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ABSTRACT: The potential for using subsize specimens to determine the actual properties
of reactor pressure vessel steels is receiving increasing attention for improved vessel
condition monitoring that could be beneficial for light-water reactor plant-life extension.
This potential is made conditional upon, on the one hand, by the possibility of cutting
samples of small volume from the internal surface of the pressure vessel for determination
of actual properties of the operating pressure vessel. On the other hand, the plant-life
extension will require supplemental surveillance data that cannot be provided by the
existing surveillance programs. Testing of subsize specimens manufactured from broken
halves of previously tested surveillance Charpy V-notch (CVN) specimens offers an
attractive means of extending existing surveillance programs. Using subsize CVN type
specimens requires the establishment of a specimen geometry that is adequate to obtain a
ductile-to-brittle transition curve similar to that obtained from full-size specimens. This
requires the development of a correlation of transition temperature and upper-shelf
toughness between subsize and full-size specimens. The present study was conducted
under the Heavy-Section Steel Irradiation Program. Different published approaches to the
use of subsize specimens were analyzed and five different geometries of subsize specimens
were selected for testing and evaluation. The specimens were made from several types of
pressure vessel steels with a wide range of yield strengths, transition temperatures, and
upper-shelf energies (USEs). The effects of specimen dimensions, including depth, angle,
and radius of notch have been studied. The correlation of transition temperature
determined from different types of subsize specimens and the full-size specimen is
presented. A new procedure for transforming data from subsize specimens was developed
and is presented. The transformed data are in good agreement with data from full-size
specimens for materials that have USE levels < 200 J.

'Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge,
TN 37831-6151.

MASTER

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED A .




KEYWORDS: ductile-to-brittle transition temperature, subsize specimens,
Charpy V-notch, correlation, normalization

INTRODUCTION

The potential for using subsize specimens to determine the actual properties of reactor
pressure vessel (RPV) steels is receiving increasing attention for improved vessel condition
monitoring that could be beneficial to light-water reactor (LWR) plant-life extension. This
potential is made conditional upon several reasons. It is well known that annealing of
Soviet-built reactors [1-2] led to significant recovery of irradiation embrittlement and to
extension of plant life. This suggests that annealing of RPVs might be a very attractive
way to extend plant life for some U.S. LWRs [3,4]. However, practical implementation
of annealing includes some regulatory aspects. One of those is extension of the
surveillance program so that properties of the RPV can be monitored after annealing.
Machining of subsize specimens from the broken halves of previously tested Charpy
surveillance specimens as well as use of sample reconstitution techniques are the most
feasible ways to resolve this problem. Additionally, subsize specimens could be used in
performance experiments to study the general behavior of RPV steels after reirradiation.
Such experiments usually require simultaneous irradiation of a large number of specimens
under the same conditions, as well as intermediate annealing of a portion of them after
the first cycle of irradiation and after the second reirradiation. Another application for
subsize specimens is also associated with annealing. The subsize specimens can be used
to confirm the beneficial effects of vessel annealing by cutting pieces of small volume from
the inside surface of the vessel before and after annealing [5,6] as well as periodically
during reoperation of the annealed vessel. In the last case, it could be an alternative to the
standard surveillance program.

The main issue for the feasibility of using subsize Charpy V-notch (CVN) specimens
to determine properties of RPV steels is a correlation of transition temperature and
upper-shelf energy (USE) between subsize and full-size specimens. The present study,
conducted under the Heavy-Section Steel Irradiation (HSSI) Program, analyzed different
published approaches to the use of subsize CVN specimens. Five different geometries of
subsize specimens from 11 material conditions were selected for testing and evaluation.
The effects of specimen size and notch dimensions, including depth, angle, and root
radius, on the correlation with data from full-size specimens have been studied.

MATERIALS

Four types of RPV steels were studied: (1) American Society for Testing and
Materials (ASTM) A 533 grade B class 1 plates (one of them after quenching and
tempering at 950°C),. (2) specially heat-treated steel with A 508 class 2 chemical
composition, (3) a Russian forging, designated 1SKh2MFA, and (4) a submerged-arc
weld. All of these RPV steels were studied previously at Oak Ridge National Laboratory




(ORNL) using standard specimens under different tasks of the Heavy-Section Steel
Technology (HSST) and HSSI programs, sponsored by the U.S. Nuclear Regulatory
Commission (NRC). The materials were selected to have a relatively wide range of
transition temperatures and USEs as measured with standard full-size Charpy specimens
as well as a range of yield strengths. Typically the properties of many RPV steels in the
as-produced state are quite similar. To increase the range of properties, some steels were
studied in the quenched-only or quenched-and-tempered condition. As a result, the USEs
varied from 73 to 330 J, the transition temperatures varied from -46 to 58°C, and the
yield strengths varied from 410 to 940 MPa. Table 1 Iists the types and properties of the
different materials.

SPECIMEN DESIGN

The ASTM Method for Notched Bar Impact Testing of Metallic Materials
(E 23-93a) [7] allows the use of subsize specimens when the amount of material available
does not permit making the standard impact test specimens, but the "results obtained on
different sizes of specimens cannot be compared directly.” Therefore, the use of subsize
specimens recommended by ASTM E 23 requires correlating the results with standard
specimens. According to ASTM E 23, the length, notch angle, and notch root radius for
subsize specimens are the same as for full-size specimens, which restricts the range of
possible subsize specimen dimensions. A key feature of subsize specimens for RPV
applications is based on the ability to use halves of broken full-size surveillance specimens.
As a result, several attempts have been made to develop subsize impact specimens with
geometries acceptable for nuclear application, for example, refs. [6,8~15]. Specimens
were varied by all dimensions and are as small as 1 X 1 X 20 mm [14,15]. However,
there are some limitations on the dimensions of subsize specimens for RPV materials.

First, they should be large enough to be tested on commercially produced equipment
in hot cell conditions. For example, the USE of 1 X 1 X 20 mm specimens could be as
Jow as 0.16 J [15] for steel with a standard specimen USE equal to 200 J. It would be
even smaller for so-called low upper-shelf welds, where the USE of standard specimens
could decrease to ~ 70 J due to irradiation. For 1- by 1-mm cross-section specimens, the
USE might be < 0.1J, and in the transition region it would be much less than 0.1 J.

ASTM E 23 requires that the specimen be broken within 5 s after removal from the
conditioning medium. A reduction of size resulting in a significant increase in the surface
area to volume ratio may lead to excessive temperature losses prior to impact.

Another important limitation in decreasing specimen size is the extent of the
microstructural inhomogeneities. For example, a study of a special heat of A 508 forging
steel [16,17] indicated that carbon segregates in slender bands about 0.25 mm wide.
Investigation of the Midland RPV weld metal [18] showed that the cross sections of
individual weld passes could be several millimeters. Testing of full-size CVN specimens




tends to give average properties of the material, but test results from very small subsize
specimens may be dependent on the location of the specimens within the material.

Thus, the practical lower bound for the cross-sectional dimensions of subsize
specimens for irradiated RPV steels may be limited to about 3 mm. As far as the length
of a subsize specimen, it should be no longer than one-half of the standard CVN specimen
(to allow for machining from a broken specimen). Taking into account all these
considerations, five designs of subsize specimens were selected for this study (see Fig. 1).
The type 1 specimen is 25.4 mm long with a 5- by 5-mm cross section, a 0.8-mm-deep
30° notch, and a root radius of 0.1 mm. Two type 1 specimens could be machined from
one broken full-size CVN specimen. The type 2 specimen has a length of 25.4 mm, a 3.3-
by 3.3-mm cross section, a 0.5-mm-deep 30°notch, and a radius of 0.08 mm. Eight
type 2 specimens could be machined from one broken full-size CVN specimen. One
advantage of choosing types 1 and 2 specimens is the accumulated experience of using
these subsize specimens in the United States [12,19-23] and Japan [14,15-24] for studies
of fusion reactor materials. The type 3 specimen has a length of 27 mm, a 5- by 5-mm
cross section, a 1-mm-deep 45°notch, and a notch root radius of 0.25 mm. This type of
specimen has exactly the same geometry as the smallest ASTM E 23 subsize specimen, but
is one-half as long. Two type 3 specimens could be machined from one broken full-size
CVN specimens. Experience with this type of subsize specimen has been accrued in
Russia [2,6] for RPV steels. The type 4 specimen has a length of 26 mm, a 3- by 4-mm
cross section, a 1-mm-deep 60° notch, and a root radius of 0.1 mm. Up to 12 type 4
specimens could be machined from one broken full-size CVN specimen. Experience with
this type of subsize specimen has accrued in Europe [5,11,25] and Russia [6] for different
low-alloy steels, including RPV steels. The type 5 specimen has a length of 55 mm, a
5- by 5-mm cross section, a 1-mm-deep 45° notch, and a root radius of 0.25 mm. This
is the smallest subsize specimen recommended by ASTM E 23. A major disadvantage of
this design is that it is not possible to make this type of subsize specimen from a broken
full-size CVN specimen without reconstitution. Nevertheless, specimens of this design
were studied for two materials.

TESTING PROCEDURE

All subsize specimens were tested on a specially modified pendulum-type instrumented
impact machine [12]. The modified anvils supported the types 1 and 3 subsize specimens
so that their relative position with respect to the pendulum was the same as for the full-size
specimen; that is, the center of percussion of the pendulum was maintained at the center
of the point of impact, with the specimen just touching the striker with the pendulum
hanging free. The types 2 and 4 subsize specimens were tested using the same anvils,
resulting in the center of the point of impact being slightly lower and further ahead than
the center of percussion of the pendulum when hanging free. Similarly, the offset was
2.5 mm for the type 5 subsize specimens tested using the full-size anvils. These offsets
were estimated to produce errors < 0.1 J [26]. The span (minimum distance between the
radii of the anvils) was 20 mm for types 1, 2, and 3 and 22 mm for type 4. The thickness
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FIG. 1--Dimensions of subsize specimens used in this study.




of the ASTM E 23 striker was reduced to 4 mm to allow clearance of the specimen halves
between the anvils. The radii of the striker and the anvils, however, were maintained in
accordance with ASTM E 23. The type 5 specimens were tested at full capacity of the
machine [407 J (300 ft-1b)] and an impact velocity of 5.5 m/s (18 ft/s). All other subsize
specimens were tested at a lower potential energy [69 J (51 ft-1b)], with a corresponding
reduction of the impact velocity to 2.24 m/s (7.4 ft/s).

The impact data for each material condition and specimen type were fitted with a
hyperbolic tangent function to obtain transition temperatures and upper-shelf energies:

_US+1s  US-1S,
2 2

T - Ty

Y tanh , 1)

where T is test temperature and US, LS, T,, and C are fitting parameters. Parameters
US and LS can be upper- and lower-shelf values of energy, lateral expansion, or percent
shear; Ty is the temperature at the middle of the transition range, and C is one-half of the
transition zone width. All hyperbolic tangent analyses for full-size specimens were
conducted with the lower shelves fixed at 2.7 J and 0.061 mm for energy and lateral
expansion, respectively. All hyperbolic tangent analyses for subsize specimens were
conducted with the lower shelves fixed at 0.1 J and 0.0 mm for energy and lateral
expansion, respectively. Upper and lower shelves of percent shear fracture were always
fixed at 100 and 0%, respectively.

EFFECT OF SPECIMEN DIMENSIONS

One objective of this study was to determine the effects of specimen dimensions on
the Charpy impact results. Analyses of these effects will be used in the development of
a methodology for determination of the ductile-to-brittle transition temperature (DBTT)
and USE of full-size specimens using the test data from subsize specimens.

More obvious is the effect of the notch depth (a) on the USE. The sensitivity of the
USE to the V-notch depth was studied on type 3 specimens of HSST Plate 02 (Fig. 2).
One set of specimens was made with a 1.7-mm-notch (0.065 in.) and a second set was
made with a 0.8-mm-deep (0.030-in.) notch. The results were compared with results for
the common 1.0-mm-deep (0.039-in.) notch. Increasing the depth significantly reduced
the USE from 31 J fora = 0.8 mm to 13 J fora = 1.7 mm. The temperatures at the
middle of the transition region, T, were =31, -6, and -19°C for specimens with notch
depths 0.8, 1.0, and 1.7 mm, respectively. These changes in transition temperature are
mainly due to changes in the USE rather than the effect of the notch depth on the transition
behavior.



In this case no effect of span would be expected, and no effect is observed (Fig. 5).
Another example of the effect of span on impact properties is given by a comparison on
data from types 3 and 5 subsize specimens. The only difference between these specimens
is that type 3 specimens have one-half the span of type 5. The impact curves of types 3
and 5 weld 72W specimens are presented in Fig. 6. Figure 7 presents the impact curves
of types 3 and 5 specimens of HSST Plate 02. The type 5 specimens were cut from the
half-thickness region in the plate. The type 3 specimens of this plate were cut from the
broken halves of tested type 5 specimens. In Figs. 6 and 7, these results did not show any
difference between types 3 and 5. The 5- by 5-mm specimens break even on the upper
shelf, so no effect of span is observed.

One set of HSST Plate 02 type 3 specimens was tested at an impact velocity of
5.5 m/s (18 ft/s), while another set was tested at 2.25 m/s (7.4 ft/s) (the common impact
velocity for subsize specimens in this study). The results show no sensitivity of impact
properties to the increase of impact velocity from 2.25 to 5.5 m/s (Fig. 8).

CORRELATION OF ABSORBED ENERGY BETWEEN FULL-SIZE
AND SUBSIZE SPECIMENS

The absence of standardization for subsize specimen results in various correlations of
data between subsize and standard specimens. Generally, the existing correlations of USE
between full-size and subsize specimens can be divided into two categories. One method
widely used in Europe [5~7,11,25] consists of establishing an empirical ratio between USE
of full-size (USE; ;) and USE of subsize (USE,,,;,.) specimens based on large numbers
of tests. The second approach, primarily used by North American [12,13,19-23,27] and
Japanese [14,15,24] researchers, consists of correlation of the ratio between USE of
full-size and subsize specimens with the ratio of different geometrical parameters of
full-size and subsize specimens:

USEg ) 4 _ f(geometric parameters),, . .

USE_..  f(geometric parameters)_, . = 2)

subsize

In other words, the ratio of geometrical parameters can be used as a normalization
factor (NF) to determine USE of full-size specimens based on the results of testing subsize
specimens :

USEgy s = NF x USE . - 3)

Published ratios of geometric parameters of full-size to subsize specimens or
normalization factors are shown in Table 2 and described below.
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Corwin et al. [12,23] compared two normalization factors. The first factor was equal
to the ratio of the fracture area (Bb) of the full-size specimen to that of the subsize
specimen, where B is the width and b is the depth of the ligament below the notch of the
specimen (see Fig. 9). The second was the ratio of the nominal fracture volume [(Bb)*?]
of the full-size to the subsize specimen. It was shown that use of the normalization factor
(Bb)*? gave good correspondence. Normalization by Bb gave poor agreement for USE
data.

Lucas et al. [13,27] also used a normalization factor equal to the ratio of the fracture
volume of full-size to subsize specimens, but expressed the nominal fracture volume as
BbZ,

Louden et al. [21] suggested a normalization factor equal to the ratio of Bb¥/LK, of
full-size to subsize specimens, where L is the span and K, is the elastic stress concentration
factor [29], which is dependent on ligament size b and notch radius R. The present study
has shown (see Fig. 7) that Charpy data, including USE, of specimens tested at spans that
differed by a factor of 2 (20 and 40 mm) did not depend on span. However, the USE
depends on ligament size b (see Fig. 2) and notch radius R (see Fig. 3), which might
support using K,. Nevertheless, it is not clear how an elastic stress concentration factor
can be related to behavior on the upper shelf, where fracture is taking place in a ductile
manner dominated by plastic strain.

Kumar et al. [20,22,28] have developed an interesting approach to predict the USE
of full-size specimens by using both notched and precracked subsize specimens. They
suggest that this allows a separation of the USE into energies for crack initiation and crack
propagation. This approach is based on the assumption that the energy for crack initiation
normalized by fracture volume of the specimen (F.V.) is equal for full-size and subsize
specimens. Energy for crack initiation can be determined from the difference between the
USE of notched specimens (USE) and precracked specimens (USE,), that is:

USE - USE,
F.V.

USE - USE,
F.V.

; C)

full size subsize

where fracture volume, F.V., is equal to Bb?. Additionally, it was found that the ratio of
the USE of notched specimens to the USE of precracked specimens (USE,) did not depend
on specimen size, namely:

USE

USE,

USE

USE,

©®)

full size subsize




Thus, Kumar et al. claimed that knowledge of USE and USE, of subsize specimens allows
the use of Egs. (4) and (5) to determine the USE of full-size specimens. Examination
shows, however, that Egs. (4) and (5) are interdependent and can be transformed into one
equation:

USE USE

FV. |y Fv]m ©)

which is the same as Lucas et al. [13,27] proposed previously for a nominal fracture
volume of Bb? and does not require testing of precracked specimens.

Kayano et al. {14] have proposed a normalization factor that incorporates not only
fracture volume but elastic (K,) and plastic (Q) stress concentration factors as well. For
the plastic stress concentration factor, the following expression based on slip-line field
theory for a notche/d specimen [30] was used:

_1.%-6
Q=1 5 (M

where 0 is the notch angle in radians. Some uncertainty remains as to the exact value of
Q in CVN testing. Slip-line field theory also assumes elastic-perfectly plastic behavior,
and neglects work hardening, which is clearly not a valid assumption for most materials.
Additionally, slip-line field theory can only be used when fracture occurs exactly at the
point of general yielding. This will apply only at one specific temperature for a given
material, not over the whole transition regime. In any case, implementation of Q as in
Eq. (7) includes the effect of notch angle on USE. However, the results of the present
study did not show such a dependence over the limited range of notch angles examined.

In the present work, different normalization factors described above as well as
modifications by the authors were implemented in the analysis of the data (see Table 2).
Table 3 summarizes the results of measured USE values for full-size and subsize specimens
of the steels investigated in the present study. For all types of subsize specimens, a linear
dependence between the USE of full-size and subsize specimens is observed except for two
points with USEs of full-size specimens higher than 200 J. Values of USE higher than
200 J for full-size specimens require special consideration. Specimens tested in the
upper-shelf region show large amounts of plastic deformation at the support points and at
the contact area with a striker. These features are associated with the specimen "wrapping
around" the striking edge and squeezing through the anvils. All interactions between the
specimen, striker, and the anvils will require additional energy as reflected by the absorbed
energy value [31,32]. Specimens with high USE values will have significant amounts of
energy associated with such interactions in addition to the fracture process at the notch.
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Further investigations need to be performed to analyze these data. For the purposes of this
study, analysis of USE data was limited to data below 200 J for full-size specimens.

Figures 10 through 13 present the correlation observed for the USE from full-size
specimens to the USE from subsize specimen types 1 through 4 as well as ratios of
USE;y s t0 USE,,:,, for each type of subsize specimen. Comparison of the ratios
obtained with the normalization factors in Table 2 shows that no single factor can be
considered as universal for any specimen geometry, although a normalization factor based
on the fracture volume of specimens, namely (Bb%)qy ./ (BbD)asaxns gives the closest
estimation for each geometry, but these estimations are slightly higher than empirical ratios
for each specimen geometry. An implementation of elastic or plastic stress concentration
factors did not improve the correspondence. The results of this study indicate that it is
preferable to use the obtained empirical ratios (see Figs. 10-13) as USE normalization
factors for each specific geometry. The data do not show an obvious effect of the yield
strength on the empirical ratios of USEs.

Since no single known existing correlation procedure would work for data from
different subsize specimens, a new correlation was developed. It was assumed that the
fracture process could be partitioned into low-energy brittle and high-energy ductile
modes, and that different correlation procedures should be applied to each component of
the fracture process. On the lower shelf, where fracture occurs by a low-energy cleavage
mechanism, it is reasonable to assume a constant value of absorbed energy per unit of
fracture surface area or:

LSE _[Lse
Bb [ cize Bb | iz @)
and thus
LSEgy sze = NFye X LSE g 9)
where
(Bb) gy size
a2 10
e~ B) (10)

In the transition region there is a competition between brittle and ductile fracture. It
Jis assumed that the percent of shear on the fracture surface can be used as a measure of the
amount of ductile fracture in the transition region. Based on these considerations, the
following expression is proposed for normalizing the absorbed energy (E) of subsize
specimens:
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where NF, ., is a normalization factor for the brittle mode of fracture [Eq. (10)] and is
equal to 3.77, 8.52, 4.00, and 8.90 for types 1, 2, 3, and 4 subsize specimens,
respectively, NFg,.. is a normalization factor for the ductile mode and is equal to 5.1,
18.3, 6.3, and 21.3 for types 1, 2, 3, and 4 subsize specimens, respectively (see Figs. 10
through 13). SHEAR is the percent of shear fracture on the fracture surface measured,
in general, visually. Visual determination of the percent of shear fracture requires an
interpretation of the appearance of the fracture surface, a process that is subjective and
may vary from person to person. This variability may lead to some uncertainty in values
of the transition temperature determined with the normalization process in Eq. (11). To
estimate how serious a problem this might be, data from HSST Plate 02 type 3 specimens
were examined. The original data were normalized and analyzed to determine the
transition temperatures at energy levels of 41 and 68 J (T,;; and Te,, respectively). Then
the percent shear data were modified, first by adding 10% to each data point, and then by
subtracting 10% from each data point. The lower- and upper-shelf levels were kept at 0
and 100%, respectively, in both cases. The energy levels from the subsize specimens were
then normalized with the altered shear values, in both cases. The results of these changes
in the shear values are shown in Table 4. Changing of the shear values by +10% results
in very small changes in the transition temperatures, showing that the normalization
procedure is not overly sensitive to changes in the measured value of percent shear.

CORRELATION OF TRANSITION TEMPERATURE OF
FULL-SIZE AND SUBSIZE SPECIMENS

The effect of specimen size on the DBTT can be explained as suggested by
Davidenkov [33]. The yield stress (0,) depends on temperature, increasing as the
temperature decreases, while the cleavage fracture stress (0y) is assumed to be temperature .
independent (see Fig. 14). The intersection of these curves determines the
ductile-to-brittle transition. The size effect can be explained by a statistical theory of
strength, whose mathematical interpretation was given by Weibull [34]. It is based on the
assumption that brittle failure is determined by the value of the local stress in the piece at
the point where the most critical structural defect is located. Using the theory of
probability, Weibull established the dependence of the brittle strength on the volume of the
specimen. For the same states of stress but various dimensions of the specimens, the
brittle fracture stress changes as V™, where V is the volume of the specimen and m is a
constant of the material. The scatter obtained will be larger for smaller specimens. The
dependence of brittle fracture on the volume of specimens for different types of tests has
been experimentally confirmed [35,36].




TABLE 4--Effects of changes in percent shear on values of transition temperatures
at 41 and 68 J for normalized data from type 3 specimens of HSST Plate 02

Transition temperature
(°0)
As-measured As-measured As-measured
shear* +10%" - 10%°
T68] _2 —5 1
*Normalization performed with as-measured percent shear.
*Normalization performed with percent shear +10%.
‘Normalization performed with percent shear ~10%.
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FIG. 14--Stress-temperature diagram showing the effect of specimen size on transition
temperature.



The above discussion is illustrated in Fig. 14. The dependence of yield stress on
temperature can be expressed as:

g, = Ae®T | (12)

where A and c are constants and T is temperature in K. According to Weibull, the
dependence of the brittle fracture stress on volume is:

o, =ZVlm (13)

where Z and m are constants. If we define the DBTT as the temperature at which o, is
raised so that it equals o, (see Fig. 14), then:

[

Ae DBTT _ 7y -Um (14)

Taking the natural logarithm of Eq. (14) results in:

3 1
DBTT = —————R ek (15)

where R and S are constants.

Thus, Eq. (15) describes, in general, the shift of DBTT to lower temperatures due to
a reduction in size. However, different notch geometries result in different stress
distributions under the notch for different subsize specimens, which does not allow the use
of Eq. (16) for a quantitative account of size effects in notched impact tests. Nevertheless,
it suggests the establishment of an empirical correlation:

DBT Ty = DBT T + M, (16)

where DBTT;,, ., and DBTT ;. are transition temperatures for full-size and subsize
specimens, respectively, and M is a shift of DBTT due to specimen size. A similar
approach has been used in Refs. [6,11,19].

The following procedure was used to determine the temperature correction M.
Absorbed energy values from subsize specimens were normalized by Eq. (11). These data

e —o —— o ——————— - - . -



were then fit with a hyperbolic tangent function [Eq. (1)] to determine temperatures at 41 J
(Tyyy), 68 J (Tesp), and at the middle of the transition zone (Ty). Figures 15 through 18
summarize the comparison of transition temperatures for full-size and different subsize
specimens. Transition temperatures at 50% shear (Ts4) were also included in the
analysis. The data show a linear correspondence of transition temperatures. The
following equations were obtained for the different subsize specimens:

DBTT,, 4, = DBIT,,, + 30 (£28) °C; 17
DBTT,, . = DBTT,,, + 53 (£24) °C; (18)
DBTTy, 4 = DBTT, 5 + 34 (£20) °C; (19)
DBTT,, . = DBIT, , , + 38 (£30) °C; (20)

where the numbers in parentheses are + 20 intervals.

Figure 19 shows the dependence of the temperature-size correction, M, taken from
Eqgs. (17) through (20), on the nominal fracture volume, Bb?, for the subsize specimens
used in this work. The solid line is a fit to the data:

M =98 - 15.1 x In (Bb?) . (21)

The form of this fit is suggested by Eq. (15), and the equation was forced to give a
correction factor of 0 for the full-size specimen. The trend agrees, in general, with the
scheme for the effects of specimen size on the DBTT based on the statistical theory of
strength (Fig. 14). Deviations from this dependence reflect the constraint effects of
different notch dimensions, but the form of the dependence may be used as guidance to
estimate size corrections for subsize specimens. Other investigators, i.e., [16], are
considering the use of side-grooving to improve the DBTT shift correlations.

Figure 20 illustrates the normalization procedure described above with the data from
HSSI weld 72W. The absorbed energies for subsize specimens were normalized by
Eq. (11). Test temperatures were then shifted forward to size adjustment values from
Eq. (17) through (20) for the corresponding subsize specimens. Data from subsize
specimens normalized by this procedure correspond very well with the mean and 95%
confidence intervals from full-size specimens, as Fig. 20 shows.
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Examination of the standard deviations reported for Egs. (17) through (20) shows that
the type 3 specimen has the smallest value, suggesting that this specimen is the best of the
four types examined for determining the DBTT, since it results in the smallest error. It was
also noted that this specimen was more likely to fracture completely when tested in the upper-
shelf regime, whereas the other subsize specimens tended to wrap around the tup rather than
fracture in this regime. This failure to fracture on the upper shelf is exacerbated with high
upper-shelf materials, and accounts for the poor agreement found for materials with upper-
shelf levels over 200 J, as measured with full-size specimens. The type 1 and 2 subsize
specimens have relatively short notch depth to specimen width ratios (a/W) of 0.16 and 0.15,
respectively. The type 3 specimen has a relatively deeper notch, with a/W = 0.2. This
relatively deeper notch will encourage fracture on the upper shelf. The type 4 specimen has
a value of a/W of 0.25, but the specimen thickness is only 3 mm as compared to S mm for
type 3. The greater thickness of the type 3 specimen will increase the transverse constraint
developed in this specimen as compared to the thinner type 4 specimen, and again encourage
fracture. Thus, of all the specimens tested, the type 3 specimen seems to be the best, although
it is the largest of the subsize specimens.

SUMMARY AND CONCLUSIONS

Five types of subsize specimens from ten materials were studied in the present work.
The main results are as follows:

1. Subsize Charpy specimens may be useful for studies when material availability is
limited. The broken halves of surveillance specimens can be remachined into subsize
specimens to extend current surveillance programs and monitor annealing response.
The smallest specimen recommended by ASTM E 23 (5 X 5 X 55 mm) is too long
for such an application without resorting to reconstitution techniques.

2. It was found that () an increase in the notch depth decreases the USE, but has little
effect on the DBTT; (b) a decrease of the notch root radius reduces the USE and
increases the DBTT; (c) variation of notch angle from 30 to 45° while keeping the
remaining dimensions identical does not result in any effect on transition temperature
or USE, and (d) span and impact velocity (in the ranges studied) do not affect the
USE and DBTT.

3. The following equation is proposed for normalizing impact energy values from
subsize Charpy specimens:

100 - SHEAR SHEAR
X |NFype 100 + ductile ™00

bl




where NF, . is a normalization factor equal to the ratio of the fracture surface of the
full-size specimen to the fracture surface of the corresponding subsize specimen; NF g,
is an empirical normalization factor equal to 5.1, 18.3, 6.3, and 21.3 for types 1, 2, 3,
and 4 subsize specimens, respectively, and SHEAR is the percent of shear fracture on
the fracture surface.

4. The empirical correlations between the DBTT of full-size and the different subsize
specimens were determined as follows:

DBTTy, 4 = DBTT,,,, + 30 (£28) °C;
DBTT,, ,, = DBIT,,, + 53 (¥24) °C;
DBTT,, ,, = DBIT,, ; + 34 (¥20) °C;

DBTT,, y, = DBIT,,, , + 38 (+30) °C;

where the numbers in parentheses are + 20 intervals. Further understanding of the
shift in the DBTT as a function of specimen size needs to be pursued.

5. Results obtained from the subsize specimens as well as the empirical correlations can
be used for development of an ASTM standard practice for impact testing of subsize
specimens for supplementary surveillance data in nuclear applications.
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