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This practice covers the determination of fracture toughness
characteristics of metaliic materials such as ductile to brittle
transition temperature (SPDBTT) and elastic-plastic fracture toughness

J ) using miniature small punch (SP) specimens.

ICSghree kinds of specimens with different shape; 10 by 10 by 0.5mm, 10
by 10 by 0.25mm and ¢3 by 0.25mm, are selected as the standard SP
specimens. Two types of fixture shall be respectively used for the 710
and ¢3 specimens. The relationship between load and deflection during
buldge tests shall be recorded from low to high temperatures. Following
two parameters in relation to fracture toughness are obtained from
analyses of load-deflection curves: (1) The SP energy is calculated from
the area surrounded with load-deflection curves, which corresponds to the
total energy consumed up to the fracture. (2) The equivalent fracture
strain (ng) is calculated from the maximum deflection at fracture (6*).
The SPDBIT can be derived from temperature dependence of SP energy, and
the JICSP can be estimated from the rational correlation curve between Eﬁf
and JIC'

Keywords: Miniature Specimen, Small Punch Test, Buldge Test, Plain Strain,
Elastic-plastic, Fracture Toughness, Transition Temperature,

DBTT, TEM Disk, Fracture, Energy, Strain
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1. Introduction
1.1 Scope

This practice covers the determination of fracture toughness charac-
teristics of metallic materials such as ductile to brittle transition

temperature (SPDBTT) and elastic-plastic fracture toughness (J ) using

ICSP
miniature small punch (SP) specimens.

1.2 Summary of Method

Figure 1 shows the schematic illustration of specimens and set up for
the SP testing. Three kinds of specimen are used as the standard ones,
which have the dimension of 10 by 10 by 0.5mm, 10 by 10 by 0.25mm and 43 by
0.25mm. Two types of fixture shall be respectively used for the 10" and $3
specimens. The relationship between load and deflection during bulging shall
be recorded from low to high temperatures. The following two parameters
characterizing fracture toughness can be obtained from the load-deflection
record: (1) The SP energy is calculated from the area under load-deflection
record, which means the energy consumed up to the fracture. (2) The
equivalent iracture strain (Eéf) is calculated from the maximum deflection at
fracture (8§ ). The SPDBTT can be derived from several data sets between SP
energy and testing temperature, and the J can be estimated from the

ICS?P

rational correlation curve between ¢ and JI

qf cr

1.3 Significance and Use

1.3.1 Significance

1) An impact test with Carpy V notch (CVN) type specimens is currently used
to evaluate the DBTT of structural materials for practical applications,
such as the material selection and/or surveillance test of a light water
reactor (LWR) pressure vessel and so on. On the other hand, standard-

ization for test methods with small specimens for above purpose have

been strongly required for structural change and/or save of testing cost.

2) Plane-strain fracture toughness, K__ and elastic-plastic fracture

, IC
toughness, JIC are required to satisfy the valid conditions against
the specimen size. In accordance with these requirement, the minimum

size seems to be the compact specimen with about 10 by 25 by 25mm or

-1 -
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three point bend specimen with 10 by 10 by 55mm like a CVN impact type.
The present SP test method is completely different from those procedures
mentioned above, and it is based on constraining a thin plate or disk at
the multiaxial stress state. A fracture toughness can be estimated by
this SP test using specimens, one is a rectiangular shape, 0.5mm (or 0.25)

in thickness, 10mm in length, and the other is 3mm disk with 0.25mm in

thickness which corresponds to so-called, TEM disk, used in an electron

microscope.

1.3.2 Use

1)

2)

3

This method can be used in the followings.

Toughness evaluation and design for materials with inhomogeneous
structures.
Experiments on radiation damage such as neutron or surveillance tests
for nuclear structural materials.
Evaluation for the degradation of material performances after long term

operation in an actual plant.

1.3.3 Application

This method is used to obtain the following fracture toughness

characteristics using a rational evaluation curve.

1)

2)

2.

2.1

(L

(2)

(3

Ductile to brittle transition temperature obtained by the CVN test
(CvDBTT) .

Elastic-plastic fracture toughness (JIC).

Terminology
Definition

Ductile-Brittle Transition Temperature, DBTT: This denotes a temper-
ature that the toughness value suddenly decreases in the CVN or other
toughness tests. DBIT is determined by the data set between testing
temperature and absorbed energy, lateral expension or percentage of
shear fracture. CvDBTT means the DBTT obtained by the CVN test.
Elastic-Plastic Fracture Toughness, JIC: The fracture resistance at
the onset of mode I type ductile tearing under plain strain condition.

Plane-Strain Fracture Toughness, KIC: The crack-extension resistance

_2_
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under condition of crack-tip plane strain.

TEM disk: a specimen used for the observation of transmission electron
microscope (TEM), which generally has the size of $3.0 by about 0.25mm.
Small Punch (SP) Test: a bulge type test based on this procedure.

SP Energy: A total energy spent up to fracture in the SP test, and

this energy is obtained by the area surrounded under load-deflection

. curves.

SPDBTT: The transition temperature obtained from the transition curve
in the SP test. SPDBIT is the temperature at the SP energy level of
(sp + SP__. )/2, where SP and SP_, are the SP energy at upper and

max min max min
lower shelves respectively.

*

Maximum Deflection, & : A deflection measured at the sudden load drop
point (PF) beyond the maximum load (Pmax) in the load~deflection curve
of the SP test.

Equivalent Fracture Strain, € The strain defined by the following

qf’
equation.
€ In (t /[t )
gqf = 1n ° t .
where tO is the initial thickness and t is the minimum thickness of
broken SP specimen.
JICSP: JIC value estimated by the SP test.

Symbol

SP [F]: Upper shelf SP energy

max
SPmin [F]: Lower shelf SP energy
[F]: Maximum load

max
PF [F]l: Fracture Load
t [L]: Initial thickness of SP specimen

*
t [L]: Minimum thickness of broken SP specimen
%
) {L]: Maximum deflection at fracure

E&f [L/L]: Equivalent fracture strain

JIC[FL_I]: Elastic-plastic fracture toughness



JAERI-M 88-172

3. Test Method

3.1 Apparatus

3.1.1 Testing Machine

The testing machine shall have a capabilities of the compressive loading
and the automatic recording system for the lecad. It is also desirable for
the testing machine that the loading and unloading can be done at a given
deflection level. The load shall be measured with the accuracy within 1%

for the maximum loading.

3.1.2 Setup
The recommended set up for the SP test are respectively shown in Fig. 2
for the ~ 10mm specimen and Fig. 3 for the ¢3 specimen. Two types of steel
ball with ¢2.4mm (3/22 inch) and ¢1.0mm are used for the bulging, and these
balls shall have the hardness of HRC62 to 67. The lower die contacting with
| SP specimens is recommended to have a surface finished finely,for example
Rmax = 3.2 S. To make holes in the lower die for specimen removal are

required for the smooth handling of the SP specimen.

3.1.3 Deflection-Measuring Device
The deflection is the cross-head displacement in principle. It is also
recommended to use the dial gage attached to the cross-head of the testing

machine. An accuracy within 1% of working range of the device is required.

3.1.4 Heating and Cooling Devices

The heating and cooling devices shall have the capability of the
temperature controll within +2°C for the target value during the test. For
the low temperature test, liquid nitrogen or the mixture of liquid nitrogen
and dry ice is recommended as the coolant. It is necessary to cool down SP
specimens without direct contact to the coolant. For the high temperature
test, sheathed type or ribbon type of heaters are usually used. It is
required that the SP specimen contact with an inert gaseous environment

during both low and high temperature testing.

3.1.5 Recorder
The automatic recorders for the load-deflection curve and temperature

shall have the enough stability and quick response for the signal during

_4_.
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testing.

3.1.6 Specimens

Table 1 shows the shapes of SP specimens. All these specimens shall
have the thickness within a accuracy at five measuring points.  Each shape
of the SP specimens has the different evaluation purposes. The SP specimen
surface contacting with lower die is recommended to finish by mechanical or
electrical polishing and the surface in the bulging side should be finished

using the emery paper of #1200.
3.2 Measuring Items

The load, deflection and testing temperature shall be automatically

recorded during the SP test.
3.3 «Procedure

3.3.1. Fixing of Specimens

The SP specimen be fixed at the center axis of the setup and symmetri-
cally deformed. The preliminary test is recommended to do using several
specimens before the test. The specimen shall be diagonally and equally
clamped using four bolts. The final clamping torque range shouldbe 0.5 to
1.0 N-m.

3.3.2 Testing Temperature
The temperature controll and record shall be done in accordance with
3.1.4 and 3.1.5 and maintained within *2°C during testing. Thirty minutes is

required for heating or cooling uniformly to the target temperature.

3.3.3 Loading of Specimens
The SP specimen shall be loaded at the cross-head speed of 0.1 to 1.0

mm/min, and 0.5 mm/min 1s a standard.

3.3.4 Load-Deflection Record

The load-deflection curve shall be automatically recorded during the SP
test. The out-put sensitivity of the recorder should be adjusted to get the
gradient of 45 to 80° at initial elastic part of the load-deflection curve

and to measure the load within the accuracy of 1% for the miximum load. The

— 5 -
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maximum load and deflection depend on materials, but Table 2 is used for the

reference purpose.

4. Calculation and Interpretation of Results
4.1 Evaluation of SP Energy and SPDBTT

4.1.1 Evaluation of SP Energy from Load~Deflection Record

Conduct the SP test at several temperatures and record the load-
deflection relationship. Typical example is shown in Fig. 4, and it is known
that a low energy fracture occurs at low temperature side and the fracture
energy increases with the elevation of test temperature. The SP energy is
obtained from the area under load-deflection record using the roller

planimeter or numerical integration.

4.1.2 Determination of SPDBIT

Measure the SP energy in accordance with 4.1.1 and plot it against the
testing temperature. Typical example is shown in Fig. 5. The SPDBIT is
defined by the temperature at the energy level of (SPmax + SPmin)/Z, where

SP and SP , are energies at the upper and lower shelves.
max min

4.7 Evaluation of Equivalent Fracture Strain Eﬁf and Estimation of JICSP
(Upper Shelf Region)
*
4.2.1 Determination of Maximum Deflection at Fracture §
*
The & is.defined by the sudden load drop (PF) beyond the maximum load
(Pmax) in the load-deflection record in the SP test.

4.2.2 Calculation of ¢ and Estimation of JICSP

— qf
The qu is calculated by the following rational equation.
- % *
£t In (r /t) =8 (8 /e) (1)

where, t0 is initial specimen thickness, t* {3 minimum thickness of broken
specimen and B is the constant. B is 0.09 for ferritic steels as shown in
Fig. 7 and 0.043 forr:ustenitic steels as shown in Fig. B-l1. The Eﬁf should
be calculated using § , but it is also possible using equation (1) after the

*
measurement of t . The JIC can be estimated by the rational correlation

_6_.
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Q 0
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between qu and JIC as shown in Fig. 8.

5. Report
5.1 TItems to be reported

The test report shall contain the followings.
(1) Material, position and orientation of extracted specimen,
(2) Specimen thickness, t0 (five measured values and its average),
(3) Diameter or dimension of specimen,
(4) Testing temperature, and
(5) Loading rate.
In addition, the following data shall be stored for the evaluation of SP
energy and SPDBTT,

1) Penergyf
(2 SPmaxf
(3) SP_. s
{4) SPDBTIT.
For the evaluation of Eﬁf and estimation of JICSP’ the following items
should be contained in each test.
W s,
) egge
(3) JICSP’

5.2 1TItems to be optionally reported

(1) Detailes of specimen preparation,
(2) Load-deflection record,
(3) Fracture surface,
(a) Preparation of fracture surface,
(b) Observation procedure and magnification,

(¢) Fracture appearance,
*
%) t




between & and JI

5.

5.1

(1)
(2)
(3)
(4)
(5)
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as shown in Fig. 8.

qf C

Report

Items to be reported

The test report shall contain the followings.

Material, position and orientation of extracted specimen,
Specimen thickness, tO (five measured values and its average),
Diameter or dimension of specimen,

Testing temperature, and

Loading rate.

In addition, the following data shall be stored for the evaluation of SP

energy and SPDBTT.

(L)
(2)
(3)
(4)

P ,
energy

SPp s
max

SP_.
min
SPDBTT.

For the evaluation of Eéf and estimation of JICSP’ the following items

should be contained in each test.

(1)
(2)
(3)

5.2

(1)

(2)
(3

(4)

*
6,

qf’
ICSP’

o m

Items to be optionally reported

Detailes of specimen preparation,
Load-deflection record,

Fracture surface,

(a) Preparation of fracture surface,

(b) Observation procedure and magnification,
{c) Fracture appearance,

*
t
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Table 1  Standard SP specimens.

SP Specimen Thicknéss, to (mm) Subjects
10 x 10 + SPDBTT (Ferritic Steel)
(10°) 0.25 + 0.03 * SPDBTIT (Ferritic Steel)
« Low Temperature SP Energy
(ex. Austenitic Steel)
?3.0 0.25 + 0.013 . E’qf, » SPDBTT
* Low Temperature SP Energy
10
2 3 . 3 2
i 3.0
o~ | , 0.6, 0.9, 0.9.06
— K
® /,’ P o
= ' : - -2
: @
) ~ \ | /¢
+_ \\l[// S
Measuring Points (mm)
Table 2 Aimed values of load and deflection in SP test.

10° Specimen #3  Specimen
Load (kN) | Deflection(mm) [ Load (kN) [ Deflection(mm)
Ferritic Steel ~ 2 ~2 ~0.5 ~0.8
Austenitic
Steel ~2 ~2 ~Q0.4 0.8
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Fig. 1 Schematic drawing of setup for SP test,
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Fig. 2 Detail drawing of Setup for 10 specimens.
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Appendix A Deformation and Fracture Processes in the SP Test

It is very important to know the fracture point in the SP test for the
determination of SP energy or Eéf'

For the low temperature, the fracture usually occurs at the maximum
load (Pmax) as shown in Fig. 4 and the onset of fracture is very clear. On
the other hands, there are a few points on the fracture for the elastic-

plastic behavior. In this practice, P is defined as a fracture point and

this reason will be shown in the folloiing.

Figure A-1 shows microfractographs at Pmax and PF and the load-deflection
curve of 10" specimen of A533B cl.l steel at room temperature as a typical
example. Several micro cracks are found at point A (Pmax) and the crack
opening begins at pecint B (PF). Fractographic observations are performed at
another point on the load-deflection curve concerning not only A533B steel
but also other materials such as 21/,Cr-1Mo steel. Metallographic
observation is also done in the mid-soction of broken specimens. From these
results, the deformation and fracture processes in the 3P test are considered
be as follow for the elastic-plastic behavior as shown in Fig. A-2.

Plastic membrane stretching after plastic deformation,

Micro cracks yield in the tension side of SP specimen at Pmax’ and

Microcraks grow to main crack,

® e e e 7

Main cracks penetrate through thickness and the sudden load drop occurs
at PF.
Therefore, it is known that the minimum thickness of specimens is established

P i 5*
at F l.e. .
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Appendix B B Values for Ferritic and Austenitic Steels

In principle, B is dependent on materials as previously described in
£.2.2. Fof ferritic steels, BIis 0.09 as shown in Fig., 7. On the other
hands, B of 0.043 is reasonable for stable austenitic steels as shown in
Fig. B~2, Unstable austenitic steels such as 304 $S, which have the tendency
of transformation to martensite structure due to plastic aeformation, might

have another value as shown in Fig, B-~1.
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