyn/KIC versus a/W relations for Homa1ite-100 and 
A533B notched bend specimens ln Figure 16 show that the dynamic fracture re
sponses of identica1 specimens are independent of the e1astic materia1 proper
ties, provided the KID/K IC versus a/~ relation is shared by the two materia1s. 
Figure 17 shows that the energy partitions in the Homa1ite-100 and A533B notched 
bend specimens a1so remain the same where fracture energy and kinetic energy are 
on1y 23 and 6 percent, respective1y, of the total energy input to the specimen. 

CONCLUSIONS 

1. Maximum tup load shou1d not be used to compute the dynamic fracture initia
tion toughness, KId· 

2. Fracture dynamic responses of Homalite-100 and po1ycarbonate DT specimens 
indicate the .tota1 work input to A533B pre-cracked Charpy specimens can 
hard1y be re1ated to the fracture energy. 

3. KId can be determined by a simple NRL procedure uti1izing dynamic strain 
measurements close to the initia11y stationary crack tip. 

4. Numerica1 ana1ysis of Homa1ite-100 and A533B specimens showed that the 
e1asto-dynamic fracture results of the former can be used to describe the 
latter. 
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DYN~1IC ANALYSIS OF THE CHARPY V-NOTCH TEST 

D. M. NORRIS AND T. U. MARSTON 

ELECTRIC POWER RESEARCH INSTITUTE 
P.O. BOX 10412 

PALO ALTO. CA 94303 

ABSTRACT 

We report a computer simulation of a standard Charpy test from impact to 
the start of ductile tearing. Both striker and specimens are modelled. 
The specimen is made of SAS33 Grade B Class 1 nuclear-pressure-vessel 
steel and tested at 1000 C. The results describe the wave interaction 
causing momentary separation of striker and specimen. We describe the 
notch tip stress and strain at time of crack initiation. both for a 
plane-strain model and for the 1-cm thickness. The implications for 
correlation of total Charpy energy and initiation energy with fracture 
toughness are discussed. 

Prepared for the CSNI Specialist Meeting on Instrument Precracked Charpy 
Testing. Electric Power Research Institute. Palo Alto. California. 
December 1-3. 1980. 
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[ARLY WAVE EFFECTS 

Our tests used a striker with strain gauges to record the dynamic 
impact force, from which the energy absorbed by the specimen was 
computed [see Server et al. (I)]. A typica1 force-vs-time response 
curve (see Fig.l ) shows a damped oscillation for the first 100 ~s, 
followed by an abrupt reduction in slope. The force then gradually 
increases to a maximum and decreases as the specimen tears across the 
ligament. Our ca1cu1ations show that the oscillations resu1t from the 
initial transient wave behavior and that the abrupt change in slope 
(100se1y cal1ed genera1 yield) results from the formation of a plastic 
hinge growing simu1taneous1y from the notch and from under the tip of 
the striker. 

The velocity distributions in the specimen at 10 and 30 ~s are shown 
in Fig. 2 where the length of the velocity vector is proportiona1 to 
the local ve1ocity. The computer model a110ws the specimen to slip 
on the anvi1 support, resu1ting in the circular velocity pattern. To 
see the wave effects that cause the specimen and striker to separate 
at 25 ~s, we plotted contour 1evels of the x component of the velocities 
in the specimen and the striker at 20 and 25 ~s (see Fig. 3). Inspec
tion of these contours for 25 ~s shows the wave interaction that results 
in specimen material moving faster than the striker tip [the material 
Just in front of the striker tip in Fig. 3{b)]. This wave behavior is 
damped out as the plastic region extends across the specimen. The cal
culations show that, at about 35 ~s, the plastic hinge segments join at 
mid-ligament and 3 mm above the symmetry plane. At 100 ~s the strain 
at the joining point of the hinge has reached to 1% and the load-time 
history from the strain gauge shows a substantia1 change in slope. 

The partition of energy in the specimen during this transient behavior 
is shown in Fig. 4. lThe dashed 1ine shows the specimen kinetic energy 
that is ca1culated if one assumes a linear distribution of ve10city from 
4.91 mis (vo) at the notch to zero at the anvi1.]. At 17 ~s, the specimen 
kinetic energy is 2.4 times greater than the internal energy. At 100 ~s, 
corresponding roughly to genera1 yie1d, kinetic energy is equa1 to only 
3.5% of the internal energy. This energy partition is important in the 
ana1ysis of ear1y time Charpy toughness. 

STRESS STATE AT CRACK INITIATION 

Interrupted Charpy tests on this steel at 1000 C by Server et al. showed 
the first evidence of notch-root cracking at about 230 ~s, well before 
maximum 10ad (l). The computed stress and strain profiles at this time 
are shown in Fig. 5 (YO is the yie1d strength, RO is the initial notch-
root radius). At 230 ~s the strain rate at the notch is about 3000/s and 
adiabatic heating has raised the notch-root temperature by over 1500 C. We 
obtained the heating resu1t by computing the energy-density distribution at 
the notch and using a constant specifie heat to convert to temperature rise. 
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The genera1 distribution of plastic strain at fracture initiation is shown 
in Fig. 6. The ca1cu1ated specimen energy at fracture initiation agrees 
with the Server et al. experimenta1 resu1t of about 12 J (1). 

The above calculations assumed plane strain. A three-dimensional 
Charpy V-notch calculation (2) showed that the symmetry plane of the 
10 mm-thick Charpy specimen is in plane strain at fracture, confirming 
results of others. Profiles of stress and plastic strain from the two
and three-dimensional calculations are compared in Fig. 5. The two
dimensional results agree with the three dimensiona1 results at the 
symmetry plane. For the three dimensiona1 ca1cu1ation plastic strain 
is p10tted at the zone centers (without thickness extrapolation) closest 
to the symmetry plane and the zones c10sest to the free surface. The 
plastic strain data near the symmetry plane is underestimated by 20%, 
but the data near the free surface is overestimated by 3%. 

Agreement between the two ca1cu1ations suggests that the pre-cracked 
Charpy specimen is a1so in a plain strain state at crack initiation 
and shou1d provide a reasonab1e value for J IC depending on the amount 
of crack growth a110wed in the definition. 

UPPER-SHELF CORRELATIONS WITH FRACTURE TOUGHNESS 

The standard Charpy test is usefu1 as a materia1-toughness screening test 
and has been used to estimate the temperature shift of the fracture
toughness transition curve brought about in nuc1ear-reactor pressure 
vesse1s by radiation embritt1ement [see Wu11aert et al. (3»). The 
degree of conservatism in this procedure is unc1ear. Attempts to cor
relate Charpy fracture energy with measures of fracture toughness have 
met with 1imited success and are viewed with suspicion. 

Our calculations show why toughness correlations are unsuccessful. We 
find that at the time of crack initiation only 10% of the total specimen 
fracture energy is associated with crack initiation. The remainder is 
expended later in the ductile tearing across the specimen ligament. 
Further, computer resu1ts for energy near the notch show only 12% of 
this initiation energy is 10cated in a process zone 1.3 mm deep and 2.6 mm 
perpendicu1ar to the notch. Because such a smal1 percentage of the Charpy 
energy in a ductile specimen is associated with crack initiation, it is 
hard to see how any correlation is possible. 

The situation is different for the higher-strength stee1s. We have per
formed Charpy calculations and interrupted experiments, simi1ar to those 
reported here, for two heats of A533B-l steel .that were perscrlbed to raise 
the yie1d strength (Vo) from 458 MPa to 788 MPa and 895 MPa. These two ca1-
cu1ations show an increase in the percentage of Charpy energy associated 
with fracture initiation. These resu1ts suggest why the attempted energy 
fracture-toughness correlations are more successful for the higher strength 
stee1s. 
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Recent work (4) that tried to correlate initiation energy showed no 
improvement over the Rolfe-Novak-Barsom (5) upper-shelf correlation 
when used on 23 steels with variations in yield strength of 447 -
1696 MPa. fracture toughness of 40 - 353 RN/m and Charpy toughness of 
22 - 192 Joules. However. if only those data with fracture toughness 
less than 200 ~N/m (1140 psi-in) are used the initiation energy cor
relation is statistically better than that of Rolfe-Novak-Barsom. 

DISCUSSION 

For the ductile steel we simulated at 1000 C. the 0.25 mm notch-root 
radius of the Charpy specimen might not be a serious design flaw that 
precludes any fracture-toughness correlation. Experiments by Andrews 
on A533B-l compact specimens at 1000 C show fatigue-crack blunting to 
0.35 mm before propagation (6). Obvious1y. however. on1y the Charpy 
initiation energy should be used in the correlations. However. the 
specimen design is not optimum and acts to distribute the energy away 
from the notch both in plastic hinges and plastic wings that join the 
hinges to the notch-side surface of the specimen. To get a valid cor
relation with the Charpy specimen. the specimen would probably have to 
be fatigue cracked and tested statically or at slow impact velocities. 
This would reduce the heating effects if fracture occurs before genera1 
yie1d. and would reduce the uncertainties in energy partition. 
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APPENDIX - THE COMPUTER MaDEL 

We modelled the specimen and the striker. describing the geometry with 
quadrilateral zones. The plane-strain calculation used 1360 zones in 
the specimen and 200 zones in the striker. Sixt Y zones were used across 
the specimen ligament (section behind the notch). An anvil support point 
at X = O. y = 20 mm allows tangential sliding. but not a normal velocity. 
To start the calculation. we gave the striker an initial velocity of 
4.91 mis. corresponding to a typical striker drop height of 1.22 m. The 
three zones on the back end of the striker had a mass of 27.3 kg. The 
initial kinetic energy in the calculation was 329 J. The striker was 
modelled to have a flat tip that was constralned to move with the specimen. 

A second three-dimensional calculation was done to check the effect of the 
plane-strain constraint lntroduced by the two-dimensional model described 
above. This calculation used 3060 zones in the specimen. The striker 
was not included in the calculation but was replaced by a constant boundary 
traction. More details of this work may be found in Reference (2). 

The model simulated material properties of A-533 Grade B Class l steel at 
1000 C. We obtained these properties by testing a nozzle knockout from 
a nuclear-reactor pressure vessel. All testing was done in the short 
transverse direction of the steel; transverse upper-shelf Charpy tough
ness was 136 J. The testing gave a Young's modulus of 211 GPa. Poisson's 
ratio of 0.29. and a yield stress of 458 MPa. all of which were used in 
the computer simulations. The flow law assumed isotropic hardening (the 
hardening exponent was about 0.1) with an effective stress-equivalent 
plastic-strain curve obtained from corrected smooth tensile data. 

The HEMP finite-difference computer pro gram was used for the calculations. 
The program used an elastic-plastic constitutive law with J2-flow theory 
and isotropic hardening. Finite strain and rotation are accounted for. 
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be pub1ished in an ASTM Special Technica1 Publication. 

(5) S. T. Ro1fe and J. M. Barsom, Fracture and Fatigue Control in Structures, 
Applications of Fracture Mechanics (Prentice-Ha11, Eng1ewood C1iffs, 
New Jersey. 1977). pp. l30-l31. 

(6) Persona1 communication from W. R. Andrews. See a1so: C. F. Smith. 
W. R. Andrews. H. G. deLorenzi, R. H. Van Stone, S. Yukawa, and 
J. P. D. Wilkinson. "Crack Initiation and Growth .under Fu11y Plastic 
Fracture," Chapt. 6 in EPRI Ductne Fracture Review Document, E1ectric 
Power Research Institute. Special Rept. EPRI NP-701-SR (1978). 
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COMPARISON OF DYNAMIC TEST PROPOSALS 

Note byC.E.Turner 

Introduction 

These notes are based on the papers by P.E.McConne11 and W.L.Server, 

D.R.lre1and, T. Varga and D.H. Njo in the present conference, describing 

respective1y the EPRI, ASTM (E24.03.03) and ASK procedures. Reference has 

not been made to further or other documents re1ating to these procedures. 

Remarks on the UK proposa1s fo110w from the work of the UK Briefing Group 

which is out1ined in the discussion to Session V. The intention is to 

compare and contrast these various proposa1s as an aid to discussing their 

re1evance. 

1) Objectives 

EPRI 

ASTM 

ASK 

UK 

2) Rate (ve10city) 

EPRI 

ASTM 

ASK 

UK 

3) Machines 

EPRI 

ASTM 

ASK 

UK 

K
ld 

K PCI(tf ) 

K
ld

, W/A 

Dynamic K Ic 

dynamic J 
Ic 

K* d (equiva1ent energy), W/A 

Dynamic COD 

Not_~j2ted explicit1y. However, typica11y K=lOS 
MNm . / s, "higher than obtainable" from servo 
hydraulic machine and essential1y impact. 

4 5 -3/2 
Typica1: ~ from Sx10 t~4Sx10 MNm -4 /s 

~f.~~~t~'~X!~s to 3.Ox10 s 

o 5 3/2 
Impact: l:. ~ BxlO MNm - / s 

V = Sm/s or 2~ or > 1 
(Aîso ~low and in~~727diate rates) 

Slow and K . > 2.S~ -3'2/ 
intermediate K < 5.10 MN/m s 
rates 

As E23 or E399, E > U , 
o f 

E > 3U max 
o 

pendulum as for 
Falling weight 

E 
o 

E23 
as for E604 
~ 3'Omax 

Universal machine for slow or intermediate speeds 
Pendu1um for impact, K.E. > Uf 

Universal machine capable of high 10ad point rates Or 
pendu1um (stated to be 1ess suitab1e) of sufficient 
energy to main tain K 
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1) Test Pieces 

EPRI 

ASTM 

ASK 

UK 

i) Striker (tup,supports) 

EPRI 

ASTM 

ASK 

UK 

5) Instrumentation 

EPRI 

ASTM 

ASK 

UK 

Standard or precracked, as E23 or E399. 
Pre crack , according to E399 

As E23, 3 pt. bend lOmm x lOmm x 55mm 
2mm notch plus fatigue to 4.5-5.5mm 
Precrack according to E399 

3 pt. bend, lOmm x 55mm but lOmm or 5mm or 2.5mm thick 
l mm notch plus fatigue to 2.5-5.Omm (2.5mm preferred) 
Pre crack according to E399 but sharper initial notch 
root radius preferred. 

Standard K. or COD piece. Pre crack according to 
relevant uICstandards. 

As E23 or E399, instrumented tup. 

As Fig.l of E23, gauges recessed on sides of striker 
nose, within 25mm of tip, capable of recording up 
to 26.7 kN. 

Nose relieved above and below to form a short column 
with gauges on top and bottam face 8-12mm fram tip. 
Tip 4mm wide and 8mm radius. No damping between tip 
and test piece. Supports (anvil) may have line contact 
(to minimise heat dissipation). Capacity up to 40kN. 

As for K or COD test. 
Ic 

Load-time record: response time T
R 

from sine wave of 
increasing frequency. 
TR = 0.35/f. 915db for 10% attenuation. (Typical 70~s) 
Electronic curve fitting sometimes permitted. 

Load-time or displacement; record load before and du ring 
test, use constant voltage supply, signal conditioning 
equipment and initial balancing potentioneter. 
Load integration to lnfer energy, optional. 
Dynamic calibration - 3% using AMMRC pieces 
Response time·TR = 0.35ff 9db 
Initial linear slope betw~en 1.0 and 3.0 on record. 

Load-time also deflection (up to 25mm) , record load from 
first touc:h : suitable amplifier or storage/analogue/ 
digital equipment. Static calibration up to 40kN, 
load deflection energy to within 15% of scale energy. 
Settling time t for .1% of final value. Rise time tr 
fram 10-90% of §tep input signal. System response by 
sine wave until 3dB down, t = .35/f for 50 khz whence 
response t < l~s, t < 2;~s. 

r s 
Force-time and force mouth èpening (or cross plot), no 
electronic damping, frequency response for same 
accuracy as K still being considered. 

Ic 
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7) Interpretation (Elastic) 

EPRI 

ASTM 

ASK 

UK 

Footnotes 

Use static lefm formula for K. 
Find K d. Define period of oscillation ~ 
which for S=4W is * , = 3.36 (w/C) (eBf) 
Require t > 3, where t is shortest time at which 
measurement taken (loads not meaningful t -< 2,) 
Also t ~ 1.1 T . 
Also 2.3, < t R< 3, and 
electronic curve fitting. 
Define K = K /t 

Id m 

for use of 

Accept lefm if
2
general yield not occurred. 

Energy <fiN (Pm) /2EB 

Find ~CI (t fis for lefm. period of osciÜation + 
f 

, = 1.68 (SWE~) ~ C 
o 

Require t > 3" t > 1.1 TR where t is time 
to load vàlue bein~ used. Assess genefal yield by 
comparing the ratio of load to deflection at 
maximum and half load. 

Absorbed energy U=U 
a 

(l-Ul 
4U 

o 

Find K or K Use static lefm formula for K. 
Ic Id 

Require first oscillation in load (peak to peak) 
< 50% average load Pav,and Pmax > 1.5 Pav where 
Pav is taken at middle of first oscillation. 

Also Pçr = Pmax-Posc 

Inertial effect if t ~~s. Use static formula for 
K. Accept for lefm lf no measurable plasticity on 
record. Fracture mechanics results must come fram 
load-deflection record, W/A from scale or record. 

Find K by static procedure. Force diagram must 
not de~rate by more th~ 2~% from mean line and off
set procedure not appl~cabIe on torce-t~me record. 

* C = longitudinal speed of sound wave in a bar of the test material. 
o 

<fi specimen compliance, 

<fii" = <fiEB a non-dimensional specimen compliance 

Note if S = 4W, ASTM formula gives same result as EPRI formula. 

U V tr Pdt fram load time record. 
a 0 ~o 
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7) Interpretation (elasto-plastic
Fully plastic) 

EPRI 

ASTM 

ASK 

UK 

Calculate J = 2U /Bb where U corrected 
t Ic. m d m energy 0 max~mum ioa . 

= W P /2(~ -~) 
Where~ a~ea ofTdiagram 
~T = s'stem compliance (calculated at general 

yield after correction
2
for

2
decrease in velocity) 

= (V t-/P) - (V tg /8U ) 
t ; P<g = ~im~, ïoad, a~ generalOyield "elbow" 
Aïl provided maximum load is point of initiation 
(as generally for cleavage). Also specimen size 
requirement b ~ 50 J/o where 

fl 2 
0fl k(Pg+P~)W/2Bb 

k 2.99 blunt notch 

k 2.85 precracked 

Not discussed 

If not lem find K from P at "elbow" of the 
record. If initia~ion not~efore maximum load 
can use equivalent energy up to max load. 

Find COD by static procedure. 
Must use dynamic yield stress for elastic camponent. 
Upper limit of b about 1500 mm/sec. Load or mouth 
opening must not depart by more than 2~% fram mean 
over the middle 50% of record. 
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Remarks by C.E.Turner 

Sorne UK experience on testing at intermediate rates 

A study has been made by the Briefing Group on Dynamic Fracture Toughness* 

who report to the UK De1egate to the IIW (Commission X). The study has 

resu1ted in draft proposa1s for extending the current British Standards for 

K testing (BS5447 : 1977) and COD testing (BS5762 : 1979) which have been 
Ic 

submitted by the Briefing Group to BSI in the expectation that a Draft for 

Deve10pment might be issued to a110w industry to gain experience of the 

proposed test methods. The proposa1s concentrate on extending the present 

K 
Ic 

-3/2 -1 
and COD procedure to K values higher than about 2.5MNm sec.. 

Testing rates up 
4 -3/2 -1 

to about 10 MNm sec. are envisaged, the upper 1imit 

being set by the possibi1ity of vibration of the disp1acement or clip gauges 

used. Force-crack mouth opening disp1acement records suitab1e for both 

e1astic (K ) and e1asto-p1astic (COD) behaviour are recommended, a1though in Ic . 
the latter case force-time records may be used, possib1y supp1emented by load 

point disp1acement-time records. Testing by hydrau1ic or screw-driven machines 

is preferred. Pendu1um or drop-weight machines are not debarred but are seen as 

1ess desirab1e for the loading or deformation rates in question. These proposa1s 

are c1ear1y of rather different intent than the proposa1s under discussion at 

the present meeting, but over1ap for the lower speeds of loading obtainab1e by 

impact methods. 

As part of the study an inter-1aboratory test programme has been conducted using 

the proposed methods.The work will be reported to ICF-5, Cannes, April 1981. 

In brief, tests were conducted at -20oC and + 1000c on a rail steel to BS.11:-

(0.44C, 0.1 Si, 1.08 Mn). Three point bend tests B = 2Omm, W 4Omm, a = 2Omm, 

20mm and B = lOmm, were conducted by e1even 1aboratories. A few tests with B = W 

W = 2Omm, were a1so conducted. The tests at -20oC gave c1eavage fractures and 

were interpreted through K procedures. The tests at +l00oC behaved in a ductile 
le 

manner and were interpreted through COD procedures. Testing rates ranged from 
-3/2 -1 4 -3/2 -1 

static (K = 2.5 MNm sec.) up to in excess of 10 MNm sec., above 

Nhich rates conventiona1 testing machine load ce11s were found to be inadequate. 

~ Chairman (previous) P.R.Christopher, Admira1ty Marine Techno1ogy 
Establishment, Portsmouth, Hampshire, UK, (now) D.F.Cannon, British 
Rai1ways Board, Research & Deve10pment Division, Derby, OK. 
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Problems of instrumentation response are discussed in the paper. A 

statistical analysis was made of the effect of several variables, notably 

the K value for pre-cracking Kf' small (unintentional) variation of rate K, 

thickness B, notch ratio a/W, occurrence of pop-in and measurement of crack 

length and crack front straightness. 

In summary, the effect of Kf (which was restricted to levels below 0.7 K ) 
Ic 

showed no systematic trend. Similarly, the effects of pop-in, thickness and 

a/W (within the rather small range covered) were not significant. Of course, 

major discrepancies were avoided by the automatic rejection of test data fall

ing outside the limits laid down in the relevant Standards, including the 

present extensions thereto. The only significant variable was found to be 

crack front straightness or obliquity, from which it appears that relaxation 

of current requirements may be undesirable. 

Aside from problems of instrument response time, avoided primarily by initial 

design and avoidance of too high a testing rate, noise on signaIs caused 

difficulties of identifying pop-in, particularly ifit was necessary to cross 

plot load and displacement-time records. At the higher rates of strain, it 

transpired that ram displacement rate and the load-time records could be inter

preted more clearly for estimates of COD ~n homogenous· material) than the 

dynamic clip gauge record and such a procedure is recommended. 

In broad terms the present work up-dates that reported, Ref.l. More details of 

the present work can be obtained from the Chairman of the Briefing Group (see 

footnote) . 

Ref.l. Christopher, P.R., and co-workers, 1976. Some proposaIs for dynamic 
toughness measurements. Proc. Int. Conf. on oynamic Fracture 
Toughness, Welding Institute, Cambridge, UK, pp.127-145. 
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Summary 

REMARKS ON THE INTERPRETATION OF 

INSTRUMENTED CHARPY-TYPE IMPACT TESTS 

by 

C.E. Turner 

Imperial College London 

Recent numerical and shadow optical studies of the Charpy-type 

instrumented impact test reveal that for certain eonfigurations 

K increases rather smoothly with time despite large oscillations 

in observed pendulum load. Re-examination of simple models of the 

mechanics of the impact test throws light of the role of test 

parameters such as pendulum nose stiffness and notched bar stiffness 

and allows estimation of the minimum duration of test for a given 

oscillation in the energy input for a test in the lefm regime. 

Interpretation in the plastic rezime is via measured energy 

obsorbed. It is concluded that within suitable restrictions 

a meaningful value of dynamic toughness can be extracted from 

instrumented test data in both elastic and plastic regimes , 

although the identification of the point of fracture may limit 

interpretation of any single test record, as indeed it does 

in many static tests. 

INTRODUCTION 

A number of workers havereported measurements of dynamic toughness data 

from both large test pieces, often individually instrumented, and from small 

pieces tested on an instrumented machine. The latter offersobvious advantages 

in cost but, quite apart from the weIl known arguments over the effect of size 

of test piece on toughness, have been critized for the difficulty of interpreting 

the test records obtained. These usually show large oscillations in tup load, 

sufficient not only to throw doubt on their measurement, but to raise doubts on 

the meaningfullness of su ch a method of testing. The response to such critism 

has been partly to attempt to understandthe mechanisn of the test and partly 

to reduce the severity of the oscillations by reducing the impact velocity and 
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specifying a minimum duration (or in effect a minimum number of oscillations) 

whereby the percentage error in ignoring or mis-measuring them is greatly reduced. 

The object of the present paper is to draw together recent and earlier studies in 

order to show which test parame ter should be controlled and what the meanlng i~, in 

terms of the mechanics of the test, if proposed restrictions are adopted. 

A simple model 

Several of the important features of the instrumented impact test can be 

examined through a very simple two mass-two spring model. One such model 

was described Ref.l, and shown to be reasonably meaningful by comparison 

with experiments. 

The essential features are shown, Fig.l, here. The beam test piece is 

represented as an effective point mass, m , carried on a spring of equivalent 
e 

stiffness, k • 
e 

This equivalent stiffness is itself a combinat ion of the stiff-

ness of the notched beam, k , in series with the stiffness, k , 
~e mass of the

n 
abutments is taken to be infinitl. 

of the reacting 

abutments. 

The striker is assumed to move at constant velocity V but contact with the test 

piece is through a spring of stiffness k , which represents the response of the 
p 

striker nose and the corresponding indentation of the test piece, here treated 

elastically. Let k Ik = N, k Ik = M, N/M = N 
p n e n 

The differential equation of motion of the mass, initially at rest, was set up 

and solved in Ref.l, for the displacement, u. The corresponding force on the 

striker nose, the velocity of the mass, frequency of vibration, strain energy 

contained in the springs, and kinetic energy in the mass are aIl given in Ref.l, 

and are Just quoted here as required for the present purpose. 

The form of the solution for striker force F is shown, Fig.2. 

F r kp Vip (l+NJ] [Pt + N sinpt] 

The frequency,p, to whic~ the periodic time, T, is related by T 

is given by 2 
p (k + k ) lm = k (l+N) l'''~ n pen 

Eqn.l 

2tr /p, 

Eqn.2 

In conventional beam vibration theory m = l7m/35 
e 

but in impact bending m 
e 

= Cm. 

T = 2tr{CSBWp/k 
n 

(l+NlV Eqn.3 

where S = span, B = thickness, W = width and p = density of beam materia+,-

The stiffness ratio N presumably depends upon the configuration of the nose of the 

striker, the modulus of the beam and even its yield point, in so far as the contact 

is not truly elastic. The stiffness of the notched beam, k Lk, where k 48EI/s3 
n 0 0 
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and L is a factor calculable fram lefm as shown, for example, in App.2 of Ref.l 

and in Ref.2. By way of example for S/W = 4, then L ~ 0.66 for a/W = 0.2 and 

L ~ 0.28 for a/W = 0.5. The value of the contact stiffness k can be estimated 
p 

fram k = p(tana)/V (Fig.2). 
p 

The overall system stiffness k , as seen by the 
s 

striker, is the effect of the springs k and k in series and is given by k 
P e s 

p(tan8) /V. From a diagram recorded in real time, N can be estimated fram 

the initial and mean slopes or fram certain values of load : 

N = (tana/tan8)-1 or N = mn(F /F )-(nn/2). Eqn.4 n m 
where F is the (near peak) load at pt=nn/2 and F is the mean load at pt = mn. 

n m 
Note, however, that F occurs at cospt = -liN which may differ appreciably for 

n 
nn/2 unless N »1. Analysis of records for two different notch depths allows 

N to be decamposed into the separate terms N and M so that both stiffnesses, k p 
and k

r 
can be determined fram the records. k

n 
is of course known already. 

The period of oscillation of load 

In Ref.2 an equation for estimating T is given 

T = 1.68 (SWEB~)~/C 
o 

Eqn.5a 

where ~ is the test piece campliance (i.e. k = l/~) and c is the longitudinal 
n 0 

wave velocity in a bar, implying 

T = 1.68 

Clearly, this is directly related 

c = IE;P. 
o 

(SBWp/k )~ 
n 

to Eqn.3. 

Thus, 

Eqn.5b 

The constant in Eqn.3 is 2n{C/(l+N)}~ 
For (say) N = l, this gives 3.10, N = 2, 4, 6, to give 2.53, 1.95, 1.66, to compare 

with 1.68 in Eqn.5b. The data of Ref.l refers to steel test pieces tested with a 

pendulum of the type sketched, Fig.4. The nose is of quite different shape and 

proportions to the ASTM E-63 standard, so that the value of N for the system of 

Ref.l may differ appreciably fram that of Ref.2 and direct use of Eqn.4 on data 

fram an ASTM standard machine would be of interest. The value of M may also differ 

due to the rigidity of the abutmentsl so that N might vary with design of machine. 

The amplitude of oscillation of load and K 

The next step of the analysis, Ref.l, was to apply the linear plus oscillating 

force system, Eqn.l, to the centre of a beam. The resulting central bending 

moment oscillated qui te markedly, although the amplitude of each successive 

oscillation is reduced because of the mismatch between the natural frequency p, 

of the spring mass system just described and the natural frequency for the trans

verse vibration of the beam alone., p. Thus, for seme system where the mismatch in 
n 
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frequency ratio, r ~. pl P , is large, the oscillation in central bending moment 
n 

is not large despite the Observed large oscillation in pendulum load. This 

effect was noted in the analogue study, Ref.3, where the system was treated 

without division into the two steps of the simple model. 

Yet more recent finite element computation" analyses such as Ref.4, and Refs.S,6, 

presented at this Conference, show that despite the various oscillations, the 

value of K increases near linearly with time. This is also shown very clearly 

by the shadow optical experiments of Kalthoff et al, Ref.7, in the present Con

ference, provided the overhang is retained at the abutments to avoid bounce there. 

This further smoothing of the oscillations so that K is near linear with time 

appears to depend upon the details of the modes of vibration of the test piece 

and the distribution of kinetic energy within the test piece. The terms, other 

than K, that appear to increase smoothly are crack mouth COD (see Refs. 6 & 7) 

and overall test pie ce energy (see, for example, Ref.4). The latter term can be 

evaluated from the simple analysis by adding kinetic plus strain energy terms, 

or from a recorded diagram by deducting energy in the contact spring, k , fram 
p 

the energy lost by the striker (i.e. a compliance corrected energy input). 

Using the equations given in the Appendix to Ref.l, this term still shows an 

oscillation larger than in the camputed or shadow optical results. Nevertheless, 

restricting the oscillations in kinetic plus strain energy to (say) 0.1 of the 

mean (linear with time) term gives a result of some interest. The oscillations 

have two terms, which do not act in phase. One is dependent on the ratio N and 

the other not. Restricting the latter to 0.1 or less of the mean requires 

which is closely 

t 

t 

> 

> 

Restricting the N dependent term to 0.1 

t > 

Le. 2 

20/p 

3T since T 21T/p 

or less of the mean requires 

(N +2) \ 

4 6 N 

th 

1 

1. 73 2.00 2.4S 2.83 

These two oscillations interact to some extent but are not directly in phase, so 

that restricting t > 3T is roughly the criterion for less than ! 10% oscillation, 

provided N is not too large. 

Discussion 

The simple model outlined above reveals the dominant characteristics of the overall 

system but the more recent computational and optical studies suggest that the 
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re1ationship between reasonab1y measurab1e variables such as force or disp1ace-

ment and K values 18 not simple or direct. If, neverthe1ess, more detai1ed 

interpretatidnof the overa1l system is sought, features such as the effective 

mass and effective stiffness of components of the system must be better understood 

or measured. As seen Fig.3 (fram Ref.1) the system stiffness appears to be depen

dent on the ve10city of the pendu1um. This may imp1y there is a damping term 

neg1ected in the mode1 or that the abutments shou1d be mode11ed by appreciab1e 

inertia rather than infinite mass. An un~ertainty over the effective stiffness and 

the value of N and a1so on the relevant value of C to define the effective mass 

of the test pieces throws doubt on the predicted value of the periodic time T. 

For the data of Ref.1 the obversed value of T is some 50% greater than that 

predicted by Eqn.5a (although it must be reca11ed that the detai1s of the pefidu1um 

system differs from the E-23 standard). It wou1d be of interest to eva1uate 

records from a machine to E23 standards to see whether a ve10city dependence of 

system stiffness is found and whether values of N obtained in severa1 ways fram 

Eqn.4 are self-consistent wi th each other and wi th estLmates of T. It may be 

noted that the initial value of tana is in the writer's experience 1arger than 

that for subsequent cycles, perhaps because the effective mass of test piece for 

the first part cycle is different. 

Acceptance of t > 3T for va1id testing imp1ies that the osci11ation{n 10ad is 

becaming sma11 in relation to the mean (at about the ~ 10% 1eve1) and that oscil

lation in bending moment or K is simi1arly restricted. This is presumab1y so. 

However, a most important point appears to be that if the mean 10ad 1ine is 

estab1ished, it (or other smooth1y increasing value) will corre1ate we11 with 

K values, provided the configuration is such that K rises rather smooth1y. Further 

examination of circumstances when this smooth rise is found, seems high1y desirab1e. 

It is already seen (Ref.7) that cutting off the overhang of the test pieces is 

1ike1y to be detrimenta1. A sensitivity analysis for the effect of a/W (k), k , n p 

k r 
V, etc., on the smoothness of K with time would be helpful to estab1ish con-

fidence in the test resu1ts, and a1so allow the use of test times shorter than 3T. 

The arqument that since bendinq moment increased rather smooth1~ it was on1y 

necessary to establïsh an adequate mean 10ad 1ine after perhaps one-and-a-

ha1f or two oscillations in 10ad was made, Ref.S. A simi1ar procedure seems to 

have been used satisfactorily in the ASK test method, Ref. 9, a1t.!1ough no argument for 

accepting it is there adduced. The use of a static value for the 1efm shape factor 

based on three point bending seems genera11y accepted but cou1d a1so be exp1icit1y 
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checked in terms of the value of load from the mean load line and the more 

recent computational and optical studies. As an alternative, Dr.Kalthoff has 

suggested in the present discussions that a K calibration be produced from the 

shadow optical tests. The sensitivity of such a calibration to test variables 

would again be desirable, particularly for k and k . 
P r 

Beyond the lefm regime there is general acceptance that an energy based relation-

ship of the form J = nw/B(W-a) is most appropriate. For deep notch bending n 

is closely 2, although a rather lower value, perhaps nearer 1.6 for a/W ~ 0.2 

and 1.9 for a/W ~ 0.3 seems more appropriate according to (static) finite element 

computations. 

No discussion is offered here on the adequacy or otherwise of the experimental 

requirement of instrument response. General opinion seemed to imply the res

trictions cited by Ireland, Ref.2 (and broadly similar ones by Varga, Ref.9) are 

adequate. The further experimental problem of identifying the point of fracture 

remains. As the crack starts to spread the departure from the existing pattern of 

vibration is graduaI so that precise identification of the onset of separation is 

difficult within perhaps ! 1/4 cycle. Even rapid (cleavage) fracture does not 

cause an abrupt termination or corner of the pendulum force record in the elastic 

or small pla.icity regime if inertia and vibration are still an important factor. 

In that respect a requirement such that t > 3T lessens the proportional uncertainty 

more than does the establishment of a mean load line over sorne lesser time scale. 

The use of a lower test velocity also accentuates the difference between the inertia 

induced vibration and the onset of a rapidly moving crack. With plasticity this 

problem ceases if cleavage fracture occurs but for ductile tearing the problem of 

identifying onset of separation is ev en more acute than for static testing and 

acceptance of maximum load results seems necessary unless a multi-test piece method 

is used (Ref.lO) or a dynamic P.D. technique, or the like, can be perfected. 

Conclusions 

Sufficient understanding of the instrumented pre-cracked Charpy test exists from 

both simple qualitative studies that reveal the important parameters and from recent 

optical and computational studies which include the effects of plasticity, to believe 

a meaningful value of fracture toughness can be extracted from the test, necessarily 

using existing static formulae for the time being. It is clear that certain varia-

bles, such as notch depth ratio, overall length of each piece, tup nose dimensions, 
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etc., play a larger role in affecting the measured tup loads than might be 

thought in the absence of the analysis. Certain recommended controls (such as 

the 3, criterion and the value of ,) may therefore be sensitive to alterations 

in the mechanics of the test. All such parameters must be controlled or 

recommendations altered to suit a wider range of variables. 

Because of the above and~e yet more fundamental variation of dynamic stress inten-

sity with time, it may not be possible to extrapolate the recommended procedures 

to other dynamic tests without very detailed study. 

Results of even carefully conducted tests may therefore be less precise than for 

static tests. A quantitative assessment of the variability of results is expected 

to emerge from the ASTM Round-Robin now being conducted. 
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1 INTRODUCTION 

The impact test has been widely used as a screening 
test in quality control. There have been attempts to 
use it also for characterizing the toughness of the 
material. One serious drawback in the use of the impact 
energy as a toughness parameter is that it cannot be 
directly applied to design. Especially with high 
strength steels, a guaranteed impact energy level does 
not guarantee the safe operation of the component. 
However, the impact test is easy and fast to perform, 

and the specimens are cheap. These are the reasons why 
the impact test has become very popular in materials 
testing. To utilize the test more thoroughly it has 
been instrumented to give the force as a function of 
time or displacement. During the last decade 
developments in electronics have made it possible to 
measure and to store the force-time data rapidly and 
accurately. Basically, it is now possible to obtain the 
fracture mechanics parameters like KIc ' KId , J by 
means of the impact test. For materials research 
purposes the instrumented impact test is an efficient 
tool, because the absorbed energy can be divided into 
different components corresponding to their contribution 
to the different fracture processes. The yielding and 
strain hardening properties of the material can also be 
studied from the force-displacement graphe 

2 EXPERIMENTAL 

2.1 TEST MATERIAL 

The material under examination was an ordinary pressure 
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vessel mild steel Fe520. Its analysis is given in Table 

1. 

Table 1. Analysis of the material. 

C Si Mn P S V Al N 

0.17 0.46 1. 31 0.023 0.021 0.014 0.042 0.004 

The mechanical properties are given in Table 2. 

Table 2. Mechanical properties of the material at 293 K. 

Upper yield Lower yield Ultimate Elongation 
strength strength strength 

N/mm 2 N/mm 2 N/mm 2 
0/0 

384 376 545 30 

The plate thickness was 15 mm and it was normalized 
after hot rolling. The microstructure was ferrite/ 
pearlite with an average grain size of 0.012 mm. 

2.2 EQUIPMENT 

NOT 

K 

218 

The impact test machine and the instrumented tup were 
made by Mohr - Federhaff - Losenhausen (MFL). The 
capacity of the hammer was a standard 300 J. The tup 
was statically calibrated when attached on the hammer 
and the calibration was also checked dynamically with 
strain-rate insensitive materials according to the 
method described by Ireland and Server (1974). For 
signal amplification and storage a 100 kHz Neff !22 
instrumentation amplifier and a Datalab DL 905 digital 
transient recorder were used. The data, which consisted 
of 1024 samples with an accuracy of 1/256, was then 
stored on paper-punch tape for computer study. At 
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the present stage the computer program transforms the 

force-time diagram to a force-displacement diagram and 
it also calculates and plots the average force
displacement and the energy-displacement diagrams. In 
Fig. 1 an example of the force-displacement diagram and 
the energy division into its different components is 
shown. 

16 
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Fig. 1. The force-displacement and the energy 
displacement graph and the energy division of a 
typical instrumented impact test result. 

The computer program also prints the maximum force and 
the energy up to the maximum force. as well as the 
d~flection of the specimen at that point. 

2.3 EXPERIMENTAL PROCEDURE 

The impact test specimens (standard Charpy V) were cut 
from the plate both in longitudinal and transverse 
directions. Standard tension tests were performed with 
longitudinal tension test specimens. The impact tests 
were carried out in the temperature range of 77 K to 393 
K. 

The impact velocity was 5.4 mis at the higher 
temperatures (T > 170 K) and 0.95 mis below 220 K. The 
low velocity was found to be necessary because the 
inertial forces became more dominant and masked the 
actual fracture force below the transition temperature. 
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A decrease of the velocity has also been suggested by 
Ireland (1974). The force-time data and also the dial 
energy of each specimen was recorded. This was because 
in many cases the storage period of the transient 
recorder was too short and therefore the force did not 
return to the zero level. making the calculation of the 
total energy from the aiagram impossible. 

3 RESULTS AND DISCUSSION 

3.1 THE IMPACT ENERGY 

The energy used in breaking the specimens was primarily 

calculated from the force-deflection graphs and only 
checked from the dial readings. The total energy 
dissipation and the portion consumed by the fracture 
initiation are sho~n in Figs. 2a and 2b. The energy 
dissipation before the maximum force is the best 
estimate available for the crack initiation energy 
(Koppenaal. 1974). because the exact displacement at 
which the initiation occurs cannot be determined with 
the present equipment. As seen fram Figs. 2a and 2b the 
absorbed energy at the shelf level measured with the 
longitudinal specimens is more th an 3 times the absorbed 
energy measured with the transverse specimens. but the 
difference in the initiation energy is only approximate
ly twofold. Consequently. it can be assumed that the 
energy needed to propagate the crack in the longitudinal 
specimens must be higher than in the transverse speci
mens. 

The initiation energy at the upper shelf level is in 
both cases about one third of the total energy. Below 
the transition temperature almost all of the energy is 
consumed by the crack initiation. In the longitudinal 
specimens it seems that the lower strain rate has sorne 
influence on the absorbed energy by lowering the tem
perature at which the first rise of the consumed energy 
occurs. 
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Figs. 2a and b. Impact energy versus temperature for 
longitudinal (a) and transverse (b) 
Charpy V-specimens. The energy consumed 
prior to the maximum force is 
separated. The impact velocity was 
varied from 0.9 to 5.4 mis. The total 
energy has been taken from the pendulum 
dial and the energy up to the maximum 
force was integrated from the 
force-displacement curve. 

3.2 THE DYNAMIC YIELD STRENGTH AND FRACTURE STRENGTH 

The yield strength of a Charpy V-specimen in a 3-point 
bend test can be calculated from the force corresponding 
to the general yielding FGy of the specimen provided 
that the constraint factor is known. Assuming that the 
material obeys the Tresca yield law and applying the 
constraint factor given in the literature (Server et 

al., 1974), the yield stress 0bY in bending can be 
calculated from 

(1 ) 

C B(W_a)2 

where S is the span width, B is the thickness of the 
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specimen, W is the width of the specimen. a is the notch 
depth and C (= 1.21) is the constraint factor. For a 
standard Charpy geometry Eq. (1) reduces to 

( 2 ) 

Due to the vibrations in the impact test (Fig. 1) no 
definite yield point can be obtained. Therefore a 
method suggested by Clausing (1970) was applied in 
determining the general yield force FGV • According to 
this method the general yield of the Charpy V-specimen 
is reached at 0.025 mm plastic displacement. The 
general yield strength was then calculated using Eq. (2) 
and the results are shown in Figs. 3a and 3b for 
longitudinal and transverse specimens, respectively, as 
a function of temperature. 
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Figs. 3a and b. The dynamic yield and fracture 
strengths versus temperature for 
longitudinal (a) and transverse (b) 
specimens (calculated according to 
Tresca yield criterion). The solid 
points represent the strengths 
calculated from static bend tests. In 
Fig. 3a the static tension test results 
are also shown. 

The method for calculating the general yield strength 
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was checked by performing static bend tests with Charpy 

V-specimens. The results are shown by solid points in 
Figs. 3a and 3b. In Fig. 3a the results of the static 
tension tests are also shown. 8y comparing the static 
bend test results (solid points) with the tension test 
results; a fairly good correlation was found. Assuming 
that the material obeys the same law of yielding in 

dynamic and static loading. the estimate for the general 
yield strength can be considered to be reasonably 
accurate. 

8y replacing FGy by Fmax in Eq. (2) one can get an 
approximation of the dynamic ultimate limit stress. By 
introducing the real crack length into Eq. (1) an 
estimate for a "true" fracture stress can be found. In 
spite of the scatter in the results. a steep rise of 
this stress value can be seen approximately at the same 
temperature at which the total absorbed energy rises and 
separates from the initiation energy. The absolute 

values of this "true" stress are not very accurate. but 
the data can be considered to give a qualitative view on 
the fracture behaviour. 

In Figs. 6 and 7 the characteristics of the fracture 
surface are shown. The length of the stable fibrous 
crack growth. as well as the final fracture length. were 
measured with a travelling stereo-microscope. The 

distance between these two curves gives the actual 
length of the cleavage crack extension. For both the 
longitudinal and the transverse specimens the cleavage 

fracture surface disappears at the temperature of 270 K. 
i.e. the temperature at which these two curves 

coincide. At this temperature the initiation energy 
also approaches its shelf level. 

It should be pointed out that above the temperature 
TGy ' at which the general yield strength and the 

fracture strength coincide. both stable crack growth and 
lateral expansion occur. If the lateral expansion 
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depends on the temperature TGV' the above mentioned 
connection may be significant because above TGV 
temperature a brittle fracture without associated 
yielding is not expected. The lateral expansion is a 
very easy parameter to measure by means of a dial 
indicator and the test may even be performed with a 
non-instrumented impact machine. However, due to the 
small amount of data at the moment this behaviour cannot 
be proved as a general feature. Further, it seems that 
the mixed mode fracture first appears when the fracture 
strength becomes larger than the general yield strength. 
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Figs. 4a and b. The fracture surface appearance as a 
function of temperature for longitudinal 
(a) and transverse (b) specimens. 8 mm 
represent the notch rot and 0 mm the 
opposite side of the specimen. The 
distance between the curves is the actual 
length of the fast fracture extension. The 
lateral expansion is also shown and the 
solid points indicate specimens in which no 
brittle fracture was detected. 

3.3 STABLE CRACK GROWTH 

Because the processing of the data of the instrumented 
impact test allows the calculation of the energy at any 
deflection, it is possible to extract the energy 
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consumed prior to the fast crack extension. The plot of 
the fibrous crack length measured from the fracture 
surfaces versus the absorbed energy up to the point of 
the initiation of the fast fracture is shown in Fig. 5. 
Most of the energy is consumed by the plastic work and 
only a small fraction by the actual fracture process. 
However, both in the longitudinal and in the transverse 
specimens, the elastic and plastic component of the 
absorbed energy can be assumed to be nearly equal and 
thus the clear difference shown in Fig. 5 may be due to 
the change in the fracture resistance. The comparison 
of different materials with this procedure is limited to 
cases in which the amount of the plastic work can be 
shown to be of the same order of magnitude. 
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Fig. 5. The absorbed energy prior to brittle fracture 
versus stable crack growth. Temperature is 
varied frDm -196 to +100°C. In specimens marked 
"fibrous" no brittle fracture was detected. 

3.4 THE CLEAVAGE FRACTURE STRENGTH 

The cleavage fracture strength of a material is reached 
when the specimen breaks by cleavage. In order to be 
able to determine the cleavage fracture strength, the 
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point of coincidence of the general yield (oGY) and 
the fracture stress (of) has to be measured. The 
necessary data can be obtained from instrumented impact 
test results. This implies, however, that the cleavage 

fracture strength is strain rate independent as 
generally accepted. From the general yield strength and 

the fracture strength values shown in Fig. 4 one can see 
that they coincide at a temperature of 135 K and at the 
strength value of 830 Nmm- 2• For the transverse 
specimens the same value for TGy has been obtained, 
but the value of the strength at the coincidence point 
is 780 Nmm- 2• This difference could be due to 
experimental scatter. Using those strength values and 
the stress concentration factor 1.94 given by Ewing 
(1968), a value of 1610 Nmm- 2 for the cleavage 
fracture strength can be obtained. However, the stress 
concentration factor can vary considerably between 1.80 
(Shindo and Tomita 1972) and 2.18 (Green and Hundy, 
1956) assuming that the Tresca criterion is valide The 
value of Ewing was chosen because it has been solved 
exactly for the Charpy test geometry in contrast to the 
Green and Hundy solution, which is for pure bending. 

This value of the cleavage fracture strength can be 
checked by following the idea of Wobst and Aurich 
(1977). They suppose that the cleavage fracture 
strength could be the yield strength value at 0 K 
temperature. In this case the problem is how to measure 
the yield strength at a very low temperature. With a 
notched specimen it is not possible at all, because at 
low temperatures the stress concentration at the notch 
root is sufficient to break the specimen before general 
yielding. However, this difficulty can be overcome if 
one can properly describe the yielding behaviour at low 
temperatures. This behaviour can then be extrapolated 
to 0 K to give the yield strength at that temperature. 
It is not simply a question of curve fitting but the 
function describing the yielding behaviour must also 
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have a sound theoretical basis. Such a function has 
been presented by Yaroshevich and Ryvkina (1970) (Eq. 3) 

where 0Y is the yield strength, 0y(O) is the yield 
strength at 0 K, ° is the temperature independent 

li 

(3) 

component of the yield strength, m is a constant and T 
is the absolute temperature. This function is based on 
the temperature dependence of the Peierls-Nabarro force, 
or equivalently to the dissolution of the screw 
dislocations. Eq. (3) has been chosen to describe the 
temperature dependence of the yield strength among a 
variety of models (Kotilainen et al., 1979). 

When matching the data shown in Fig. 4 to the function 
given above the values of the constants can be 
calculated as ° = 450 Nmm- 2, 0y(O) = 1670 Nmm- 2 

lI1 and m = 0.00849 /K. 

The value of 0y(O) is quite close to the above 
estimated cleavage fracture strength. Eq. (3) can be 
checked once more by solving the temperature of the 
coincidence of the general yield and the fracture 
strength i.e. putting oGY = 0fc/ Y' where y is the 
stress concentration factor. This procedure, with the 
above constants in Eq. (4 ), gives 

1 o-y(O) - 0-
T I.n 1J 128 K 

m o-y(O) (4) 
- 0-

r 1J 

This temperature agrees fairly well with the measured 
one (135 K). It seems therefore reasonable to ass~~e 
that the cleavage fracture strength measured using the 
proposed procedure is a good estimate for the real one. 
The value found here is of the same order of magnitude 
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as the result of Wobst and Aurich (1977) for similar 

steels. 

A more reliable result could be obtained if the static 
tensile yield strength were used. The tensile test is 
easy to perform and can be done at a very low 
temperature. From the results a good fit of Eq. (3) to 
the measured data given in Fig. 4 (0 = 330 Nmm- 2, 

" m = 0.01269) is found. The yield strength at 0 K then 
becomes 1445 Nmm- 2• Adding the difference between the 
static and dynamic yield strengths at TGV (300 
Nmm- 2) to this value gives a value of 1745 Nmm- 2, 
which is reasonably close to the value 1670 Nmm- 2 

calculated from the dynamic test data. 

If the yield strength at 0 K is same as the cleavage 
fracture strength it seems to be slightly strain rate 
dependent. The increase of the yield strength (225 
Nmm- 2 at 0 K) due to the increase of the strain rate 
is partly due to the temperature dependent component 
(105 Nmm- 2).and partly to the temperature independent 
component (120 Nmm- 2 ) of the yield strength. This 
seems to contradict the general theory according to 
which only the temperature dependent part of the yield 
strength is strain rate dependent (Hall, 1970). This 
result may be due to the method of making the 
correlation, because the best fit of the data has been 
taken for the correlation. However, this might not to 
be the correct way. The constant m should be chosen so 
as to correspond to the change in the strain rate. An 
equation for the constant m has been given by Armstrong 

(1967) 

m = mo.+ (5 ) 
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where mo = 6.5 x 10-3 1/ K is constant, EO a 
frequency factor equal to 5 x 108 Ils for iron, E is 
the strain rate, k the Boltzmann's constant and U

o 
8.8 x 10-20

J the activation energy of dislocation 
movement. Using the value of E = 1 x 10-4 Ils of 
the tensile tests and E = 600 Ils for the Charpy 
V-test for the reduced speed of impact used here (3400 

Ils; Norris, 1979), values for m equal to 0.01109 and 
0.00864, respectively, are obtained. In the dynamic 
case the experimental value for m seems to be too 
sma 11 • 

Another explanation for the difference cou1d be that at 
very high strain rates, as in the Charpy test, the yield 
strength does not obey the same law as in the static 
case. Then the dynamic yie1d strength approaches some 
upper limit which equals the a fc • This kind of 
behaviour is supported by the results of Russell 
(1971). Also the microstructure may influence the 
results, because the effects of twinning and grain 
boundary carbides has not been considered. In spite of 
the deviations from the theory, it seems to be possible 
to estimate the cleavage fracture strength from the 
instr~mented impact test results. 

4 CONCLUSIONS 

The instrumentation of a Charpy hammer extends 
significantly the usefulness of the Charpy V-test. When 
considering the applicability of the results, it is 
important to be able to estimate the temperature at 
which the general yield strength and the fracture 
strength coincide. Equally important is the abil~ty to 
estimate the cleavage fracture strength. If these 
estimates can be made reliably by means of an impact 
test, it may be considered as a useful tool in materials 
testing. However, there remain many unsolved problems, 
such as size effects of the specimen, the effects of 
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strain rate and the stress concentration etc. 
Additionally, the test geometry itself can be criticized 

because of the vibrations, the effects of inertial 
forces on the crack initiation, and the errors in signal 
amplification and storage etc. In spite of these 
criticisms the instrumented impact test at the present 
stage seems to be an effective and inexpensive test 

method for materials research purposes. 
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Abstract 

A fine grain, loV! alloy steel was moed for the construction 
of a ~;pherical PWH full pressure containment ve:3sel. 

Fracture mechanics data had ta be established for brittle 
fracture safety evaluation purposes. Compact Tension (CT) 
Specimens of the 2:r-geometry and with thickness of the 
actual plates from 32 to 50 mm had been tested under 

quasistatic loading for the corresponding wall thickness 
and 3T specimens for higher wall thickness. Internal clip 
gages according to ASK AN 220 have been applied for COD 
and J evaluation. 

In addition, Charpy-type specimens, manufactured and 
precracked according to ASTH E 399-74, (Instrumented 
precracked Charpy type) have been tested. An instrumented 
Schnadt type pendulum, with to different velocities 
(ratio 50/1) was used. Pendulum, measurement ~~d 
registration equipment was according to ASK Alf 425. 
Dynamic initiation Klc and J lc have been determined 
using peak or maximum load. 

Fracture mechanics data originating from CT and IFCT 
specimens are plotted against temperature; depending on 
the testing materials, results of both types of specimens 
fall in the same scatter band or outside. Rate sensitivity 
seems to be materials dependent (e.g. normalised, quenched 
and tempered base metal, weld metal or heat affected zone). 
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1. Introduction 

A fine grain, low alloy steel 'via:::: u~:ed for tne constr~~ction 
of a spherical Hm full pressure containment vesGel. 
Fracture mechanics data had to be established for brittle 
fracture safety evaluation purposes. Compact Tension (CT) 
specimens of the 2T-geometry and with thickness of the 
actual plates from 32 to 50 mm had been tested under 
quasistatic loading for the corresponding wall thickness 
and 3T specimens for higher wall thickness. InternaI clip 
gages according to ASK AN 220 have been applied for COD and J 

evaluation. 

Acoustic Emission, calibrated by heat tinting was used to 

detect the initiation point on CT specimens. 

2. Materials and Test Program 

A special, full pressure PWR containment vessel had to be 
constructed using high-strength fine-grain normalized, 
partly quenched and tempered V-bearing steel with minimum 
yield strength of 60 ksi. Plates of 32 to 38 mm were 
normalized, parts of higher thickness (rolled or forged) 
quenched and tempered. 

The actually delivered material showed yield stresses 
between 70 ksi and 90 ksi. Furthermore, stress relief 
heat treatments, as required above 1 1/2 inch wall 
thickness, tend at 540 - 580 Oc to reduce toughness in 
the heat affected zone (RAZ) of this type of steel. 
Because the steel used did not comply wi th the Am'lli III 
code for metallic containments, a fracture mechanics 
evaluation had to be performed. 

Hand welds were carried out by using a Swiss made 
V-bearing hand electrode. The submerged arc weldments 
were made by using a 1 '1~Hi-wire and a fused flux. 
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Therefore the fracture mechanics evaluation had to include all 

representative materials, i.e.: 

1. Plate material 32 mm normalized 
2. Plate material 48 mm stress relieved 
3. Plate material 100 mm, Q + T plus stress relieved 
4. Forged materials 100 mm,as above 
5. Hand weld material 
6. Submerged arc weld material 
7. RAZ of hand weld 
8. RAZ of submerged arc weld. 

Two type of fracture mechanics specimens were used: Compact 
tension (CT) and instrumented precracked Charpy-type specimens 

(IPCT). 

Compact Tension Specimens: 

CT-specimens of 2T- and 3T-geometry for the abovementioned 

materials. 

Fatigue precracked Charpy-type specimens: 

The application of these specimens had three goals: 

1. detection of dynamic initiation fracture toughness 

- in respect of temperature 

depending on test specimen location, for instance in 
function of the distance to the fusion line (BAZ) 

2. to assess the scatter of the material properties 

3. to detect the weakest region in the RAZ, for positioning 
notch root of the CT specimens for further testing. 

Some characteristic features of the resultq of this 
programme will be presented in the followings. 
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3. Test Resul t,3 

Takin~ tlle advantage of tile ::ornall r:ntHrial;, aLlount 
necessar:y for IPCT-specimens followin~ re~'ul b: Here found: 

Fig. 1 shows that with the limited material available a 
transition curve could be traced. The four 2T-specimens 
could only give a shelf line. The CT-specimens are, of 
course, for certain load cases more appropriate and also 
better for EPJ<'f1 evaluation than I?CT-specimens (open 
squares stand for equivalent energy values, whieh are 
being replaced by now through J1c-valües). 

It can be seen from Fig. 1, that the IPCT-results complemented 
the results of CT-specimens in a conservative and very 

instructiveway. 

Fig. 2 shows 2T and IPCT specimens falling into the same 
scatter band. 

The single CT value at the right of the IPCT minimum value 
line at 20 Oc is an invalid, force-dependent initiation 
value. The COD-based K-value x at 20 Oc for the same 
specimen falls right into the scatter band. 

More CT-specimens were tested in the series represented 
by Fig. 3; transitions seem to lie fairly parallel 
between CT and IPCT specimens, the latter being more 
conservative. 

Toughness variations in the RAZ of non-stress relieved 
welds are well represented in Fig. ~, where dynamic 
initiation toughness is shown in function of the 
distance to the fusion line. However, no difficulty 
was encountered, since the base metal showed the same 
toughness as the weakest zone of the I~Z (32 mm plate, 
hand weld, no stress-relief, -10 Oc testing temperature). 
For stress relieved welds, however, a lo,'ler minimum 
value was found at 7 oC, as shown in Fig. 5. 
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The notch roots of CT-specimens could 1:>e positioned 
in a more appropriate location to determine the I01rlest 
toughness values after t!::le preceding IFCT screenil:g 
tests. 

The following figures 6 to 9 show force-time diagrams 
from lower to upper shelf. 11aterial was forgecl Q + T 

l''m-Hi-V low alloy constructional steel. 

Conclusion 

This paper showed the application of IFCT-specimens to a 

full pressure containment vessel for a PWR in 1975. 
The purposes were: determination of dynamic initiation 
fracture toughness, complementation of other information 
on fracture toughness, information on scatter and 
detection of the weakest region of the RAZ. 

Actual work is now being done using initiation detection 
for J Ic testing and measurement of da/dN during.precracking. 
However, applications in the manner described are still 

fully appropria te. 

The authors wish to thank KKW Gësgen for permission to 
publish results and Mr. M. Junker, who conducted the 
IPCV tests at Sulzer Bros. Ltd., Winterthur, Switzerland. 
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Fig. 6 

Force-time-diagrams in the transition zone, -10 oC. 
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Fig. 7 

Force-time-diagrams in the transition zone, +7 oC. 

Fig. 8 
As above, with fully ductile behaviour of the 
specimen. 

9 
Force-time-diagrams at upper shelf, +24 oC. 
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INTRODUCTION 
The use of fracture mechanics in the fracture-safe design and con

tinued safe operation of nuclear reactor pressure vessels has provided 
an incentive for the development of small specimens for obtaining per
tinent fracture toughness data. Small specimens are required for eco
nomic reasons when a large number of heats are involved and for space 
limitation reasons such as in surveillance programs. Several approaches 
to obtaining fracture toughness from small specimens by either direct 
measurements or indirect correlations and calculations are reviewed, and 
their merits and limitations are discussed. Emphasis is placed on tech
niques which have been developed to determine static and dynamic upper 
shelf fracture toughness from surveillance-size specimens. 

MULTI-SPECIMEN DYNAMIC FIBROUS INITIATION 
Due to the fact that initiation does not generally correspond to 

maximum load for fibrous fracture on the upper shelf, a dynamic testing 
technique was developed for determining initiation value for ductile 
fracture. This technique [1] was patterned after the existing ASTM work 
being performed under static loading [2], and utilized a multi-specimen, 
controlled displacement procedure for obtaining initiation. Briefly, a 
vertical drop tower impact machine was used in which hardened steel 
deflection stops were used to stop the falling impact head at different 
amounts of specimen deflection as shown in Fig. 1. When the impacting tup 
struck the deflection blocks, a sudden increase in the load signal 
occurred, making the stoping event (see Fig. 2). After loading, each 
of the 6-8 specimens was heat-tinted at 288°C for 15-30 min. The speci
mens were then broken apart at -70°C to reveal the extent of fibrous 
crack growth. The amount of crack growth (Aa) was measured for each 
specimen using the maximum growth reading and 3-point and 9-point averag
ing (Aamax ' Aa3, and Aa9, respectively). J-values were calculated for 
the three-point bend tests at the point of hitting the deflection stops 
in the same manner as conventional tests to maximum load are calculated 
(i.e., utilizing the machine compliance correction [3,4]). The J Ic 
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values were determined by the intersection of the J versus ~a straight 
line fit with the blunting line defined as 

(1) 

The values of aF for impact tests were estimated from instrumented 
Charpy V-notch data in a similar manner as impact yield strength values 
[5], except that a mean between maximum and general yield loads was used 

in the calculation. 

Figure 3 shows the dynamic initiation J Ic results for a heat of 
SA302B steel. It is evident that the three different methods of measur
ing crack growth (~amax' ~a3' and ~a9) result in markedly different crack 
growth values due to the sharp curvature of the fibrous crack front. 
Although this difference has little influence on the J Ic value, the 
slope of the J-crack growth curves (dJ/d~a), and hence the tearing modu
lus proposed by Paris et al. [6] (TJ = dJ/d~a.E/a~), is substantially 

changed. 

The fracture toughness results for the SA302B steel are illustrated 
in Fig. 4 as a function of temperature. A complete range of temperatures 
covering cleavage and fibrous fracture was investigated, and three dif
ferent stress intensity loading rates (K) were also studied: 

Quasi-static (compact), K = 3 MN.m-3/ 2s-1 , 

Intermediate dynamic (compact), K = 3 x 103 Mr~.m-3/2s-1 , 

. ( ). 5 -3/2 -1 Impact dynamlc bend, K = l - 3 x 10 MH·m s . 

The dashed line in Fig. 4 is the fracture mode transition temperature 
T
Cl 

determined from instrumented Charpy V-notch (Cv) tests by finding 
the highest temperature at which there is no cleavage load drop {or 
alternatively, the lowest temperature where 100% shear fracture appearance 
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occurs). The TCl temperature has agreed with the temperature at which 
the dynamic fracture toughness fracture initiation mode transition occurs 
for several heats of welds and plates [7]. Also evident in Fig. 4 is 
the observation that dynamic tests provide the lowest values of toughness 
in the transition temperature regime. but the highest values of toughness 
on the upper shelf. The upper shelf dynamic initiation toughness is 
almost always higher than static toughness for pressure vessel plates. 
forgings. and weld metals [1.8]. 

Figuré 5 schematically illustrates the effects of dynamic loading on 
pressure vessel steel toughness. If a lower bound toughness is desired 
to cover the total temperature range. both static and dynamic testing must 
be performed. In the lower shelf regime. the toughness is independent 
of the loading rate so that either static or dynamic loading can be used; 
in the transition temperature region. the dynamic data are lower than the 
static. and therefore dynamic data are more conservative; and on the 
upper shelf. static initiation toughness is the conservative approach. 

SINGLE-SPECIMEN FIBROUS INITIATION 
The problem with the multi-specimen initiation technique is that it 

requires 6 to 8 specimens and is thus impractical for use with a limited 
number of irradiated surveillance specimens. Therefore. a simple. inex
pensive test technique was developed for determining J-initiation on the 
upper shelf for both static and dynamic loading using a single. small 
specimen [9]. Following the work of Green and Knott [10] for mild steel. 
precracked Charpy specimens were side-grooved. forcing fibrous initiation 
to occur nearer to maximum load. Figure 6 schematically illustrates this 
effect and shows the procedure for estimating J lc . 

Results for standard size precracked Charpy pieces (original thick
ness. B. equal to 10 mm) and over-sized precracked Charpy bars (remain
ing net thickness. Bo' equal to 10 mm) are shown in Figs. 7 and 8 for 
dynamic and static loading. Two materials were studied. a normal tough
ness SA533B-l steel (HSST Plate 02) and a low toughness SA302B steel. 
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It appears that with a 30% side-groove depth (15% on each side), a con
servative, yet accurate, value of J1c (and thus KJc ) may be determined 
from à single specimen simply through the measurement of test piece dimen
sions and maximum load specimen energy. As indicated in Fig. 8{a) there 
appears to be a remaining ligament depth (b) size requirement for higher 
toughness materials tested under quasi-static loading; this requirement 
appears to be similar to the elastic-plastic requirement for an accept

able J-crack growth test: 

b > 25 Jm 10F. - ax 
(2) 

The closed triangular points in Fig. 8 are for three-point bend test pieces 
with 30% side-grooves but with a larger remaining ligament depth. The 
test results for this case agree with the valid J1c level determined 
independently from the multi-specimen approach. Violation of the remain
ing ligament depth criterion (Eq. 2) produces low, conservative measures 
of J

1c
. Further support of this size requirement has been shown, using 

a high toughness weld metal tested under quasi-static loading [9]. 

It is felt that this test procedure has exceptional potential for 
realistic toughness evaluation in surveillance programs. Existing Charpy 
V-notch surveillance specimens can be used, merely with the minor modifi
cations of precracking and side-grooving, both for quasi-static and dynamic 

testing. Thus, there is no need to resort to expensive, multi-specimen 
procedures or complex and often ambiguous methods for detecting crack 
initiation. Additionally, the method is expected to work particularly 
well for irradiated specimens, where irradiation hardening will further 
reduce the minimum test piece dimension (b) for "vaUd" measurement, both 
in terms of increasing oF and decreasing J 1c (see Eq. 2). However, 
caution should be exercised before applying this procedure to other 

materials. 
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INDIRECT MEASURES OF FRACTURE TOUGHNESS 
Several indirect methods for obtaining predictions of fracture tough

ness from surveillance-type specimens have also been investigated. The 
first of three methods is based upon a physical model for predicting upper 
shelf initiation fracture toughness and the others are based on empirical 
correlations. 

Critical Fracture Strain Model 
The methodology described here involves the use of uni axial mechanical 

properties and microstructural information as related to the appropriate 
fracture model depending upon the failure mode. Low temperature, slip
initiated cleavage fracture has been modeled using a critical stress 
criterion [11]. Similarly, failure at the upper shelf has been modeled 
as fully ductile rupture (microvoid coalescence) using a critical strain 
model originally proposed by McClintock [12]. The application of this 
last model involved determination of critical strain values from notched 
tensile tests, knowledge of precise analyses for the elastic-plastic stress 
and strain distributions ahead of sharp cracks, and an evaluation of 
microstructural size parameters which control the fracture event. 

Macrocrack growth via linking of voids can be modeled as strain
induced fracture (in a simplistic manner) by utilizing the criterion of 
a critical strain being exceeded ahead of the crack tip. However, void 
growth during ductile fracture is also a strong function of stress state 
which varies with distance ahead of the crack tip. Also, it is not suf
ficient for the failure criterion to simply use a critical strain to be 
reached at a single point ahead of the crack tip; instead, this critical 
strain must be exceeded everywhere over a minimum amount of material 
which is characteristic of the scale of physical events occurring. 
MacKenzie et al. [13], have proposed a criterion for ductile fracture in 
which a critical fracture strain (Ef) is exceeded locally over a micro
structurally significant distance (~~) ahead of the crack tip. Their 
criterion further recognizes the distance variation in stress state away 
from the crack tip. 
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The application of this model for the prediction of upper shelf frac
ture toughness involves experimental determination of the fracture strain 
or ductility as a function of stress state, together with knowledge of 
the elastic-plastic strain distribution ahead of the sharp crack [14]. 
Values of fracture strain were obtained using circumferentially-notched 
round tension specimens loaded uniaxially to failure (see Fig. 9); failure 
originates internally when the most severe hydrostatic stress state occurs 
and can be varied by using different notch acuity specimens which alter 
the state of stress. Values of failure strain for different states of 
stress were thus obtained with the different radius-notch specimens (Fig. 
IOa). Fracture toughness values were predicted by determining the value of 
toughness for which the equivalent plastic strain (from blunting solutions 
for small scale yielding which also consider the state of stress--see 
Fig. lOb) exceeds, over the characteris~ic distance (~~). the value of 
critical fracture strain (E;) representative of the crack tip stress 
state at that position. Since the failure event for ductile rupture 
generally involves coalescence by shear localization between a number of 
voids nucleated at the largest particles (inclusions), values of ~~ 
would be expected to be sorne small multiple of the inter-particle spac
ing. The major spacing between voids in SA533B-l is roughly 50 ~m which 
is consistent with inclusion distribution studies. The multiple of voids 
needed to coalesce with the main crack tip for the initiation of a cri
tical crack is unknown and can vary from material to material. 

Figure 11 shows the upper shelf predictions for SA533B-l steel based 
upon multiples of 6 or 7 times the inclusion spacing (300 and 350 ~m) 
which best fit the experimental data. Thus, the characteristic distance 
reflects the critical number of voids needed, in addition to the spacing 
between particles, for fracture initiation to occur. Also shown in Fig. 
11 are the results from the lower shelf slip-induced cleavage fracture 
regime using a critical stress model [11]; the critical microstructural 
parameter is the prior austenite grain size. Results for SA302B steel are 
shown in Fig. 12, which suggest that only one void is needed for this lower 
toughness steel with an interparticle spacing of 100-150 ~m. Again, the 
lower shelf critical stress model predictions are also shown. 
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Predictions of toughness on the upper shelf for irradiated materials 
are not possible to make at this time due to the absence of irradiated 
ductility-stress state data and the sparce upper shelf toughness results 
for comparison with the model. Additionally, it is quite possible that 
the reduced strain hardening capacity of irradiated steels will result in 
earlier coalescence of major voids by plastic shear localization. Thus, 
a different number of critical voids may be invo1ved at fracture initia
tion for the irradiated case as compared to the unirradiated case. 

Specimen Strength Ratio 
Empirical correlations for estimating fracture toughness using the 

small specimen strength ratio were also investigated [15]. The specimen 
strength ratio is the ratio of the net section stress (crN) to the yield 
strength (cry)' and for linear elastic behavior can be related to the ratio 
of KIc/cry for a constant a/w. General yielding in the precracked 
Charpy specimen corresponds to a value of notched bend strength ratio 
(Rsb ) of 2. Figure 13 shows dynamic fracture toughness data from lT 
bend tests for 9 heats of SA533B-l steel related to precracked Charpy 
RSb values. Dynamic yield strength values were used in determining both 
ratios. There is good agreement up to general yie1ding (Rsb = 2.0) for 
the precracked Charpy tests. Conservative estimates of cleavage-initiated 
e1astic-p1astic fracture can be made using RSb (on the linear elastic 
1ine) up to a value of about 2.6. For a constant specimen geometry, 
invalid measures of KIc (per ASTM size requirements [16]) for both 
e1astic and elastic-p1astic fracture still fo110w the 1inear elastic 
fracture line for the strength ratio; this fact suggests that the current 
ASTM E399 size requirement is too restrictive for this class of steel. 

Charpy V-Notch Energy Correlation 
Thick section pressure vessel steel behavior can also be inferred 

from empirical correlations between valid elastic and elastic-plastic 
toughness values and data from simple, less expensive tests, such as the 
Charpy V-notch test. This approach is currently being used to determine 
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the continued re1iabi1ity of operating reactors with respect to radiation 
embritt1ement since current surveillance programs are a1most entire1y 
dependent on Charpy V-notch data. Pressure vesse1 steel resu1ts were 
reviewed with respect to existing empirica1 correlations with the objec
tive of verifying the existing correlations or deve10ping new ones to 
extend the app1icabi1ity of sma11 specimen fracture mechanics [17]. 

The most common1y used correlations in the past have been those 
between fracture toughness and Charpy V-notch energy (Cv). The many 
theoretica1 objections to the existence of a correlation between a sharp 
crack (and genera11y static) fracture mechanics test and a dynamic, b1unt
notched Charpy test have been reviewed by Wu11aert et al. [16]. Severa1 
existing correlations from Barsom and Ro1fe [19] and Corten and Sai10rs 
[20] are 1isted and graphica11y presented in Fig. 14; the solid portion 
of the curves in Fig. 14 represent the range over which data existed to 
determine the correlation shown, and the dashed portion represents an 
extrapolation of the original correlation. Dynamic yie1d strength was 
used because the curves will be compared to dynamic fracture toughness 
data. Note that the constants in the equations only app1y when the 
Eng1ish units for the parameters are as fo110ws: 

1 KIc psi 
in1/ 2 

KIc _ 
2(C

V
)3/2 , E psi -E- -

Cv ft lbf Barson and 
Rolfe [19] 

2 

5~;- o.o~ ) K
Ic ksi in 1/2 

K1c ksi -= cry cry 
Cv ft 1bf 

_ 1/2 

i KIc 
ksi in 1/2 KIc - 15.5(CV) , t Corten and 

KIc(dynamic) = 15.873(Cv)0.375 
Sai10rs [20] 

Cv ft 1bf 
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On1y the second Barsom and Ro1fe correlation relates to upper she1f beha
vior; the other three correlations are for lower she1f and transition 
temperature fracture toughness resu1ts. 

Resu1ts from 13 heats of SA533B-1 steel are shown in Fig. 15 as com
pared to the correlation 1ines presented in Fig. 14. Points be10w the 
lower she1f toughness 1ine are 1inear e1astic and be10w the Nil Ducti1ity 
Transition Temperature (NDTT). The precracked Charpy toughness values 
(K) are based upon curve fits to the data as a function of temperature 
(T) using the re1ationship: 

(3) 

where A, B, To ,and C are the curve fit parameters which have physica1 
meaning [21]. The values of To - C have been shown to corre1ate we11 
with NDTT [17]. The data above (To + C), which denotes upper she1f, are 
a11 based upon maximum load and do not represent initiation; thus, they 
shou1d not be expected to agree with the Barsom and RoTfe upper she1f 
correlation. Using a 50 J/oF cutoff at 135 MN o m-3/ 2, Fig. 15 shows 
that the Corten and Sai10rs correlation (for static toughness) agrees 
fair1y we11 with the data a1though there is a considerable amount of 
scatter in the data. However, it shou1d be noted that this correlation 
was not for dynamic toughness. The 1T bend resu1ts near the 50 J/o

F 
precracked Charpy cutoff are of course va1id in terms of specimen size. 
Therefore, in estab1ishing a lower she1f and transition temperature cor
relation for dynamic toughness, the Corten and Sai10rs equation, cor
rected to dynamic toughness, 

appears to be a fair fit to the data. The reason for the disagreement 
with the Corten and Sai10rs dynamic toughness equation is unknown. 
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The upper she1f correlation of Barsom and Ro1fe is shown in Fig. 16 
compared with initiation KJc values at three different 10ading rates 
(i.e., different yie1d strengths). For each of the eight pressure vesse1 
stee1s tested at 177°C, both static and dynamic KJc values are shown. 
The yie1d strength 1eve1s shown are close to those for the three rates 
of 10ading. Thus, it appears that at 177°C the Barsom and Ro1fe upper 
she1f correlation can be used to estimate 1eve1s of toughness based upon 
Charpy V-notch energy and the appropriate yie1d stress. However, severa1 
of the data are nonconservative (low) at the 10wer Charpy energy 1eve1s. 
Recent work has a1so shown that a better correlation is possible if the 
Charpy initiation energy is used rather than the total fracture energy 
[22]. Caution is, however, warranted when app1ying this approach to 
other temperatures on the upper she1f. The fibrous fracture toughness 
she1f often reaches a peak at the fracture mode transition and then 
decreases with increasing temperature whi1e the Charpy V-notch impact 
energy and the yie1d stress are re1ative1y f1at and fixed over this same 
temperature range. The good agreement seen in Fig. 16 may therefore be 
fortuitous, a1though the basic trend for the correlation is indeed 
evident. 

SUMMARY 

This paper has reviewed severa1 approaches taken to obtain static 
and dynamic fracture toughness from sma11, surveillance-type specimens 
of nuc1ear pressure vesse1 stee1s. The methods discussed use mechanica1 
property measurements from sma11 test pieces, and can be used, either 
direct1y or indirect1y in a correlative manner, to produce estimates of 
fracture mechanics parameters. As a resu1t of these techniques, new 
options are now avai1ab1e for obtaining important fracture toughness 
information for surveil1ance-size specimens. 
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THE USE OF SLOW-BEND PRECRACKED CRARPY V-NOTCH SPECIMENS 
TO CHARACTERIZE RALF-BEAD REPAIR WELDS* 

D. A. Canonico and W. J. Stelzman 

Metals and Ceramics Division 
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, Tennessee 37830 

ABSTRACT 

The half-bead repair welding procedure permitted in both 

Sections III and XI of the ASME BoiLep and PPessupe VesseL Code was 

used in the Heavy-Section Steel Technology (HSST) program to salvage 

an intermediate test vessel (ITV) that had leaked during testing. 

Subsequently, the effect of a half-bead repair on vessel integrity was 

included in the HSST vessel test program. Because of the geometry and 

physical size of the various zones of a repair weldment, the fracture 

toughness characterization of these regions presents a challenge. 

The precracked Charpy V-notch (PCVN) specimen permitted an assessment 

of the various regions of the repair weldment with a minimal use of 

materials. Charpy V-notch specimen blanks were removed from the 

repair weldment in su ch a manner that the fracture toughness of the 

heat-affected zone (RAZ) between the base metal (BM) and repair weld 

(RW) could he determined. Later, PCVN specimens were used to 

characterize the various zones of a repair weldment in ITV-8, for 

which a pressurization test was specifically designed to assess the 

effect of repair welding on vessel integrity. The configuration of 

*Research sponsored by the Office of Nuclear Regulatory Research, 
U.S. Nuclear Regulatory Commission, under Interagency Agreements 
40-551-75 and 40-552-75 with the U.S. Department of Energy under 
Contract W-7405-eng-26 with the Union Carbide Corporation. 
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the repair weld in ITV-8 was considerably more complicated than that 

of ITV-7. The repair in ITV-8 was located in a region where the 

original fabrication weld was intersected by the repair weld. 

Precracked Charpy V-notch specimens were also used to assess the 

repair weld metal and original fabrication weldment toughness 

properties. 

The slow-bend PCVN specimen was weIl suited for the task of 

assessing the various zones of the repair welds. The HAZ between the 

BM and the RW was shown to exhibit the best toughness properties of 

any region in the entire vessel. At -46°C (-50°F) the Klcd (fracture 

toughness determined by equivalent energy ana1ytical procedures) 

values are extremely high; at or above the purported measuring 

capacity for a PCVN specimen. Tests of PCVN specimens in which the 

fatigue crack resided in the RW-BM HAZ showed that region to be highly 

resistant to crack propagation. The resistance to crack extension 

exhibited in these PCVN specimens was representative of the events 

which occurred in the ITV-7 test. The sharpened flaw in ITV-7 was 457 

mm long (18 in.) and 135 mm deep (5 5/16 in.) with the terminus of the 

crack residing in the BM-RW HAZ. The vessel was pressurized to 

failure (failure by ductile tearing) and the crack extension was 

examined. The HAZ was resistant to crack propagation and, in aIl 

areas studied, the crack propagated either through the BM or the RW, 

never through the RW-BM HAZ. 

The determination of the fracture toughness of the repair 

weldment HAZ required a specimen design that minimized the amount of 

material in the test region. A bend specimen requires less mate rial 

in the plane of the flaw [2 B (where B is specimen thickness)] th an 
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a compact specimen (2 1/2 B). The PCVN specimen permitted a 

qualitative assessment of the HAZ with even less mate rial than the 

standard bend specimen (1 B). It was this conservation of valuable 

test material that made the PCVN specimen invaluable in this test 

program. 

INTRODUCTION 

The Heavy-Section Steel Technology (HSST) program1 has tested a 

number of intermediate size vessels such as that shown in Fig. 1. In 

1975 the HSST Program employed the half-bead weld repair procedure 

permitted in 'Section XI of the ASME Boite~ and FPe88u~e Ve88et code 2 

(ASME Code) to salvage Intermediate Test Vessel (ITV) No. 7 after it 

leaked during a pressurization test. 3 The repair of this through

thickness crack was satisfactorily accompli shed and the vessel, 

renumbered ITV-lA, was reflawed and pneumatically pressurized to 

failure. 4 The success of this repair procedure in salvaging ITV-l 

resulted in a second repair and a subsequent test of the heat-affected 

zone (RAZ) of the half-bead repair weldment. 5 Concurrent with the 

repair of ITV-l, an interest grew within the commercial and regulatory 

communities regarding the applicability of the repair procedure to 

operating vessels. This interest was manifested as a test of a part

through repair in a pressure vessel. This repair was made and the 

vessel, ITV-S, was flawed and tested to failure. 6 

During the course of preparing these vessels for testing, it was 

necessary to characterize the properties of the various regions of the 
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vessel that were affected by the repair weld. The weld metal and base 

metal regions of the repair weldment encompass sufficient area to 

permit the use of most commonly used fracture specimens. The HAZ of 

the half-bead repair, however, Is quite narrow and the volume of metal 

available for specimen machintng ts limited. This limitation prompted 

the use of precracked Charpy V-notch specimens. 

HALF-BEAD REPAIR WELD[NG PROCEDURE 

The procedure whereby a repair weld can he accomplished in P-3 

materlals7 wlthout the need for a postweld heat treatment ls 

described in Section XI of the ASME Code. 2 This procedure is based on 

a temper-pass weld sequence that, when done correctly, assures 

adequate fracture toughness in the base metal HAZ. The procedure is 

accomplished by removing the defective region, and by arc-gouging and/or 

grinding [Fig. 2{I)]. Following the flaw removal, the cavity is 

nondestructively examined (NOE). The wall of the cavity ls then "buttered" 

using the shielded metal-arc (SMA) welding process. The electrode 

type (low hydrogen) and slze [2.4-mm-diam (3/32-in.)] that can he 

used for the first weld head (butter pass) is dictated [Fig. 2(2)]. 

This pass is NOE and, if satisfactory, one-half of the thickness of the 

first weld pass is removed by grinding [Fig. 2(3)]. The removal of 

half of the weld metal deposited during the first pass is the basis 

for the name "half-bead weld repair." The second pass is deposlted 

wlth 3.2-mm-diam (lIS-in.) weld electrodes. This second pass tempers 

the RAZ generated ln the base metal after the first pass which 
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provides good fracture toughness properties. These properties, as 

determined through the use of statically loaded precracked Charpy 

V-notch specimens, are the subject of this paper. The remainder of 

the cavity is filled using the SMA process and electrodes no larger in 

size than 4 mm (5/32 in.) in diameter [Fig. 2(4)]. 

A repair weld prototypical of that made in ITV-7A is shown in 

Fig. 3. This repair was through the entire 152-mm (6-in.) thickness 

of the vessel. The actual cavities repaired in ITV-7 and ITV-7A 

tapered from the inside surfaces to the outside surfaces of the 

vessels. The surface area on the outslde of the vessel was near 

787 mm long and 140 mm wide (31 and 5 1/2 in.). The repairs of ITV-7 

and ITV-7A are respectively discussed in an Electrlc Power Research 

Institute report 8 and an ORNL/NUREG report. 9 Figure 4 is a photograph 

of an etched cross section prototypical of the part-through repair in 

ITV-8. This repair was situated so that it intersected' the 

longitudinal weld made during the fabrication of this vessel from 

SA-533 grade B class 1 steel plate (Intermediate Test Vessel No. 7 was 

also fabricated from this same steel). The area of initial interest 

in both repair welds was the base Metal heat-affected zones. Concern 

was raised that the fracture toughness of these regions would he 

inferior to that of the base Metal or weld metals. 

SPECIMEN SELECTION 

The initial goal of the testing program was to characterize the 

fracture toughness of the various regions of the half-bead weld 

repair. The base Metal and weld metal(s) presented no particular 
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challenge. Their slzes lent themselves to a characterization program 

that could employ compact tension specimens (CS) or bend specimens 

(BS) that are described in ASTM E-399. The RAZ of the repair weld, 

however, presented a problem. The size of this region and its 

short-ranged nonlinear orientation made the usefulness of CS and BS 

questionable. It was decided, in order to conserve material and 

minimize the length of the linear region required behind the fatigue 

crack, that the precracked Charpy V-notch specimen would best suit the 

needs of this study. The specimen at best will provide quantitative 

fracture mechanics data; at worst a qualitative assessment of the 

various regions of the repair weldment is possible. Figure 5 

illustrates the geometric configuration of the three specimens, aIl 

based on a thickness corresponding to that of a Charpy V-notch 

specimen [10 mm (0.394 in.)]. The relative amollnt of mate rial 

required by each specimen is evident in Fig. 5. 

The precracked Charpy V-notch specimen was used to characterize 

the various regions of the repair weldments. Typical specimen 

locations for characterizing the repair in ITV-7 (and ITV-7A) are 

shown in Figs. 6 and 7. A similar approach was taken in locating the 

specimens in the repair weld region of ITV-8. The location of these 

specimens and their fracture toughness will be discussed in the 

following section. 

RESULTS AND DISCUSSION 

Hardness Tests 

The results of the hardness traverse of the region of the RAZ 

identified in Fig. 4 are provided in Figs. 8, 9, and 10. Figure 8 is 
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a composite photograph of the etched RAZ region that occurs between 

the repair weld and the SA-53) grade B class 1 base metal and the 

results of the microhardness traverse across this region. The dark 

band in the center of the photomacrograph is the RAZ. The highest 

diamond pyramid hardness (DPH) value i8 obtained in the RAZ near 

[approximately 0.75 mm (0.03 in.)] the fusion line. This high value 

is near 290 DPH. Figure 9 is a composite of the RAZ region of the 

submerged-arc fabrication weld and the results of a hardness traverse. 

It is interesting to note that the RAZ hardness in the fabrication 

weld is higher than that of the repair weldj approximately 310 DPH 

versus approximately 290 DPH. This fact is significant because the 

repair weld is not subject to a conventional postweld heat treatment 

(PWHT) whereas the fabrication weld was given a PWHT in accordance 

with the mandatory requirement in Subsection NB of Section III, 

Division 1 of the ASME Code. 10 The repair weld was subjected to a 

postweld temperature of between 232 and 288°C (450 and 550°F) for a 

total of 8 h. The fabrication weld was subjected to a PWHT for a 

total of 10 1/2 h [4 1/2 h at 593°C (1100°F) and 6 h at 621°C 

(1150 0 F)]. 

Figure 10 provides the results of a hardness traverse across the 

region between the repair weld and the fabrication weld in ITV-8. 

This figure is that region of Fig. 4 designated 8-B. The poorer 

hardenability of these weld metals is reflected in the maximum hardness 

values (240 DPH) obtained in this traverse. This region was subjected 

to the same postweld thermal treatment as that of the RAZ region shown 

in Fig. 8. 
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Fracture Toughness Tests 

The precracked Charpy V-notch specimens were located ln the RAZ 

of the repair welds as shown in Fig. 6. After testing the specimens 

were mounted in epoxy, polished, and etched to (1) accurately 

determine the location of the terminus of the fatigue crack, and (2) 

to assure that the test did indeed assess the region of the repair weld 

for which it was intended. Figure 11 contains a photomacrograph of a 

typical etched specimen. The repair weld, visible RAZ, and the base 

metal are clearly delineated. The V-notch and fatigue crack in this 

specimen are located in the RAZ. This metallographic procedure was 

used with a number of specimens to assure that the fatigue crack was 

located in the RAZ as desired. Further, this procedure permitted the 

determination of the exact location, in reference to the edge of the 

HAZ, of the terminus of the fatigue crack. 

The results obtained from the tests of the weldment 

representative of the ITV-7 and -7A balf-bead weld repair are given in 

Table 1. lt was intended that ITV-7B be tested near 95°C (near 200°F) 

and, at that temperature, aIl of the precracked Charpy V-notch tests 

exhibited excellent fracture toughness regardless of the location in 

the repair weldment being tested. Figure 12 shows the representative 

results of the post-test examinatlon of the precracked Charpy V-notch 

tests of the RAZ. lt is evident in Fig. 12 that the fatigue cracks 

were correctly located in the RAZ. Further, and of extreme interest, 

was the fact that, although the terminus of the fatigue crack was 

located in the RAZ, the fracture propagation path was thro~gh the 
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base metal. ln none of the post-test eKaminations of the precracked 

Charpy V-notch specimens was there any evidence that a fatigue crack 

in the RAZ propagated through the HAZ. lnterestingly, however, when 

the terminus of the fatigue crack was located just inside the weld 

metal (immediately adjacent to the fusion line), the fracture 

propagation path was essentially straight through the specimen. An 

example of such a fracture mode is shown in Fig. 13. 

The results of this study indicated that the fracture toughness 

of the RAZ was superior to that of the base metal. This fact was 

substantiated in the test of ITV-7B. The flaw in ITV-7B was identical 

in size [457 mm long by about 135 mm deep (18 in long by 5 5/16 in. 

deep)] to that employed in the tests of ITV-7 and ITV-7A. The flaw 

was carefully machined in the RAZ of the repair weld and the machined 

flaw was sharpened by the electron beam cracking procedure developed 

and refined at the Oak Ridge National Laboratory. The vessel was 

pressurized to failure, which occurred by leaking, as it did in ITV-7 

and ITV-7A, and the fracture subsequently was sectioned and 

metallographically examined. The fracture propagation mode was nearly 

identical to that observed with the precracked Charpy V-notch 

specimens; in aIl instances, the crack immediately moved out of the 

RAZ and propagated through either the base metal or the repair weld. 

Figure 14 is a photomacrograph showing the crack propagation path in 

the approximately 17.5-mm (11/16-in.) ligament remaining at the bottom 

of the flaw. In this figure the crack terminus is in the RAZ and the 

propagation path is through the repair weld metal. Similar results 

were shown for other sections of the fracture in ITV-7B. These are 

discussed in ref. 5. 
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During the course of characterizing the half-bead repair welds, 

considerable attention was paid to the presence of residual stresses 

after welding. This subject is thoroughly discussed in a report ll by 

Smith and Holz. As a consequence of the repair weld not being 

subjected to an elevated temperature PWHT, the vessel does contatn 

residual stresses of yield point magnitllde. Intermediate Vessel Test 

No. 8 was planned6 to determine the influence of these residual 

stresses on the integrtty of a component subjected to pressurization 

at a temperature where the material may exhibit frangible behavior. 

The original intent was to locate a flaw in the HAZ of a 

part-through repair weld and test the vessel at a temperature where 

the material exhibited fracture toughneRs ,values of near 110 MPa ~ 

(100 ksi lIn.) The repair weld configuration shown in Fig. 4 was used 

for this study. Precracked Charpy V-notch specimens were located in 

the HAZ regions of the repair weld as shown in Fig. 15. It is evident 

from the results provided in the figure that the HAZ exhibits 

excellent fracture toughness even at temperatures as low as -100°C. 

Tests were also made with specimens from the hase metal and 

fabrication weld. These tests were made at a distance of about 25 mm 

(1 in.) from the repair weld fusion line. This was the location shown 

to exhibit the highest residual stresses. ll The location of the 

specimens and the results of that study are shown in Fig. 16. This 

study showed that the region that exhibited the poorest toughness (on 

a relative hasis) was the fabrication weld. As can he seen in 

Fig. 16, toughneRs values of as low as 44 MPa ~ (40 ksi !l;.) were 

obtained in the fabrication weld at -46°C (-50°F). 
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As a consequence of thls study, with precracked Charpy V-notch 

specimens, it was determined that the fracture toughness of the 

half-bead weld repair RAZ ls excellent. Indeed, if the flaw was 

located in the RAZ the test temperature required to obtain frangible 

failure was beyond the lower limit (-30°C) of the HSST vessel test 

facility. However, the poorer toughness of the fabrication weld could 

be situated in that region of the repair weldment and tested within 

the capabilities of the available facllities. In addition, this low 

toughness site occurred at a distance 25 mm from the repair weld 

fusion line; a location that corresponded to the reglon of highest 

residual stresses. As a consequence of the characterization of the 

repair weldment with precracked Charpy V-notch specimens it became 

evident that the flaw for the ITV-8 test should be located in the 

fabrication weld. 

The fabrication weld was subjected to a more thorough examination 

using the precracked Charpy V-notch specimen. The results of the 

characterization of the weld Metal i8 shown in Fig. 17. This wide 

range of fracture toughnes8 values at a single temperature was 

disturbing. An extensive study of the fractured specimens showed that 

the location of the terminus of the fatigue crack dictated the 

fracture toughness. Those specimens in which the fatigue crack 

terminated in a region of the weld that had been refined as a 

consequence of a subsequent weld pass exhibited excellent fracture 

toughness. Those specimens in which the fatigue crack terminated in a 

coarse columnar grained structure exhibited poor toughness. The 
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refined regions and columnar grain regions of the fabrication weld are 

evident in Fig. 9. A paper by Canonico and Crouse 12 descrlbes the 

metallographic study and their conclusions. 

The ITV-8 test was conducted at -23°C (-9°F). The fracture 

toughness of the fabrication weld was determined with 1- and 2-in.

thick compact tension specimens. It was determined from these tests 

that the material should exhibit a fracture toughness of about 

100 MPa 1; at -23°C. This information served as the hasis for the 

pretest calculations. This facet of the ITV-8 test and the results of 

the test are provided in ref. 6. 

CONCLUSIONS 

1. Precracked Charpy V-notch specimens provided a method for 

assessing the relative fracture toughness of a half-bead repair 

weldment where materlal availability and test are a geometry were 

limiting. The specimen clearly delineated the area that exhibited the 

poorest fracture toughness. 

2. The terminus of the fatigue crack dictates the fracture 

toughness that will he exhibited by that specimen. This fact is 

particularly important in a heterogeneous structure such as weld 

metal. It is evident that at certain temperatures one microstructural 

component may exhibit extremely tough hehavior. whereas at the same 

temperature another microstructural coœponent will exhiblt frangible 

behavior. 
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3. Large specimens are recommended for determining the fracture 

toughness of materia1s, particu1ar1y if they are apt to have 

heterogeneous meta1lurgica1 structures. The larger specimen will have 

a greater probabi1ity of encountering a region of poorer toughness 

than a sma1ler specimen such as the PCVN. 
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Table 1. Precracked Charpy V-Notch Static Fracture Toughness at 
Various Distances from the Visible RAZ of the Prototypical 

ITV-7B Half-Bead Repair Weld in the ITV-8 Prolongation 

Specimen 
No. 

V7Wl0 
V7W4 
V7W5 
V7W35 
V7W26 
V7W36 
V7W27 
V7W28 
V7W72 
V7W76 
V7W29 

V7W39 
V7W40 
V7W41 
V7W42 
V7W43 
V7W44 
V7W37 
V7W38 

V7W31 
V7W11 
V7W33 
V7W13 
V7W34 

V7W17 
V7W18 

4W4 
4W5 
4W6 
4W16 
4W17 
4W28 
4W29 
4W30 

and Weld Metal From the Qual1Hcation \-leldment 4W 

0.21 
0.41 
0.49 
0.65 
0.68 
0.73 
0.76 
0.84 
0.86 
0.87 
0.92 

0.09 
0.19 
0.27 
0.35 
0.43 
0.52 
0.81 
0.90 

0.22 
0.29 
0.42 
0.45 
0.57 

0.86 
0.92 

0.2 
0.2 
0.2 
0.5 
0.5 
0.8 
0.8 
0.8 

Temperature 
ÎC'l 

Static fractureb 

toughness, K Icd 

(MN-m"") 

V·7B type weld repair 
ln HAZ 

-45.6 
65.6 
93.3 

-45.6 
65.6 

-45.6 
121 
93.3 
93.3 
93.3 
93.3 

-45.6 
-45.6 
-45.6 
-45.6 
-45.6 
-45.6 
-45.6 
-45.6 

298 
241 
307 
173 
360 
286 
299 
273 
362 
254 
280 

Inbuemecal 

202 
247 
234 
224 
203 
235 
271 
280 

In repair weld mecal 

-45:6 301 
-45.6 189 
-45.6 284 

-101 238 
-45.6 236 

93.3 
-73.3 

Weld centerline 

219 
173 

Quüfication weld 4W 
Weld centerline 

-73.3 
37.8 

149 
-45.6 

65.6 
-17.8 

93.3 
204 

213 
303 
203 
111 
235 
268 
262 
179 

Distance of fatigued crac~ tip 
from HAZ rcfcrence cdge 

(mm) 

0.0 
1.6 
1.1 
0.0 
1.4 
1.5 
0.6 
0.9 
0.4 
1.3 
0.6 

38.9 
34.0 
25.6 
21.0 
14.0 
121 

2.8 
4.8 

4.1 
1.5 
2.8 
0.4 
1.9 

"l-raction of wall thickness from outer surfaœ to tip of fatigued crack. Wall thickness is 1 S4 mm 
and 44 mm. 

bl>isplacclllent rate is 2.5 mm/min. 
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TEST 
AREA 

1370 

Fig. 1. Sketch of the intermediate size test vesseis designed 
and fabricatedin accordance with the rules of Sect. III of the ASME 
Boite~ and ~88u~e Ve88et Code for class 1 vesseis. 

(1) PREPARE NOTCH (2) DEPOSIT WELD 

(3) GRIND (4) COMPLETE WELD 

Fig. 2. Half-bead weld repair procedure. (1) Removai of flaw by 
grinding t (2) deposit first pass t (3) remove half of first passt and 
(4) deposition of second and subsequent passes. 
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Fig. 3. Etched cross section through-thickness of half-bead 
repair weld prototypical of that employed in the repair of ITV-7 and 
ITV-7A. The dark band on both sides of the repair weld is the base 
metal heat-affected zone. 

Fig. 4. Etched cross section of the part-through half-bead weld 
repair in Intermediate Test Vessel No. 8. The various regions of the 
repair weld are identified. The lines identified as A-A, B-B, and C-C 
show those areas of the heat-affected zones across which microhardness 
traverses were made. 
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Fig. 5. Sketch showing the relative amounts of mate rial required 
for a compact tension specimen, bend specimen, and precracked Charpy 
V-notch specimen, a11 of which have the same thickness. 

V-78 PROTOTYPE 
__ -:::::~----i--...!R~E""IR WELD 

IV7WI8 HAZ 

Fig. 6. Specimen locations for characterizing the fracture 
toughness of the heat-affected zone in the repair we1ds in ITV-7 and 
ITV-7A. 
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.... 7W59 

.... 7W39 .... 7W60 

.... 7W40 .... 7W61 

V1W41 .... 7W62 

.... 1W42 .... 7W63 

.... 1W43 V7W64 

.... 1W44 
.... 7W65 

V7W45 .... 7W66 

'o'7W46 'o'7W67 'o'7W56 

'o'7W68 'o'7W57 

.... 7W69 'o'7W58 

Fig. 7. Specimen locations for characterizing the fracture 
toughness of the base metal and repair weld metal in the repairs to 
ITV-7 and ITV-7 A. 

., ., 
lU z 
c 
0:: 
C 
:r 
c 
i 
c 
0:: 
> 
0-

c 
z 
0 
::E 
c 
cs 

3~r---'----.----r---'----.----r---'----.---. 

300 

280 

260 

240 

220 

200 

WIDTH OF 

BASE METAL_-=D;;~ri4.K':":;~;j;f.;::ND=--__ WELD METAL_ 

. . 

1 

. ... . .. '. ..... ;-. .' . -. . 

-1 1- 0.2~4 mm 

..... -. . . .... . . '. 
..' .-. . 

• • .' . e.: .. .- - . 
t8DD-~-~tO~-~20~-~3~0----4LO----50L----6~0----~70L----80L---~90 

RELATIVE HARONESS INDENTATION POSITION 

Fig. 8. Hardness traverse of heat-affected zone between the 
SA-533 grade B class 1 base metal and the prototypic ITV-8 shielded 
metal-arc half-bead weld repaire 
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Fig. 9. Hardness traverse of heat-affected zone between SA-533 
grade B class 1 base metal and submerged-arc fabrication weld in the 
prolongation from the ITV-8 pressure vessel. 
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Fig. 10. Hardness traverse of fusion zone between the shielded 
metal-arc half-bead weld repair and the submerged-arc longitudinal 
fabrication weld. 
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Fig. Il. Photomacrograph of the heat-affected zone of a 
precracked Charpy V-notch specimen after testing. This 
photomacrograph identifies the base Metal, visible RAZ repair weld, 
and reference edge of the RAZ. This reference edge was used in 
assessing the fracture toughness of the region identified as the RAZ. 
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Fig. 12. Post-test examinations of representative precracked 
Charpy V-notch specimens in which the terminus of the fatigue crack 
resides in the heat-affected zone. In aIl the specimens studied the 
crack propagation, although it initiated in the RAZ, was in the 
unaffected base metal. 
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Spec. No. - V1W13 
Test Temp. - -l~F 
K1c:d - 217 ksi Jin. 

Fig. 13. Results of post-test examinations of precracked Charpy 
V-notch specimens in which the fatigue crack terminated in the repair 
weld metal. ln aIl specimens studied the crack propagation path was 
essentially straight and in the repair weld metal. 
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Fig. 14. Photomacrograph of the fracture through the 17.5-mm 
(11/16-in.) ligament at the base of the crack in ITV-7B. The terminus 
of the crack is in the RAZ. the propagation however is through the 
repair weld metal. 
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Fig. 15. Cross section of the repair weld representative of that 
employed in ITV-8. The location of the precracked Charpy V-notch 
specimens are delineated in the sketch. The specimen identification, 
test temperature (OC), and the fracture toughness (MPa lm) obtained 
for each specimen is shown. Note the high toughness values even at 
temperatures as low as -100°C. 

,.25 m~ 
UNITS; MN'm-312 (oC) 

242 (-46) V8W44 

224 (-46) V8W45 

273 (-46) 1 V8W46 

173 (-46) V8W47 

Fig. 16. Cross section of the repair weld representative of that 
employed in ITV-8. The locations of the specimens in the base metal 
and fabrication weld are shown. The specimen identification, test 
temperature (OC), and fracture toughness (MPa lm) obtained for each 
specimen is shown. Note the 44 MPa lm fracture toughness value 
obtained in the fabrication weld at -46°C. 
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Fig. 17. Results of the characterization of the fabrication weld 
in ITV-8 in which precracked Charpy V-notch specimens were employed. 
At -46°C (-50°F) the weld exhibits fracture toughness values that 
range from 44 MPa rm to near 240 MPa rm (40 to 218 ksi lin.) 
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CSNI SPECIALIST MEETING 
ON 

INSTRUMENTED PRECRACKED CHARPY TESTING 

PALO ALTO, California, U.S.A., 1-3 December 1980 

INTERPRETATION OF IPCV TEST RECORDS AND APPLICATION 
TO IRRADIATION EMBRITTLEMENT STUDIES 

A.LEFORT· - P.SOULAT·· - B.HOUSSIN··· and C. GUIONNET~ 

• Centre d'Etudes Nucléaires de Grenoble,Cedex 85,38041/GRENOBLE - France 
ft Centre d'Etudes Nucléaires de Saclay, B.P.N°2, 91190/GIF-SUR-YVETTE -

- France -
~ FRAMATOME, Tour Fiat, Cedex 16, 92084/PARIS-LA-DEFENSE - France -

The instrumented Precracked CHARPY V ( IPCV ) test appears attractive 
for measur;ng local toughness of particular metallurgical areas en
countered in welded components and for its low cost in irradiation 
embrittlement studies. 

Two laborator.ies of Il Conunissariat à l'Energie Atomique Il ( C.LA. ) 
have developed hot cell testing facilities for IPCV tests.Prelimina
ry tests were first performed in order to establish the testproce
dure by following basically the tentative procedures proposed by the 
PVRC/MPC study group and others. Impact velocity and signal filter
ing conditions were adjusted to m;n;mize errors in defining critical 
loads on the test record. However, unambiguous interpretation was 
not reached for all tests conditions and sorne exemples where diffi-

culties remain are discussed. 
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A fair agreement was reached on cross tests performed in both laboratories 
thus enabling the extension of the work on irradiated materials. SA 508 
cl 3 low alloy steels and welds used for nuclear components and some labo
ratory welds exhibiting large difference in sensitivity to neutron irra
diation embrittlement were examined. The shifts AT 68 in transition tempe
rature induced by neutron irradiation wère measured at the 68J ( 50 ft-lb) 
energy level of the standard CHARPY V notch trans1tion curve and compared 
to the shifts in temperature AT Kd at the 100 'MPaliil stress intensity level 
of the K1d fracture toughness transition curve. 

A reasonable agreement was found between both sets of data. The surveil~ 
lance program of pressurized water reactor, based on standard CHARPY V 
tests, provides therefore a realistic evaluation of the shift 1n frac
ture toughness temperature curves. More materials will be investigated 
to properly evaluate the benefit resulting from a direct measurement 
of toughness performance of irradiated materials. 
This first application of the IPCV test technique was found promising 
However, the ability of the method for deriving conservative data with 
respect to the intrinsic variability of the material toughness does 
not seem to be yet fully demonstrated. Statistical data analysis could 
be fruitful for precising the number of tests required to estab11sh mean 
realistic or conservative fracture toughness values. 
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In sorne ci rcumstances 1 oca 1 toughness properti es are needed for a 
better understanding of the effect of particular metallurgical 
zones on the resistance against brittle fracture of a structure. 
For example, the location of a fatigue crack in different micro
structures of the heat affected zones of welds or at segregated 
zones and gost lines encountered in heavy forgings can really be fa
cilitated when using small fracture toughness specimens. A fruit
ful application of the Impact Precracked Charpy V ( IPCV ) test 
is illutrated by the work of ONODERA et al. [1:] in which the frac
ture toughness change through the heat affected zone of Drop 
Weight specimens in a low alloy steel is reported. In neutron 
irradiation embrittlement studies or in special cases were a lar-
ge volume of material is not available the small size of the Char
py specimen is much valuable. 
The interest in deriving fracture toughness data from Charpy size 
specimens has given rise to significant efforts aiming toward test
ing standardization in the United States. Tentative procedures had 
yet been designed when the work reported in thispaper was ini-
tiated. Basically, the testing procedure was established in accord
ance with the general requirements set forth in the Recommanded 
Procedure of MCP/PVRC working group [2J . Tests were first 
conducted to gain experience for interpreting IPCV load time dia
grams in different conditions of impact velocity and electronic 
filtering. 
Two testing devices were implemented in hot cell testing facilities of 

"Commissariat à l'Energie Atomique" ( C.E.A. ) respectively located 
at GRENOBLE ( CENG) and SACLAY ( CENS ). Cross check tests perform
ed between the two laboratories demonstrated that a fair agree
ment was reached on the data to allow a first application on irra
diated materials. This paper is focussed on the recommanded testing 
conditions resulting from this experience . The main difficulties 
found in data analysis are also pointed out. 

1. TESTING PROCEDURE 
Both devices ( Table 1 ) are typical instrumented impact testing 
systems which include an : impact pendulum machine equipped with a 
strain gage instrumented tup and a signal amplifying and recording 
system. The signal treatmentunit allows internal triggering and 
electronic filtering. 
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1.1. Impact testing machine 
The impact machines are pendulum type of rigid construction. They are 
in principe the same as described in ASTM E 23-72 except for the 
striking tup which is designed in accordance with European standards 
( AFNOR A03l56) and presents a width of the tup indenter ( 2 mm ) 
smaller than the width of the ASH1 standard ( 411111 ). 
Calibration of the Charpy pendulum impact machine is conducted in a 
standard way following the procedure described in AFNOR A03508. 
Moreover, for impact precracked Charpy V tests, impact velocity and 
load cell calibrations are required together with the determination 
of the machine compliance. 
The impact velocity measurements were made, at the CENG site, by an 
optical system that clocks a grid fixed on the impacting mass. Linear 
regression analysis of the results ~. drop height square root 
enables a calibration within a 3 % accuracy . Therefore, for the 
CENG device the velocity was only deduced from the drop height. 
The load cell calibration is performed in static and dynamic condi
tions. A static loading compression test is first conducted at am
bient temperature for establishing the linearity of the load cell up 
to a maximum load of 30 kN. This test enables the derivation of a 
signal-load calibration factor. 
Dynamic calibration is accomplished by testing notched specimens of 
606l-T65l aluminum (AMMRC calibration specimens) that are only 
slightly loading rate sensitive. The dynamic results were found ta De 
8% in excess of the static calibration,which seems to be consistent 
with several test laboratories suggesting that there may be a 10% 
increase in dynamic limit load for this alumin'lm alloy [3]. 
The next step consists in comparing the integrated total energy AEo 
to the dial energy. 
The relationship used for obtaining total absorbed energy âEofrom the 
area under the load-time record 'dt i s as foll ows [2J : 

6Eo = Ea [1 - (Ea/4E~ (1) 
were Eo = 1/2 m V6 is the total available energy and 

Ea = Vo ~tR Pdt (2) 

were tR is the total time of the impact event, m the effective mass of 
the fallin~ weight, and Vo is the initial impact velocity. 
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The AEo value matches the dial energy reading with a discrepancy 
lower than 5% when the system is calibrated. 
Since the aluminum limit load is fairly low, it is of primordial 
importance to statically check the linearity of the load cell. The 
determination of machine compliance was performed by following two 
different procedures : 
The first method is proposed in the MPC/PVRC recommended procedure 
[2:] . The total compliance is deduced from the slope of the elas
tic load-time curve. The specimen camp11ance Cs is calculated for 
the a/W value under consideration for the three point bend speci
men [4J. The machine campliance CM is directly derived fram the 

difference CT - CS' 

The second procedure consists in recording the load time signal in 
a low blow impact test ( 1 mis , of an unnotched CHARPY specimen. 
The rebounding time At from the maximum load ( fig. 1 ) is the only 
information needed. 

p ~-----------------, 
Figure 1 : Schemat;c test 
diagram for machine com
p1iance evaluation . 

During unloading the following re1ationship ;s always fulfi.lled 

1/12 V dV + P CT d P = 0 ( 3 ) 
where 1 = inertia momentum of the pendu1um with respect to 

the pendu1um axis, 
= distance from the axis of rotation to the center 

of strike 
T = ve10city P = load CT = total compliance 
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The inertia momentum"I"could be deduced from the measurement of the 
period of oscillations of the pendulum. Generally the mass of the 
sticker exceed largely the mass of the arm ; in this case : 

1 
"-2 '" m 
l 

Solving equation (3) shows that the curve P vs. t has a sinusofdal 
form and : 

The machine compliance is derived as before from the difference bet
ween the value found for CT and the calculated specimen compliance 
value. 
The following values were found for each device 

CENG -9 CM = 17.10, miN 

CENS -9 CM : 16.10 miN 

These values were considered as specifie of each machine and kept 
constant for all data analyses. 

1.2. System freguency response 

For the CENG device, the system frequency response TR, defined as the 
0.9 dB response time, was determined experimentally following the 
method set forth in reference 3. 
For standard available amplifications the values reported in Table 2 
were found 

Dynamic Transducer Amplifier TR ( ps ) 
Setting at 3dB (kHz) 

1 000 1 
300 4 

100 10 
30 30 
10 81 

3 233 
Table 2 
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The studied TR response times were 10,30 and 81 ps for CENG while for 
CENS 11 and 47 ps were selected. 

1.3. Specimen preparation 

The standard CHARPY V notch specimen was used. However, it is recognized 
that a sharper notch root radius is preferable. A value of .05 mm is 
now used and is adequate to easily initiate the fatigue crack. The fa
tigue orecracking was conducted in accordance with ASTM E 399 require
ments. The a!W ratio were between 0.4 and 0.6. 

1.4. Testing temperature 

The specimens are held 2~mn in a liquid bath at CENG and cooled 
in gas to the aimed temperature ( :t 1°C) at CENS. The transferring 
device allows self centering of the specimen and automatic starting 
of the impact test. The transferring time 1s less than 2 s. 

2. INFLUENCE OF TESTING PARAMETERS 

The material tested was low alloy steel having mechanical properties 
similar to the usual reactor pressure vessel materials ( SA 533 gr.B 
cl 1, SA 508 cl.3 ). 

2.1. Impact velocity 
The impact velocity has a strong influence on the amplitude of the iner-

.tial oscillations. Figure 2 illustrates the load-time records obtained 
at low temperatures ( - 120 and - 80c C ) for three impact velocities : 
5.6 - 3 - 1 mis. The apparent specimen oscillation period is about 30 
to 50 pS. For the highest impact velocity ( 5.6 mis) the maximum load 
cannot be defined. At 3 mis, 2 or 3 inertial oeaks are obtained depend
ing on the test temperature and the al'Wratio.. Unambiguous location of 
the cleavage initiation load is not reached. Only at the lowest velocity 
(lm/s)the maximum load can Be accurately defined.Therefore low loading 
rates are highly recommended at the lower shelf to reach an accurate 
determination of the critical load. 
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In the transition zone, it is necessary to incr~ase the impact velocity 
because the total available energy ( Eo= 1/2 mV~) has to be high enough 
to break the specimen without a significant reduction of the velocity. 
The records obtained at - 20°C are reported on figure 3 (a,b,c). Both 
loading rates ( 3 and 5 mis) give acceptable diagrams. The velocity 
of 3 mis is large enough to obtaina maximum available energy widely 
exceeding the absorbed energy. 
At. the end of the transition or at uppershelf, as illustrated in figure 
3 ( d,e) for tests at + 20°C, the highest impact velocity can be conve
niently used. Note that a change in the frequency oscillation regime 
occurs near, but generally before, the maximum load. This reproductible 
event may be characteristic of the stable crack growth initiation since 
the associated change in specimen cornpliance is expected to modify the 
oscillation regime. However, any test can undoutly support this fact 
and this behavior must be considered as a possibilit~~ 

2.2. Freguency response 

For the range of a/W studied, the oscillation period T was close to 40 ps 

The time to fracture tm ( or t Gy ) is impact loading rate dependent and 
has to be kept greater than 100 pS by a selection of a sufficiently low 
impact velocity. However, for tests at lower shelf or at the beginning 
of the trans·ition it is possible to reduce excessive oscillations for 
intermediate loading rate ( 3 mis) by using adequate electronic fil ter
ing. Figure 4 illustrates for the same test at - 80°C,the influence of 
response time TR on the load time curve. 
The use of TR = 80 ps avoids large inertial oscillations and has no 
adverse effect on the amplitude of maximum load observed with TR = 30 pS. 
For a smaller tm than that obtained in this test only the diagram cor
responding to TR = 80 ps could have been interpreted. 
For low response time, (11 ps) and time to rupture ~<3T (fig. 4) 
the definition of maximum load is not clear. Using filtering conditions 
as recOIIIIIended by SERVER [3J, i.e. 60 .0( TR 0( 90 11S in this case, it 
would have been possjble to reach acceptable result. 
Even, when 1fn > 3T witoout filtering condition ( TR = 11 l1S ) sorne diffi
culties remain.in the data analysis ( fig. 4 ) and it is suggested ,al
ways to keep filtering with TR>1.4T (TR>60 l.IS ), assuming that 
t > 1.1 T R (T R < 90p s) . 
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2.3. Recommended impact test specification reguirements 

The observations reported here corroborate the specification require
ments set forth by SERVER [3J : 

t > m 3 T 

tm > 1.1 TR 
TR > 1.4T 

Eo > 3 WM 
For impact testing of pressure vessel steels, suitable parameters are 
schematically reported on fig. 5. 

3. STABLE CRACK GROWTH IN IPCV TESTS 

Ductile crack initiation is generally taken at maximum load. In order 
to precise the location of the initiation of the stable crack growth 
Scanning Electron Microscope( SEM) examinations of the fractured 
surfaces were undertaken. Measurements of the total crack extension 
( Aa ) and when possible of the stretch zone width ( SZW ) where per
formed as illustrated in figure 7. The associated J value at cleavage 
instability was calculated using the following relationsh1p 

2U 
J = Sb 

where U is area under the load displacement curve up to instability 
B is the specimen thickness ( B = 10 mm ) 
b is the ligament length 

The results are reported in figure 6 which shows a typical resistance 
curve. The extrapolation of the S Z W line up to the resistance curve 
seems to indicate that initiation occurs before maximum load and is 
located at the vicinity of the perturbation of th.e oscillation regime 
previously mentioned ( § 2.1.). 
However, the J Ic initiation value of 350 kJ/m2 derived from this curve 
widely exceeds the validi'ty criteria,related to specimen dimensions, 
generally accepted : 
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4. CROSS CHECK TESTS 

The same material was used in both laboratories to establish the 
recommended testing parameters previously discussed. Chemical compo
sition and mechanical properties of material 1 are listed in 
Table 3. The two sets of KId data obtained in various test1ng condi
tions are plotted toaether on fiaure 8. 
When fitting curves separately, the dynamic transition toughness curves 
exhibit a shift of 12°C at the 100 MPa lm level. 
This difference was considered as acceptable taking into account the 
dimension of the scatterband of each set of data which w1dely overlaps. 

5. IPCV TESTS ON IRRADIATED MATERIALS 

The aim of this program was to compare the shifts in temperature of 
the K1d transition curves induced by neutron irradiation with the 
shifts of standard CHARPY V curves. 
CHARPY V and KId transition curves were determined for unirradiated and 
irradiated conditions for 3 commercial heats of SA 508 cl 3 and for 4 

experimental welds [5] [6J exhibiting large difference in sensiti
vit Y to neutron irradiation embrittlement. 
Chemical compositions are listed in table 4. 
The average irradiation temperatures were 280°C and the neutron 
fluenceswere ranging from 3 to 6.9.10-19 n/cm2( E > 1 MeV). 
For comparison purpose the shifts were standardized at a neutron 

fluence of 3.1019n/cm2. 
The shifts âTK 68 and âTKdl00 were respectively measured at the 68 J 

energy level of the standard CHARPY V notch transition curve and at 
the 100 MPa vm stress intensity factor level of the KId transition 

curves. 
As illustrated by figure 9 a reasonable agreement 1s found between 
the two sets of data. 
The âTK68 is generally greater than âTKdl00 and slightly exceeds (by5°C) 

the ATKd100 value only in two cases. 
The surveillance program of pressurized water reactor, based on standard 
CHARPY V tests, therefore provides a realistic evaluation of the shi ft 
in fracture toughness vs. temperature curves. 
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6. CONCLUSION 

The results of this preliminary IPCV test program on ferritic nuclear 
pressure vessel steels indicate that load-time records of IPCV tests 
can be interpreted in most cases when the following testing parameters 
are adopted : 
- Selection of the impact velocity for obtaining a time tm to cleavage 

instability load ( or to general yield tr,y in elastic-plastjc regime) 
higher than 100 pS ( tm, tGy > 2.3T ), assuming that the available 
energy Eo exceeds the total work for fracture WM by a factor of three 

( Eo > 3 WM,· 
- Selection of a limited frequency response time TR for all testing 

conditions. For low alloy steels TR values ranging from 60 to 90 ps 
seems to be appropriate ( 1.4~ < TR < 0.9 tm" 

These observations corrobora te the choice of recommended testing parame
ters previously proposed in MPC/PVRC procedure [2J and by SERVER [3] 
from which they are derived. 
Ductile crack initiation occurs generally before maximum load. Due 
to the high ductile fracture resistance exhibited by this type of 
material the specimen dimensions were found not to fulfil the validity 
criteria for J1c measurements ( b > 25 J1c/cr f)' 

For cleavage initiation, statistical data analysis could be hepful in 
order to precise the number of tests required to establish mean realistic 
or conservatice fracture toughness values. The intrinsic variability of 
the material toughness has to be considered. 
The application of IPCV test technique to irradiated materials was found 
promising. The shift in temperature of the K1d transition curve induced 
by neutron irradiation was observed to be lower than or equivalent to 
the shift of the standard CHARPY V transition curve. 
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SITE CENG CENS 

Pendulum machine Amsler Tinus - Olsen 

Maximum available 300 J 352 J 
energy 

Tup i ndenter European ( 2 llJ1I ) European ( 2 mm) 

Velocity measuring - none - - none -
device cal ibrated from drop neignt calculated from drop heig~ 

Impact signal Tektronix 5 103 N Nicolet 1090 A 
recording system osci lloscope Digital oscilloscope 

TABLE 1 Main characteristics of the IPCV devices 

. 

C S P Si Mn Ni Cr Mo Cu Co V 

14 .oœ .010 .24 1.45 1.46 <.05 .49 .07 <.02 <.05 

Tensile properties ( 20°C ) Impact CHARPY V 
transition 

Y.S T.S Elongation(%) R.A (%) temperatures 

(MPa) (MPa) (5 d) ( transverse ) 

TK68 (68J)=-49°C 

449 579 25.7 70 TK40 (40J)=-61°C 

Upper shelf : 215 J 

TABLE 3 : Chemical composition ( product ) and 
mechanical properties of steel 1. 
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MATERIAL C S P Si Mn Ni Cr Mo Cu Co 

Steel C .165 .013 .011 .29 1.24 .83 .17 .49 .08 .03 
Steel D .140 .008 .012 .32 1.42 .66 .15 .50 .07 .02 
Steel E .155 .on .010 .32 1.45 .10 .16 .48 .06 .02 
Weld Y .071 .013 .018 .41 1.30 .17 .01 .53 .12 
Weld FOC .044 .008 .011 .22 1.17 .77 .052 .38 .02 .013 
Weld F 04 .050 .013 .016 .32 1.34 1.13 .100 .37 .17 .013 
Weld F 8C .053 .012 .021 .38 1.50 .47 .085 .53 .11 .028 

TABLE 4 Chemical composition of irradiated steels and welds 

MATERIAL UNIRRADIATED 
I\T K68 (oC) I\T Kd100 (oC) 

TK68 T Kd 100 (oC) (oC) 

Steel C -72 .. 42 52 
Steel 0 .. 23 .. 16 32 
Steel E .. 36 .. 30 38 
Weld y .. 67 - 12 99 
Weld F 00 .. 60 .. 15 23 
Weld F 04 .. 47 .. 20 122 
Weld F 80 .. 37 .. 27 67 

TABLE 5 Comparison of K1d and KCV transition temperatures 

and respective shifts 

25 
23 
43 
78 
6 

112 
73 

( for a neutron fluence normalized at 3.1019 n/cm2) 
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Introduction 

The assessment of structural integrity of pressure vessels 

and structural components via application of fracture mechanics 

requires both detailed stress analysis of the component and pre

cise information on material toughness properties. These require
ments have led to the development of test specimens, of various 

sizes and configurations, which '·lOuld permit a reasonably accurate 
measurement of fracture toughness. Specimens, currently used to 
obtain valid fracture toughness values, are large (1 - 12 inches 
thick) and hence not suited for convenient utilization in reactor 

vessel surveillance orograms. In the recent years, the demand for 

quantitative data specimens suitable for surveillance programs has 
groWll. The Charpy specimen, long used for quality control and 
reactor vessel materials surveillance, suitably modified co~~J en

able the achievement of this objective. Thus, the Instrumented 
Precracked Charpy (IPCv ) test evolved. The usefulness cf the test 
and the interpretation of measured toughness values, hO'tvever, are 

still the subjects of much wark and debate. 

The results of any toughness test will be applied to pressure 

vessels and structural components via stress analysis. It is 

essential, then, that the ex~eriment itself be similarly analyzed 
as the components themselves. This will enhance the understanding 
of the fracture process occurring during a test and verify fracture 

analysis techniques. Renee, the work at Combustion Engineering (C-E) 
encompasses bath experimental and analytical approaches towards the 

development of a viable technique which would enable determinatioll 
of meaningful fracture toughness values --from IPCv tests. 

IPe" Testing 

C-E has been utilizing IPCv testing as part of the Reactor 
Vessel Material Surveillance Program baseline pre-irradiation 

evaluation nhase. These baseline tests are performed to provide 
the basis for evaluating radiation induced property changes. Since 

baseline and post-irradiation testing can be separated by many 

years, it is important that the baseline test be as comprehensive as 
oossible. Conse0uently, C-E has performed IPCv testing as part of the 

baseline evaluation prop,ram so that quantitative information on the 
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pre-irradiation fracture toughness properties will be avai1ab1e. 
Post-irradiation toughness data can then be obtained, if needed, 
by precracking irradiated Standard Charpy specimens from one of 
the standby surveillance capsules. 

Base1ine IPCv tests are performed in accordance with the 
procedures deve10ped for the E1ectric Power Research Institute 
(EPRI) Fracture T~ughness Program (~. Typica1 resu1ts from two 
programs are shown in Figure l, inc1uding plate, we1d, and heat
affected-zone (HAZ) materials. The toughness data are p10tted 
as a function of T-RTNDT (Test Temperature - Reference Temperature). 
The KIR Curve per ASME Code, Section III, Appendix G, is also 
shown for reference. It can be seen from Figure 1 that IPCv 
fracture toughness values from tests at temperature be10w material 

RTNDT are in conformance with the KIR Curve. At test temperature 
above the RTNDT of the material, IPCv fracture toughness values 
tend to be 'tve11 above the KIR Curve. 

As part of the surveillance pro gram evo1ution process, C-E 
has a deve10pment program underway to compare compact tension 
(CT) and IPCv fracture toughness values. Pre1iminary results from 

• this study are shown in Figure 2. The 1T CT dynamic (K = 2 - 3 x 
103 ksi Jin/sec) toughness properties fa11 we11 above the KIR Curve. 
The comparable IPCv data are weIl below the CT data and in close 

conformance with the KIR Curve up to T-RTNDT of OOF. Since the ma
teria1 used in this program was 1ater found to have as unusually 
high inclusion content, the difference between the two test results 
may be indicative of materia1 inhomogeneity. Work is currently 
underway to resolve this situation. 

Two-Dimensiona1 Dynamic Finite Element Analysis 

The experience of IPCv testing of reactor vesse1 materials 
has shown that the interpretation of results using current pro
cedures for tests conducted at temperatures above the materia1 
RTNDT 1ead to fracture toughness values that are unrealistic. In 
order to understand the physics of an IPCv test and develop an 
adequate data evaluation procedure, C-E is pursuing a dynamic 
stress analysis effortusing MARC, genera1 purpose non-linear 
finite e1ement program (2) 
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The finite element mesh of the precracked Charpy specimen 
and the instrumcnted tup is shown in Figure 3. The model was 
developed using the experience gained from an earlier study(3) 

performed in 1975. One half of the precracked Charpy specimen 

is modeled by 170 8-noded isoparametric elements. The mesh at 

the crack tip is constructed with 8-noded isoparametric quadri

laterals with the mid-side node one quarter of the way from the 

crack tip to the element corner. This configuration produces 
the elastic inverse square root singularity known to exist as a 
crack tip(4). The nodes of each element at the crack tip are 

distinct and are free to move independently in the direction of 
the crack. It has been observed that this freedom allows a 
better simulation of elastic-plastic behavior(2). The instru

mented tup is modeled by 24 8-noded isoparametric elements. 
The location of the strain gauge on the tup is shown in Figure 3. 
The mass of the hammer is modeled by concentrated mass acting on 
the corner and mid-side nodes forming the left boundary at the 

tup. The interaction between the tup and specimen i8 modeled 

using 9 gap elements that connect the corner and mid-side nodes 
of the four elements on either side of the interface plane. 
The specimen is assumed to be in a state of plane stress. 

Material properties used in the model are representative of 

ASME SA-533, Gr. B, Cl 1 steel. Specifie values are: elastic 
modulus (E) 2.07 x 105 MPa, yield stress 460 MPa, ultimate 

strength of 610 MPa and Poisson's ratio of .29. Plasticity i5 

modeled using work hardening slopes determined from a stress

strain curve obtained from a static uniaxial tensile test. 

Damping, used in the simulation, is chosen such that the 
stress waves having time periods lower than four times the 
smallest time step are critically damped(5). The magnitude of 

time steD, used for the analysis, is selected as an optimal 
value based on the following constraints: 

a) sufficiently large such that a stress wave can 
traverse across an element. 
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were: 

b) sufficiently small so that numerical instabilities 

which result in non-convergence of the solution are 
eliminated. 

Time steps chosen, based on this oPtimization scheme, 

1) 11..1 sec step for a time span of 0-100 II seconds. 
2) 21..1 sec step for a time span of 100-250 II seconds. 
3) III sec step for a time span of 250-350 II seconds. 

The tup was given an initial velocity of 0.4M/sec. 

Results and Discussion 

Results obtained from a 2-dimensional elastic-plastic dynamic 
analysis are shown in Figures 4 through 9. Figure 4 shows the 
behavior of plastic strain near the crack tip. Strain rate at the 

crack tip is computed to be 3300s- l . Figure 5 shows the stress 

state at the crack tip showing yield stress being achieved at 
about 20 1..1 seconds. The stress at 350 II seconds is about 710 MPa. 
Figure 6 shows the force applied on the specimen at the first gap 

or contact point. The specimen separates from the tup at about 
20 1J secs. and contact is once again made at about 28 ~l secs. This 
phenomenon was also observed in earlier analyses by D. J. Ayres(3) 
and D. M. Norris et al(6). Maximum load occurs at about 348 II 

seconds. The oscillations during the early stages of the analysis 
are also observed in actual tests. A comparison between model 
predictions and actua1 test values with regard to time or occur
rence and magnitude is presented in Table 1. This table shows 
that the magnitude of the peaks predicted by the model i~ less 
than one-half of those observed in a test. This discrepa~,::y is 
believed to be due to the yield stress used in the model \.+60 MPa) , 
Since the strain rate at the crack tip is very high (3300s- 1), it 
is likely that use of material properties obtained from static 
uniaxial tensile test may be inappropriate. It is believed that 
increasing the yield stress to account for strain rate effects 
will increase the magnitude of the peaks 3nd will, also, shift 
the oscillations in the Force vs. Time curve to the left. Addi

tionally, the magnitude of force at maximum load will increase, but 
it's time of occurrence will be essentially, unchanged. 

4-118 



Figure 7 shows strain behavior at the strain gauge location 

(Figure 3) in the striking tup. The behavior of strains is simi

lar to the force in the gap. Thus it is possible to directly 

scale the strain gauge output to represent force in the gap. This 

can be done once the strain gauge response is adequately charac

terized via dynamic calibration tests. The results of the opening 

displacement of the node closest to the crack tip is shown in 

Figure 8. This displacernent is about 0.004 mm at maximum load. 

The J-integral crack tip parameter defined in Reference 7 was 

computed using the same guidelines of Reference 3. Two contours 

were selected for the computation of change in strain energy (~U). 

One contour was chosen to be very close to the crack tip and the 

second away from the crack tip. The differences is ~U were very 

small. The stress intensity factor KIJ for a plane stress case is: 

KIJ = (JE)~ 

The variation of KIJ as a function of time is shown in 

Figure 9. The value of KIJ at maximum load is about 46 HPa .[ffi. 
If the effect of strain rate elevated yield stress were input to 

the model, the value of KIJ would be somewhat higher. 

Modeling Concerns 

Modeling in the vicinity of the contact region of the tup 

and specimen is difficult. On one hand, the size of elements in 

the tup and the specimen must conform to a certain ratio in order 

to maintain conservatism of both momentum and energy in the gap. 

On the other hand, there must be at least two or three elements 

located between the contact point and the strain gauge so as to 

maintain phase relationship of stress waves. This problem has 

been successfully resolved. 

The elements in the contact region are being re-designed to 

prevent inconsistencies in gap force calculations. These incon

sistencies arise as the result of the mid-side node gap tending 

to close at the maximum load thereby creating unrealistic oscil

lations. 
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Conclusions 

Results obtained from the finite element analysis have been 
encouraging. The experience gained from this analysis has shown: 

a) The model is certainly capable of simulating and IPCv 
test, thereby enabling better understanding of the 

test itself. 

b) Strains computed at the strain gauge location are in 
concert with the force in the gap. Thus these strains 
can be used to directly compute applied force on the 

specimen. 

c) The gap elements work remarkably weIl with dynamic 

analysis. This allows for flexibility in modeling 
and permits simulation of physical reality without 

Any analyst intervention. 

d) The differences in computed strain energy change 
(âU) for the two contours used in the analysis are 

insignificant. This aspect is of importance since 
it clearly indicates that a precracked Charpy speci-' 
men, when tested dynamically, is capable of providing 

a realistic measure of fracture toughness. 

Future Work 

Results obtained, thus far, both in the experimental and 
analytical areas indicate that further work is required. In 
the experimental area, C-E plans to perform additional IT and 
%T CT, and 1PCv testing using materials with better homogeneity 

in order to minimize microstructural effects. 

Analytical results, to date, spotlight areas that need 

careful consideration. Future plans are to focus attention in 

the following areas: 
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1) Perform minor modifications of tup and specimen 

e1ements, adjacent to the tup-specimen contact 
region, to a11eviate numerical inconsistencies in 

gap force computation. 

2) Study the effects of strain rate elevated yield 
stress on model behavior. Compare model predic
tions with results obtained from actual IPCv tests 
(i.e. gap force - load trace). 

3) Based on the results of #3 above, experimentally 
determine tensile properties of low alloy steels 

at strain rates approximating those observed in 

the analysis. 

4) Conduct dynamic tup strain gauge calibration experi
ments. This will enab1e calibration of the experi

mental load trace and in addition provide a model 

verification. 

5) Uti1ize high speed photography to capture the frac
ture event. This will enable confirmation of model 
ca1culations with respect to displacements. 

The success of the program will enhance the utilization 
of sma1l soace efficient specimens in the evaluation of ductile 
fracture criteria. 
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TABLE 1 

C0l1PARISON OF COMPUTED & 11EASURED LOADS AT PEAKS 

COMPUTED MEASURED 

TlME OF OCCURRENCE FORCE TlME OF OCCURRANCE FORCE 
PEAK if ( lJ Secs) (Newtons) ( lJ Secs) (Newtons) 

1 17 760 

2 37 600 25 2200 

3 70 1260 80 3600 

4 110 1600 100 4700 

5 175 2100 150 4900 

6 348 2450 350 5500 
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ABSTRACT 

A plLe.CJU1c.ked ChMpy .6pe.c<.me.n may be. c.on.6ide.ILe.d a..6 j Ul.t anothe.IL oJt.a.c.tUlte. 

toughne..6.6 .6pe.c.ime.n. In thM c.onte.x:t the.n both e.quivai.e.nt e.ne.ILgy lowe.IL bound 

and J--Lnte.glLai. te.c.hMque..6 may be. appUe.d in te..6Ürtg .6pe.c.ime.n.6 and inte.ILplLeting 

data. Tt -L.6 .6hoWrt tha.t lowe.IL bound e..6Umate..6 may be. .6uc.c.e..6.6ouUy obta.1ne.d 

olLOm plLe.CJU1c.ke.d ChMpy .6pe.c.ime.n.6 OOIL .6ta.tic., dynamic. and CJU1c.k a.Jt.ILe..6t toughne..6.6e..6. 

Te.a.ûng and .6:ta..bi.Uty pa.Jt.a.me.te.M may ai..6o be. obta.1ne.d. By jucüUOUl. te..6Ürtg 

pILOC.e.dUILe..6 .6 e.ve.Jt.ai. oJt.a.c.tuJt.e. toug hne..6.6 pa.Jt.a.me.te.M may be. 0 b:ta..1ne.d duM.ng a 

.6kng le te..6t. 

*PILe..6e.nte.d at the. CSNI Spe.~t Me.eting on In.6t1Lume.nte.d PILe.CJU1c.ke.d ChMpy 

Te..6t1ng, Ve.c.e.mbe.IL 1-3, 1980, Pai.o Alto, Ca.UoolLn1a., USA 
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1. INTRODUCTION 

With proper preparation and instrumentation during testing of pre-cracked 
Charpy specimens, the results may be analyzed in the same manner as those 
from the more standard fracture toughness specimens such as the compact 
specimen. This paper is concerned with data evaluation from either a 
static or dynamic test as opposed to how the proper curve is obtained. 
Interest centers then on the load-displacement curve obtained by validated 
rigorous test procedures. 

Obviously KIc (static fracture toughness) or K1d (dynamic fracture toughness) 
measurements may be made from precracked Charpy specimens but validity re
quirements severely limit the toughness magnitudes obtained. The empha-
sis then for nuclear applications is on elastic plastic interpretations 
of non-linear load displacement curves. Such interpretations may be based 
on J-resfstance curve techniques or equivalent energy concepts which yield 
very similar results. This paper summarizes equivalent energy concepts as 
applied to load-displacement curves obtained from precracked Charpy speci
mens. First some definitive results are summarized which have been ob
tained over the past decade. Next KIa (static crack arrest toughness) values 
obtained from precracked Charpy specimens are compared with results obtained 
from other specimens. Finally it is suggested that realistic initiation 
(J Ic )' propagation (R-curves) and stability (tearing modulus) estimates 
may be easily obtained from precracked Charpy tests. 

2. METHOD OF ANALYSIS 

The lower bound method using equivalent energy procedures for obtaining 
fracture toughness estimates is well documented and will not be reviewed 
here (see References l to 4*). 

The validating tests for lower bound testing are summarized in Figures l 
and 2. Essentially by very careful selection of specimens so as to re-
present the same material, it is seen that the lower bound procedure applied to 
quite small specimens actually yields estimates equal to K1c in the tough-
ness transition region. As a means of comparison of testing applying 
validity criteria and lower bound methods, a lOT compact specimen was 

*See Section 7 for References 
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required to yie1d a va1id Klc at 50°F. Charpy thickness compact specimens 
produced essentia11y the same value. It is noteworthy that the lOT com
pact specimen is twenty-five times 1arger than the Charpy thickness com
pact specimen with a volume of over 15000 times greater. 

Whi1e sma11 specimens genera11y provide estimates essentia11y equa1 to Klc 
in the toughness transition region, the estimates may bec orne unduly con
servative on the toughness shelf for tough stee1s such as shown in Figure 
2. For examp1e she1f estimates of around 200 ksi lin are expected from 1/2T 
compact specimens for tough stee1s which cou1d be over a factor of two 1ess 
than Klc . On the other hand for 1ess tough steels it is not uncommon for 
1/2T compact specimens to yield shelf estimates considerably less than 200 
ksi lin whereas 1arger specimens demonstrate that Klc we11 exceeds 200 ksi lin. 
In the past the inability of lower bound procedures to provide high shelf 
toughness estimates with small specimens where high she1f toughness exists 
has suggested that other approaches such as J-R curves and instabi1ity 
evaluations should produce less conservative toughness restrictions on the 
high transition and shelf regions. For these situations, crack extension 
criteria must be app1ied which are still in the deve10pment stages. 

Charpy $he1f impact energies have been shown to be sufficient1y indicative 
of she1f Klc values for toughness values having safety concerns (Reference 5). 
As a resu1t priorities in sma1l specimen 10wer bound procedures have been 
directed to estimates of Kla (static crack arrest) with less emphasis on 
ductile tearing and stabi1ity approaches. 

3. FRACTURE TOUGHNESS DATA FROM PRECRACKED CHARPY SPECIMENS 

Considering a precracked Charpy specimen as just another fracture toughness 
specimen 1eads to app1ying lower bound procedures to data from such speci
mens. Sorne typica1 results compared with results from compact specimens 
are shown in Figures 3 and 4 (Reference 4). The data from compact specimens 
in Figure 4 were from specimens as large as 8 inch thick (Reference 6). 
The precracked Charpy resu1ts are seen to indicate toughness values in a 
manner comparable with a Charpy thickness compact specimen. 
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4. STATIC CRACK ARREST (Kla ) TOUGHNESS 

A recent study has validated the crack arrest interpretation applied to 
compact specimen data (Reference 7). Subsequently. precracked Charpy 
tests are being made to demonstrate similar behavior for such specimens. 

The approach is quite simple. A precracked Charpy specimen is tested 
with instability occurring followed by arrest at a significant load. 
This is just the situation sought in crack arrest testing. As dis
cussed in Reference 7, fast ductile tearing followed by tearing arrest 
can be interpreted in terms of instability behavior. Thus when an 
instability or fast ductile tearing is followed by arrest, a procedure 
for determining estimates (denoted by Klwd ) for Kla is necessary such as 
validated in Reference 7. 

A typical instability (pop-in) followed by arrest is shown for a pre
cracked Charpy specimen in Figure 5. A series of precracked Charpy 
tests were made at temperatures common to tests made in the valida
tion program of Reference 7. The material was 1018 steel having a 
Charpy impact shelf of around 40 ft.-lbs. A comparison of Klc and Kla 
estimates with data obtained from 1/2T, lT and 2T compact specimens 
is shown in Figure 6. Similar tests for an A533 steel are in progress. 

Actually pop-in crack arrest results from precracked Charpy specimens of 
A533 grade B Class l steel served as a basis for proceeding with the in
vestigations reported in Reference 7. These results are shown in Figure 7 
taken from Reference 4. In Figure 7, pop-in crack arrest results are 
compared with results reported by Crosley and Ripling (Reference 8). 

Both Figures 6 and 7 clearly demonstrate that precracked Charpy specimen 
tests can be used to determine Kla • 

5. J lc AND R-CURVES 

This section is somewhat speculative as data are sparse but may suggest 
to investigators areas of research. 
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First, crack initiation from a precracked Charpy test of a material of 
interest to nuclear vessel application most likely occurs near maximum 
load as indicated in Reference 9. Thus the lower bound estimate of KIc 
1s a realistic estimate of J Ic when the usual relation is applied 
(J = K2/E where E is the modulus of elasticity; a factor of about 0.9 
is applied by sorne investigators). Stopping the test immediately fol
lowing maximum load would verify the occurrence of crack initiation near 
maximum load but would run counter to the observation below. 

For compact specimen testing using unloading compliance a rather note
worthy observation is made. First a plot of displacment (ô) versus 
crack extension (Aa) measured at the the same point is linear within 
experimental error once notch blunting is well pasto Preliminary re-
sults indicate that the linear plot does not deviate far from a 45 0 line. 
This suggests that as a first try, dJ/da could be estimated by dJ/dô. An 
improvement on the estimate is suggested in Reference 4. Thus with sorne 
experimental verification, realistic estimates of dJ/da and R curve be
haviors are obtainable from load-displacement curves without either sophis
ticated test methods or analysis. 

J versus displacement has a linear character for precracked Charpy speci
mens also; thus suggesting the applicability of the above observation. 
The procedures outlined in Reference 4 were applied to the load-displace
ment curves of the precracked Charpy results noted in Figure 6. First J 
versus ô was plotted with dJ/dô being obtained from the initial linear 
relation. Then the correction (i.e. dô/da) was estimated; thus dJ/da is 
found as the product of dJ/dô and dô/da. Results from this procedure 
are given in Table l compared with similar results from a 1/2T compact 
specimen tested using unloading compliance techniques. Other fracture 
parameters are given. The results agree very well. 

Table l presents an example of what could be called "Full Scope Testing" 
wherein the investigator obtains as much fracture data as possible with
out undue sophistication. Specifically, for the precracked Charpy data 
presented in Table l, only a load-displacement curve was obtained during 
the test. 
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6. DISCUSSION 

It has been clearly demonstrated that precracked Charpy tests can be used 
to estimate either static or dynamic fracture toughness as interest may direct. 
For static tests, crack arrest estimates are also usually obtainable. If 
stable ductile tearing occurs to well past maximum load then estimates of 
both JIc and dJ/da may be made directly from the load displacement curve. 
However, limits of validity have not been established for these two latter 
evaluations. 

The above approach in conjunction with upper shelf Charpy energy fracture 
toughness correlations suggest that from Just an available supply of 
Charpy specimens a whole gamut of fracture properties may be obtained 
by judicious choices of testing techniques and data evaluations. Such 
tests are simple and inexpensive requiring only the measureMent of the 
load-displacement curve for the precracked Charpy specimen in combina-
tion with a compliance measurement should crack arrest toughness be desired. 

Specific application could be made to the Charpy specimens found in reactor 
vessel surveillance capsule wherein each capsule produces specimens of 
limited number with unique toughness properties. Obviously static testing 
produces the more information of general interest in brittle fracture and 
stability evaluations. 
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TABLE 1 COMPARISON OF FRACTURE TOUGHNESS PAIW1ETERS OBTAINED FROM STATIC PRECRACKED 
CHARPY TESTS WITH THOSE OBTAINED FROM A 1/2T COMPACT SPECIMEN - 1018 STEEL 

Specimen Test KIcd KIa JIc (in-1b/in2) dJ/da {in-1b/in
3
} 

Size and Temp Unl. Estimat5d 
Type (oF) (ksi/in) (ksi/in) Unl. Comp. Max Loada Comp. dJ/dôa dJ/daa, 

1/2T CT 175 96.1 76.1 385 12,900 

PCCy 150 103.6 86.6 357.8 25,000 15,600 

PCCy 200 99.4 99.4a 329 22,500 12,600 

a Estimates 

b 
dJ/dô was corrected to estimate dJ/da by the factor ôf-ôo as defined on page 7-5 of Reference 4. 
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Figure 1. Comparison of Valid KI c Results in the Lower Transition Region with Lower 
Bound (K lcd) Results Obtained for Charpy Thickness (O.394 ln.), 0.5T and 
1T Compact Specimens - A533 Grade B Class 1 Plate (HSST Plate (3) 
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Figure 2. Variation of K Icd as a Function of Temperature and Thickness - A 533 
Grade B Class 1 Steel Plate (HSST Plates 02 and 03) 
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Figure 3. Comparison of Lower-Bound Static Toughness Obtained from Charpy-Thickness 
Specimens, ASTM A 533, Grade B, Class 1 Plate, HSST Plate 01, Londitudinal 
Orientation 
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Figure 4; Comparison of Lower Sound Dynamic Fracture Toughness Obtained trom 
Precracked Charpy Specimen with Valid Dynamic Touyhness Measurements, 
ASTM A 533 Grade B, Class 1 Plate 
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Figure 5. Load·Displacement Curve for Precracked Charpy Specimen Tested Statically 
Demonstrating Pop-In Arrest - 1018 Steel 
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tlDOENDU~'l 

Durinq the meetinq considerable discussion focused on the effect of a/W 
(i.e. crack lenqth) on fracture touohness estimates obtained from precracked 
Charpy tests. Results from such an investigation are summarized in Figure A-l*. 
The tests were static and the effect of a/H was investiqated at four tempera
tures, The conclusion is reac~ed the K1cd 1s indenendcnt of crack depth for 
precracked Charpy specimens within the ranqe of qenera1 interest. 

*See Heavy-Section Steel Techno10gy Proqra~ Semiannual Proqress Report for Period 
Ending February 29, 1972, ORNL-48l6, Oak Ridge National Laboratory, October 1972, 
pp. 47-56 or F. J. Witt, Equivalent EnerQy Methodo10n.y - The Mode11inq Appro~ch 
to the Genëra1 Prob1em of Fracture Phenomena, Part 1 - The Equivalent Enerqy 
Methodo10qy, WCAP 9521, Westinqhouse E1ectric Corporation, Ju1y 23, 1979, pp. 
1.3-20 and 1.3-22. 
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Class 1 Steel (HSST Plate 01). 
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COMPARISON BETWEEN INSTRUMENTED PRECRACKED CHARPY AND 
COMPACT SPECIMEN TESTS OF CARBON STEELS* 

R. K. Nanstad 
Metals and Ceramics Division 
Oak Ridge National Laboratory 

Abstract 

The General Atomic Company High Temperature Gas-Cooled Reactor (HTGR) is 
housed within a prestressed concrete reactor vessel (PCRV). Various carbon 
steel structural members serve as clos~res at penetrations in the vessel. A 
program of testing and evaluation is under way to determine the need for 
reference fracture toughness KIR and indexing procedures for these materials, 
as described in Appendix G to Section III, ASME Code for light-water reactor 
steels. The materials of interest are carbon steel forgings (SA508. class 1) 
and plates (SA537, classes 1 and 2) as well as weldments of these steels. The 
fracture toughness behavior is characterized with instrumented precracked 
Charpy V-notch specimens (PCVN)--slow-bend and dynamic--and compact specimens 
(10 and 25.4 mm thick), using both linear elastic (ASTM E399) and 
elastic-plastic (equivalent energy and J-integral) analytical procedures. For 
the dynamic PCVN tests, force-time traces are analyzed according to the 
procedures of the Pressure Vessel Research Council/Metal Properties Council. 

Testing and analytical procedures are discussed, and PCVN results are 
compared wi th those obta i ned on compact spec imens. A 11 fracture toughnes s 
data are compared with the existing KIR curve from the ASME Code. Results 
obtained to date indicate that the fracture toughness transition region from 
slow-bend PCVN specimens occurs at somewhat lower temperatures than that for 
the 10-mm-thick compact specimens. The dynamic PCVN results show a 
substantial shift in the transition region to higher temperatures and 
upper-shelf values of fracture toughness similar to those for the 25.4-mm 
compact specimens. 

*Research sponsored by the Gas-Cooled Reactor Division, Office of 
Advanced Nuclear Systems and Projects, U.S. Department of Energy, under 
contract W-7405-eng-26 with the Union Carbide Corporation. 
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1. INTRODUCTION 

The High Temperature Gas-Cooled Reactor (HTGR) designed by General Atomic 
Company (GA) is housed within a prestressed concrete reactor vessel (PCRV) such 
as that shown in Fig. 1. The primary function of the steel liner is to act as 
a leak-tight barrier to the helium coolant rather than to serve as a primary 
structural member. Thick-section plates and forgings, however, serve as 
closures at various penetrations in the vessel. These closures are structural 
in nature and, as such, are required by Section III, Division 2 of the ASME 
Boiler and Pressure Vessel Code to meet the toughness requirements of Section 
III, Division 1 (ref. 1). Guidelines fOr reference fracture toughness KIR are 
provided in Appendix G2 of Division 1. These guidelines are presented in the 
form of a KIR curve, which requires indexing procedures by use of Charpy V-notch 
(Cv) impact and drop-weight nil-ductility temperature (NOT) tests. 

The guidelines were developed with low alloy steels used in the fabrica
tion of light-water reactor pressure vessels, whereas the structural steels in 
the PCRV are primarily carbon steels. A program of fracture toughness testing 
and analysis is being performed with the PCRV steels to determine if the 
Appendix G guidelines are applicable or if a separate KIR curve and/or indexing 
procedure must be developed for these pressure boundary steels. 

The fracture toughness behavior is characterized with instrumented pre
cracked Charpy V-notch specimens (PCVN) (slow-bend and dynamic) and compact 
specimens (CS) (10 and 25.4 mm thick) by using both linear elastic (KIC) and 
elastic-plastic analytical procedures (equivalent energy and J-integral). The 
instrumented slow-bend and dynamic PCVN tests were chosen to investigate the 
plausibility of using small specimens to characterize the fracture toughness 
when larger specimens are impractical, as in heat-affected zones of weldments 
or when material availability is limited. Even with elastic-plastic analyses, 
because of dimensional constraints, small specimens (such as PCVN) have less 
fracture toughness measuring capacity than do large specimens (such as 25.4 mm 
CS). For a specifie material or class of materials, a correlation between 
small- and large-specimen fracture toughness would be helpful for character
izing toughness behavior as well as for the situations mentioned above. This 
correlation is especially important in the transition region so that toughness 
degradation studies (e.g., radiation effects) can be confidently predicted. 
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2. EXPERIMENTAL PROCEDURES 

2.1 Specimen Removal 

All specimens reported here were oriented transverse to the major working 
direction with the notch (for Charpy and compact specimens) oriented per
pendicular to the rolled surface. Specimens were taken at a depth of at least 
one-fourth the thickness from a rolled surface. 

2.2 Nil-Ouctility Temperature Tests 

The drop-weight NOT was determined according to the procedures of ASTM 
standard E208 (ref. 3). The P-3 specimen was used for all tests, and the 
reference temperature NOT (RTNOT ) was determined as required in paragraph 
NB-2330 of ref. 2. That is, if the material exhibits at least 68J (50 ft-lb) 
energy absorption and 0.889 mm (0.035 in.) lateral expansion in a Cv test 33 K 
(60 R) higher th an the NOT, the RTNOT is equal to the NOT. If the Cv 
requirements are not met, tests are conducted at increasing temperature incre
ments [normally 5.5 K (10 R)] until the requirements are satisfied. The RTNOT 
is then determined by subtracting 33 K (60 R) from the test tempe rature at 
which the Cv requirements are met. 

2.3 Charpy V-Notch Impact Testing 

Except for temperature condit ioni ng, Charpy V-notch impact tests were 
conducted in accordance with the requirements of ASTM procedure E-23 (ref. 4). 
A Oynatup-instrumented tup and associated electronics were used to obtain 
force-time records of the test on a high-speed Nicolet digital oscilloscope. 
All force-time traces were stored on magnetic tape cartridges through a 
Hewlett-Packard 9825B computer and used to assist in fracture analysis when 
necessary. The testing system is shown in Fig. 2, which details the 
instrumented tup and the automated specimen transfer device. This device 
includes a temperature control chamber in which specimens are heated by 
electrical resistance or cooled with nitrogen gas. 
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2.4 Precracked Charpy Slow-Bend Tests 

Charpy V-notch specimens were precracked in a Physmet fatigue machine at 
room temperature to a crack-1ength-to-specimen-width ratio (a/W) of about 0.5. 
Fracture toughness tests were conducted in a Physmet slow-bend machine with 
temperature control by immersion in heated oi1 or coo1ed isopentane (coo1ed by 
dry ice or 1 iquid nitrogen). Specimen loading was monitored by a 10ad ce11. 
and di sp 1 acement was measured with 1 inear vari ab le di sp 1 acement transducers 
mounted on the 10ading frame. An autographic record of 10ad versus 
disp1acement was obtained and used in subsequent analyses. 

2.5 Precracked Charpy Dynamic Tests 

Charpy V-notch specimens were precracked as described in Sect. 2.4. and 
fracture toughness tests were conducted in the impact system described in Sect. 
2.3. The input energy used was general1y 136 J (100 ft-lb) and below 
(corresponding to an impact ve10city of 3.35 rn/sec and slower). depending on 
the predicted energy absorption by the specimen. The impact ve10city was 
minimized to reduce the effects of inertial loading. 5•6 Force-time traces were 
obtained and stored for ana1ysis as described in Sect. 2.3. 

2.6 Compact Specimen Tests 

Compact specimens 10- and 25.4-mm thick were fatigue-precracked at room 
temperature with an MTS servohydrau1ic machine in accordance with ASTM 
procedure E399 (ref. 7) to an a/W of about 0.5. Fracture toughness tests were 
conducted in the same machine. with temperature control by heated air or coo1ed 
nitrogen gas. A 10ad ce 11 and cl ip gage were used to monitor 10ad and 
disp1acement which provided an autographie record for ana1ysis. For the 
25.4-11IIl specimen. the clip gage was mounted on machined knife edges located 
a10ng the 10ading 1ine. and knife edges were mounted on the front face of the 

10-mm specimen. 
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2.7 Analytical Procedures 

All precracked specimens were analyzed for elastic-plastic fracture 
toughness by using both the equivalent energyB and J-integra1 9 procedures. The 
procedures of ASTM E399 were used to analyze for linear elastic behavior. For 
compact specimens, the Merkle-Corten analysis was applied to correct for the 
tensile component during 10ading. lO Testing and analysis of the dynamic PCVN 
specimen generally followed the Pressure Vessel Research CounciljMetal 
Properties Council recommendations outlined in ref. 11. It should be noted 
that the analytical procedures utilized the assumption that the onset of crack 
extension occurs at maximum load. For purposes of this paper, the onset of 
crack extension is defined as the onset of in-plane crack extension whereby the 
crack is extended in a direction parallel to the notch-fatigue crack. 
Variations in specimen size, geometry, and material are well known to often 
result in the onset of crack extension before maximum load. These observations 
provide a strong motivation for the current development of elastic-plastic 
fracture toughness procedures based on the resistance curve concept. 

To determine the validity of using the maximum load point as the onset of 
crack extension, both slow-bend PCVN and 10-mm compact specimens were tested in 
resistance curve fashion at room temperature by loading each individual 

specimen to a predetermined displacement, unloading, heat-tinting and 
fracturing in liquid nitrogen. 12 The equivalent ener9Y parameter Klcd and the 
J-integral parameter J were plotted versus the crack extension measured on the 
fracture surface. On a plot of J versus L'la (crack extension), the J values 
for the PCVN and the 10-mm compact specimen do not deviate from the blunting 
line until the maximum load has been attained. For the 25.4-mm compact 
specimen, a computerized unloading compliance13 procedure was employed, and the 
observations were similar to those for the smaller specimens. It is therefore 
concluded that the use of maximum load as the measuring point for onset of 
crack extension is reasonable for the se materials. For the slow-bend (3-pt 
bend) PCVN tests, displacement was measured between the loading tup and 
spec imen supports. Thi s method introduces extraneous di sp lacements caused by 
factors such as specimen indentation by the tup and supports as well as elastic 
displacements of the test fixtures. Because specimen load point displacement 
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is required for proper analysis, the load-displacement record must be corrected 
for those extraneous displacements (referred to as machine errors). Two 
methods were used to determine the machine errors: (1) a compliance-based 
correction simi lar to that described by Server14 for compact specimen testing 

and (2) the method discussed by Buzzard and Fisher15 in which an unnotched 
specimen is loaded to measure the extraneous displacements. Both methods 
provided similar corrections and resulted in close agreement of the equivalent 
energy and J-integral parameters for all tests. 

3. MATERIAL DESCRIPTION 

The base materials studied are shown in Table 1. All four materials are 
within the general classification of carbon steel, with grain sizes ranging 
from ASTM 6 to 8. The drop-weight NOT and room-temperature tensile properties 
are given in Table 2. It is interesting that the SA508, class 1 forging, 
although much thicker than the plate steels, has the lowest NOT. Detailed 
results of characterization testing (metallography, hardness, chemical 
analyses, tensile, Charpy impact, and drop-weight NOT) are reported in 

ORNL/TM-7480. 16 

4. RESULTS 

4.1 Charpy-Impact Results 

The results of Cv impact tests are shown in Fig. 3. All materials showed 
high toughnesses. The two quenched and tempered steels exhibited lower 
transition temperatures and higher upper shelf energies than the two air-cooled 
steels. Figure 4 shows the Cv toughness versus temperature normalized to the 
RT

NOT 
for the four PCRV steels and SA533, grade B, class 1 (HSST plate 02).17 

Except for plate Pl, the PCRV steels exhibit superior Cv toughness behavior. 
Note the differences among the steels when their absorbed energy values are 
compared at the NOT; three of the PCRV steels exhibit more than twice the 
absorbed energy of the SA533 steel. Although not shown on the figure, all 
steels except plate Pl exhibit significant increases in absorbed energy at 
temperatures above the onset of upper-shelf behavior (onset of upper shelf 

determined as described in refs. 16 and 18). 
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4.2 Slow-Bend Precracked Charpy Results 

Results of slow-bend PCVN testing are shown in Fig. 5. The fracture 
toughness of all four steels reached upper-shelf levels at -50°C or lower, 
indicating fully ductile behavior at the NDT (see Sect. 3). As with the Cv 
impact results, the quenched and tempered steels FI and P4 exhibited superior 
slow-bend PCVN toughness compared with the air-cooled steels. 

4.3 Dynamic PCVN Results 

Figure 6 shows the results of fracture toughness versus temperature for 
the PCVN impact tests. Compari son of Fi gs. 5 and 6 show that the toughness 
behavior has "shifted" to higher temperatures. The transition regions 
experienced shifts of about 75 K as a consequence of the increased strain 
rates. The curves also indicate sharper transition behavior from low- to 
high-energy values than the slow-bend results. Additionally, calculated 
upper-shelf toughness values are as much as 30% higher than are those for the 
slow-bend tests. Of particul ar interest i s the observation that the dynamic 
toughness values at the NDT for each steel are at the lower portions of the 
curves, where brittle fracture dominates. As with the other test results 
discussed, the quenched and tempered steels exhibited superior toughness 
compared with the air-cooled steels. 

4.4 Comparison of PCVN and Compact Specimen Results 

Figures 7 through 10 provide comparisons of results obtained with 
slow-bend and dynamic PCVN specimens to those obtained with 10- and 25.4-mm CS 
for each of the PCRV steels. The KIR curve from Appendix G, adjusted according 
to the RT NDT of the particular material. is included on each figure. A 
consistent observation for all four steels is that the transition regions of 
the slow-bend PCVN specimens occur at lower temperatures th an do those of the 
10-mm CS (designated CVCS to identify it as a Charpy thickness compact 
specimen). If a fracture toughness of 150 MPa lm is selected as the transition 
point (arbitrarily selected near the central portion of the curve) the curves 
exhibit upward temperature shifts of 15 to 20 K. The slow bend PCVN 
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upper-she1f fracture toughnesses. however. are about the same as those of the 
correspond i ng CVCS. The 25. 4-mm CS (des i gnated lTCS to i dent i fy it as a 
1-in.-thick compact specimen) fracture toughness behavior in the transition 
region is very simi1ar to that of the CVCS. The upper-she1f 1eve1s of the 1TCS 
curves are approximate1y 30% higher than are those of the CVCS and simply 

ref1ect the lower measuring capacity of the sma11er specimen. 
Regarding the dynamic PCVN curves. the previous1y noted shift of the 

transition region to higher temperatures is evident in Figs. 7 through 10 for 
a11 four materia1s. In a1most every case. the dynamic curve is steeper than 
are the other curves which indicates. of course. a more rapid transition fram 
britt1e ta ductile behavior with increasing temperature for the dynamic tests 
compared with the static tests (a11 static tests were conducted at the standard 
slow loading rate as defined in ASTM E399). An additiona1 effect of the higher 
strain rate was to increase the ca1cu1ated upper-she1f toughness 1eve1s. The 
dynamic PCVN upper-she1f toughnesses ranged from about 15 to 35% greater than 
did those of the static CV CS and PCVN. Interesting1y, the upper-she1f 
toughnesses for the dynamic PCVN were within 10% of those for the static 1TCS. 
Relative to the KIR curve. the dynamic PCVN resu1ts are more conservative than 
are those of the static PCVN and CS tests in that the dynamic curves are c10ser 

to the KIR curve. 

5. DISCUSSION 

Notched impact tests with Cv and drop-weight NOT specimens have 
demonstrated that there is not a consistent correlation between absorbed energy 
at the NOT (or RT NOT) for carbon stee 1 s as i s samet imes observed for 
1ight-water reactor (LWR) pressure vesse1 stee1s. Correlations between 
drop-neight NOT and the various fracture toughness resu1ts in this study can be 
made on1y on a qualitative basis. For examp1e. the RTNOT occurs at or higher 
than the onset of slow-bend PCVN upper she1f and at or be10w the onset of 
dynamic PCVN lower shelf for a11 four materials. The use of the RTNDT as a 
reference point for fracture toughness has received much attention in the 
1iterature for its use as an index with a variety of stee1s much broader than 
those represented by the LWR pressure vessel steels for which it was deve1oped. 
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The shift of fracture toughness behavior ta higher temperatures exhibited 
by the dynamic PCVN tests is an expected result from testing at much higher 
strain rates. Those tests provide a more conservative representation of frac
ture toughness than 00 any of the static tests. What is not known, however, is 
how well they may represent the toughness results given by larger high strain 
rate compact specimen tests. In this program, for example, dynamic tests with 
25.4-mm and larger compact specimens are planned to verity the dynamic PCVN 
results and to represent more realistically the conditions under which the 
existing KIR curve was constructed. 

A1though it is gratifying ta observe the close agreement between the CVCS 
and lTCS in the transition range, the disparity in that region between the 
slow-bend PCVN and CVCS is disconcerting. Although the two specimens are equa1 
in thickness, the remaining ligament for equal a/W of the CVCS is twice that of 
the PCVN specimen. It is not c1ear that the ligament size shou1d cause the 
abserved differences in the transition region. Further testing and 
investigations are being performed to reso1ve the observations. 

Regarding the simi1arity in upper-she1f fracture toughness values of the 
dynamic PCVN and 1TCS, the resu1ts may be fortuitous. However, because 
measuring capacity is related to plastic zone size, it is not necessarily 
surprising to observe higher toughness values on the upper she1f resu1ting from 
the increased yield strength of the materia1 un der dynamic loading conditions. 
Whether or not this agreement is applicable to a broader range of materia1s is 
yet to be determined. 

With regard to the KIR curve shown in the figures, dynamic and crack arrest 
fracture toughness tests (with specimens larger th an the PCVN) were used in the 
construction of the curve. 19 The data presented in the figures show that the 
static fracture toughness curves (at a toughness value of 150 MPa liiï) occur at 
temperatures more than 100 K lower than the KIR curve. Thus, the need for 
dynamic tests is supported by the results shown. 

In ana1yzing the full usefulness of the PCVN specimen, other types of 
analyses (e.g., energy per area) can be utilized. The program under way to 
characterize the stee1s used in the PCRV will, in fact, examine a broad range 
of analyses and correlations. The results presented here represent our initial 
efforts to examine the significance of the instrumented PCVN test compared with 
genera lly accepted fracture toughness concepts. Based on those resu lts, the 
fo11awing observations and conclusions are summarized: 
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1. no consistent correlation of Charpy impact energy at the NOT exists for 

these steels; 
2. the dynamic PCVN test shifts the fracture toughness transition temperature 

about 75 K higher th an that for the static tests; 
3. the dynami c PCVN tests exhibit i ncreased upper-she l f fracture toughnesses 

up to 30% higher than those for the slow-bend PCVN; 
4. the NOT (equal to RTNOT ) occurs at the lower portion of the dynamic PCVN 

curve where brittle fracture dominates; 
5. the transition regions of the slow-bend PCVN curves occur at temperatures 

15 to 20 K lower than those of the Charpy thickness compact specimens, for 
reasons unknown at this time; 

6. the upper-shelf toughnesses of the dynamic PCVN specimens are in agreement 
with those of the 25.4-mm compact specimens; and 

7. the instrumented PCVN test is useful for providing more conservative frac
ture toughness behavior, but its quantitative applicability has yet to be 
determined. 
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Table 1. Description of Materials Studied 

Material Thickness, mm Heat a 
Code Specification Producer Heat (in.) Treatment Form 

Fl SA508, class 1 Japan Steel Works 49C510-1-1-3 140 (5 1/2) WQ + T + SPWHT Ring forging 
Case 1332-6 

(J1 
1 ...... Pl SA537, class 1 Armco Steel 47239 89 (3 1/2) N + SPWHT Plate, fermed (J1 

te 3.95% strain 

P2 SA537, class 1 Lukens Steel RO 273 51 (2) N + SPWHT Plate, formed 
Case 1557-1 to 1.95% strain 

P4 SA537. class 2 Lukens Steel RO 907 64 (2 1/2) WQ + T + SPWHT Plate, formed 
Case 1557-1 to 1.56% strain 

aWQ = water quenched, T = tempered, N = normalized. and SPWHT = simulated post weld heat treatment. 



U'1 
1 ...... 
0\ 

Material 
Code 

Fl 

Pl 

P2 

P4 

Table 2. Nil-Ouctility Temperature and Room-Temperature Tensile Properties 

Orop-Weight 
NOT 

[OC (OF)] 
Specification 

SA508 class 1 -57 (-70) 
Case 1332-1 

SA537 class 1 -40 (-40) 

SA537 class 1 -46 (-50) 
Case 1557-1 

SA537 class 2 -51 (-60) 
Case 1557-1 

Strength. MPa (Ksi) 

Yielda 

342 (49.5) 

353 (51.3) 

378 (54.9) 

404 (58.6) 

Ultimate 

499 (72.3) 

551 (79.9) 

554 (80.4) 

571 (82.9) 

aLower yield strength values are reported and correspond to the 0.2% offset yield strength. 

Total Elongationb 

(%) 

40.0 

32.2 

33.5 

31.6 

bThe test specimens have an LlO ratio of 7. Elongation results have been corrected for an LlO ratio of 4. 
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Fig. 1. Cutaway view of the prestressed concrete reactor vessel for 
the high-temperature gas reactor. Print courtesy of General Atomic Company. 
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Fig. 2. Instrumented impact tester. Center photograph shows the 
entire system: impact tester; temperature-measuring load equipment; and 
electronic equipment, including computer, for measuring and recording load
time behavior. Upper-right photograph is close-up view of strain-gaged 
tup. Lower-left corner is view of automated Charpy specimen cooling (and 
heating) and loading apparatus. 
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transverse orientation. 
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ABSTRACT 

Data reported by Server and Wullaert correlating specimen strength ratio with fracture 
toughness were analyzed with the D-BCS-HSW model. This model is based on the DugdaJe 
model, elaborated by BUby, CottreIl, and SWinden, and extended by Heald, Spink., and 
Worthington. The data included instrumented precracked Charpy results on HSST plate 02, as 
weIl as static, intermediate, and dynamic tests of 1-T compact and bend specimens of SA533B-
1 steel. The model relates the fracture toughness to the crack length, specimen shape and size, 
applied faUure stress, and effective flow strength. The only parameter not provided by the data 
is the constraint factor, M, the ratio of the effective flow strength to the yield strength. The 
model was fitted to the data by non-linear least squares methods by which M was determined 
to be approximately 2.5 for the Charpy data, and from 2.1 to 2.6 for the other specimen data. 
The fit is considered to be reasonably good throughout the range from linear-elastic fracture 
mechanics through to plastic collapse. The result for the Charpy data is considered to be as 
good as that for the other specimens. The determination of only one parameter is needed to 
establish the relationship between specimen strength ratio and fracture toughness. This 
relationship then applies to the entire range of fracture regimes. 

L INTRODUCTION 

The National Materials Advisory Board (NMAB) has pubtished a report on rapid, 
inexpensive tests for determining fracture toughness (1976). The preface to the report states 
that the major drawback to complete acceptance and use of the American Society for Testing 
and Materials (ASTM) E-399 test for plane-strain fracture toughness, Kle , is the cost of 
performing the test. The Ïrrst recommendation of the report was to use the fatigue-precracked 
Charpy-size specimen, tested in slow bending, to measure the specimen strength ratio, Rs , 
which is much simpler and less expensive to do, and then to establish a correlation with K le • 

The specimen strength ratio is the ratio of the nominal (net-section) stress, fi N' at maximum 
Joad to the yield strength, fil'. Hence, maximum load and original crack size are the only 
measurements required for Rs . In this way a rapid, inexpensive test method would be obtained 
and it might be sufficiently precise for minimum acceptance standards in quality control 
programs. The report conc1uded that a good correlation exists between the indirect measure of 
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fracture toughness, Rs ' and the direct measure of fracture toughness. K le , at small values of 
the ratio K'e /.y (i.e. <0.75 inl/~ for the precrack.ed Charpy specimen, that is, in the region 
of Iinear-f'lastic fracture mechanics (LEFM). Furthermore, it recommended an investigation 
into whether the correlation may also be valid for higher values of this ratio and for larger 
specimen sizes. 

KaufMan et al. (1976) already pointed out the correlation between the plane-strain 
fracture toughness and the notch-yield-ratio (which is very similar to the specimen strength 
ratio) for cylindrical specimens of aluminum alloys. Succop and Brown (1977) showed the 
correlation between the specimen strength ratio and the normalizecl plane-strain fracture 
toughness for slow-bend precracked Charpy specimens of steel, aluminum, and titanium alloys. 
More recently Server and Wullaert (1979) have published correlations between various 
measures of fracture toughness and specimen strength ratio, Rs , for nuctear pressure-vessel 
steels, for which there i5 now a large and weil characterized base of data that has been 
measured and collected under the spomorship of EPRI. 

The purpose of this paper is to examine, in more detail, sorne or the data reporteci by 
Server and Wullaert and ta foUow up their suggestion for a specifie model ta correlate the data 
and thus to extend the range and usef\Jlness of the correlation. 

2. THE DATA 

In this section the data reported by Server and Wullaert (1979) are presented for later 
analysis with the model descibed in Sec. ~ of this report. The data includes results from four 
sets of tests taken on SA5~~B-l steel: 

1. Dynamic precrack.ed Charpy tests for one heat (HSST plate 02) 
2. Dynamic 1-T bend specimen tests for 9 heats 
~. Intermediate rate 1-T compact specimen tests for 6 heats 
4. Static I-T compact specimen tests for 14 heats 

These data are shown in Figs. 1-4. The specimen strength ratio, Rs ,(on the abscissa as Rit or 
Rse> is plotted against various measures of fracture toughness (indicated in the 1egends), which 
are normalized by the yield strength, .Y' These various measures of toughness have bem 
expressed in terms of the crack-extension resistance, KR ,50 that they have been reduced to a 
common unit, the unit of the stress-intensity factor, K. To this end, results of elastic-plastic 
fracture mechanics (EPFM), which are originally computed in terms of J or J le ' are converted ta 
the equivalent values of KR . In this paper, the symbol KR represents crack.-extension 
resistance only for the onset of crack. extension, and we are not concerned here with crack
extension resistance beyond the onset of crack extension. For each of the specimens tested, the 
values of KR and Rs were obtained from the same load-deflection record. The original crack. 
size for aU cases was given by a-0.52W in terms of the specimen width, W. This width was 
0.~94 in. (10 mm) for the Charpy specimens and 2 in. (50.8 mm) for the I-T specimens. Thus, 
the original crack size itself was 0.205 in. (5.2 mm) for the Charpy specimens and 1.04 in. 
(26.4 mm) for the I-T specimens. 

The tests covered several fracture regimes, LEFM, EPFM, and plastic collapse. In the 
figures, these regions are differentiated by the use of five symbols, which each represent a 
definition of the onset of crack extension, as follows: 
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1. Triangle: tinear-elastic, vatid E-399 fracture toughness, using the appropriate yield 
strength, "y, for the rate of loading. These KR values are plane-strain fracture toughness, K le ' 

results that represent the onset of crack extension by cleavage. 
2. Star: pseudo-linear-elastic fracture toughness that violates the E-399 size criterion 

(i.e. violates PMI P Q less than 1.1 for compact specimens and PM less than general yield for bend 

specimens). White these values of KR were computed by the linear-elastic methods of E-399, 
the present authors regard them as elastic-plastic fractures,with the onset of crack extension 
occurring by cleavage. 

3. Circle: elastic-plastic fracture toughness, KR ' as converted from results determined by 
the J-integral procedure, using the formula 1-2AlbB, where A is energy to the point at which 
a cleavage-initiated crack extension occurs. 

4. Square: elastic-plastic fracture toughness, KR , as converted from Ile results obtained 
by J crack-extension procedures for the on set of slow, stable, fibrous, crack propagation. 

5. Diamond: fulty plastic fracture toughness, as determined by equivalent-energy 
procedures, which are based on energy absorption to maximum load. Crack extension is fibrous. 

The fracture toughness data represented by the triangle, circle, and square symbols 0, 3, 
and 4 above) are regarded by the authors as being comparatively the more accurate measures of 
fracture toughness, the measures that are more directly applicable in fracture control The KR 
values represented by the star (2 above) are expected to be tao conservative as estimates of 
fracture toughness, sin ce LEFM procedures rather than EPFM were used in the computations 
for these test results, which are cleavage-initiated fractures that do not meet the E-399 size 
requirements. Fracture toughness data represented by the diamond (5 above) are regarded as 
indirect KR measures of fracture toughness, which may be useful in fracture control only based 
upon either service experience or empirical correlations with fracture mechanics tests. Hence, 
both direct and indirect measures of fracture toughness are used together here and denoted by 
KR to correlate fracture toughness with specimen strength ratio. 

As pointed out by Server and Wultaert, the results shown in the figures indicate that a 
linear correlation exists between K le '''y and Rs for values of Rs up to about 2, after which 
general yield occurs and there is an abrupt rise in slope. 

!J. THE MODEL 

The model that was used here to fit a specific curve to the data is based on the plastic 
yield-strip model of Dugdale (1960), as elaborated by Bitby, Cottrelt, and Swinden (1963), and 
as extended in an approximate way to flnite geometries by Heald, Spink, and Worthington 
(1972). Accordingly, it is referred to here as the D-BCS-HSW model. This model gives the 
fracture toughness by 

KR = fi 0 F N[(8a/7r) ln sec(7r" e /2 .. 0 )]1/2 
(3.1) 

where the symbols correspond to the foltowing terms: 



F : geometric factor for stress-intensity factor 
N : geometric factor for nominal stress 
'c: crack strength, i.e. nominal (net-section) stress at maximum load 
'0 : effective flow strength 
a : crack size 

Expressions for F are given for many specimen shapes and geometries in various 
handbooks. F usuaUy depends on the parameter a/W. The expressions for our special specimen 
shapes are given in Sec. 4 below. 

The geometric factor for the nominal stress, N, is defined as the ratio of the app1ied 
stre;;s to the nominal stress. As with expressions for F, the expressions for N are usuaUy 
fun~tions of the parameter a/W; these expressions are also discussed in Sec. 4 below for our 
special cases. At maximum load, the app1ied stress becomes the failure stress, , f ' and the 

nominal stress becomes what is sometimes referred to as the crack strength, 'c-note that in 
the work of Server and WuUaert (1979), this crad strength is called the nominal (net-section) 
stress, , N' Thus, we ob tain the app1ied failure stress by 

(S.2) 

The D-BCS-HSW model has the virtue that for linear-elastic fracture mechanics 
(LEFM), where,c /'0«1 and KR is given by K ,c ' Eq (S.l) reduces to the standard relation 
between fracture toughness and app1ied failure stress 

K Ic - , f (.,a)I/!F(a/W) 
(S.S) 

In addition, for an infinite plate, where F-N-l, the model reduces to the wett-known D-BCS 
model: 

KR" '0 [(Sa/.,) ln sec(." f /2'0 )]I/~ 
(S.4) 

The specimen strength ratio, which was discussed in Sec. l, is defined by 

(S.S) 

where 'y is the yield strength of the steel for the temperature and loading rate of the test. Note 
from (U) and (S.S) that the geometric factor for the nominal stress is given in terms of the 
specimen strength ratio by 

N - (, f /'y)/R1 

(S.6) 

Later, in Sec. 4, this expression will be used to find equations for the geometric factors for 
nominal stress, Nb and N c ' for the bend specimen and the compact specimen, respectively. 

The D-BCS-HSW model (S.l) gives a rapid rise in KR as 'c approaches '0' and this 
behavior is typical also of the data in Figs. 1-4 as R 1 approaches a values of 2 to 2.6. To obtain 
an analytic expression that could be fitted to the data it is postulated that the effective flow 
strength"o' is related to the yield strength, 'y, by a constraint factor 



M = "o/"r 
(3.7) 

The best value of M is determined by a curve fit of the data, as is shown in Sec. 5. 
To relate the analytic expressions more conveniently ta the data, Eq (3.1) is now 

rewritten in terms of the coordinates of the figures, KR /I1r and Rs . Using (3.5) and (3.7) we 
find 

KR /I1r - MFN[(&r/a) ln sec(.,Rs /2M)]1/2 
(3.8) 

which can be regarded as a relationship (between KR /I1r and Rs> that is given in terms of the 
parameters M, F, N, and a. For LEFM (Rs<1), this relation reduces to 

K le /I1r - F N(.,a)1/2Rs 
(3.9) 

and we see that, in this range, the parameter M has dropped out. Values of F, N, and a are 
fixed by the geometry of the test specimen, as discussed in the next section. 

4. APPLICATION TO PARTICULAR SPECIMENS 

The parameters F and N in Eqs (3.8-9) depend on the specimen shape and are functions 
of the normalized crack. sile, 

.-a/W 
(4.1) 

For the bend specimen and compact specimen, to which the present data apply, the explicit 
expressions for F and N can be obtained from the formulas in ASTM method E-399. We 
consider the bend and compact specimens in turn. In the expressions that follow, .-0.52 is 
used to represent the present data. 

4.1 The bend specimen 

From E-399, we find F b ' the geometric factor for the stress-intensity factor for the bend 
specimen, as follows: 

1.99-.( I-tJl)(2. 1 5-3.93cr+2. 7.~ 

(4.2) 

From the expression for RSb in E-399 and using Eq (3.6), we find the geometric factor for the 
nominal stress in a bend specimen: 

Nb'" {l-crr 
(4.3) 

Eqs (4.1) to (4.3) can now be applied both to the Charpy specimen and to the I-T bend 
specimen. 
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4.1.1 The Charp, specimen 

Using the crack size a-0.205 in. (5.2 mm) and Eqs (4.1-3) in Eq (3.8), we find 

KR Iffy - Mb [0.0607 ln sec( .. R sb 12Mb )]I/t 
(4.4) 

where ail parameters but Mb have been evaluated numerically. The final parameter, Mb ' is 
determined by a curve fit (Sec. 5). In a similar manner, Eq (3.9) for LEFM becomes 

K le Iffy - 0.2737 RSb 
(4.5) 

Thus, this LEFM equation is fully determined by the geometric factors for the Charpy 
specimen. This relationship is shawn as the dotted line in Fig. 1~ The LEFM data agree quite 
weil with this relation, and it is emphasized that the data were not fitted ta this relation. 

4.1.2 The 1-T bend specimen 
Using the crack size a-l.Of in. (26.4 mm) and Eqs (4.1-3), we rmd from (3.8) that the 

D-BCS-HSW model becomes 

KR Iffy - Mb [0.308 ln sec( .. R Sb 12Mb )]I/t 

and for LE FM from (3.9) 

K le Iffy - 0.617 RSb 

(4.6) 

(4.7) 

The latter relation is shawn as the dotted line in Fig. 2. It also agrees quite weil with the 
LE FM data. 

4.2 The compact specimen 

From AS TM method E-399 and Eq (3.8), we find Fe' the geometric factor for the 
stress-intensity factor of the compact specimen: 

(2+crXO.866+4.64œ-l 3.32cr!+ 14. 72cr'-5.6cr«> 

(4.8) 

From the expression for Rsc in E-399 and using Eq (3.6), we find the geometric factor for the 
nominal stress in the compact specimen: 

(I-cr)! 

2(2+cr) 
(4.9) 

From these expressions for F and N and letting the crack sile a-l.Of in. (26.4 mm), we find 
from (3.8) that the D-BCS-HSW model becomes 
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(4.10) 

and for LEFM from (3.9) 

(oUI) 

The latter relation, shawn as the dotted Unes in Fip. S and of, aIso agrees quite wen with these 
LEFMdata. 

5. THE CURVE FIT 

In Sec. of, ft was shawn that, using the D-BCS-HSW model and the particular geometry 
of a test specimen, only one parameter, M, remains unspecified. This parameter is determined 
by fitting the appropriate equation (4.4,4.6, or 4.10), for a given specimen, ta the data. These 
data included the combined direct and indirect measurements of fracture toughness, as ginn by 
Server and Wullaert (1979). A least-square non-linear fit was performed, using the 
DA T APLOT code on the NBS Univac 1108 computer. The results for M and for the 
corresponding residual standard deviation (RESSD) are as follow5: 

M. - 2.49 RESSD - 0.161 dynamic precrack.ed Charpy 
M. - 2.12 RESSD - 0.176 dynamic I-T bend 
Mc - 2.30 RESSD - 0.086 intermediate rate I-T compact 
Mc - 2.59 RESSD - 0.128 static I-T compact 

These values of M and the appropriate expressions (4.4, 4.6, or 4.10), were used ta plonhe 
salid (fitted) Unes in the ÏtgUres. We see that the values of M, for the above four test conditions, 
vary over the narrow range from 2.1 ta 2.6. The value of M corresponds to the region where 
the slape of the curve is very steep and the data represent CUlly plastic behavior. 

1. DISCUSSION 

Expressions have been given for relating the specimen strength ratio, Rs ' ta various 
measures of fracture toughness, KR. The specimen strength ratio is simple and inexpensive to 
measure. The plane-strain fracture toughness, K le ' is costly to measure; other measures of KR 
given here are aiso costly when compared with the cost for measurements of Rs . The data, 
supplied by Server and Wullaert (1979), is for SA5S3B-l nuc1ear pressure vessel steels that 
were tested in various shapes and sizes of specimens, w!th the tests being conducted over 
various ranges of loading rates and temperatures, and covering the range of fracture behavior 
trom brittle to ductile. 

Analytic expressions were developed here for each of three specimen shapes, using the 
D-BCS-HSW mode1. With this model, simple analytic expressions can be developed-it is 
believed that this would be much more difficult for other more sophisticated models (such as 
J-integrat) that are currently available. On the other hand, the model is still complex enough to 
describe the essential features of the data in ail regimes from LEFM to plastic collapse. The 
model relates the normalized fracture toughness, KR Itly, to the specimen strength ratio, Rs ' in 
terms of the four parameters F, N, a, and M. The first three of these parameters are fixed by 
the specimen geometry, and the constraint factor, M, is determined by fitting the analytic 
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expression to the data-when this was done, aIt of the data for aU regimes from LEFM ta fully 
plastic fracture were combined in making the fit Hence, only the one parameter, M, is needed 
to make a fit that correlates the data for an regimes, as shown in the figures. In the LEFM 
range, i.e. small values of Rs ' the analytic expression reduces ta the LEFM curve. The figures 
show that the LEFM K le data agree with the LEFM curve quite weJJ, despite the fact that there 
is no curve fitting involved here. 

For the dynamic data, the fit for the Charpy-size specimens (Fig. 1) appears ta be as 
good as for the I-T size specimens (Fig. 2). The residual standard deviation for the Charpy 
data was in the same range as for the I-T specimen data, about 0.17. One anomaly is that for 
the Charpy-size specimens, data determined by the J-integral procedure for deavage crack. 
extension (cirdes) are consistently above the D-BCS-HSW curve. Further, it is noted that the 
pseudo-LEFM data (stars) fit the extended LEFM Une and this extension is below the D-BCS
HSW curve. This suggests that if these data had been analyzed by EPFM, they would have 
faJJen on (or doser ta) the curve that represents the D-BCS-HSW modeL 

For the intermediate strain rate of the I-T compact tests, the fit is best, with a relatively 
low RESSD of only 0.09. The fit of the static 1-T compact test data is aJso very favorable, with 
a RESSD of 0.13. 

7. CONCLUSIONS AND RECOMMENDATIONS 

(1) Various plots of LEFM data have been made showing the correlation of the indirect 
measure of fracture toughness, Rs , to the direct measure, K le /.". Economic considerations 
prornote the use of indirect measures for the prediction of results from direct measures. 
Confidence (or talerance) timits about the LEFM line should be established. These limits would 
suggest whether or not it wou Id be justified ta actually fit these LEFM data in order ta narrow 
the confidence interval for predictions in the LEFM regime. 

(2) Data for direct and indirect measures of fracture taughness for all three regimes from 
ductile ta brittle fracture have been cornbined and used ta establish the parameter M for each 
of four test conditions: dynamic precrack.ed Charpy tests, dynamic I-T bend tests, 
intermediate-strain-rate I-T compact tests, and stattc I-T compact tests. With these results 
and the relationships developed here for the Charpy specimen, for the 1-T bend specimen, and 
for the 1-T compact specimen, reasonably good fits to the data are obtained for each of four 
data sets associated with the four test conditions. 

(3) It is noted that a value of M may be obtained simply by averaging results of the 
indirect measure of fracture toughness, Rs ' in the plastic coJJapse regime. Hence, the results 
suggest ta the authors that averaged measurements of R, taken in the plastic colJapse regime 
might be useful in predictions of approximate values of fracture toughness for aJJ three regimes. 

(4) What remains is to optimize the fit for each of the test conditions of interest. This 
could be done, for example, by selectively fitting the data for the varlous fracture regimes or for 
direct measures only (or indirect measures only). The confidence limits for the various methods 
of fit should be determined and the use of weighting and transformation of data should be 
considered. These refinements would be needed to narrow the confidence interval and ta 
optimize the predictive capability of the model in its broad applicabiUty to ail three fracture 
regimes. 

(5) The present study has partiaJJy answered sorne of the questions raised by the NMAB, 
and could possibly be useful for developments on sorne type of standardizatton of the 
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recommendations. 
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FIGURE CAPTIONS 

1. Dynamic fracture toughness and RSb results for precracked Charpy spedmens for one heat 
of SA533B-l steel (HSST plate 02). dK/dt-3xI0~ ksi-in I/2/s. SoUd Une fitted by D-BCS
HSW model and dotted !ine given from LEFM. 

2. Dynamic fracture toughness and RSb results for l-in. (25.4 mm) bend specimens for 9 heats 
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of SA533B-l steel. dKldt-lxl0& ksi-tnl/t/s. SaUd line fitted by D-BCS-HSW model and 
dotted Une given from LEFM. 

3. Intermediate rate fracture toughness and Rsc results for l-in. (25.4 mm) thickness compact 
specimens for 6 heats of SA533B-l steel. dKldt .. 3xl0' ksi-inl/tls. SaUd Une fitted by 
D-BCS-HSW model and dotted line given from LEFM. 

4. Statie fracture toughness and Rsc results for 1-in. (25.4 mm) thiekness compact specimens 
for 14 heats of SA533B-l steel. dKldt=3 ksi-inl/!/s. SaUd Une fitted by D-BCS-HSW 
modf'l and dotted Une given from ,LEFM. 
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Correlation between Charpy Test Results and those from 
Larger Specimens and Structures on the Basis of General 
Yield. 

Introduction 
Safety control concepts in heavy section steel struc
tures are: 

1. Linear elastic fracture mechanics (K, G) 
2. Elastic-plastic fracture mechanics (J, COD) 
3. Plastic-collaps-concept /1, 2, 3/. 

1. is applicable at low temperature or high yield 
strength, 2. is applicable for situations of large 
scale or post yielding and 3. allows failure assessment 
under conditions of general yield, i. e. of fracture in 
the plastic regime beyond general yield, where general 
yield is defined by the situation that the net section 
is just plastified. 

The application of the plastic collaps concept postu
lates, that the general yield state occurs before 
fracture. The temperature, at which the general yield 
state is just reached before fracture is called the 
general yield temperature Tgy . At this point the frac
ture force Ff is just equal to the force Fgy for 
general yield /4/. 

Independent of the loading and geometry conditions the 
basic relationship of: 

nominal net-stress Ogy at yield and 
nominal net-stress ~f at fracture 
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in dependence on temperature is always of the same type 
for structural steels (Fig. 1). In the different tempe
rature ranges typical load-deformation diagrams are 
obtained /5, 6, 7/: 

At T < Tgy the net section at a defect (notch or 
crack) is only partially plastified and Ff < Fgy 
at the initiation of an unstable cleavage fracture 

At Tgy ~ T < Ti' where Ti is the temperature of 
initiation of stable crack growth, the net section 
ist totally plastified and Ff ~ Fgy' The fracture 
propagates unstable by cleavage immediately. 

At Ti ~ T < Td , where Td is the temperature of the 
first appearance of completely ductile crack 
growth and propagation a stable precritical crack 
is formed as a thumbnail at the maximum plastical
ly deformed notch or crack tip. The crack grows 
stable initially but then it turns to an unstable 
propagating cleavage crack. 

At Td < T only ductile crack growth or propagation 
is observed throughout the total net section. 

For precracked specimens the difference between Tgy and 
Ti may be smaller th an for notched ones. 
With increasing temperature the plastic deformation 
6unstab up to the onset of unstable crack propagation 
increases and by that the totally absorbed mechanical 
energy up to fracture, too. 

The application of the plastic collaps concept is 
restricted to temperatures T ~ Tgy ' in order to ascertain 
that general yield at the defect net section 
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occurs before fracture. Therefore the evaluation of Tgy 
is an essential point in the application of the concept. 

Under this aspect the aim of this paper is to discuss 
whether the instrumented charpy test - with notched or 
precracked specimens - is a suitable instrument to 
determine Tgy of structures in principle or not. 
50 the question rises, how this important temperature 
Tgy can be found and by what parameters Tgy will be 
influenced. The local cleavage fracture condition in 
Fig. 2 may help to find out the main influences: 

For cleavage the fracture strength ~fc must be 
reached. This process is influenced by the plastic 
stress concentration factor Kdp as weIl as by the 
yield strength ~Y' 

The plastic stress concentration factor K~p 
depends on: 

• the geometry of the defect, ~ w, Q, 

• the size of the spezimen or the structure, W, B, 
and 

• the applied load F/F gy 

A maximum value of K6p for a certain notch or 
crack geometry will be obtained if the specimen 
dimensions with regard to a/W, W, B are sufficiently 
large, i. e. they should be in the order of 
magnitude as necessary for J-testing. 

The yield strength ~y depends on: 

• temperature T.and 
• strain rate € 
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From the cleavage fracture condition demonstrated in 
Fig. 2 /8, 9/ it follows that the cleavage fracture 

stress ~fc will be reached 

if under decreasing yield strength J y with in
creasing temperature - under constant strain rate 
- the stress concentration factor K~p will be 
raised adequately by increasing the specimen size 
or/and the notch sharpness or 

if for a given specimen geometry - this means the 
K!p will be fixed - the decrease of ~y by in
creasing tempera~ure will be compensated by rising 
the strain rate E adequately /4, pp. 216/. 

Thus from the diagram of Fig. 2 two possibilities for 
the substitution of a large specimen by a smaller one 
can be demonstrated schematically: 

For a small specimen the general yield temperature 
Tgy 1 as weIl as Tgy3 for a large specimen of the 
same material both under static loading were 
determined. 

To simulate the stress state in the larger specimen 
at Tgy3 by using the small specimen it is neces
sary to increase 6'y at Tgy3 from lt'y1 (Tgy3)~ up to. 
6Y3 (T gy3 ) by rising the strain rate from (1 to é~. 

If this is not completely possible because for 
<-

instance only E 2 can be achieved, by an additio-
nally smaller increase of the specimen geometry or 
notch sharpness the condition within the large 
specimen at Tgy3 will also be met in a smaller 
specimen. 
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Thus it may follow that if the evaluation of Tgy for a 
certain structure requires rather large specimens and 
therefore high testing costs quite apart from the fact 
that large specimens are not always available, there 
might be a possibility to determine Tgy also on small 
specimens by dynamic testing. 

Material properties and experimental results 
The steel chosen for the investigation was a micro
alloyed fine grained normalized structural steel StE 460 
(German Standard). 

The experiments have been performed on 

wide plate specimens provided with a transverse 
stress raiser ending in a jeweller's saw cut under 
unaxial tension 
single edge notched three point bending specimens 
with notch angles of 45° and 0° 

_ charpy specimens 

in each case at different temperatures. The tup of the 
charpy hammer was instrumented by electrical strain 
gages to record the load-time diagram. 

Test results of the charpy tests are demonstrated in 
Fig. 3. The nominal net-stress at general yield ~gy and 
the nominal net-stress at fracture ~f in dependence on 
temperature were determined from the load-deflection 
curve which can be evaluated by integration of the 
registrated load-time record during the impact test. 
From these two curves the temperature Tgy under charpy
test conditions can be evaluated. Tgy is here about 
-123 oC or 150 K. 

5-49 



The depth of the thumbnail and the impact energy are 
also shown in Fig. 3. At Tgy no thumbnail is observed. 
The impact energy at Tgy is in the range of 10 Joule, 
which is lower than the standardized minimum energies 
for material acceptance. 

Fig. 4 represents results from static three point 
bending tests on a larger single edge notched specimen 
with a notch angle of 45° and dimensions of W equal to 
B of 40 mm. Here Tgy was checked additionally by the 
spread out of the plastic hinge from the notch to the 
back face during the experiment. Finite element cal cu
lations with material properties at Tgy confirm the 
result very weIl. For this specimen Tgy is about 
-111°C or 162 K. At Tgy a plastic crack opening dis
placement Jpgy of about 0.2 mm was observed. 

In Fig. 5 results for the general yield temperature Tgy 
and the temperature Ti for initiation of stable crack 
growth of tests on various specimen geometries are 
demonstrated. The highest value for Tgy is observed for 
the precracked O~three point bending specimen followed 
by that for the wide plate specimen with a saw eut of a 
length of 2a = 30 mm. Tgy for the notched three point 
bending specimens with a notch angle of 45° and the 
charpy impact specimen are lower. The minimum dif
ference between the values of both types of specimens 
is only about 12 K. 

The smallest difference between Tgy and Ti occurs at 
the precracked specimen and the largest amount at the 
wide plate specimen. The figures for Tgy as weIl as for 
Ti are concentrated in a range of about 50 K. In every 
case Tgy was smaller than Ti. 
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Discussion 
To ensure the so called plane strain conditions the 
following size requirements have to be satified for the 
three pOint bending specimen: 

a, B (W-a) ~ 25 ... 50 J/fJ'y or 
a, B, (W-a)":: 25 6'pgy 

As the plastic crack opening displacement 6pgy in the 
three point bending test at general yield is larger 
than 0.2 mm values of a, B, (W-a) ~ 5 ... 10 mm are 
necessary. These requirements are met by the dimensions 
of the three pOint bending specimens. 

The test results demonstrate that Tgy obtained from the 
charpy impact test is within the range of Tgy values 
evaluated from tests on larger static loaded specimens 
which are generally used in the fracture mechanics test 
technique. Especially the results from tests on notched 
three point bending specimens with a notch angle of 45° 
and the charpy impact tests - both Tgy values are close 
together - verify that a reduction of the specimen size 
can be compensated by an increase of the strain rate as 
it has been derived from the cleavage fracture condi
tion in Fig. 2. 

A combination of the strain rate effect and the influence 
of the defect geometry will be reached, if precracked 
charpy impact specimens are used. It seems to be possible 
by this procedure to get a value of Tgy near to that of 
a precracked three point bending specimen un der static 
loading; this means that precracked charpy specimen 
under impact load may get a tool to determine the 
general yield temperature Tgy even for structures with 
severe defects. Test on this subject are in progresse 
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Finally it should be emphasized that for the use of a 
charpy test procedure to determine Tgy • the test facility 
must carefully be instrumented as to assure that accu
rate load-time records will be produced /10/. 
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ABSTRACT 

New referencing procedures are under development which compute statistical 
bounds to fracture toughness predictions for three stress intensification 
rates, equivalent to static, dynamic, and dynamic bend testing. The pred
ictions cover the full temperature range for ferritic steels, and they are 
based upon a set of standard Charpy (CVN) test data. A curve is fitted to 
the energy-temperature data (after a mathematical transformation), and the 
coefficients coupled with a set of tabulated constants define the fracture 
toughness-temperature relationship. The predictions have now been compared 
with measured fracture touqhness values for a large number of heats of pre
ssure vessel steel, of which a large proportion (about sixt Y heats) had not 
been included in the original data base from which the procedure was devel
oped. The procedure has special interest in the context of PCVN testing. 
First, as a statistical procedure it is suspect since it strictly applies 
only to the population of data sampled in the current data base. If pred
ictions were checked against a few PCVN tests, they would carry much greater 
weight. In turn, the referencing procedure would extend the PCVN data to 
cover the temperature range through the upper shelf, in which tests taken 
by standard procedures are not val id. It would also extend the results to 
include static and dynamic fracture toughness, and would show statistical 
bounds. Second, it supports the idea that PCVN test data can be given 
extended utility through correlation procedures, and in fact such procedures 
have been developed. The work highlighted the large variability in fracture 
toughness within plates. 
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INTRODUCTION 

Fracture toughness is a difficult material property to use in practical 
situations involving ferritic steels. Because of the transition of behaviour 
from brittle to ductile, fracture toughness must be known over the full range 
of temperature which is of operational importance. In many cases, a statist
ical bound is really needed, which is difficult to determine unless many test 
measurements are available. The problems are compounded by the systematic 
change of properties with position in the plate, and by the high cost of 
many fracture toughness measurement procedures. Difficulties multiply as the 
material behaviour becomes ductile, so that most test procedures do not give 
valid results in the higher toughness regimes of the property transition. 

An alternative approach uses referencing procedures instead of direct 
measurement of fracture toughness. In these procedures, an inexpensive test 
method is correlated with valid fracture toughness measurements. Thus, 
fracture toughness of a piece of material can be inferred from the inexpensive 
test method. Such an approach is defined in the ASME Codes (1), where a 
reference curve, KIR,referenced by the RTNDT test (2) was used. The KIR 
curve has a vertical ordinate of fracture toughness, and a horizontal scale 
of (temperature - RTNDT). The curve was defined as the envelope to a set of 
test measurements, including crack arrest, dynamic bend, dynamic and static 
data. No upper shelf data are included, and the number of test points falls 
as toughnesss increases. The curve smoothly bounds all the data set, so that the 
degree of conservationism varies with position and with the stress intensification 
rate of the desired fracture toughness. The use of RT NDT as a referencing 
procedure was not tested directly, but its utility was inferred from its 
ability to predict the brittle - ductile transition temperature. Currently, 
attempts are being made to update and improve the referencing concepts, and a 
new procedure is being developed. 

Referencing procedures can be seen as an analytical approach based on 
statistics. The referencing test is seen to develop a result dependent in 
an unknown way upon the fracture toughness of the material. Correlation of 
the test result with valid fracture toughness data gives an empirical relationship 
from which fracture toughness can be predicted. Such procedures are only 

5-6'2 



strictly applicable to the population of data from which they were developed. 
Insofar as the data base used in the correlation is an adequate sample of a 
class of steels, the "population" may be sufficiently broad to permit a wide 
range of applicability for the procedure. Where they can be used, such 
correlations have many advantages over other approaches. 

THE NEW REFERENCING PROCEDURE 

The purpose of referencing is to characterise an unknown sample of mat
erial in such a fashion that it can be related to a "mas ter" function defining 
the change of fracture toughness with temperature. A referencing test must 
have certain characteristics, such as the following: 

1. It must provide a measure of fracture toughness, albeit in a clouded 
fashion. Since it is now considered necessary to deve10p a full fracture 
toughness - temperature curve, it must be capable of defining the position 
of the transition, its slope,(the change of toughness with temperature), and 
the upper she1f position. 

2. It must have a low variance. 
3. It must be convenient and have low cost relative to actual fracture 

toughness measurements. 

A study of a large data base of pressure vessel steel data led to the 
selection of the CVN test as a referencing method (3). Fo11owing other workers, 
(4) we first transformed the data: 

y = I(E • CVN energy) 

where E is the temperature dependent modu1us of e1asticity, 

E ~ (207,200 - 57.1 • T) x 10-6 MPa 2 

and the CVN energy is in joules. Since the CVN specimens have a fixed cross
section area, division by area can be ignored and y has the same dimensiona1 
units as fracture toughness, Mpa.mO. 5 The y, T data is next fitted to the 
function: 

y.= A + B tanh ~ ~ Toj 3 
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where A. S, TO and C are regression coefficients. Since most sets of data 
do not ex tend on to the lower she1f, and since the 10wer she1f fracture 
toughness does not vary great1y amongst the stee1s studied. it was fixed at 
0.801. the weighted average of a11 10wer she1f estimates in the data base. 
Hence. since A - S is the 10wer she1f position. the regression fixed the 
A and S coefficients so that 

A - S = 0.801 

This re1ationship. Equation 3. is i11ustrated using a set of SA533S-1 data 
in Figure 1. 

4 

The coefficients A, S, TO' and C defin~ the complete toughness -
temperature re1ationship for the samp1e of materia1 tested. Since many heats 
of materia1 were availab1e for which both tra'nsverse CVN and fracture tough
ness data were measured it was possible to corre1ate them in a reference 
curve. The reference curve re1ated two parameters, f and t. Since A defines 
the mean 1eve1 of toughness. and S the range, fracture toughness data was 
referenced as: 

f = K - aA 
as 

Simi1ar1y, the temperature was referenced as: 
_ T - (TO -ô) 

t - tP C 

5 

6 

where K is the fracture toughness measured at tempe rature T. The quantities 
a, a. tP. and ô are constants required to give A. S. TO' and C the proper 
magnitude. They were origina11y determined at a time when the PCVN coeff-
icients were being used.as the reference instead of CVN. These, of course, 
were of the correct magnitude. In order to use the transformed CVN data, 
they were initially corre1ated with PCVN resu1ts. Later, an optimising pro
cedure was used to deve10p the constants to minimise the variance about the 

reference curve. 

It was possible to incorporate a11 f and t data (for a given stress 
intensification rate) on a single reference curve. The heat - heat variation 
was large1y removed 'by this procedure. For eacb curve, weighted regression 
procedures permitted the mean. confidence. and to1erance bounds to be defined 
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in functional form. These could then be summarised by tabulated constants 
shown in Table 1.(5) Taking these constants in conjunction with a set of 
CVN data, the mean or statistical bounds to fracture toughness can be predicted 
at any of three stress intensification rates, corresponding to static, dynamic, 
and dynamic bend testing. (It was found that the referenced crack arrest data 
could be superimposed on the referenced dynamic bend data). This work is 
illustrated by Figures 2 and 3. Figure 2 shows the reference curve for dynamic 
fracture toughne~s, while Figure 3 shows the predicted bounds compared 
to fracture toughness measurements for a heat of SA533B-l data. Figure 4 shows 
four different heats of material. and contrasts the dynamic bend data with the 
predictions from the referencing procedure. (Data taken from reference 6). 

APPLICATION 

A subcommittee of the Pressure Vessel Research Committee, working with 
the Metals Pro pert y Council, has been developing the new reference procedure 
for over a year, and is presently preparing a final report.(7) A data base 
was collected from Japan, France, and Germany in addition to the U.S. The 
heats for which both transverse CVN and fracture toughness data were available 
were used to test the reference procedure. The materials are tabulated in Table 
2. The fracture toughness predictions were contrasted with measured fracture 
toughness. While the results are still being reviewed, a preliminary study 
of the results shows good agreement between measurements and the predictions. 

The major difficulty with the procedure, as with all other empirical 
methods, lies in the fact that it strictly applies only to the population 
upon which it was based. There is no guarantee .that a new type of material 
lies in the same population. On the other hand, if it can be used, it confers 
many advantages over direct measurement. Chief among these advantages are 
low cost (practicallity) and the development of statistical bounds. As time 
passes, our confidence in the procedure grows. It has been applied, for 
example, to acicular ferrite pipeline steel, with reasonable agreement with 
the scanty fracture toughness data available. (8) 
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PCVN REFERENCING 

The original work in this study used the PCVN test to reference material 
to the master function, with considerable success. (9) The procedure was 
seen to have the following purposes: 

1. Extend the fracture toughness range of application beyond the range in 

which the test is val id. 
2. Infer static and dynamic properties from PCVN data. 
3. Generate statistical bounds. 

The approach was particularly simple, because there was a transparent rel at
ionship between the reference parameters and the fracture touqhness functions 
(the quantities Cl, e, $, and ô were not needed). In addition, the "l eap of 
faith" embedded in the empirical relationship seemed smaller than with the 

CVN reference method. 

However, the lower cost and greater availability of CVN data proved to 
be a forceful argument for CVN referencing. The argument seems settled by 
the lower variance of the CVN reference curves compared to those referenced 
by PCVN. This lower variance seems to stem from the more gradual toughness 
transition from brittle to ductile behaviour, in contrast to the steep change 
shown by PCVN data. Development of the PCVN reference procedure has therefore 

stopped. 

Sorne of the advantages of a PCVN procedure can be coupled with the 
advantages of CVN referencing if the two tests are performed together. In 
this case the CVN procedure is used to predict the fracture toughness behaviour 
of the material, while the PCVN data provides a spot check against the 

predicted dynamic bend results. 

DISCUSSION 

This work, which started as a test of the KIR curve concept, appears 
to be opening up much broader vistas. The most obvious question which it 
raises is a basic one. If the empirical relationship which we have uncovered 
has the broad applicability which now seems likely, there must be fundamental 
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reasons why a simple procedure such as CVN is able to predict fracture tough
ness in the ductile regime. While we could suggest sorne possibilities, that 
study is outside the range of this paper. 

A more important question of a practical nature concerns within-heat 
variability. Fracture toughness changes systematically with position in a 
plate or forging, yet this variability seems to be largely ignored in many 
studies. For example, the KIR curve itself is based upon testing of a large 
area of steel in HSST plate 02. If for no other reason, the large size of 
the fracture toughness specimens (sorne were 12 in. compacts) forced a large 
amount of steel to be involved. The CVN data appears to be the low outlier 
of all CVN curves taken from the plate, implying that this within-plate 
variability was recognised and compensated by the 
using the minimum RT NDT estimated for the plate. 
orated within the RTNDT referencing quantity). 

added conservatism of 
(The CVN data is incorp-

Finally, since this work was statistical in nature, it threw into 
focus questions of measurement accuracy. There seems to be a great need 
for accuracy statements in connection with toughness testing. This need 
extends from CVN testing through to fracture toughness testing. 
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TABLE 1. CONSTANTS FOR FRACTURE TOUGHNESS PREDICTION USING THE CVN TEST 

ST AlI C 

0.01 PR08All 1 li TY 
KI K2 K3 K4 K5 K6 K1 

* TOLERANCE 48.3924 9.8196 37.7921 30.2050 -0.7324 1.1232 -15.9112 CONFIDENCE Il 31.4337 Il Il Il " 0.05 PIlOBABILITY 
TOLERANCE Il 17.9218 31.8240 Il -0.723:) 1. 1191 - Il .16) 7 CO"lFIDENCE Il 3'1.0441 Il Il Il Il 

0.10 PROBAUllITY 
TOLER.A.NCE ft 22.3145 37.8396 Il -0.7194 1.1170 -8.5551 CONF 1 DENCE Il 38.3511 Il Il ft .. 
to1t::AN CURVa: " 41.3439 38.0082 .. -0.8108 1.0753 

DY NA.,.lIC 

0.01 PROBAd IL ITY 
Kl K2 K3 K4 K5 K6 K7 

1.1652 -16.3807* TOLERANCE .. 3.8616 37.5631 .. -0.3017 CONF 1 DEN CE Il 30.4740 Il Il Il .1 
O.u:> PROBABILITY 

TOLERANCE Il 11.4890 31.6623 Il -0.2934 .. -13.5114 (J1 

1 CONFIDENCE .. 30.9592 .. fi If Il 0'\ 0.10 PROdABllITY \0 
TOLE RANC E " 15.7618 31.1092 Il -0.Z891 1.1646 -11.8941 CONFIDENCE Il 31.2149 Il Il " " 
MEAN CURVE " 33.6121 38.2001 " -0.3755 1.1363 

DYt\AMIC BEND 

0.01 PROBABILITY 
!Cl K2 K3 K4 K5 K6 K7 

1.1321 -16.9025* TOLtRAI'IICE ft 12.0681 46.11)35 Il 0.5781 CONFID':NCE Il 41.7.839 " .. " " 0.05 PR08AB 1 LITY 
TOLERA"lCE Il 20.5720 46.30 lB Il 0.5842 1.1330 -13.3548 CUNFIDENCE ft 41.6595 " ft Il fi 

0.10 PROBABllITY 
TOLERANCE fi 25.2465 46.4061 Il 0.5871 1.1334 -11.4245 CONFIDENCt:: fi 41.8526 Il fi " " 
MEAN ClJRVE " 43.1036 47.3958 Il 0.5314 1.1510 

*These coefficients give an exceasively conservative prediction aince the lower tail of the prob-

ahilfty distribution fs curtail~d [12]. 



The constants are used as fo11ows: 

AR = K1 + B .K2 
BR = B.K3 
TOR = TO + K4 + C.K5 
CR = C.K6 
lower she1f > K1 + K7.B 

TABLE 1 (continued) 

where the subscript R denotes the coefficient if Eq. 3 for the predicted curve. 
and A. B. TO and C are the coefficients of the referencing CVN curve. 

TABLE 2 

MATERIALS FOR WHICH THE REFERENCING PROCEDURE HAS BEEN TESTED 

materia1 number of heats 

SA533A-2 3 
SA533B-1 33 
SA508-1 l 

SA508-2 21 
SA508-3 8 
SA515-70 
SA516-70 19 
SA537-1 1 
SA537-2 2 
SAl 05Gr. II 1 
SA299 2 
A543-1 5 
SPV-50 

TOTAL 98 
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CUNCLUDING OISCUS~ION, CUMMENT~, AND RECOW1ENDATIUNS 
FROM THE WüRKSHOP SESSION ON DECEMBER 3, 1~80 

Issues for discussion and review were brought up by the Session 

Chairmen (D.M. Norris, E.N. Klausnitzer, T.U. Marston, and M. Vagins) 

and the Rapporteur (C.E. Turner). The following description reflects 

the reports and comments made during the workshop session as recorded by 

W.L. Server. 

Meeting Chairman, R.A. Wullaert, began the morning session reit

erating the purpose of the meeting: to assess the state of the art of 

the instrumented precracked Charpy test as it pertains to the nuclear 

industry and to arrive at conclusions and recommendations concerning the 

acceptance and limitations of the test. With this in mind, the Session 

Chairmen reported on important issues beginning with D.M. Norris. 

ISSUES i"ROM SESSION 1, "TEST PROCEDURES" 

1. Problem of inadequate sampling of inhomogeneities with small spe

cimens; more variability with large specimens, therefore more 

accurately reflecting material properties (or do we need many 

small specimen tests?). 

2. Justification of ]. limit in EPRI procedure--physical basis (per 

Kolthoff) and allowable range as it applies to large specimens 

(per Turner). 

3. Inertial loading (oscillations) reflecting crack tip material and 

perhaps changing its mechanical behavior. 

4. Problem of fatigue precracking. Kf level: is this a specifie 

precracked Charpy problem or a generic fracture mechanics test 

specimen problem (per Klausnitzer)? 
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~. ~erver's recommendation of b > 50 J/of • ls there enough data to 

justify this cutoff limit? 

6. Kobayashi's comments on using static formulas for K1c • ls 

static method OK for K > 10
5 ? How much does the inertial term 

affect static J computations? 

7. deWit's comments regarding high variability of Klc with a/w. 

Other's disagree. ls it a problem? 

b. Kalthoff's comments on frequency response. Should we use the best 

electronics possible? 

9. Calibration of equipment--is it properly controlled? 

The second report was given by E.N. Klausnitzer, beginning with 

highlights and ending with issues to be resolved. 

SE~SION CHAIRMAN REPORT ON SESSION Il, "DYNAMIC ANALYSIS" 

Highlights 

1. The two experimental procedures as well as the numerical calcula

tions yield quite good agreement in many aspects. 

2. The 3. requirement is an empirical relationship. A physical hasis 

and tolerable differences should he established. 

3. The dynamic stress intensity factor can be measured directly at 

the specimen by means of the shadow optical method of caus tics or 

photoelastic mechanics, using high speed photography. Test pro

cedures are available for plastic materials, but also for steels. 
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4. Fully dynamic measuring procedures are outlined. The procedure is 

based on shadow optically determined impact response curves and 

time to fracture measurements. 

5. Dynamic stress intensity factors show an increasing tendency with 

some minor oscillations superimposed, depending on the specimen 

configuration. 

6. In addition to 10ss of contact between the tup and specimen, 10ss 

of contact between the anvil and the specimen may a1so happen. 

7. Loss of contact effects are influenced by the stiffness of the 

system. 

H. Calcu1ated dynamic stress intensity factors are in good agreement 

with photoe1astic data. Differences of only 10% are within exper

imenta1 scatter. 

~. Strain guage measurements on the specimen following the NRL pro

cedure are in accordance with dynamic calculations. 

10. Computer simulation of impacted Charpy specimens in the upper 

shelf region gives good results in comparison with experimental 

data. 

Il. Strain values up to 200% can be handled by other codes. 

12. "Plane Strain Conditions" prevail at the crack tip up to crack 

ini tia tion. 

13. Unly 10% of the total energy absorbed from the specimen is related 

to the fracture energy at the crack tip. 
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14. Loss of contact between the tup and specimen was computed, but not 

between the anvil and specimen, because of the fixed boundary 

conditions. 

Conclusions/Recommendations 

1. Determination of stresses in the specimen on the basis of load 

measurements at the tup utilizing static formulas may be erro

neous, especially at times less than 3T. 

2. Shadow optic method should be extended to precracked Charpy 

specimens. 

J. Contact stiffness of the specimen-machine-system should be con

trolled and specified for each testing system. 

4. ln the future, the 3T criterion should he expanded, since it 

restricts the experimental test conditions (especially for larger 

specimens). 

5. The very illustrative results obtained from the numerical calcula

tions should be extended to precracked Charpy specimens, tested in 

aIl three regions: lower shelf, transition region, and upper 

shelf. 

A brief discussion followed the presentations of Norris and 

Klausnitzer. The main topics of discussion were: 

1. Horris stated that his calculations indicated a very high 

tempe rature rise in the notch area of a Charpy specimen and 

asked the reason for higher dynamic (than static) initiation 

toughness results on the upper shelf. 

2. Turner presented a simple model for instrumented tup impact 

bend testing which accounts for pendulum contact stiffness. 
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To keep oscillations small, two requirements are needed: 

(1) a sharp nose striker, and (2) a shallow notch 

(a/w ~ U.2 - 0.3). Thus, if all oscillations are low, there 

is no problem; and even if some of the oscillations are 

high, there may not be a problem. The other solution to 

decrease oscillation amplitude is to decrease the impacting 

velocity (at the expense of loading rate). Turner also 

stated that dynamic computations show that the bending 

moment oscillates, but the rising nodal force increases 

almost linearly. 

3. Kalthoff suggested that the frequency response of the elec

tronics be as good as possible such that little, if any, 

signal attenuation occurs. Server and lreland stated that 

from an engineering viewpoint some selective filtering may 

be helpful in reducing the amplitude of the major (initial) 

oscillations (experimental studies show that there is no 

adverse effect when selective RC filtering is used following 

the EPRI procedures). Marston also stated his experience 

shows that using slightly filtered data and "unfiltered" 

data yield the same toughness results. Sirkkola added that 

the electronic response should be able to capture the full 

mechanical response (i.e., strain gages). 

4. 

5. 

Precracking was judged to be a potentially major problem 

considering the German data of Klausnitzer, but due to the 

lack of specific Kf levels, no definitive recommendations 

could be reached as to a maximum Kf level. This problem 

was expressed to be a fundamental fracture mechanics problem 

associated with all specimens, not just the Charpy. 

With regard to precracking, Witt described data showing that 

a/w ratio does not have an effect on toughness results 

(a/w 0.3 to 0.7). Others agreed; however, Turner sug-

gested the need to study the a/w ratio effect on contact 

stiffness to better understand dynamic loading. 
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6. A general concensus statement was drafted by Turner to be 

"voted on." This statement, which follows, met the general 

agreement of aIl of the experts present. The statement is: 

Sufficient understanding of the instrumented pre

cracked Charpy test exists from both simple qualitative 

studies that reveal the important parameters and from recent 

optical and computational studies; which include the effects 

of plasticity, to believe a meaningful value of fracture 

toughness can be extracted from the test, necessarily using 

existing static formulas for the time being... It is clear 

that certain variables, such as notch depth ratio, overall 

length of test piece, tup nose dimensions, etc., play a 

larger role in affecting the measured tup loads than might 

be thought in the absence of the analyses. Certain recom

mended controls (such as the 3. criterion and the value of 

.) may therefore be sensitive to alterations in the mech

anics of the test. Such terms must therefore he controlled 

or recommendations altered to suit. Because of the above, 

and other yet more fundamental aspects of dynamic stress 

intensity factors, it may not be possible to extrapolate 

the recommended procedures to other dynaœic tests without 

very detailed study. Results of even carefully conducted 

tests may therefore be less precise than for static tests. 

A quantitative assessment of the variability of results is 

expected to emerge from the ASTM Round-Robin now being 

conducted. 

To begin a discussion of the applications aspects of the meeting, 

Ted Marston presented an overview of the session that he chaired and 

raised some interesting ideas. 
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ISSUES AND ANSWERS FOR "APPLICATION," SESSION IV 

1. Dynamic precracked Charpy toughness appears to provide a lower 

bound to both static and dynamic compact toughness results for 

K's < 120 ksitin (Varga, Server, Witt, Brihmadesam). 

2. Static fracture toughness on the upper shelf appears to be lower 

than dynamic fracture toughness, J IC < J ID (Server). 

3. Pseudo J-Aa curves can be generated from instrumented precracked 

Charpy tests (Sirkkola, Houssin). 

4. Shift measured from Cv (50, 30, ft-lb) is greater than or equal 

to shift of K @ 100 Ksi{in (Houssin, Marston). 
Id(PCCV) 

5. Precracked Charpy specimens are good for assessing local tough

nesses, but relatively po or for defining lower bound properties 

for static loading (Canonico). 

6. Dynamic J (Server, Witt, etc.) 

a. Validity? (Kobayashi). Body forces, etc. 

b. J, COD, smoothly behaved but load is oscillatory 

(Brihmadesam) • 

c. Use of deep notched bend bar relationship for PCCV? 

(Desirable). 

7. Hammer (tup) load can be deceptive 

a. If velocity is too high (i.e., violate 3T), no selective 

filtering, or no fitting. 

b. Probably need displacement measurement for J work (or a 

sound analysis). 

6-7 



~. Precracked Cv has the potential for measuring KIc ' KId 
(dynamic loading), KIa (Witt). 

~. Why dynamic testing with precracked Charpy specimens? 

a. Small specimen (yes). 

b. Basic specimen in surveillance programs (yes). 

c. Lower bound for compact specimen KIc and K1d for 

K IdpCCV 
< 120 ksiiin (appears to be). 

d. Too conservative for static loading conditions (maybe--no 

dynamic loading conditions except water) (Hammer). 

e. Use dynamic precracked Charpy up to limit of initiation with 

size requirement restricting Kld at (120 ksi~rn and 

then use upper shelf J Ic and dJ/da (static); interpolate 

between these two extremes. 

The discussion which followed Marston's presentation concentrated 

on the following items: 

1. Vagins (NRC) plans to have precracked Charpy specimens 

tested to compare with the HSST thermal shock experiment 

results. 

2. Emphasis at this meeting is on ferritic light water reactor 

pressure vessel steels. 

3. Further comparisons of pseudo JR-curves with actual curves 

is needed. 

4. A strong recommendation was made to statistically determine 

the number of precracked Charpy tests needed to assess the 

lower bound approach suggested by Server and Marston. 

5. From the Combustion Engineering analytical work, a compari

son of actual J (near tip path) as compared to the 2A/Bb 

calculation 1s needed to assess the dynamic effects on J. 
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6. The compliance correction seems to be adequate, but the 

actual load-line displacement would be more desirable. 

7. The aspect of electronic filtering was again addressed, with 

the question unresolved; therefore, cautionary note is 

needed when the most precise signal output is to be 

obtained. Kalthoff expressed desire to submit a technical 

note on filtering to be added to the proceedings 

~. lreland indicated that the round-robin results from ASTM 

should supply a measure of the precision that can be 

expected from precracked Charpy testing. 

9. Kobayashi recommended that the effects of inertial loading 

and oscillations be investigated at the crack tip area using 

strain gages (similar to the NRL large specimen approach) 

and compared to computation results for the smaller pre

cracked Charpy; perhaps some of Server's older data could be 

used. 

"CORRELATIONS," SESSION IV 

Milt Vagins concluded the Session Chairman presentations by 

expressing interest in the indexing approach pres~nted by Oldfield. It 

was emphasized that proper statistical design of experiments is neces

sary in the future. Vagins then described the thermal shock experiment 

and the associated predictive problems. Anyone who was interested in 

obtaining and providing data on the thermal shock mate rial signed an 

interest sheet. 

The meeting concluded with a strong recommendation to have a 

future meeting (possibly around the time of the SMIRT Conference, 17-21 

August 1981 in Paris). The time and agenda for this meeting will be 

decided later. Everyone was congratulated on having a successful 

meeting. 
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INSTRUMENTATION REQUIREMENTS FOR FREQUENCY RESPONSE 
(Discussion Remark) J. F. Kalthoff 

In order to ensure a registration of load-time signals with sufficient 
accuracy it is recommended in the procedure proposed to ASTM rl1 to use 
a measuring system with a frequency response which is given by the 
relations 

~f_0.9db· TR = 0.35 x) (see Chapter 6.1.3.5) (1) 

and 

(see Chapter 9.1.2) 

For a specimen which would break at times 

with 

a bandwidth of 

would result. 

3T = 160 Ils 

x) 
~f_0.9db ~ 2.4 kHz 

(see Chapter 9.1.2) 

(see Chapter 9.1.2) 

(2) 

(3) 

(4) 

(5) 

Specially designed instrumented impact experiments were performed to 
check whether this frequency response is satisfactory. The load-time 
signals were registered twice in these experiments by utilizing two 
different measuring systems which were characterized by two different 
response times. The electronic system consisted of the strain gage bridge 
including its power supply and a dual trace oscilloscope. Except for the 
oscilloscope amplifiers no additional amplifiers were used. The two 
oscilloscope amplifiers had selectable bandwidths. One of them (Tektronix 
7 A 13) was used in its 5 MHz mode, the other one (Tektronix 7 A 22) in 

x)See footnote on next page 
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its 3 kHz setting x). The latter bandwidth is close to the recommended 
minimum system bandwidths given by Eq. (5). The results of experiments 
with Charpy-V-Notch specimens machined from two different structural 
steels are shown in Figs. 1 and 2. The tests were performed at room tem
perature at an impact velocity of 4 rn/s. 

Fig. 1 Load-time traces of one experiment registered at 
different bandwidths 

x)Usually the bandwidth is defined by the -3db attenuation values (70,7%) 
at the transmitting curve. Also the scales of modern oscilloscopes are 
based on this definition. In the proposed procedure [1], however, a 
different and very unusual definition of the bandwidth is used which is 
based on a -0.9db attenuation. These different definitions can lead to 
complications. Wh en they are mixed up accidently differences in the 
apparent rise time by a factor of about 2 (measured value) can result. 
In order to avoid this unnecessary complication the use of the common 
-3db definition is recommended. 
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Fig. 2 Load-time traces of one experiment registered at 
different bandwidths 

The following conclusions can be drawn from these data: 

1} The 5MHz signals show a more pronounced contribution of high frequency 
oscillations than the 3 kHz signals. These oscillations are not due to 
electrical noise but rather they represent real mechanical behavior. 

2} The critical load at the time of 160 ~s (= 3T) which is determined from 
the 3kHz load trace is smaller than the load value which would result 
from a mean load line of the 5 MHz signals. This mean load line is ob
tained from the true 5 MHz signals by neglecting the high frequency 
oscillations. As indicated by the data the differences are in the range 
of 10 to 20 %. For times larger than 160 ~s the differences become 
smaller of course and then finally vanish. 

It is obvious, therefore, that the frequency requirements given by the 
relations (1) to {4} (Chapters 6.1.3.5 and 9.1.2 in [1» are not sufficient 
to register true load-time traces. It is suggested, therefore, to increase 

the minimum tolerable bandwidth by a factor of 100 and thus to replace 
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Eq. (2) by 

(6) 

Investigations on an adequate frequency response were also performed by 
Krisch [2] sorne years ago. Fig. 3 shows load-time traces of an impact 
experiment with Charpy-V-Notch specimens registered by measuring systems 
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Fig. 3 Load-time traces of one experiment registered at different 
bandwidths,after Krisch [2] 

set to two different bandwidths, 5 kHz and 500 kHz. Krisch concludes for 
the 5 kHz signal that "important details of the (true) load traces are 
distorted or suppressed" and that "the load value at yield point is only 
about 75 % of the value obtained from the system with the higher frequency 
response"."These differences could be responsible for the unexpectedly 
low values of the yield strength or the ultimate bending strength sometimes 
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reported in the literature". Krisch sUll1llélrizes that lia bandwidth of 5 kHz 
will not be sufficient to yield an adequate description of the true pro
cesses". 

In order to fulfill the condition for a better frequency response 
(Eq. (6)) it is not necessary to use a sophisticated electronical equip
ment. Rather it can easily be met by commercially available oscilloscopes 
as they are generally in use in test laboratories. 
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Comments on 
"INSTRUMENTATION REQUIREMENTS FOR FREQUENCY RESPONSE" 

P. McConnel1 & W.L. Server 

Although at the limiting time of 3T there may indeed be sorne suppres
sion of the amplitude of the signal when using a bandwidth (e.g., 3kHz) 
which satisfies the ASTM frequency response criterion (Eq 2), the large, 
high frequency oscillations are largely eliminated. That there is a 
10 to 20% amplitude difference at times of 3T using a 3kHz rather than 
a 5MHz bandwidth is indeed evident from the traces provided in Dr. 
Kalthoff's Remark only if the absolute tup signal is studied (or even 
desired); a mean line through the less filtered data (which is an 
analog of the true specimen response) would agree almost identically 
with the filtered tup signal. Of course, for times beyond 3T, as Dr. 
Kalthoff points out, "the differences (between the amplitudes of the 
two bandwidths) become smaller and then vanish". The suggestion to 
increase the minimum tolerable bandwidth by a factor of 50-100 (de
pending upon which attenuation value is used: -0.9dB or -3dB) seems 
unnecessary from an engineering standpoint. 
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