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Abstract

One key issue for small specimen test techniques is to clarify specimen size effects on test results. In consideration of
size effects on determining the ductile-to-brittle transition temperature (DBTT) in Charpy impact testing, a method to
evaluate the plastic constraint loss for differently sized Charpy V-notch (CVN) specimens is proposed and applied to a
ferritic-martensitic steel, 2WFK, developed by JNC. In the method, a constraint factor, «, that is an index of the plastic
constraint is defined as « = ¢*/ oy Here, ¢ is the critical cleavage fracture stress which is a material constant and a5 is
the uniaxial yield stress at the DBTT at the strain rate generated in the Charpy impact test. The procedures for

evaluating each of ¢* and ¢ are described and a result of ¢* and a7, thus the value of «, is presented for different types of

miniaturized and full-sized CVN specimens of 2WFK.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Degradation of mechanical properties of structural
materials exposed to irradiation environments is one of
the critical issues that can determine their lifetime. In
order to evaluate such degradation, small specimen test
techniques in mechanical testing of irradiated materials
is required because of a very limited irradiation volume
in intense neutron sources such as IFMIF, as well as the
minimization of a certain degree of inhomogeneity in
flux and temperature distributions during irradiation.

An important measure of radiation embrittlement is a
shift of the ductile-to-brittle transition temperature
(DBTT). The DBTT shift due to irradiation is widely
evaluated by using Charpy impact tests. It is, however,
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well known that the DBTT obtained in Charpy tests
decreases with decreasing specimen size. Various empir-
ical relationships between DBTT and specimen size and
geometry have been proposed [1-9]. Such an empirical
relationship is, however, questionable whenever the
constitutive behavior of materials changes significantly,
as is quite often the case for irradiated materials.

The effects of specimen size on DBTT in Charpy
impact testing come from plastic constraint loss and
statistical effects. This study focuses on the significance
of plastic constraint to specimen size. Therefore, efforts
to quantify specimen size effects due to constraint loss
on DBTT are made for a ferritic-martensitic steel,
2WFK, developed by JINC.

2. Description of specimen size effects due to constraint
loss on DBTT

In order to quantify specimen size effects due to con-
straint loss on DBTT in Charpy impact testing we propose
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a constraint factor, «, which is an index that expresses
quantitatively the plastic constraint and is defined here as

x=0"/ay, (1)

where ¢* is the critical cleavage fracture stress, which is a
material constant and can be determined from the finite
element analysis (FEA) based on the critical stress —
stressed area, 4*, model [10-12]. At the critical opening
displacement of a notch for cleavage initiation, the
averaged area stressed higher than ¢* within the planes
perpendicular to notch front line reaches 4*. The gy is
the uniaxial yield stress at the DBTT of the material in
question at the strain rate generated in the Charpy im-
pact test. The DBTT is defined here as the temperature
where cleavage crack starts after certain amount of
plastic deformation. The definition suggests that there is
a common level of deformation for cleavage initiation at
the DBTT regardless of material. For a particular
specimen geometry (particular ratios of thickness, B,
notch depth, a, and notch root radius, p, to width, W),
the value of 4* normalized by the square of specimen
ligament, b, can be expressed by a common function of
the 6* normalized by oy which actually is o as,

A*[D* = f(x). (2)
The oy for the full size specimen of a material can be
determined from subsize specimen data

Olsub (= 0%/ a;(Tsub)) and ligament sizes, by, and bgy,
using this function f(«) and the 7-dependence of a;(7)
of the material.

The practical procedure for evaluating o is as follows.

(1) Evaluate the critical stress, ¢*, and critical area, 4*,
for the initiation of cleavage fracture in the Charpy
impact test by FEA.

(2) Evaluate the uniaxial yield strength, gy, at the same
strain rate as that is generated in the Charpy impact
test as a function of test temperature for unnotched,
smooth bend specimens.

(3) Determine the DBTT as a function of specimen size.

(4) Evaluate g, at the DBTT, oy, as a function of spec-
imen size.

(5) Evaluate o = /g, as a function of specimen size
and examine the dependence of o on specimen size.

(6) Conduct the same evaluation as the above on several
materials and compare the dependency among the
materials.

As a result, if « is independent of material properties,
the DBTT of the full size specimen can be determined

from only the data of miniaturized specimens. If & shows
a dependency, it can be evaluated by a quantitative
relationship between o and material properties.

3. Experimental

The above method requires mechanical tests, such as
Charpy impact tests, tensile tests, three-point bend tests,
and three-dimensional (3D) simulations of specimen
deformation.

Three types of specimens were machined from a fer-
ritic-martensitic steel, 2WFK, in the unaged condition.
This was developed by JNC and has the chemical com-
position shown in Table 1. The specimens were (1) the full
size Charpy V-notch (CVN) and miniaturized Charpy V-
notch (MCVN) specimens with different sizes and notch
geometries, (2) three-point bend specimens, and (3) tensile
specimens. The latter two were fabricated from the broken
halves of the CVN specimens and have dimensions of 1.5
mm in width and 0.5 mm in thickness. For the size and
notch dimensions of the MCVN specimens see Table 2.

Charpy impact tests were conducted at temperatures
from 137 to 300 K at a displacement rate of approxi-
mately 5 ms™! by using a specially designed instru-
mented machine [4]. Three-point bend tests were carried
out at temperatures from 77 to 290 K at displacement
rates from 0.0013 to 13 mms~' with a span of 7.07 mm.
Tensile tests were performed at temperatures from 163
to 293 K at displacement rates from 0.005 to 50 mms~!,
which correspond to initial strain rates of 1x 1073 to 10
s~!. For both the three-point bend and tensile tests, a
servo-hydraulic fatigue testing machine (Shimadzu Ser-
vopulser of 50-kN capacity equipped with a 5-kN shear-
type load cell) was used. For high-speed tests with
displacement rates above 5 mms~! a quartz load washer
(capacity 750 kN), which utilizes the piezoeffect, was
used to measure the applied load instead of a load cell.

Three dimensional (3D) simulations of the specimen
deformation were analyzed using the finite element code,
ABAQUS. Using symmetry, one fourth of the specimen
within the span was modeled. The impact tests were
treated as static processes with a constitutive equation
corresponding to high strain rate deformation.

4. Results and discussion

In order to obtain the constitutive equation used in
the FEA at arbitrary temperatures and strain rates, true

Table 1

Chemical compositions of ferritic-martensitic steel, 2WFK in the unaged condition (Wt%)
C Si Mn Cr Ni Mo v w Fe
0.12 0.05 0.60 11.0 0.40 0.50 0.20 2.0 Bal.
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Table 2

Values of DBTT, o} and « evaluated for full size and miniaturized CVN specimens with different V-notch sizes of unaged 2WFK
Specimen size V-notch size DBTT (K) oy (MPa) o=0"/ [

(p/mm-a/mm-0/degree)

Full Size 0.25-2.0-45 287 915 2.62
3.3%3.3 mm 0.08-0.50-30 224 998 2.40
3.3%x3.3 mm 0.02-0.50-30 236 980 2.45
3.3%3.3 mm 0.02-0.65-30 260 948 2.53
2.0x2.0 mm 0.08-0.40-30 227 994 2.42
2.0x2.0 mm 0.02-0.40-30 235 982 2.44
2.0x2.0 mm 0.02-0.60-30 240 975 2.46
1.5x 1.5 mm 0.08-0.30-30 178 1079 2.23
1.5%1.5 mm 0.02-0.30-30 198 1041 2.31
1.5x 1.5 mm 0.02-0.45-30 212 1017 2.36
1.0x1.0 mm 0.05-0.20-30 150 1139 2.11
1.0x 1.0 mm 0.02-0.30-30 181 1073 2.24

stress—strain curves for the unaged 2WFK were mea-
sured at various temperatures and strain rates. As a
result, it was found that stress—strain curves at arbitrary
temperatures and strain rates can be represented by

7 = 60001 + Tsu[l — exp{—k(z, — 0.001)}]'"". (3)

Here, 0901 is the true stress at 0.1% plastic strain and
defined here as the yield stress, oy is the saturated
hardening and k is a rate constant [13]. The curve cal-
culated by the above relation is shown in Fig. 1 together
with that calculated by the power law relation. Com-
parison of the two curves indicates that the above rela-
tion slightly improves the reproducibility of the
experimental curve.
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Fig. 1. Comparison between the true stress—true strain curves
calculated by Eq. (3) (fit) and the power low relation and by
experiment for unaged 2WFK specimen tested at 223 K and
1x1073 71,

The three parameters of a1, 05, and k can be ex-
pressed by the following equations:

60001 = 0 (T") + 0an(T), (4)
st = —1.057 + 600, (5)
k=2.380 x 1074718, (6)

where ay,(7*) is the effective stress component that is
temperature and strain rate dependent and o, (7) is the
internal stress component that is slightly dependent on
temperature due to the temperature dependence of the
shear modulus. 0, (7*), 0an(7) and T* are given by

on(T*) = 1253.6[1 — (T*/14990)"/*)?, (7)
oun(T) = 891(1 — 0.000287), (8)
T* = T'n(7.78¢e" /&) 9)

Fig. 2 shows comparison of load vs. displacement
curves recorded by Charpy impact tests at 193 K for
third-sized specimens with simulated curves based on the
above constitutive equation. The experimental curve is
well represented by the simulated curve.

In order to determine *—4* values, the stress fields
ahead of the notch at cleavage crack initiation were
calculated by FEA with the above constitutive equation
and the 0-4 curves were obtained as shown in Fig. 3.
The change of 4 against notch opening displacement, A,
in the region of lower shelf energy (LSE) for the full size
specimen was large and caused large scattering com-
pared to the absorbed energy-temperature curve.
However, for each sized specimens, the scattering occurs
without appreciable change in shape of the curves, i.e.,
the three curves for each sized specimens shift in almost
parallel. This may reflect inhomogeneous distributions
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Fig. 2. Comparison of load vs. displacement curves recorded
by Charpy impact tests at 193 K for third-sized specimens of
unaged 2WFK with simulated curves based on the constitutive
equation.
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Fig. 3. Plot of stressed area, 4, against stress, g, ahead of the
notch with different opening displacements, A, simulated by 3D
FEA with the constitutive equation for full sized and third sized
specimens of unaged 2WFK.

of crack initiation sites. Therefore, we averaged the three
curves for the each sized specimens. The averaged curves
obtained for the CVN and third-sized specimens inter-
sected at ¢ = 2400 MPa and 4 = 0.0065 mm?, which
may correspond to the critical cleavage stress ¢* and

area A* that are independent of specimen size, i.e.,
" = 2400 MPa, 4* = 0.0065 mm?.

Next, to evaluate the uniaxial yield strength, gy, at
the same strain rate as that generated in the Charpy
impact test as a function of test temperature for un-
notched, smooth bend specimens, correlation between
each of the yield stresses obtained by three-point bend
tests and tensile tests is necessary to be expressed as a
function of strain rate. Therefore, the FEM analysis
with the above constitutive equation with the ABAQUS
code was made to simulate the three-point load—deflec-
tion curves of the unaged 2WFK. The following corre-
lation equations were found between the yield stresses
by three-point bend tests, ¢°, and that by tensile tests,
oy, and the strain hardening exponents by three-point
bend tests, #°, and that by tensile tests, 7.

0" = ,(0.82 + 1.16n' — 0.767n"). (10)

y

n® =0.0311 + 0.978n. (11)

The details will be described elsewhere [14]. These
equations were applied to obtain the uniaxial yield
strength, ¢y, and the strain hardening exponents, n, for
the unaged 2WFK from the experimental three-point
bend test results for the unnotched, smooth specimens.
Thus the obtained values of g, and »n and their experi-
mental values are plotted against strain rate. No signif-
icant differences were recognized between both the data,
although difference had a tendency to increase with
increasing strain rate. Therefore, the simulated values of
o, were extrapolated to the high strain rate corre-
sponding to that in the Charpy impact test, assuming
here a linear approximation. The strain rate at the front
of the notch should be used and is estimated to be about
10°-10* s7!, and 10° s~! was used here. In this way, the
uniaxial yield strength, g, at 10* s~! was obtained as a
function of test temperature.

Thirdly, the DBTT, which is here defined as the
temperature where the absorbed energy is equal to 41 J
for the full size specimen, is shown in Table 2 for CVN
and MCVN specimens with different V-notch sizes (p—a—
0) of the unaged 2WFK, where p is the notch root ra-
dius, a is the notch depth and 6 is the notch angle. From
the above results, g, at the DBTT, which is defined here
as gy, can be evaluated as a function of specimen size
and V-notch size.

Finally, substituting the evaluated values of ¢* and o7
into Eq. (1) gives o values, which are shown in Table 2
and Fig. 4 as a function of 4*/b%. The uncertainty of «
may be approximately *+4%, considering those of ¢*
(50 MPa, +2%) and a0 (£20 MPa, £2%). Theoreti-
cal o—A4* /b* curve has not been obtained due to the lack
of sufficient information on a proper deformation level
at DBTT. However, it is considered that the 0—4 profile
for the third size specimen tested at 213 K (-60 °C)
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Fig. 4. Plot of « against specimen size parameter A*/b* for
CVN and MCVN specimens with different geometries of un-
aged 2WFK.

showing the absorbed energy of 40%USE, which is rel-
atively close to 30%USE corresponding to the above
value of 41 J for the full size specimen may give a useful
suggestion on the curve. The a-4*/b* curve obtained
from the -4 profile revealed that it is formulated as
o = oy — c(4*/b?)"* in the range of the « from 1.9 to 2.6.
Thus the formula was applied to obtain a semi-empirical
relation of the a—4*/b? curves. The values of oy and c
were determined as 2.69 and 3.58 for the data with a/W
from 0.15 to 0.2, while 2.74 and 2.85 for the data with
a/W of 0.3. Effects of notch geometry on the curves were
not significant. The two different curves clearly show the
contribution of deeper notch to higher constraint.

It was shown that « which is necessary to describe the
specimen size effects can be evaluated as a function of
specimen size. The next problems are to increase the
measurement accuracy of o, evaluate specimen size
dependence of o for a ferritic steel different from the
unaged 2WK and establish a quantitative expression of
dependence on materials property if the size dependence
exhibits a tendency of variation among materials.

5. Conclusions

(1) A method to quantify specimen size effects on DBTT
in Charpy impact testing from the viewpoint of plas-
tic constraint loss was proposed and applied to a fer-
ritic-martensitic steel, 2WFK, developed by JNC. In
the method a constraint factor, «, that is an index of
the plastic constraint is defined as « = ¢*/0}. Here,
d* is the critical cleavage fracture stress and a mate-

rial constant and o} is the uniaxial yield stress at the
DBTT at the strain rate generated in the Charpy im-
pact test.

(2) A constitutive equation for describing stress-strain
curves of the unaged 2WFK at arbitrary tempera-
tures and strain rates was obtained. Three dimen-
sional FEA simulations of the impact test with this
constitutive equation and a cleavage fracture model
that is based on a critical stress—critical area plot led
to evaluation of the critical cleavage stress ¢* and
area A*.

(3) A correlation equation to obtain the uniaxial yield
strength, oy, and the strain hardening exponents, 7,
for the unaged 2WFK from the experimental
three-point bend test results was introduced. Extrap-
olating g, to 10° s7! led to the evaluation of g, at the
strain rate close to that generated in the Charpy im-
pact test as a function of test temperature.

(4) The DBTT at 41 J for the full size specimens was
evaluated for differently sized Charpy specimens
for the unaged 2WFK, and the value of oy, that is
gy at the DBTT, was evaluated as a function of spec-
imen size and V-notch size.

(5) The values of o were evaluated for the full size and
miniaturized CVD specimens. They showed a rea-
sonable relationship with specimen size parameter
A*/b* for differently sized specimens of unaged
2WFK.
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