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Abstract

To investigate the applicability of automated ball indentation (ABI) tests in the evaluation of

the tensile properties of cast stainless steel (CSS), ABI tests were performed on four types of

unaged CSS and on 316 stainless steel, all of which had a different microstructure and strength.

The reliability of ABI test data was analyzed by evaluating the data scattering of the ABI test and

by comparing tensile properties obtained from the ABI test and the tensile test. The results show

that the degree of scattering of the ABI test data is reasonably acceptable in comparison with

that of standard tensile data, when two points data that exhibit out-of-trend are excluded from

five to seven points data tested on a specimen. In addition, the scattering decreases slightly as the

content of &-ferrite in CSS increases. Moreover, the ABI test can directly measure the flow

parameters of CSS with error bounds of about +10 % for the ultimate tensile stress and the

strength coefficient, and about +15 % for the vield stress and the strain hardening exponent.

The accuracy of the ABI test data is independent of the amount of 8-ferrite in the CSS.
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1. Introduction

Cast stainless steel (CSS) is used for several
components in nuclear power plants (NPPs); for
example, pump casings, valve bodies, elbows,
fittings, and primary coolant pipes. CSS has a
duplex microstructure that consists of about 5 to
25 % d-ferrite in an austenite matrix [1]. The
presence of ferrite in castings improves the stress
corrosion cracking resistance, the mechanical
strength, and the weld ability [1]. However, it can
be detrimental in applications of these components
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at a higher temperature. In a range of 250 to 450
‘C, which includes the NPP operating temperature,
long-term exposure induces thermal aging due to
the spinodal decomposition of &-ferrite, thereby
causing a loss of ductility and toughness in the CSS
[1,2]. Material degradation by thermal aging is
therefore a cause of concern for the safe and
reliable operation of these nuclear components.
Furthermore, the degradation in the ductility and
toughness of these components has been
considered in the evaluation of life-extension,

periodic safety review, and leak-before-break [2-4].
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By using destructive standard test techniques that
require intensive material to directly measure the
mechanical properties, we can accurately assess
the aging degradation of materials. In practice,
however, it is difficult to obtain bulk material from
the in-service components of an NPP. Thus, in a
number of studies, an appropriate test technique
for assessing the material degradation of the in-
service components of an NPP was developed, and
several nondestructive and materially non-intensive
testing techniques were proposed [5-8).

One of the testing techniques is the automated
ball indentation (ABI) technique. Although the ABI
technique is nondestructive and materially non-
intensive, it directly measures the current and local
deformation behavior of materials. In addition, this
technique is reportedly reliable for assessing the
irradiation hardening of reactor materials, the
variation of material properties in the weld region,
and the material degradation of gas pipelines [8-
11]. In spite of these advantages, however, the
ABI test is sensitive to the surface conditions and
microstructure of materials because of its small-
diameter ball indenter. To use the ABI test to
assess the aging degradation of CSS, therefore, it
is necessary to systematically investigate the
reliability of the ABI test for a type of CSS with a
non-homogeneous duplex microstructure.

The objective of this study is to examine the
reliability of the ABI test in evaluating the
mechanical properties of CSS with a duplex
microstructure. In particular, we investigate in
detail the effects of the microstructure of the CSS
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on the reliability of the ABI test data. Therefore,
the ABI tests are performed on four types of
unaged CSS with different microstructures, and on
316 stainless steel. With these results, the
reliability of the ABI test data is analyzed by
evaluating the data scattering of the ABI tests and
by comparing the flow properties obtained from
the ABI tests and conventional tensile tests.

2. Materials and Experimental Procedure
2.1. Materials

The materials with different strengths and
microstructures were considered in this
experiment. Thus, we selected four types of
unaged CSS. These samples comprised CF8A and
three samples of CF8M, namely one with a low
ferrite content (CF8M_L), one with a middle ferrite
content {CFSM_M), and one with a high ferrite
content (CF8M_H). Additionally, 316 stainless
steel was used to provide a reference for
comparing the microstructure of the different
types of CSS. The 316 stainless steel has a
homogeneous microstructure although the
chemical composition is equivalent to the CF8M
samples of CSS. For the experiment, all the CSS
samples were made as static casting. They were
solution heat-treated at 1100°C and then
quenched to reduce and homogenize the carbide
and o-phase in the castings. Table 1 lists their
chemical compositions. These compositions were
determined on the basis of the chemical

Table 1 Chemical Compositions of Cast Stainless Steels (as designed)

Material C Mn Si Cr Ni Mo S P Co Fe
L1004 | 06 |08 195 | 11.0 | 25 - - - Balance

CF8M | M (004 | 06 | 1.0 192 | 96 | 225 | 002 | 0.03| 0.1 Balance
H|004 | 06 |12 200 | 9.0 25 0.02 ' 0.03 | 0.04 Balance

CF8A 004 | 06 | 1.2 20.5 L 8.5 - 0.02 | 003 0.1 Balance
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Table 2 Mechanical Properties of the Tested Materials

ASME Sec.ll Test Data

Material Eng. yield stress, Eng. tensile Eng. vield Eng.tensile ot
7, [MPa] stress, 0, [MPa] stress, &, [MPal stress,0, {MPa] e
58316 205 515 266.1 6815 4154
CF8M_L 2494 501.1 251.7
TCF8MM | 205 485 2941 617.1 323.0
" CF8M_H | 326.1 597.4 271.3
CF8A 240 530 287.4 615.5 328.1
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composition of the CSS used in the primary
coolant pipe of NPPs. The amount of §-ferrite was
estimated by Aubery’ s equation [12].

Table 2 presents the vield stress and the ultimate
tensile stress of the materials obtained from the
tensile tests. It also shows the minimum
requirements for the mechanical properties of
CF8M and CF8A as provided by Section Il of the
ASME Boiler and Pressure Vessel code[13]. As
shown in Table 2, the mechanical properties of all
the materials prepared in this study satisfy the
requirements of this section of the ASME code.

2.2. Specimens and Experimental
Procedure

2.2.1. Specimens

In this study, direct comparison of data from the
ABI test and a conventional tensile test is
important. For the ABI test, therefore, we
machined several specimens from each material in
the form of a rectangular bar (10 mm x 10 mm x
90 mm or 100 mm), as shown in Fig. 1. These
specimens enable us to fabricate a standard tensile
specimen after the ABI test. The surfaces of each
specimen were machined by milling, and the
surface to be indented was polished with #800
emery paper to minimize the effect of surface
roughness.

Fig. 1. Specimens Used for the ABI Test

2.2.2. Experimental Procedure

Continuous ball indentation tests were
performed in an ABI test system of the Frontics
Co. (model ASI-2000 (Fig. 2)). In the ball
indentation test, we measured the applied
indentation loads and associated penetration
depths, and calculated the stress and strain values
from these loads and depths using Egs (1) and (2),
which are based on elastic and plastic analyses
[14]. These equations are expressed as follows:

o=5T7 1)
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Fig. 2. The ABI Test System Used in Experiment

n

oc=K¢ (3

where ¢ is the irue stress, € is the true strain, K is
the strength coefficient, n is the strain hardening
exponent, a is the indentation radius, R is the ball
radius, F is the indentation load, a is a constant,
and @ is the plastic constraint factor {15]. During
the indentation, loading and partial unloading are
repeated and both stress and strain are calculated
at each cycle. Thus, a single indentation gives a
flow curve, which is represented by the power law
of Eq. (3). By analyzing this curve, we can evaluate
the flow parameters of the material involving the
vield stress, the ultimate tensile stress, the strength
coefficient, and the strain hardening exponent.
The software embedded in the ABI test system
automatically calculates these factors.

ABI tests were conducted at five to seven points
on a surface of each specimen and the results
were averaged. To minimize the influence of
parameters other than the microstructure of each
material, a series of indentation tests was
performed along the centerline of each specimen
with an equal increment and sufficient space. All
tests were carried out at ambient temperature
using a tungsten carbide ball indenter of 0.5mm
diameter. After the ball indentation tests, three
specimens of each material were machined for a

standard tensile test; other specimens were aged
at 400°C to simulate the thermal aging of CSS.

3. Results and Discussion

3.1. Microstructure of CSS

To clarify the different microstructures of the
CSS specimens, we measured the 8-ferrite content
of each specimen using a ferritemeter before the
ABI test and observed the morphology of the -
ferrite using an optical microscope. Table 3
summarizes the mean and standard deviation of
the ferrite content for each material. As given in
Table 3, the mean values of the d-ferrite content
are 10.1 % for CF8M_L, 20.6 % for CFSM_M,
26.0 % for CF8M_H, and 25.9 % for CF8A, with
a standard deviation of less than 1.5 %.

Fig. 3 shows the microstructures of the CSS

Table 3. Content of é-ferrite for Cast Stainless

Steels
) Standard
terial %
Materia Mean [%)] Deviation [%]
L 101 1.01830
CF&M
M 20.6 | 119087
H | 260 1.05593
CF8A | 259 154299

specimens, in which the size, spacing, and
arrangement of the ferrite phase differ with each
material. For CF8M_L, which contains about 10%
ferrite, the d-ferrite is independently dispersed in an
austenitic matrix with a spacing of about 100um.
For CF8M_M, which contains about 21% ferrite,
the d-ferrite is closely arranged in an austenitic
matrix with a spacing of 15 to 20 gm. On the
other hand, for CF8M_H, which contains 26 %
ferrite, the coarse ferrite phase forms network
each other and the spacing is about 50 #m. The
CF8A also has a microstructure with a ferrite
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network even if the size and spacing are smaller
than that of the CF8M_H. These characteristics of
the microstructure with the ferrite content support
the observations of other studies [2,4,5].

These results indicate that the microstructures of
the materials prepared for the experiment have
different microstructures as intended, although the
ferrite content of CF8M_M and CF8A is higher
than expected. By comparing these microstructures
with CF8M' s mechanical properties listed in Table
2, we can deduce that the vield stress increases as

the content of the é-ferrite increases, whereas the
ultimate tensile stress is higher in CF8M_M than in
CF8M_H. This shows that the flow strength of
CSS is less dependent on the content of d-ferrite,

(a) CFSM_L |

(c) CFSM_H

although the vield strength is proportional to the
d-ferrite content.

3.2. Reproducibility of the ABI Test Data

To investigate the reproducibility of the ABI test
data for CSS, we analyzed the data scattering of the
ABI test for each material, using five to seven points
of data from the surface of each specimen. The data
scattering was quantified by normalizing the standard
deviation with the mean value for each parameter.
Thus, the mean and standard deviation of the

maximum indentation load and flow properties were
calculated from the data set of ABI test.

Fig. 4 shows the normalized standard deviations

3 ‘, 7
(d) CF8A

Fig. 3. Microstructures of the Cast Stainless Steels Used in Experiment
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Fig. 4. Normalized Standard Deviations of the
Tensile Properties and the Maximum
Indentation Load from the ABI Tests,
Based on all the Data for Each Specimen

based on all the data points tested for each
specimen as a function of the amount of d-ferrite.
As shown in Fig. 4, the 316 stainless steel with a
homogeneous microstructure has the minimum
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Fig. 5. Normalized Standard Deviations of the
Tensile Properties and the Maximum
Indentation Load from the ABI Tests,
Based on Reduced Data

normalized standard deviation for all parameters.
For CSS, regardless of the d8-ferrite content, the
maximum normalized standard deviation is about
10 % for the vield stress, about 8 % for the tensile
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stress, about 10 % for tthe strength coefficient,
about 16 % for the strain hardening exponent, and
about 5 % for the maximum indentation load. On
the other hand, as shown in Fig. 5, when the out-
of-trend data of two points are excluded from the
all data points, the normalized standard deviations
are reduced by about 50 %. The maximum
standard deviation is about 5 % for the vield stress
and the tensile stress, about 6 % for the strength
coefficient and the strain hardening exponent, and
about 4 % for the maximum indentation load.
Compared with the scattering of the conventional
tensile data presented in Fig. 6, this degrée of
scattering in the ABI test data is reasonably
acceptable for the assessment of the tensile
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Fig. 7. Comparison of the Averaged Normalized
Standard Deviations of the Yield Stress,
the Ultimate Tensile Stress, and the
Maximum Indentation Load for Each
Material

properties of CSS.

In Figs. 4 and 5, the maximum normalized
standard deviations are almost the same regardless
of the é&-ferrite content. As shown in Fig. 7,
however, the averages of the normalized standard
deviations are less than 2.5 % for all tested
materials, and they decrease slightly as the amount
of d-ferrite in the CF8M increases. This result
indicates that the data scattering of the ABI test
decreases as the d-ferrite content in CSS
increases. This might be associated with the
different morphology of ferrite phase with amount
of d-ferrite in CSS. For the CF8M_L, the é-ferrite
is independently dispersed in an austenitic matrix
with large spacing so that the distribution of the
stress and strain fields beneath the ball indenter
change with the location to be indented. For CSS
with higher ferrite content, however, the ferrite
phase forms a network; and, as a result, the stress
and strain distributions beneath the ball indenter
are relatively uniform and less dependent on the
indented location.
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Fig. 8. Comparison of the Flow Curves Obtained
from the ABI Test and the Conventional
Tensile Test

3.3. Comparison of Tensile Properties
Derived from ABI and Standard Tensile
Tests

Fig. 8 compares the stress-strain curves derived
from the ABI test with those derived from the
conventional tensile test. The flow curves from the
ABI test increase parabolically as the strain
increases, whereas the curves from the tensile test
increase linearly. Thus, the flow stresses from the
ABI test are higher than those from the tensile test
in a strain range of 3 to 20 % depending on the

tested material. This trend is reversed in the other
ranges of the strain. This is induced by an inherent
characteristic of the ABI model, which assumes that
the strain hardening behavior of material complies
with the power law of Eq. (3). For stainless steel,
however, the strain hardening behavior is almost
linear with the strain so that the flow curve is not
appropriately represented by the power law
adopted in the ABI test. In the results, the stress-
strain curves obtained from the tensile test are fitted
by Eq. (3), and are compared with those obtained
from the ABI test. As shown in Fig. 8(a), the
discrepancy in the flow curves is still considerable
for the 316 stainless steel, whereas the flow curves
of the ABI test agree reasonably well with those of
the tensile test for CSS (Fig. 8(b)).

On the other hand, the flow parameters
determined from the ABI test were compared with
those from a conventional tensile test to
quantitatively investigate the accuracy of the ABI
test data for CSS. Fig. 9 compares the yield stress,
the ultimate tensile stress, the strength coefficient,
and the strain hardening exponent from the ABI
test with those from the standard tensile test. As
shown in Fig. 9a), the vield stress from the ABI
test was in agreement with that of the
conventional tensile test where most of the data
fell between +15 % of the area bounded by the
dashed lines. For the ultimate tensile stress, the
accuracy was better than for the yield stress, as
shown in Fig. 9(b). In this case, except for the 316
stainless steel, the ABI test data agreed with the
standard tensile data within =10 % of the error
bounds. The strength coefficient and the strain
hardening exponent also showed a similar
agreement where most of the data fell between
+10 % and + 15 % of the bounding, respectively.

To examine whether the accuracy of the ABI
test results depends on the microstructure of the
materials, we averaged the flow parameters and

compared them with the standard tensile data for
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Fig. 9. Comparison of Flow Properties Obtained from ABI and Conventional Tensile Tests

each material. Thus, the error was defined by the
difference between the averaged ABI test data and
the tensile test data as a normalized form. As
shown in Fig. 10, for CSS, the maximum errors
were about 9 % for the yield stress, about -7 % for
the ultimate tensile stress, and about 12 % for the
strength coefficient and the strain hardening

exponent. In these results, however, any
consistent tendency of error with the type of CSS
was not observed for all flow parameters.
Moreover, for all flow parameters other than the
vield stress, the error was more significant in the
316 stainless steel than in the CSS. Therefore, it
is demonstrated that the accuracy of ABI test data
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for CSS is independent on the microstructure of
the material, that is, amount of d-ferrite.

4. Conclusions

To investigate the reliability of the automated
ball indentation (ABI) tests in evaluating the
mechanical properties of cast stainless steel (CSS),
we conducted ABI tests on four unaged CSS and
on 316 stainless steel, all of which have a different
microstructure and strength. From the results, the
following conclusions were obtained:

1) The degree of scattering of the ABI test data is
reasonably acceptable compared with that of
standard tensile data, when the out-of-trend
data of two points are excluded from the data of
five to seven points. Moreover, the scattering
decreases slightly as the d-ferrite content in CSS
increases.

2) ABI tests appropriately measure the tensile
properties of CSS with error bounds of about
+10 % for the ultimate tensile stress and the
strength coefficient, and with about =15 %
error bounds for the vield stress and the strain
hardening exponent. The accuracy of the ABI
test data is independent of the amount of é-
ferrite in the CSS.
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