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ABSTRACT 

Initiation and growth of a crack ia the Charpy V-notch 
test was investigated by performing both static and impact 
controlled deflection tests. Test specimens were deformed 
to various deflections, heat-tinted to mark crack extension 
and broken apart at low temperature to allow extension 
measurements. Measurement of the crack extension provided 
an estimate of crack initiation as defined by different 
criteria. Crack initiation starts well before maximum 
load, and is dependent on the definition of "initiation". 
Using a definition of first micro-initiation away from the 
ductile blunting, computer model predictions agreed favor
ably with the experimental results. 

Work performed under the auspices of the U.S. Department 
of Energy by the Lawrence Livermore Laboratory under con
tract No. W-7405-ENG-48. 
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INTRODUCTION 

The normal operating temperatures for ferritic nuclear 
reactor pressure vessels corresponds to the upper-shelf 
toughness of the steel. The Charpy V-notch specimen is 
commonly used to assess the fracture resistance of the 
upper-shelf temperature of the steeli.1). In service, the 
upper-shelf toughness properties of the materials in the 
reactor belt line region are degraded by the effect of neu
tron irradiation. This degradation is responsible for the 
reduction in the lifetime of the reactor and is, therefore, 
important. Although several correlations and explanations 
have been developed for certain classes of materials, the 
inter-relation between Charpy V-notch properties and upper 
shelf fracture toughness is tenuous.t2-o) There is a defi
nite need to better understand the Charpy V-notch test and 
to relate the upper shelf toughness to the measured Charpy 
properties. One of the initial steps is to determine when 
initiation occurs in the Charpy te:;t and how this value may 
relate to real toughness properties. The increased under
standing of the Charpy V-notch test is important for many 
other applications other than for the nuclear industry. 

This paper focuses on the ductile initiation and growth 
of a crack in the Charpy V-notch test in the upper-shelf 
regime. Both static and impact tests were conducted using 
a multi-specimen, controlled deflection test technique. 
Three materials were tested to simulate the increase in 
yield stress and the attendant decrease in Charpy upper 
shelf energy due to radiation embrittlement for a nuclear 
pressure vessel steel. A computer fracture model was also 
used to predict the initiation and growth of the ductile 
crack. 

MATERIALS 

The materials used in this program were obtained by 
different heat treatments of a nuclear pressure vessel 
plate steel. The materials were designated Ml, Ml.5, and 
M2, corresponding to the heat-treatments shown in Table 1. 
The Ml material was A533B-1 steel used in the construction 
of a nuclear pressure vesselC7)j ;«e other heat treatments 
increased the yield stress and decreased the Charpy upper 
shelf energy for this same steel. All tests were conducted 
in the ^hort transverse orientation from the Zb7 mm thick
ness plate; the Charpy specimen crack plane was typically 
at the 1/4 thickness location. 
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The heat treatments for materials Ml.5 and M2 resulted 
in decreased Charpy V-notch upper shelf energy as shown in 
Fig. 1, and an increase in tensile yield strength as shown 
in Fig. 2. Note that there was not a shift in transition 
temperature behavior between the heat treatments as would 
normally result from radiation embrittlement, this lack of 
shift did not affect this study since only the uppeT-shelf 
behavior was investigated. 

EXPERIMENTAL TESTING AND ANALYSIS 

Static (slow bend) Charpy V-notch tests were performed 
using a closed-loop hydraulic machine under displacement 
(ram) control. Specimens were taken to various displace
ments, specimens were then heat-tinted at 288 degrees cen
tigrade for 15 minutes and later broken at -196 degrees 
centigrade. A tup-anvil arrangement identical to standard 
Charpy V-notch requirements(8) was utilized for the load
ing, and a clip gage across the mouth of the specimen was 
used for most tests. Both the load-ram and the load-clip 
gage responses were recorded. The load-ram (P - L) results 
were analyzed to obtain load-line energies (Een) for the 
various controlled displacement tests: 

The integral term represents the area under the load-ram 
record, and the second term is an energy compliance cor
rection. P and I* a r e t n e load and ram displacements 
at the stopping point of the test, P and A. are the load 
and ram displacements on the initial linear portion of the 
curve (Aj/Pp is the inverse of the stiffness represented by 
the initial linear loading), and C is the theoretical 
compliance of the specimen(y) for the fixed notch depth to 
width ratio (a/w) equal to 0.2. Tests were performed at 
IGu degrees centigrade for all three materials and 177 de
grees centigrade for the Ml material. 
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Impact tests were performed on a drop tower system us
ing the same tup-anvil arrangement as in the static tests. 
Tests wern conducted at an initial impact velocity [V. j 
of 0.9 or 1.2 m/s. Hardened steel deflection stops were 
used to stop the falling tup at differing amounts of de
flection as shown in Fig. 2. When the tup strikes the stop 
blocks, n sudden increa.c^ in the load signal occurs marking 
the stopping event. A typical load-time record from the 
instrumented tup is shown in Fig. 3. Also shown in this 
figure are the locations where the other tests from this 
temperature-material series were stopped. The impact tests 
were conducted at 79 and 177 degrees centigrade for the Ml 
material, and 100 degrees centigrade for the Ml - 5 and M2 
material. The observed energies (E,) for the various 
displacements were calculated from Che load-time records: 

0 

v 0 / bpdt 
o 

the lord and time corresponding to 
the hitting of the stop blocks. 

The load and time at general yield
ing (see Fig. 4 J. 
the mass of the impacting head as
sembly. 

The terms in Equation 2 represent the change in momentum 
due to velocity slow-down during the impact test plus an 
energy compliance correction similar to Equation 1. 

P and t 
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In addition to the calculation of absorbed energy, the 
heat-tinted specimen crack depths were measured optically 
using a 50X traveling stage microscope. A nine-point aver
age across the specimen thickness was calculated and an av
erage value was used to represent the amount of crack ex
tension. 

EXPERIMENTAL RESULTS 

The results from the slow hend and impact controlled 
deflection tests arc shown in Figures 5-B. The data was 
fit by two straight lines, and an intersection point was 
determined similar to the J-crack extension technique(3). 
We call the intersection of the two lines macro-initiation. 
The slope of the first line represents blunting behavior, 
and the second line is the actual extension of the fibrous 
crack. However, before the macro-initiation point, indi
cations of a crack other than blunting can be seen on the 
heat-tinted surfaces. Therefore, a micro-initiation was 
defined when any one of the interior five crack extension 
measurements (from 1/4 to 3/4 thickness) exceeds SO m from 
the average of these interior five meaurenents- Levels of 
micro-initiation are identified in Figs. 5-8. 

The initiation results from figs. 5-8 plus the maximum 
load and total fracture energies are listed in Table 2. 
The total energy for the impact test represents results 
shown in Fig. 1, and the slow bend total energy was ob
tained by the integrating the load-ram record for a speci
men taken to full deflation and fracture. The following 
observations can be made from the rtsults: 

o Slow bend total fracture energies are less than 
total impact energies at the same temperature. 

o Maximum load energies are not associated with 
crack ini tiation. 

o Maximum load energies and macro-initiation ener
gies for impact loading of Ml and M L S are higher 
than the slow bend results; for the the M2 materi
al slow bend and impact results arc equal in both 
cases. 

o Micro-initiation energy is independent of loading 
rate (for the rates used here). 

-6-



o As the toughness decreses (yield stress in
creases), the deviation between micro- and macro-
-initiation decreases. 

o The slope of the energy-crack extension curves de
crease with increasing yield strength. 

o There is a definite decrease in both micro- and 
macro-initiation values for the Ml mat-erial when 
tested at 177 degrees centigrade; this decrease in 
properties is consistent with decreasing J» c 

results on the upper shelf(3 t10). 

COMPARISON OF COMPUTER PREDICTIONS WITH EXPERIMENT 

The interrupted tests were done to validate a computer 
model that predicts crack initiation and propagation. The 
dynamic Charpy V-notch test was simulated on the computer 
using a structural program that was able to describe the 
phenomenology and that included the calibrated fracture 
model. Constants of tlie model had been set to obtain 
agreement between computer simulations and laboratory ex
periments on simple and notched Tound-bar tension tests and 
a compact tension test. 

The model is based on plastic strain. Fracture starts 
or a crack extends when the integrated product of the 
equivalent plastic-strain increment and a function of the 
mean stress exceeds a critical value over a critical 
length. This length is characteristic of the micro-
structure of the material. The model is described by 
Norris, et al, (11) and the Chorpy computer simulation in 
(12). 

Figure 9 compares experimental results with the calcu
lated relationship between displacement (5 s) and notch-
-opening angle (e). The experimental results were obtained 
from the load-ram displacement curve and a measurement of 
the notch-opening angle. The 5 S values were obtained by 
taking the A s value from the load-ram record and making a 
specimen compliance correction: 

5 S - ' S - P S ( P 7 - C S ) <3> 

-7-



The notch-opening angle,e , was obtained by measuring 
the unloaded or residual notch-opening angle, C ), and 
adding it to a calculated elastic notch-opening angle. The 
elastic notch-opening angle was obtained from the geometry 
of the test, at the maximum load Ps. 

6 = 0 + 2 tan"' [wiSTl • (*) 

Cg is effective specimen compliance of the specimen 
at the load P ? (i.e., the a/w value used to determine 
Cs' includes the measured amount of crack extension). The 
experimental results agree with the predicted line for all 
three materials. The predicted line was calculated only 
for the Ml material. This invariant relationship between 
% and e is consistent with results for compact specimen 
for the relationship betweed COD and fi. (13J. 

CONCLUSIONS 

Experimental and computer model predictions of ductile 
crack initiation in the impact Charpy V-notch test have 
been made. The determination of initiation for the experi
mental results is difficult to assess due to the initial 
blunting behavior before real crack advance occurs and the 
random nature of crack growth. However, by defining a 
micro-initiation event, the comparison between experimental 
and computer-predicted crack initiation may be made. 

Both static and dynamic experimental results wore ob
tained for three different materials which exhibited in
creasing yield stress properties and decreasing upper shelf 
energy levels. The data indicates that maximum load is not 
associated with initiation. It was observed that as the 
yield stress increases, the deviation between micro- and 
macro-initiation decreases. This behavior is in keeping 
with linear elastic fracture mechanics in which the macro-
-initiation and micro-initiation coincides as the toughness 
of the material drops. The ratio of initiation energy to 
tottil energy also increases with increased yield stress. 
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TABLE 1. Heat Treatments for the Materials Investigated 

MATERIAL DESIGNATION HEAT TREATMENT 
Ml CA533B-1) AustenitUed at 871 +_ 14 de

grees centigrade for"4 hours; 
water quenched; tempered at 
6b3 + 14 degrees centigrade 
for T hours; post weld heat-
-treatment at 621 + 14 degrees 
centigrade for 25 Hours.(7). 

Ml.S Ml condition; Heat treated at 
B71 +_ degrees centigrade for 1 
hour in a neutral atmosphere 
and water que ' hed. Tempered 
at 204 +_ 12 degrees centigrade 
for 4 hours f.iid water 
quenched. br«D T I : Heat 
treated at H71 + 12 degrees 
centigrade for T hour in a 
neutral atmosphere and water 
quenched. Tempered at 621 + 
12 degrees centigrade fo» 4~ 
hours and water quenched. 

M2 Ml condition; Heat treated at 
B71 + 12 degrees centigrade 
For T hour in a neutral atmos
phere and water quenched. 
Tempered at 537 +_ 12 degrees 
centigrade for 4 hours and 
water quenched. 



tABLE 2. Experimental Results far the three Materials tested 

Static 
Yield Stress 

(HPa) 
Ener&ies (J) 

Material Loading Temperature 
Co 

Static 
Yield Stress 

(HPa) 
EM1 ha "ffl. h 

Slow Bend 100 458 11.5 18.4 29.4 81.4 
Ml Slow Bend 177 445 10.7 12.2 23.7 66.7 Ml 

Impact 79 470 10.0 35.5 40.0 103.3 Impact 177 445 «.o 22.7 37.3 103.0 

HI. 5 Slav Bend 100 788 7.9 S.7 IS. 3 55.6 HI. 5 
Impact 100 7B8 7.7 13.7 20.3 70.5 

H2 Slow fiend 100 B95 6.8 7.0 11.3 36.6 H2 
Impact ioa 695 6.8 7.0 11.3 44.8 
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