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Abstract

A disk bend test technique has been developed to study deformation mechanisms as well as mechanical properties. In
the disk bend test, a transmission electron microscopy (TEM) disk size specimen of 3 mm diameter x0.25 mm thick is
clamped around its rim in a circular holder and indented with a tungsten carbide ball of 1 mm diameter on its back face.
AISI 316LN austenitic stainless steel and 9Cr—2WVTa ferritic/martensitic steel were selected as test materials. A model
was developed to determine the average plastic strain and surface plastic strain in the disk bend test. The deformation
regimes of the plastic strain versus deflection curves corresponded to those of the load versus deflection curves. The
stress state of the disk bend deformation was analyzed for the two test materials and compared with those of other
mechanical tests such as uniaxial tensile, compact tension, and ball indentation tests. Slip line features at the deformed
surface and the corresponding TEM microstructures were examined for both tensile and disk bend specimens. Dif-
ferences and similarities in deformation between the disk bend and the tensile tests are described. © 2001 Elsevier

Science B.V. All rights reserved.

1. Introduction

In the past, miniaturized test techniques using thin
disks or square platelets have been developed for ex-
tracting mechanical property information from a limited
volume of test material [1-14]. In those techniques cen-
tral loading with a ball (sometimes a rod with a flat or
hemispherical tip) is applied to deform specimens and to
derive load—deflection curves. Indeed, those techniques
have been effectively used in providing key mechanical
properties, such as strength and ductility [2,7,8,13,14],
fracture toughness [9,12], and ductile-brittle transition
temperature (DBTT) [10,11]. Various shapes and sizes of
thin specimens have been tried in those miniaturized test
techniques. Of those, the most common type has been
transmission electron microscopy (TEM) disks of 3 mm
diameter [1-6]. This is mainly for two reasons: (a) the
same size specimens can be used in parallel studies of
microstructures by TEM and (b) its small volume min-
imizes the total radioactivity after irradiation. More-
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over, it is a standardized specimen shape, and thus
preparing and handling procedures are already well
developed.

Although the disk bend test has been frequently used
to obtain mechanical properties, it has been seldom used
for the purpose of deformation mechanism studies.
Recently, a disk bend test technique has been applied to
the study of deformation mechanisms for ion-irradiated
AISI 316LN stainless steel [15]. TEM disks were bent by
indentation loading with a tungsten carbide (WC) ball
after ion-irradiation. The results demonstrated that ra-
diation effects on plastic deformation could be eco-
nomically studied by using the TEM disk bend test
technique.

In the present paper, a method is developed to
calculate the average and surface plastic strains of the
deformed TEM disks. Since the method supplies a
capability of evaluating surface plastic strain, it is used
to calculate the plastic strain level in the damaged layer
produced by ion-irradiation and disk bend deformation
for optical and TEM examinations. The deformation
regimes of the disk bend test are characterized in view
of the plastic strain versus deflection curves. An ana-
lytical model is also proposed to evaluate the stress
fields and stress state in the central region of disk
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specimens. This stress analysis model is applied to two
test materials, AISI 316LN stainless steel and 9Cr—
2WVTa ferritic/martensitic steel, and the results are
compared with the data obtained for other mechanical
tests. Optical and TEM examinations were carried out
for 316LN stainless steel after ion-irradiation and disk
bend deformation to aid the understanding of the
deformation behavior under disk bend and uniaxial
tensile tests. One of the purposes of this paper is also
to suggest the disk bend test as a substitute for the
uniaxial tensile tests for studying deformation mecha-
nisms.

2. Experimental

AISI 316LN austenitic stainless and 9Cr-2WVTa
ferritic/martensitic steels were selected as test materials.
The chemical compositions of the steels are shown in
Table 1. TEM disks of 3 mm diameter were punched out
of 0.25 mm thick cold-rolled sheets. Both sides of the
TEM disks were ground with 600 grit emery paper be-
fore heat treatment. The 316LN stainless steel samples
were annealed at 1050°C for 30 min in vacuum and fast
cooled. The 9Cr-2WVTa steel samples were annealed at
1050°C for 30 min in vacuum, fast cooled to room
temperature, and then tempered at 750°C for 1 h. To
prepare an optically flat and scratch free surface, one
side of the heat-treated TEM disk was additionally
polished using 0.1 pm diamond paste followed by elec-
trochemical polishing. Tensile specimens were also pre-
pared in a similar manner for the purpose of
comparison. The gage section dimensions of the tensile
specimens were 0.25 mm in thickness x 1.5 mm in width
x7.5 mm in length.

Disk bend tests were performed in a specimen
holder shown schematically in Fig. 1 using a Tinius—
Olsen testing machine. The specimen holder consists of
a die with a central hole of 1.6 mm diameter and a
clamping screw with a central hole for guiding the ball
and loading pin. The polished and irradiated side of a
TEM disk is placed face-down onto the circular recess
of the die, and its perimeter is clamped by the clamping
screw. Then, a WC ball of 1 mm diameter is placed on
the top of the TEM disk, and a load is applied on the
WC ball by the plunger. Displacements were measured
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Fig. 1. Schematic illustration of disk bend test set-up.
using two linear variable differential transducers

(LVDTs). One LVDT is attached to the cross head of
the tensile machine to measure the displacement of the
WC ball, and the other is placed under the TEM disk,
touching the bottom face of the disk. Disk bend testing
was performed at room temperature at a cross-head
speed of 0.25 mm per minute, which gives a strain rate
in the range of 1073-1072 per second. Tensile testing
was performed at a cross-head speed of 0.5 mm per
minute, which equals a strain rate of 1.1 x 1073 per
second. All mechanical tests were carried out at room
temperature.

In what follows it should be emphasized that Figs. 2—
12 are for unirradiated disks. However, since the irra-
diated volume in the ion-irradiated disks is so small, the
load—deflection results in these figures are virtually un-
affected by irradiation. Figs. 13 and 14 show irradiation
results.

TEM disks and tensile specimens of 316LN stain-
less steel were irradiated with 3.5 MeV Fe® ions at
200°C using a Van de Graaff accelerator at ORNL
[16]. Irradiation with the 3.5 MeV Fe' ion beam pro-
duced a displacement damage profile having a maxi-
mum at a depth of 750-850 nm from the surface [15].
Detailed descriptions of the ion irradiation method
and damage profile analysis have been published
[16-18].

Table 1

Chemical compositions of test materials in wt%
Material Fe Ni Cr Mo Mn Si C N Nb \% w Ta
Type 316LN austenitic Bal. 12.2 1745 25 1.81 039 0.024 0.067 - - - -
stainless steel
Fe-9Cr-2WVTa ferritic/'  Bal. <0.01 890  0.01 044 021 0.11 0.021 <0.01 023 2.0l 0.06

martensitic steel
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Fig. 2. Load versus deflection curves from the disk bend test
for 316LN stainless steel; deflections were measured by (a) the
LVDT in contact with the cross-head and (b) the LVDT placed
under the specimen.

Slip line features of the irradiated surface (bottom
surface in the test setup) were examined using an optical
microscope after bending. The WC ball-contact surface
(top surface) was also examined to determine the di-
ameter of indentation impression and thus to be able to
calculate the representative strain of the impression re-
gion. TEM microstructures after deformation were ex-
amined for both disk bend and tensile specimens. When
preparing the TEM samples, the surface layer to a depth
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Fig. 3. Load versus deflection curves from the disk bend test of
9Cr-2WVTa ferritic/martensitic steel; deflections were mea-
sured by (a) the LVDT attached at the cross-head and (b) the
LVDT placed under the specimen.

of about 600 nm was removed from the irradiated sur-
face by electrochemical polishing followed by back
thinning to perforation. This procedure allowed exam-
ination of the microstructure at the peak damage region
between 600 and 800 nm depth from the original surface.
Microstructures were examined in a Philips CM 12
transmission electron microscope at an acceleration
voltage of 120 keV.
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Fig. 4. Optical micrographs of indentation impressions on
316LN stainless steel after loading up to (a) 8 N(d, = 179 um),
(b) 26 N(d, =238 pm), and (c) 50 N(d, = 392 pm).

3. A method of evaluating deformation fields

3.1. Evaluation of plastic strains

A uniaxial loading during a disk bend test produces
complex multiaxial strain fields within the specimen [1].
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Fig. 5. Optical micrographs of indentation impressions in 9Cr—
2WVTa ferritic/martensitic steel after loading up to (a)
39 N(d, = 184 pum), (b) 60 N(d, = 252 um), and (c) 82 N(d, =
349 pm).

However, since the main purpose of this study is to
characterize the deformation in the central region of the
TEM disk, the analysis on the deformation fields is
simplified by the geometrical symmetry in that region.
Using a Cartesian coordinate system (x,y,z), ", &P , and

x> Yyy?
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Fig. 6. Load versus indentation plastic strain diameter curves.
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Fig. 7. Variation of average plastic strain with plastic deflec-
tion.

&P are defined as the principal plastic strain components
in the x-, y-, and z-directions, respectively. The z-direc-
tion is specified as the loading direction and x- and y-
directions as the perpendicular directions. The average
plastic strain in the z-direction is defined by [19]
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Fig. 8. Variation of surface plastic strain with plastic deflection.
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Fig. 9. Strain components and deformation regimes in the disk
bend test for 316LN stainless steel.

where Jdp and d4 are the specimen thickness before and
after deformation, respectively. Also, using the incom-
pressibility condition, &P + ¢ + ¢l =0, geometrical
symmetry, &? = ¢ , and equivalent str%in, &b, = (v2/3)
[(e0, — &) + (&8, — e2)* + (8, — &)']'* [19], the fol-
lowing relationship is obtained for the plastic strain
components:
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Fig. 10. Principal stress components in a 316LN stainless steel
disk.
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Fig. 11. Principal stress components in a 9Cr-2WVTa steel
disk.
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It is known that the ductile disk bending consists of
distinct deformation regimes: elastic bending, plastic
bending, membrane stretching, and plastic instability
and failure [1,8]. In the elastic bending regime, some
plastic deformation occurs by indentation at the ball
contact region but no significant plastic deformation is
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Fig. 12. Variation of stress triaxiality with deflection.
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Fig. 13. Optical micrographs of slip lines on the surface of
316LN stainless steel after irradiation up to 10 dpa and about
10% plastic strain by (a) disk bend test and (b) tensile test.
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Fig. 14. TEM microstructures of 316LN stainless steel after
irradiation up to 10 dpa and (a) about 10% plastic strain by disk
bend test and (b) 20% plastic strain by tensile test.

produced at the bottom free surface. In the plastic
bending regime, plastic deformation propagates to the
bottom surface and some bulging develops at the bot-
tom surface by bending deformation, following the
contour of the ball (see Section 4.4 for detailed de-
scriptions). In these initial deformation regimes, the in-
dentation deformation at the top surface controls the
deformation at the bottom surface where the material
deforms due to bending. The ball indentation generates
an impression at the top surface, and the strain at the
impression can be evaluated from the measurements of
the ball and impression diameters. This indentation
strain has been called the ‘representative strain’ of the
indentation impression [20-22]. Tabor developed an
empirical relationship, in which the indentation (or
representative) plastic strain, &}, is calculated from geo-
metrical factors [20]:

d,

& = O.ZB‘D7 (3)
where d,, is the plastic diameter of the indentation im-
pression and D is the ball diameter. For calculating the
indentation strain, D is fixed at 1 mm (ignoring elastic
deformation of the ball), and d, is measured from an
optical micrograph. Note that the compressive strains,
¢P and &, are defined to be positive in the above equa-
tions after the conventional definitions [22]. Corre-
spondingly, the signs of the other components, ¢’ and
&b, are reversed, as indicated in Eq. (2).

Since the indentation is done from the top surface, a
gradient in strain distribution through the specimen
thickness exists. If a linear through-the-thickness distri-
bution of plastic strain is assumed, the surface plastic
strain at the bottom surface, &, can be expressed as

e =2¢P — &b (4)

This relationship is valid for the initial bending regimes
where both the bending and indentation deformations
are dominant. After the bending regimes, the disk de-
forms mainly by membrane stretching [1]. As discussed
in Section 4.3, the plastic bending regime showed little
increase in the plastic strain in the central region, while
the plastic strain increased rapidly during the mem-
brane-stretching regime. In this membrane-stretching
regime, the plastic strain due to indentation and bending
remains almost constant, and the increment of total
plastic strain occurs mainly due to stretching along the
radial direction of the disk. In such a case, the strain
increment in the central region is considered to be uni-
form throughout the disk thickness, and thus the fol-
lowing relationship is applicable:

AP = AeP. (5)

Here, Ae? can be calculated from the measurements of
thickness change by using Eq. (1).

3.2. Evaluation of stress components and stress triaxiality

During a uniaxial loading by ball indentation, sym-
metrical triaxial stress fields are generated in the central
region of the disk [3,7]. Here, oy, 0,,, and o.. are defined
as principal stress components in the x-, y-, and z-di-
rections, respectively. On the top ball-contact surface,
the stress in the z-direction, frequently called the contact
pressure [20-22], can be obtained from the applied load,
P, and the plastic diameter of indentation impression

_4r
Ttdg

(6)

0 =

at the top surface.

Note that the minus sign indicates that o.. is com-
pressive at the top surface. Since at the center of the disk
the stress fields are subjected to the condition of sym-
metry, the perpendicular components, o,, and g,,, are
obtained for the top surface as follows:

Oxx = Oy = Oeq + Oz (7)
Here, the equivalent stress, g4, is defined by [19]

Ocq (00 — O',w)z + (UJW - 622)2 + (0 — axr)2]1/2~

_1[
\/E
(8)

The value of o, at a given plastic strain was calculated
using an empirical tensile flow curve for each material;
Oeq =K (sepq)", where K and n are the strength coefficient
and strain-hardening exponent of the power-law curve,
respectively.

At the bottom surface of the disk, the stress com-
ponent in the surface-normal direction does not exist;
ie.,
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0..=0 )

at the bottom surface.
Then the perpendicular stress components for the
bottom surface are given by

O = Oy = Ocq. (10)

Finally, the stress state can be expressed in terms of the
above stress components. Here, the qualitative stress
state is expressed by the stress triaxiality, ¢, defined as
the ratio of the mean stress, ¢,, = (0 + 0,y + 6..)/3, to
the equivalent stress, oqq [25,26]:

1=

(11)
Ocq

Using the preceding expressions for stress components,
the stress triaxialities are derived for the top and bottom
surfaces, ¢t and fg, respectively, as

2 4P
fr = — 12
'7 3 ndlo (12)
and

2
g ==. 13
B =3 (13)

4. Results and discussion
4.1. Load—deflection curves

The load—deflection curves are plotted for 316LN
and 9Cr-2WVTa steels in Figs. 2(a) and (b) and 3(a) and
(b), respectively, in which the applied load is plotted
against total (elastic + plastic) and plastic deflections.
The initial parabolic portion in the load-deflection
curves is called the bending regime and the next linear
portion the stretching regime, which is followed by a
plastic instability/failure regime [1,8]. As will be dis-
cussed in detail in Section 4.4, the load—deflection curves
of both test materials obey the conventional pattern of
deformation regimes in the ductile disk bending.

As seen in Figs. 2(a) and 3(a), large elastic deflec-
tions, the difference between the total deflection and the
plastic deflection, were seen when the deflections were
recorded from the upper LVDT attached to the cross
head of the testing machine. However, the elastic de-
flections from the lower LVDT touching the bottom of
the specimen were insignificant as seen in Figs. 2(b) and
3(b). Although elastic deflections are expected in all the
components of the test system, the large elastic deflec-
tions in Figs. 2(a) and 3(a) seem to originate mostly
from the system compliance, namely elastic deformation
of the loading pin of 1 mm diameter and 25 mm length.
This pin was made of a tool steel and has the smallest
ratio of cross-section to length in the test set-up. In the

following sections, therefore, only the plastic deflection
measurements are used in evaluating strain and stress
data.

4.2. Indentation deformation at disk specimen

Optical micrographs in Figs. 4 and 5 illustrate the
growth of indentation impressions during the disk bend
tests for 316LN and 9Cr-2WVTa steels, respectively.
For both test materials the diameter of the impression
increases as the applied load increases. According to the
indentation deformation models [20,21], the represen-
tative strain around the impression is determined by the
geometrical factors of the impression and strains up to
20% can be produced by the ball indentation as indi-
cated in Eq. (3). Although most authors have paid little
attention to the role of indentation deformation in the
bending deformation [1-14], the present results indicate
that the indentation strain may be important in most
strain ranges.

Fig. 6 presents the relationships between the plastic
diameter and the indentation load for 316LN and 9Cr—
2WVTa steels, in which regression curves are also
shown. In the next section, these curves are used for
calculating the indentation strain at a given load. Note
that the exponents of the regression curves in Fig. 6 are
lower than those of indentation tests on bulk specimens
[23,24]. The Meyer law [20] describes the relationship
between the load and the impression diameter as
P = kd}', where k is a proportionality constant and the
exponent m is the Meyer index. A number of indenta-
tion test results found that the exponent m was close to
the value of n + 2 [20], where # is the strain hardening
exponent of uniaxial tensile curve. Since the n-values for
316LN and 9Cr-2WVTa steels are about 0.3 and 0.1,
respectively, the corresponding m-values would be about
2.3 and 2.1. However, the measured exponents from the
curves in Fig. 6 are 1.41 and 1.39. These lower values are
due to the absence of supporting substrate at the bottom
side of the disk.

4.3. Plastic strain

Fig. 7 presents the variation of average plastic strain,
&P, with deflection; where the strain values were calcu-
lated from the thickness reduction measurements by
using Eq. (1). Both 316LN and 9Cr-2WVTa steels
showed nearly constant strains in a deflection region of
0.05-0.3 mm after a rapid increase of strain at the be-
ginning of deflection; those constant strains were about
15% for 316LN stainless steel and about 7% for 9Cr—
2WVTa steel. As will be discussed in the next section,
this constant strain region corresponds to the plastic
bending regime. In this regime, the bending deformation
spreads out in the radial direction from the center of the
disk with most plastic deformation occurring in the
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bulged region under the ball contact area. Since the
bending curvature of the bulged region was almost
constant during plastic bending, the plastic strain mea-
sured at the center of the disk showed little change.

After this near-constant strain region, the average
plastic strain started to increase rapidly until plastic in-
stability and/or fracture set in. The rapid increase of
strain in this region was due to the plastic flow in the
radial direction, and this plastic deformation is thus
called the membrane-stretching deformation. It is also
noted that the plastic strain rate was higher for 9Cr—
2WVTa steel than for 316LN stainless steel. This was
mainly because of the earlier deformation localization in
the 9Cr-2WVTa steel due to its lower strain-hardening
capability.

Since ion beam-induced microstructures are limited
to the surface layer, the surface plastic strains were de-
termined by using Egs. (4) and (5). The results are
plotted in Fig. 8. The shapes of the surface plastic strain
versus plastic deflection curves were similar to those
shown in Fig. 7. However, the surface strains in the
plateau region were slightly higher than the average
plastic strains in Fig. 7: about 18% for 316LN stainless
steel and about 12% for 9Cr-2WVTa steel.

4.4. Deformation regime

For ductile metals, many investigators [1,8] have re-
ported that there exist distinct deformation regimes in
the disk bend deformation, namely elastic bending,
plastic bending, membrane stretching, and plastic in-
stability/failure regimes. These regimes can be seen in the
load—deflection curves measured at the center of the disk
as in Figs. 2 and 3. Fig. 9 shows the corresponding de-
formation regimes in the strain components; both the
average plastic strain and the surface plastic strain reveal
well-defined deformation regimes. It is noted that the
transitions between deformation regimes are more dis-
tinct in the plastic strains than in the load—deflection
curves.

The first deformation mode in the disk bending is
elastic bending. The steep and almost linear portion on
the initial load—deflection curve belongs to this regime.
A finite element analysis on strain contours by Manahan
et al. [1] revealed that the specimen yields shortly after
contact with the indenter in a localized region near the
contact point. Also, it is known that the maximum
equivalent stress is obtained at an interior position be-
neath the ball contact area and that the yielding started
from that position propagates through the thickness and
radially outward over the disk [1]. During this elastic
bending regime, elastic deformation is dominant in most
parts of the disk except for the ball contact area. The
plasticity in the deflection originates mostly from the
ball indentation deformation.

When the yield surface reaches the bottom surface of
the disk, plastic bending commences [1,8], extruding the
central area of the bottom surface. As the plastic de-
formation spreads outward, the top surface of the disk
wraps around the ball. We observed that most plasticity
occurred only at a limited volume under the ball contact
area. Since the plastic strain in the central region is de-
termined mainly by geometrical parameters such as the
ball size, specimen thickness, and test configuration, the
plastic strain at the center of the disk shows little change
during this deformation stage. The hardening rates in
the load—deflection curves are relatively low in this stage.

Since most plasticity is limited to a small volume
under the ball in the plastic bending regime, plastic
bending alone cannot account for the large deflection
after the plastic bending regime. At this stage, a tran-
sition from bending to membrane stretching occurs.
This transition is characterized by the change in the
load—deflection curve from parabolic to linear [L,8].
Figs. 2 and 3 show that the transition from plastic
bending to membrane stretching in the load—deflection
curves occurs progressively over a deflection range.
Sometimes the transition region is defined as a separate
deformation regime [1]. In Figs. 7 and 8, however, the
plastic strains show more distinct transition; the
membrane stretching occurs after a plastic deflection of
about 0.3 mm. In the present study, the transition re-
gime was included in the plastic bending regime, as
indicated in Fig. 9.

In the membrane-stretching regime, radial plastic
flow becomes dominant in most regions of the disk, and
accordingly, rapid thickness reduction occurs. The ten-
sile stress components become dominant, and the stress
and strain distributions through the thickness become
uniform as the plastic flow progresses. As indicated in
Figs. 7 and 8, the maximum plastic strain due to bending
is limited to a strain range of 10-20% due to geometrical
constraints; however, the strain by the stretching de-
formation can increase to a higher level of 60-70% until
plastic instability and fracture occur.

4.5. Stress components and stress state

Uniaxial tensile tests were performed for the test
materials to obtain empirical flow curves and the curves
were used for evaluating equivalent stress and stress
components in the disk bend deformation. The empirical
stress—strain curves were given as power-law equations:
Oeq = 1085622%* MPa for 316LN stainless steel and
Oeq = 96652' 95 MPa for 9Cr-2WVTa steel. In Figs. 10
and 11, the stress components are presented as a func-
tion of plastic deflection for both top and bottom sides
of the disks. At the center of the top surface, the
equivalent stress is always tensile, while the stress in the
z-direction (loading direction) is compressive, as defined
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in Egs. (6) and (8). The principal stress components in
the perpendicular (x and y) directions change their sign
from compressive to tensile during deformation. When
the perpendicular components increase to high tensile
values, the disk deforms mainly by stretching. Fig. 11
shows also that the 9Cr-2WVTa steel shows much
higher compressive stresses at an early stage of defor-
mation due to its high strength.

At the center of the bottom surface, on the other
hand, the equivalent stress and two perpendicular stress
components have the same values and are always tensile,
as indicated in Eq. (10). In this case the stress state is
perfectly biaxial.

Fig. 12 presents the variations of stress triaxialty for
the two test materials. For both materials, the triaxiality
at the top surface increases from negative to positive,
while a constant value of 2/3 is calculated for bottom
surfaces of both materials. This means that a dramatic
change in stress field occurs through a small specimen
thickness of about 0.25 mm. Table 2 compares the stress
states evaluated for various specimen configurations.
Here, it should be noted that the degree of constraint in
deformation depends only on the absolute value of the
stress triaxiality [23,24]. The highest degree of constraint
is expected in the deformations at a crack tip and for ball
indentation. Note that the stress triaxiality on the bot-
tom surface of a TEM disk is similar to the values in
necked tensile specimens, either diffuse neck or localized
neck. Further, uniform deformation in uniaxial tensile
testing has a low triaxiality of 1/3, and the stress triax-
iality on the bottom surface of a disk is 2/3, which is not
affected by irradiation. The factor of two difference be-
tween these values is relatively small when compared to
the larger values of triaxiality in a ball indentation or at
a crack tip. No change in deformation mechanism due
to this difference in stress state has been reported [8].
Also, in polycrystalline materials, the interactions be-
tween adjacent grains produce multiaxial local stress
fields under uniaxial loading, so the individual grains are
already subjected to a multiaxial stress state. Therefore,
it is expected that the different stress states of disk bend

deformation at the bottom surface and uniaxial tensile
deformation lead to similar deformation mechanisms.

4.6. Comparison of microstructures

Fig. 13 compares optical micrographs of slip lines on
the surfaces of 316LN stainless steel specimens irradi-
ated with Fe' ions up to 10 dpa. The slip lines were
formed by about 10% strain in the disk bend test and
uniaxial tensile test. Both micrographs show that slip
lines were mostly straight, and that multiple slip oc-
curred during deformation. The density and direction of
slip lines varied even within the same grain as well as
from grain to grain. It was also observed that annealing
twins became more distinct due to a change in direction
of the slip lines at the twins.

Although overall slip line features were qualitatively
similar for the two deformations, it was recognized that
the slip line density and grain distortion at the disk
surface were higher than those at the tensile specimen
surface. This can be explained by a confinement effect of
slip lines in the disk bend test. In the uniaxial tensile
deformation, any 45° direction from the loading axis can
be a most probable slip direction. Thus dislocation slip
lines can appear at any free surfaces of the gauge section.
In the disk bend deformation, however, the dislocation
glide direction must include a vector component that is
normal to the top or bottom surfaces and the slip lines
appear only at those surfaces. Since the slip lines can not
be formed at the ball contact area, most dislocation glide
may be released to the bottom surface. Therefore, the
density of slip lines at the bottom surface of the disk is
higher than that at the tensile specimen surface.

TEM microstructures in Fig. 14 also indicate that the
deformation microstructures of disk bend and uniaxial
tensile tests are qualitatively similar. Both TEM micro-
graphs show radiation damage structures, twin bands
formed by partial dislocation glide [15,28], and some
tangled dislocations. There was no evidence that any
different deformation mechanisms were operating in the
two different testing modes.

Table 2
Some stress triaxiality (¢) values in the various specimen configurations
Specimen type Position Material Stress t (absolute values) References
state
Disk bend Center of Convex surface All materials Biaxial 0.67 Present study
Center of concave (ball-contact) surface 316LN Triaxial ~ 0-0.9 Present study
9Cr—2WVTa 0-1.8
Round tensile Uniform region All materials Uniaxial 0.33 [23]
Necked region SA508-3 Triaxial ~ 0.33-0.8 [23,24]
Plate tensile Uniform region All materials Uniaxial  0.33 Present study
Localized neck All materials Biaxial 0.58 Present study
Compact tension Crack tip SA508-3 Triaxial  1.9-2.8 [27]
Ball indentation  Center of impression SA508-3 Triaxial ~ 1.9-3.0 [23,24]
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5. Summary and conclusion

A theoretical and experimental basis for a disk bend
test method was established to study deformation
mechanisms and mechanical properties. The stress and
strain fields generated during disk bend tests were eval-
uated for 316LN and 9Cr-2WVTa steels. Both materials
showed nearly constant average plastic strain and sur-
face plastic strain in the plastic bending regime, and
these increased rapidly in the subsequent stretching re-
gime. The deformation regimes of the plastic strain
versus deflection curves corresponded to those of the
load versus deflection curves.

The stress components were also analyzed for disk
specimens of the two test materials. On the top surface
of the disk, the stress in the loading direction was
compressive during bending deformation, and the per-
pendicular stress components varied from negative to
positive. The stress triaxiality on this top surface had
negative values initially, but increased with deflection.
On the free bottom surface, the two perpendicular stress
components were always positive, while the component
in the surface normal direction was set to zero. A con-
stant stress triaxiality of 2/3 was calculated for this
bottom surface, which was very similar to the values in
the necked region of uniaxial tensile specimens.

Optical and TEM micrographs from both disk and
tensile specimens showed similar slip line features, but
the disk specimen showed higher slip line density. The
microstructural evidence suggested that the deformation
mechanisms were similar for disk bend and tensile tests.

The above results suggest that the miniaturized disk
bend technique can be used for studying deformation
mechanisms, and that the results would be similar to
those from a uniaxial tensile test. Although this tech-
nique was developed for irradiated materials, it is also
applicable to unirradiated materials.
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