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Determination of Charpy transition temperature 
of ferritic steels using miniaturized specimens 

M. P. M A N A H A N  
The Pennsylvania State University*, 231 Sackett Building, University Park, PA, 16802, USA 

Miniaturized specimen technology permits mechanical behaviour to be determined using a 
minimum volume of material. A method for obtaining the ductile-brittle transition temperature 
of ferritic steels was developed using a miniaturized notched bar test. Comparisons between 
conventional and miniaturized specimen ductile-brittle transition temperatures are encourag- 
ing. Fracture toughness values were calculated for the miniaturized notched specimens and 
compared with large-specimen data. The miniaturized specimen values were high, even after 
appropriate adjustments had been made. Further development may yield valid data when an 
optimum combination of specimen size, shape, and notch acuity is determined. 

1. I n t r o d u c t i o n  
Because miniaturized specimen technology (MST) 
permits characterization of mechanical behaviour 
using a minimum volume of material, it has many 
applications, such as nuclear pressure vessel surveil- 
lance, failure analysis, and post-irradiation testing [1]. 
It can also be used to characterize the mechanical 
behaviour of in-service structures and components in 
cases where small pieces of  material can be cut out 
safely. The goal of the present study was to examine 
the feasibility of a fiacture mechanics test making use 
of miniaturized three-point-bend (TPB) specimens. A 
test was developed to determine the ductile-brittle 
transition temperature (DBTT) of ferritic steel. An 
attempt was also made to determine plane-strain frac- 
ture toughness (K~c) from the miniaturized notched 
specimens. The determination of  K~c requires an opti- 
mum combination of miniaturized specimen size, 
shape and notch acuity, which has not as yet been 
found. 

1.1. R e v i e w  of  the  l i terature 
Partly as a result of the high incidence of brittle frac- 
ture failures in the steel of the Liberty merchant ships 
of the US Navy during World War II, a great interest 
arose in the development of a simple, cost-effective 
laboratory test capable of evaluating the susceptibility 
of steels to brittle fracture. An extensive body of litera- 
ture has developed over the past 40 years that addresses 
size and geometry effects on DBTT determination. 
Many different test methods such as impact tests, 
drop-weight tests and dynamic tear tests have been 
developed to simulate service conditions. Current 
fracture behaviour tests that grew out of  this large 
body of data are discussed in detail in the ASTM 
standards [2-13]. 

The Charpy V-notch (CVN) impact test, one of the 
simplest fracture behaviour tests, yields a variety of 
data, including impact energy, lateral expansion and 
percentage of  ductile fracture area as a function of test 
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temperature. The test is usually conducted over a 
range of temperatures, within which the transition 
from brittle to ductile fracture occurs. Previous studies 
have attempted to isolate the factors that influence 
DBTT [14-40]. 

Recent work, most notably that of Corwin and 
Houghland [41], Lucas et al. [42] and McConnell et al. 

[43], has indicated that CVN tests, including those for 
miniaturized specimens, provide only empirical or 
qualitative data. These authors conclude that the 
mini-CVN tests have been found valuable for deter- 
mining material considerations such as fundamental 
fracture and flow parameters, the validity of  interpola- 
tive fracture criteria, valid fracture toughness fibrous 
crack growth resistance curves, and qualitative data 
for tracking irradiation behaviour and monitoring 
relative differences of materials. ASTM Standard 
A370-86a [2] suggests that the energy values deter- 
mined by these tests are "qualitative c o m p a r i s o n s . . .  
[that] cannot be converted into energy figures that 
would serve for engineering calcualtions". Further, 
Lucas et al. [42] state that: 

"Thus while the behaviour of mini-CVN specimens 
has been found to be qualitatively similar to that of 
standard CVNs, quantitative comparisons have been 
found to be only in approximate agreement at best. 
This is not particularly surprising, since parameters 
such as transition temperature or A T T  are functions 
of an arbitrarily chosen reference energy and are thus 
sensitive to test conditions and particularly specimen 
geometry. Thus it would seem that the greater poten- 
tial for success in using mini-CVNs is to use them to 
extract more fundamental property information" [41]. 

The present study advances and extends the current 
theory of mini-CVN testing to obtain from mini- 
aturized specimens, quantitative DBTT data that are 
as accurate as those obtained using conventional 
ASTM E23 specimens. Work to date has focused on 
one-third or one-fourth size mini-CVN specimens 
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[41-43]. In the present study, the specimen size is 
chosen close to the continuum limit of the material. 
For the ASTM A508 steel investigated, this results in 
a miniaturized specimen volume that is about one- 
sixteenth the volume of a conventional specimen. 

2. Experimental procedure 
The experimental design of the miniaturized fracture 
mechanics test was based on the material microstruc- 
ture, current testing practice, amount of material 
available, and desired stress state. These design con- 
siderations are discussed in turn below. 

2.1. Material microstructure 
Material for this work was taken from a special heat 
of ASTM A508 steel provided by Oak Ridge National 
Laboratory for crack arrest research as part of the 
heavy section steel technology program. The steel has 
been extensively characterized at Oak Ridge as well as 
Battelle Columbus Division and the University of 
Maryland [44]. Conventional mechanical property 
and microstructural data are available for three dif- 
ferent heat treatments, designated 6, 5A and 6R, in 
order of increasing toughness and increasing temper- 
ing temperature. 

In order to confirm the data reported in [44], 
samples from the three heats were mounted and 
etched to enhance the ferritic grain structure. Micro- 
graphs were made, and the grain size was observed to 
be between 7.5 and 8.0 for ASTM designation G. 

An important limitation in miniaturizing any speci- 
men is the extent of the material's microstructural 
inhomogeneities. The usual guideline dictates that the 
specimen be at least five to ten times as large as the 
characteristic heterogeneity dimension. Microscopy 
analysis at the University of Maryland [44] (using heat 
treatment 5A) indicated that carbon segregates in 
slender bands about 0.25 mm wide. Examination by 
the Battelle Columbus Division metallography labora- 
tory partly confirmed the existence of segregation, 
although the morphology was slightly different. 
Figure 1 is a low-magnification photomicrograph of 
the steel with heat treatment 6R. The dark regions are 
believed to be carbon-rich, reflecting an enhanced 
local density of carbide precipitates. Typical bands are 
shown at higher magnification in Fig. 2 for heat treat- 
ment 5A (intermediate temperature). Steel with the 
lowest tempering temperature (heat treatment 6) 
exhibited only faint indications of segregation. The 
reason for this difference is not clear. As a result of 
these findings, the minimum specimen dimension 
should be in the range of 3 to 5mm. For a tensile 
specimen, this minimum size limits the diameter or 
thickness; for a fracture behaviour specimen, this 
minimum limits the dimensions of the crack plane. 

Figure 1 Low magnification micrograph of heat treatment 6R 
showing overview of carbon segregation. 

fracture transition behaviour could be characterized 
using very small specimens. 

The anvils were machined in accordance with [3]. 
All miniaturized specimen testing Was performed 
statically. Conventional Charpy specimens were 
tested both statically and dynamically using a punch 
and anvil spacing as prescribed in [3]. For miniaturized 
specimens, it was necessary to decrease the punch 
thickness and anvil spacing. Key experimental par- 
ameters are compared in Table I. Other procedures 
and specifications regarding the test temperature, 
alignment accuracy, and machining tolerances were 
also in accordance with specifications in [3]. 

2.3. Material availability 
The constraints on material volume in some future 
applications of the technology were considered in the 
design. The ratio of the volume of the ASTM standard 
compact-tension (CT) specimens to the volume of 
conventional TPB specimens is approximately 0.4. 
Therefore, the CT specimen is desirable based on a 
reduced volume criterion. However, the ratios of the 
thickness (crack plane), depth (direction of crack 
propagation), and length of the TPB specimen to 
those of the CT specimen are 1.0, 0.80 and 3.25, 
respectively. The TPB specimen may be more useful 
for semidestructive sampling, since it is difficult to 

2.2. Current testing practice 
A number of ASTM standards relate to fracture 
mechanics testing of steel products [2-13]. Because of 
its relevance to the nuclear industry and compatibility 
with current in-service cutting techniques, the mini- 
aturized notched bar specimen was chosen for exami- 
nation. The specimen geometry was modified so that 

Figure 2 Higher magnification micrograph of segregation bands in 
heat treatment 5A. 
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veillance capsule and still satisfy the material-based 
size requirements for the steel being investigated. 

2.4. Desired stress state 
An important aspect of a fracture mechanics specimen 
design is the size effect. The stress field near the crack 
tip goes from an essentially triaxial (plane strain) to a 
biaxial (plane stress) field as the specimen thickness 
decreases. Since K~c is a function of only the material 
microstructure, it is the field parameter of interest. 
Plane stress and mixed mode fracture toughness (Kc) 
depend on both geometrical and metallurgical factors. 

The approach adopted in miniaturized specimen 
testing was to modify the specimen design to increase 
plastic constraint. In the current program, side 
grooves were machined into the specimen in addition 
to the notch, as shown in Fig. 3. The key miniaturized 
specimen design parameters are compared with con- 
ventional specimen parameters in Table II. 

The effect of the side grooves is illustrated in Fig. 4. 
The G stress component from the side groove in the 
thin sample is intended to offset the lack of the 
through-thickness stress o- z that is present in the thick 
specimens. Although the G stress in the miniaturized 
specimen is not, in general, uniformly distributed and 
is not of the same magnitude as the G stress in the 
thick samples, sufficient constraint can be induced to 
enable measurement of the DBTT using miniaturized 
specimens. Historically, side grooving has been used 
to obtain more uniform crack fronts in fracture tough- 
ness testing and to constrain the fracture plane in 
certaip materials. In the present study, the side 
grooves are brought into close proximity so that their 
G stress components overlap; the result is a fairly 
uniform through-thickness stress field. 

Figure 3 Miniaturized specimen showing side grooves and notch. 

obtain a through-thickness crack-propagation speci- 
men without cutting large, deeply penetrating pieces 
of material from the surface of a component for CT 
specimens. Therefore, miniaturized TPB specimens 
were chosen. 

The miniaturized TPB specimens were sized so that 
eight specimens could be machined from each half of 
a conventional broken Charpy specimen. This permits 
the maximum number of specimens to be produced 
from a broken Charpy specimen from a nuclear sur- 

TAB L E I Comparison of key experimental parameters 

ASTM conventional Miniature fracture 
Charpy (mm) mechanics (ram) 

Punch radius 8.00 8.00 
Punch tip width 3.99 2.29 
Anvil radius 1.00 1.00 
Anvil spacing 40.00 11.43 

3. Data  analysis and results 
3.1. The load-displacement curve 
At high test temperatures, the load-displacement 
curve (Path OABC, Fig. 5) passes through a maximum 
and then slowly declines (upper-shelf behaviour). The 
behaviour is a result of slow crack growth. At lower 
temperatures, a similar curve is observed, except that 
unstable cleavage fracture intervenes, resulting in 
curves OA1 and OAB2. The instability point shifts 
to lower displacements as the test temperature is 
lowered. This behaviour has been arbitrarily divided 
into two classes: (i) failure before the load peak in Fig. 
5 (denoted by lower shelf); (ii) failure after the peak in 
Fig. 5 (denoted by upper shelf and transition). 

TA B LE l I Comparison of key specimen dimensions 

ASTM Charpy Miniature 
specimen (ram) specimen (mm) 

Thickness, B (crack plane) 10.01 4.83 
Depth, H (direction of 10.01 4.83 

crack propagation) 
Length, L 54.99 12.70 
Reduced side thickness, B, n/a 3.86 
Notch depth, a 2.01 0.97 
Notch-root radius, r 0.25 0.25 
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Figure 4 Schematic of  crack tip stress fields [45]. 
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3.2. Transition temperature shift 
Several DBTT criteria are used in different industries. 
Since nuclear-grade steel was used in this study, the 
41-J energy-absorption level was used as a reference. 
For the three heat treatments, the Charpy DBTTs are 
as follows: heat treatment 6, 40 ~ C; heat treatment 5A, 
- 7 ~ C and heat treatment 6R, -- 29 ~ C. Therefore, the 
key element of data interpretation is to be able to find 
a parameter and index that relates the miniature and 
conventional specimens. This parameter  is defined as 
the range variable (for example, fracture appearance, 
lateral expansion)and the index as the transition tem- 
perature indicator (for example, 41-J, 0.89-mm lateral 
expansion). The results of this investigation are dis- 
cussed below. 

3.2. 1. Normal ized energy 
The first approach investigated was to normalize the 
energy parameter  and the 41-J index. The absorbed 
energy was divided by the area of the crack plane in an 

attempt to place the standard Charpy and miniaturized 
bend specimen data on a common basis. To allow a 
heat-to-heat comparison, all the test temperatures for 
the slow-bend specimens were adjusted by subtracting 
the appropriate impact-transition temperature. Fig. 6 
shows the conventional Charpy specimen data normal- 
ized in this way. The normalizations provide good 

3 

Figure 5 Schematic load-displacement curve. 
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Figure 6 Energy absorbed in slow-bend fracture of  stand- 
ard Charpy specimens within the ductile-brittle transition 
region. [3, Heat treatment 6; o,  heat treatment 6R; zx, 
heat treatment 5A; - - ,  Weibull fit; . . . .  1 95% confidence 
limits. 

superposition of the data, as expected. The 41-J 
(512kJm 2) level occurs at about - 4 5 . 3 ~  This 
factor accounts for the downward shift in the 41-J 
index due to testing statically. The data were fitted 
using the statistical analysis methodology reported in 
[46, 47]; ref. [48] presents a correlation for the tem- 
perature shift between slow-bend and impact loading�9 
Using this correlation, the expected shift would be 
about 36 ~ C. This is in reasonable agreement consider- 
ing that the correlation in [48] is based on the assump- 
tion that the onset of the dynamic transition tempera- 
ture is defined by the intersection of tangent lines 
drawn from the lower shelf level and the transition 
region. 

Figure 7 shows the results for the miniaturized 
specimens. Two specimens at higher temperatures are 
off the scale of interest and consequently are not 
plotted. The superposition is again good at lower 
temperatures. The use of  the miniaturized specimens 
results in a further downward shift of 76.7 ~ C in tem- 
perature, producing a total shift of - 122~ between 
standard impact-Charpy tests and slow-bend mini- 
aturized specimen tests. This result provides encourage- 
ment that miniaturized specimen procedures can yield 
DBTT data of comparable accuracy to those obtained 
using standard ASTM E23 procedures. 

The miniaturized specimen data in Fig. 7 are 
scattered at higher temperatures due to experimental 
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Figure 7 Energy absorbed in slow-bend fracture of  mini- 
aturized specimens within the ductile-brittle transition 
range. Symbols as Fig. 6. 
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difficulties. At higher temperatures, where there is 
stable crack growth and substantial plastic deforma- 8- 
tion, the specimens were observed to slip off the flat o: 
portion of the anvil and were supported by the curved 
portion. As a result, it was necessary to scale down the o 
radius of curvature of the anvil and the punch. These 
changes are essential to measure high transition and o. 
upper-shelf data. ?, o 

Tests were run without side-grooving the specimen, ~ * 
and the data in the transition region could not be 
analysed due to severe plastic deformation. Thus the 
experimental hurdle of DBTT testing near the material 
continuum limit has been overcome. However, to fully 
validate the test, the use of the normalized energy 
parameter and the 512-kJ m -2 index was investigated 
to ensure consistency in fracture behaviour. 

3.2.2. Fracture appearance 
Further work was undertaken to solve the high transi- 
tion region experimental difficulties mentioned earlier, 
and to investigate the frac~are modes in the miniature 
specimens. In order for the miniature test to be valid, 
similar fracture behaviour to that obtained in the 
conventional 41-J specimen must be demonstrated. 
The punch and anvil dimensions were decreased to 
allow more bending at the higher temperature. A 
comparison of the conventional and miniature test 
specimen punch and anvil dimensions is given in Table 
III. The design modifications proved successful, 
and high-temperature miniature specimen data were 
obtained. 

An interesting aspect of the fracture appearance is 
the shape of the crack front. The conventional Charpy 
specimens exhibit a convex crack front when viewed 
with the notch closest to the observer. This indicates 
that the stress intensity is highest near the centre of the 
specimen and the crack initiates near the centre of the 
notch. The miniature specimens show a concave crack 
front, suggesting that crack initiation occurs near the 
side grooves. The presence of the side grooves in the 
miniature specimens results in an increase in stress 
level near the side grooves, and the stresses are high 
enough to initiate the crack in this region of the speci- 
men. Birbeck and Wraith [49] have shown that these 
crack-front shapes indicate that the appearance of the 
full-width crack at the notch root does not necessarily 
coincide with the maximum load. As discussed later, 
I have assumed this to be the case in all the calcu- 
lations. In future work, crack initiation could be inves- 
tigated experimentally using electric-potential (EP) 
techniques. 

A planimeter was used to take fracture appearance 
measurements from photographs of the broken sur- 

T A B L E I I I Relevant anvil support  and punch dimensions 

Conventional Miniature Miniature 
Charpy test specimen test specimen test 
[ASTMS1] (phase 1 study) (phase 2 study) 
(mm) (ram) (mm) 

Punch radius 8.00 8.00 0.64 
Punch tip width 3.99 2.29 1.27 
Anvil radius 1.00 1.00 0.13 
Anvil spacing 40.00 11.43 11.68 
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faces of the specimens. Due to the subjective nature of 
the usual methods of measurement, and the fact that 
it requires considerable effort to obtain accurate data, 
fracture appearance is not used in the nuclear industry 
as a measure of the ductile-brittle transition. Addi- 
tionally, the regulations defining the transition tem- 
perature call for the energy-based 41-J index alone, 
and not for the measurement of the fracture appearance 
[50]. However, the measurement technique used in this 
study permits the use of fracture appearance as an 
accurate, quantitative measure of the brittle-ductile 
transition for both the miniature and conventional 
specimens. 

The normalized energy data and the fracture appear- 
ance data were correlated using the MCFRAC code 
(Figs 8 and 9). As can be seen, it is possible to plot a 
single curve for the standard or the miniature specimens 
for all three materials. However, it is obvious that the 
curves for the two specimen types are not coincident 
for both the energy and normalized energy parameters. 
When the 512-kJm -2 index is used to compare the 
fracture appearance for both sizes of specimens based 
on the normalized energy parameter, it is apparent 
that 512kJm 2 corresponds to approximately 4% 
shear fracture appearance for the standard specimens, 
but to about 1% shear for the miniature specimens. 

If the total absorbed energy is compared in this way 
to fracture appearance, the disparity between the 
miniature and standard specimens is even greater 
(Figs 10 and 11). The miniature specimens at 41-J 
correspond to more than 70% shear, compared to 
about 4% for the standard specimens. It can be seen 
from a comparison of Figs 10 and 11 that the mini- 
ature specimens require less total energy to achieve a 
given value of percentage of shear than conventional 
CVNs. However, when the normalized energy is used, 
it is apparent that the miniature specimens seem to 
require more energy per unit fracture surface area to 
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achieve a given level of percentage of shear than do 
conventional CVNs. This observation suggests that 
the reasonable results obtained from using the energy 
normalization parameter are fortuitous, and may not 
hold for other materials. These results are summarized 
in Table IV. 

These observations indicate that using normalized 
energy as a Charpy parameter and 512kJm -2 as a 
Charpy index for miniature specimens is not generally 
applicable. The reasonable data obtained thus far may 
be attributed to the fortuitously small difference in 
fracture appearance between standard and miniature 
specimens at the 512-kJ m -2 level. 

3.3. Frac ture  t o u g h n e s s  
Published fracture toughness data [44] are available 
only for heat treatments 6 and 5A. This information 
was obtained principally at the Oak Ridge National 
Laboratory using two specimen types as follows: 

1. Large cylinders ( ~  1.2-m length x 1.0-m outer 
diameter • 150-mm wall thickness) subjected to ther- 
mal shock. 

2. Standard compact specimens ( ~  25 mm thick • 
60mm square). KL~ values for these specimens were 
reported using a thickness correction developed by 
Irwin et al. [51]. 

The fracture toughness data obtained from the current 
programme, which uses even smaller specimens, were 

T A B L E  IV Percentage shear fracture appearance compared to 
energy ,(from Figs. 8-11) 

Percentage Percentage 
shear FA at shear FA 
512kJm 2 a t 4 1 J  

Standard specimens* ~ 4 ~ 4 
Miniature specimens* ~ 1 > 70 

*A[I three materials. 
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Figure 10 Non-normalized total energy as a fracture transition 
criterion (standard CVNs, all three materials). Symbols as Fig. 8. 

corrected for side groove geometry and plasticity. In 
fracture mechanics testing, it is necessary to keep the 
plastic zone size small compared to the thickness, the 
uncracked ligament, and the crack length. Once the 
plastic zone becomes too large, the currently accepted 
fracture mechanics field parameters may not be 
appropriate. Also, the plastic zone size for plane strain 
is typically one-third of that for plane stress. Table V 
contains estimates of the plastic zone size for plane- 
strain conditions based on linear elastic fracture 
mechanics (LEFM). Table V also lists the ratio of the 
plastic zone size, ry, to the specimen thickness, B, for 
the miniaturized specimens and Charpy specimens. 
The adjusted fracture toughness values reported in 
[52] were averaged at each temperature for heat treat- 
ment 6. ASTM E399 requires that ry/B <~ 0.02 to 
obtain valid Kjc data [4]. As seen in Table V, this 
criterion is not met, and therefore a mixed mode 
condition likely exists over the temperature range 
tested. 

In an attempt to obtain valid Kjc data, K~c relations 
and correction factors not yet recommended by 

T A B L E  V Plastic zone size estimates based on LEFM for heat 
treatment 6 

Temperature Plastic zone Ratio of ry to Ratio of ry to 
(~ C) size, ry (mm) miniature Charpy 

specimen specimen 
reduced thickness, B 
thickness, B~ 

- 73 0.31 0.08 0.03 
- 46 0.38 0.10 0.04 
- 32 0.58 0.15 0.06 
- 18 0.67 0.17 0.07 

I0 0.84 0.22 0.08 
32 1.30 0.34 0.13 
38 0.77 0.20 0.08 
66 1.73 0.45 0.17 
82 1.93 0.50 0.19 

135 3.45 0.89 0.34 
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Figure 1l Non-normalized total energy as a fracture transition 
criterion (standard CVNs, all three materials). Symbols as Fig. 9. 

ASTM were used. The general approach to testing 
methodology is to adhere to the guidance outlined in 
ASTM standards as much as possible [4, 5]. The basic 
elements of the data treatment are as follows: 

1. Use Srawley's [53] wide-range stress-intensity 
factor expression to calculate the driving force for 
fracture. 

2. Apply a geometry correction to account for the 
side grooves. 

3. Assume that the elastic stored energy is the only 
energy available to drive a cleavage crack. 

4. Adjust the apparent fracture toughness values 
obtained by applying a size correction. 

Elements l a n d  2 above are well known and estab- 
lished within the fracture mechanics community. Ele- 
ments 3 and 4 are among those being considered by 
ASTM standard subcommittees and must be charac- 
terized as controversial. For the side-grooved mini- 
aturized specimens, the correction factor BIB n was 

300 

applied to account for the geometry change. In the 
present study, element 4 was not used. 

Rosenfield and Shetty's [54] energy correction 
method was used. The argument is that the energy 
expended in stable growth is not available to drive the 
unstable crack. Therefore, the influence of this energy 
must be eliminated from the experimental record if the 
data are to be representative of a large vessel where 
stable growth is unlikely to occur because of the 
geometrical constraint. 

Only the lower transition specimens are included in 
the comparison because of uncertainties in analysing 
the other data. Figs 12 and 13 show small specimen 
toughness data compared to the Oak Ridge larger- 
specimen data. Both figures indicate the extent to 
which the Charpy and miniaturized-specimen pro- 
cedures succeeded. Figure 12 shows that cleavage 
failure was achieved in the Charpy specimen at a 
temperature which overlaps both the 1 T and cylinder 
data for heat treatment 6. The miniaturized data over- 
lapped only the 1T results. Even so, both designs 
produced data that were on the high (non-conservative) 
edge of the simulated vessel scatter band. In Fig. 13, 
for heat treatment 5A, temperature overlap was not 
achieved and the data also appear to be high. Possi- 
bilities for approaching plane-strain conditions further 
using miniaturized specimens include: 

1. Fatigue precracking the specimens in accordance 
with standard procedures. 

2. Side-grooving the Charpy specimen as the mini- 
aturized specimen has been. This alternative has the 
advantage of economy at the sacrifice of size. Some 
savings in material (a factor of three) could be 
achieved if a reconstitution procedure is used whereby 
arms are welded onto the centre sections of Charpy 
specimens. 

3. Loading at higher rates, to obtain some decrease 
in toughness to approach lower bound values. 

4. C o n c l u s i o n s  and r e c o m m e n d a t i o n s  
The miniaturized specimen design required only 6% 
of the volume of a standard Charpy specimen. These 
specimens have proved satisfactory for estimating 
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Figure 12 Fracture toughness; heat treatment 6. O, Cylin- 
ders, thermal shock; # ,  compact specimens (IT); *, 
Charpy specimens; +,  miniature bend specimens. 
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Figure 13 Fracture toughness; heat treatment 5A. Symbols 
as in Fig. 12. 

transition temperature shifts due to heat treatment of 
a reactor-grade pressure vessel steel. Fracture appear- 
ance has been demonstrated to be a useful miniature 
specimen parameter. For applications in the nuclear 
industry, conventional dynamic A508 steel Charpy 
specimens exhibit approximately 4% shear at the 
41-J energy level. Therefore, the appropriate index for 
miniature specimens is 4% shear for this material. 
The 512-kJm -2 index was found to be useful with the 
A508 steel studied; however, future use of this index 
requires a fracture mode investigation. It is recom- 
mended that the research be extended to include 
several irradiated structural steels and weldments. 
Additional work is needed to obtain high transition 
behaviour data. Of key importance to complete vali- 
dation of  the method has been a careful investigation 
of fracture modes in the miniaturized specimens. 

High fracture toughness values were obtained using 
the miniaturized specimens, even after appropriate 
adjustments were applied. Specimen and test procedure 
modifications may lead to characteristically low tough- 
ness values. 
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