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Abstract: In the 1980s, studying the effect of neutron irradiation and temper embrittlement on structural materials
for the fusion and fission programmes was a major challenge. In this context the development of small specimen
test techniques began, allowing the characterization of structural materials for nuclear applications with small
amounts of material. The small punch technique is of one these small specimen test approaches. It is widely used
for the development and monitoring of structural materials, however there is currently no comprehensive
international standard for small punch testing. An EN standard on small punch testing is currently being developed
under the auspices of ECISS/TC101/WGL1. Besides describing the apparatus, procedures, and specimens, it will
include recommendations for the estimation of tensile, fracture and creep properties from small punch testing as
well as machine readable formats for representing and transferring test data.

This paper describes the current status of the standard and highlights some of the changes with regard to the current
CWA 15672 (2007).

Keywords: small punch test, standard

1. Introduction

The need for the characterization of irradiated materials for the fission and fusion programs has led to much
research into small specimen test techniques [1]. These test techniques have received much interest especially for
nuclear applications because they reduce the exposure of staff to radiation, the cost of irradiation experiments and
the amount radioactive waste.

The small punch (SP) technique is a small specimen test technique which has received much interest since its
introduction in the 1980s in the fusion and fission programs for structural alloys mainly in the U.S. and Japan [2-7].

Nowadays, the SP technique is used for the characterization of structural materials for nuclear power plants
[8,9]. It is more and more also being used in other industries like aerospace [10,11], automotive [12] or off-shore
[13] and for non-metallic materials like polymers [14] or bones [15].

Despite this increasing use of the SP test there is currently no international standard covering the most relevant
aspects of small punch testing. National standards or other guidance documents exist in some countries [16-18] or
are under preparation [19]. The most recent European guidance is the CEN Workshop Agreement (CWA) 15627, a
pre-normative document [20]. An EN standard "Metallic materials - Small punch test method" is currently being
formulated under the auspices of ECISS/TC101/WG1%. This standard will cover the estimation of tensile and
fracture mechanics properties from cryogenic to high temperatures from SP testing as well as address the estimation
of uniaxial creep properties from small punch creep (SPC) data.

Working Group (WG) 1 of the Technical Committee (TC) 101 "Test methods for steel (other than chemical
analysis)" within the European Committee for Iron and Steel Standards (ECISS)
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This article gives an overview of the most important points of the new standard and highlights some of the
differences to the current CWA 15627. Note however that at the time of writing the public enquiry phase of the
standardization process has not yet started. It may well be that the public enquiry will lead to changes in the standard.

2. Principle of SP testing

In an SP or SPC test, a punch with a hemispherical tip or a ball is pushed through a disc specimen along its
axis (Figure 1). The SP test is displacement-controlled, i.e. the punch is pushed with constant velocity of the cross
head w through the specimen and the force F required to keep the punch moving is measured as a function of punch
displacement v (at the punch tip) or specimen deflection u (measured on the lower side of the specimen, opposite to
the contact point between punch and specimen).

In contrast the SPC test is force-controlled, i.e. the punch is pressed with constant force on the specimen and
the displacement v or deflection u are measured as a function of time t.

Typical examples of an SP and an SPC curve are shown in Figure 2 (a) and (b).
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Figure 1. Schematic of a SP test [21].
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Figure 2. (a) Force-deflection curve from an SP test [22] and (b) creep-deflection curve from a SPC test
[23].

3. Scope and structure of the new EN standard

The new EN standard specifies the equipment and procedures for carrying out SP and SPC tests of metallic
materials. Its informative annexes give guidance for estimating tensile, fracture mechanical and creep material
properties.

The standard has the following clauses:

1. Introduction
2. Scope

SSTT2018 Swansea University



Normative references
Terms and definitions
Symbols and designations
Test piece
Material sampling
Small punch test
9. Small punch creep test
And the informative annexes:
Determining the compliance of a small punch test rig for displacement measurements
Procedure for temperature and measurement during small punch testing
Estimation of ultimate tensile strength Ry, from small punch testing
Estimation of proof strength Ry from small punch testing
Estimation of DBTT from small punch testing
Fracture toughness from small punch testing
Estimation of creep properties from small punch creep testing
Post-test examination of the test piece
Machine readable formats

N~

—IeTmMUOw>

4. Test piece and test rig

The new standard allows two types of specimen: besides the most frequently used "standard" specimen with a
diameter Ds of 8 mm and an initial thickness hg of 0.5 mm also "miniature” TEM sample sized specimens may be
used where Ds=3 mm, ho=0.25 mm. However, since there is less experience with the miniature SP specimen, in
some cases the more detailed recommendations are given for the larger specimen only.

The preparation of the test pieces follows the same lines as the CWA 15627.

For the test rig, CWA 15627 specifies a punch tip radius r = 1.25 mm for SP tests and a range of r = 1.00-
1.25 mm for SPC tests. The new standard stipulates a common r for each specimen size for SP and SPC testing
(Table 1).

During the test, the specimen is clamped between an upper and a lower die. The lower die has a receiving hole
with diameter D and a chamfer of length L. Both, D and L depend on the type of specimen used (Figure 3, Table 1).

Figure 3. Sketch indicating the main geometrical denominations.

Table 1. Main geometric characteristics of the SP/SPC rig for standard (Ds=8 mm) and miniature specimens

(Ds=3 mm).
Test piece D [mm] r [mm] L [mm]
Standard 4 1.25 0.2
Miniature 1.75 0.5 0.2
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5. Estimation of material properties

While the provisions with regard to the test piece, the rig, and the test itself remain largely the same as in the
CWA 15627, the recommendations in the informative annexes with regard to data evaluation have in some cases
been changed and extended quite significantly.

5.1. Estimation of proof stress

Estimates of proof strength Ryo. are obtained from SP data by correlating them to characteristic points on the
force deflection curve [24,25]:

F.
RpO.Z = .BRpO.Z h_%’ (1)

where F is the elastic-plastic transition force and Sryo,2 is an empirical correlation coefficient which depends on the
geometry of the test rig.

The new standard maintains equation (1) for relating Rpo2 to Fe. Several approaches for determining Fe are
discussed in the literature [24,25]. If displacement data is used, the new standard uses the same bilinear fit included
in the CWA 15627:

i—""u for 0=u<u,
fa =1, ®)
uf(u —Up) + fa for u, <u<ug
B UA

The fitting parameters fa, fz and ua are determined by minimizing the error:

err = fOuB[F(u) - f(u)]2 du. ©)]

The standard defines Fe directly as the intersection point fa (i.e. Fe=fa, Figure 4 (2)) whereas the CWA 15627
used the projection of fa on the curve F(u) (i.e. Fe=F(ua). The changes were made because data from a round robin
exercise showed less scatter for fa than for F(ua). If punch displacement v is used rather than specimen deflection
u, a very similar trilinear fit (Figure 4 (b)) is used which is defined as:

0 for 0 =v <y,
fa
S -
Fv) = — (v —vg) for vo<v<w, @)
I5/ay—p,) + fy for v, <=v <y
vg—Va
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Figure 4. Determination of F. by (a) bilinear method from a force-deflection curve and (b) by trilinear
method from a force-displacement curve.
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The recommended values for Srpo for the standard 8 mm specimen are given in Table 2.

Table 2. Proposed frpo.2 Values for standard test piece and standard device configuration (steels with
Rpo2 between 200 and 1000 MPa).

Test piece Curve type  frpoz
Standard (8 mm) F(u) 0.510
Standard (8 mm) F(v) 0.479

5.2 Estimation of utlimate tensile strength

For estimating the ultimate tensile strength Ry most authors use correlations between R, and Fr, very similar
to that for Ry (Equation 1) The best results are obtained by [25]:

Ry, = .BRmF—m 5)

houm,

where F, is the maximum force reached during the test and Srm is @ geometry dependent correlation coefficient
which needs to be determined experimentally.

Besides this established method, the standard includes a different approach where Ry, is directly calculated
from the force F; at a specific deflection u; or displacement v; on the SP curve:

Fi
Ry = Brm h_g' (6)

The location u; has been determined numerically and is largely independent from the tensile material
properties [26]. It is associated with the onset of plastic instability. The correlation factor Srm has also been
determined numerically and verified experimentally for a number of F/M steels [26]. Its values for the geometry
and the two types of specimen in the standard are reproduced in Table 3.

Table 3. Parameters for Equation (3) as function of the SP test geometry and the curve type.

Geometry r(mm) D (mm) Lower die edge ho (mm) Curve ui|vi(mm)  Brm
type type

Standard 1.25 4.0 Chamfer 0.2 x45° 0.5 F(u) 0.552 (ui) 0.192

Standard 1.25 4.0 Chamfer 0.2 x45° 0.5 F(v) 0.645 (vi) 0.179

Miniature 0.5 1.75 Chamfer 0.2 x 45°  0.25 F(u) 0.282 (uj) 0.205

Miniature 0.5 1.75 Chamfer 0.2 x45°  0.25 F(v) 0.320 (vi) 0.197

5.3. Estimation of DBTT

The estimation of the ductile to brittle transition temperature (DBTT) was one of the main drivers for the
development of the SP test method. The DBTT is the threshold temperature where the material behavior changes
from brittle to ductile failure with rising temperature. The temperature at which the transition from brittle to ductile
failure occurs is reflected in a rise of the fracture energy. The transition temperature Tcyn derived from the change
of the absorbed energy in Charpy impact tests is often used as DBTT.

Similarly, an SP transition temperature Tsp can be determined from the force-deflection or the force-
displacement curve. Many studies have shown that the transition temperatures from SP (Tsp) testing are much lower
than from Charpy (Tcvn). The following relation is often used:

Tsp = aTcyn. (7

Tsp and Tcvn have to be expressed in absolute temperature. o = 0.4 in many cases [3,7,27,28], although other

values have been reported in some cases [27-29].

For determining Tsp the small punch energy Esp needs to be calculated as a function of temperature. Egp is the
integral of the SP force-deflection curve:
Esp = [,"F(W)du. ®)
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Note that the upper integration limit is um, the deflection at maximum force as proposed in [30,31] (in contrast
to the provisions in CWA 15627 according to which the integration is carried out up to a point where the force has
dropped to 80% of its maximum). For the determination of Tsp it does not matter whether the integration is carried
out over deflection u or displacement v. While the calculated energy values will change, this will not have a
significant impact on Tsp itself.

In the case of brittle failure the SP curve can have some discontinuities where the force drops quasi-
instantaneously because of cracking [5]. Such an event is referred to as pop-in (Figure 5). If an SP curve features
pop-ins, the integration should be carried out up to the first significant pop-in, where a significant pop-in is defined
as a force drop AF corresponding to 10% of the maximum force during the test [32]. The threshold of 10% was
selected to be well above any noise level so it can be easily detected on the SP curve:

AF = 0.1F,. 9)
1500 -
Pop-in not significant A
AV "‘*’\
/1“‘//’ ! .
Flp /11///4'5//‘/ \\
1000 R
&
2,
8
= 1st significant pop-in
= 500
0 le
0.0 0.5 1.0 1.5 2.0 2.5

Displacement v (mm)

Figure 5. Force-displacement curve of a 13Cr-ODS-steel; energy calculation by integration up to the first
significant pop-in.

Before determining Tsp from the Esp(T) data it is useful to normalize Esp by Fn, as this leads to a constant level
in the upper shelf [31]:

E, =52 (10)

Fm

Then Tsp can be determined by performing a least square fit of the following equation to the data [31]:

E,(T) = Eus;rELs + EUSZ_ELS tanh [T_Z:SP]' (11)

where Eus, Eis, C and Tsp are the fitting parameters. In this parametrization Eys and E.s are the upper and lower

shelf energies (normalized by Fr) i.e. the asymptotes of E,(T) for very high and low temperatures. Figure 6 shows
an example of the Tsp determination.
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Figure 6. Determination of Tsp using the normalised energy E, for steel P92; Tsp = -116 °C (circled symbol).

Alternatively, the DBTT can be estimated based on Tsp,, the SP transition temperature determined from the
effective fracture strain ¢r. The effective fracture strain is defined as:

g = In [Z—;] (12)

where hg is the initial specimen thickness and hs is the specimen thickness measured adjacent to the area of failure.
hs can be measured by cutting the specimen or non-destructively by techniques like 3D optical microscopy or X-ray
computed tomography [31,32].

Once &r has been determined for a number of temperatures, Tsp, can be calculated just as Tsp by fitting the
function:

£ (T) = SUSIES | USES yapp [T750e] (13)

5.3. Estimation of fracture toughness

The significant differences in terms of specimen thickness, triaxiality or loading mode between conventional
fracture toughness tests [34] and SP tests make the task of developing a methodology for estimating fracture
properties complex. In this sense, the proposals included in the standard should be understood more as semi-
quantitative approaches which, in any case can be used as a tool for screening criteria or as a valuable alternative to
conventional tests in situations where it is impossible to machine standard fracture samples. On the other hand, it
should be noted that the reliability of fracture toughness estimations by SP tests is on the order of magnitude of that
achieved by correlations based on Charpy tests, which are widely accepted by in-use structural integrity codes [35].

Three options for the estimation of fracture toughness will be incorporated in the EN standard. The first one
proposes to correlate the SP and Charpy transition temperatures (section 5.2) and then to use one of the existing
correlations in literature [36] between the ductile-brittle Charpy transition temperature and K. fracture toughness.

The second proposal estimates the fracture toughness in terms of Ji¢, by using the effective fracture strain, see
equation (14).

Jic = k& = Jo (14)

where k and Jo are material-dependent fitting parameters.

The last of the methodologies included in the standard uses test pieces with a lateral notch (Figure 7). This
notch allows any orientation of the material to be characterized, and, at the same time, allows the application of the
principles of fracture mechanics, which require a pre-existing defect. The procedure for the estimation of the fracture
resistance with this type of test specimen is based on the determination of the notch opening at the moment of
cracking initiation. This value can be identified with the critical value of  or CTOD of the material [37].
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Figure 7. Notched test piece for fracture toughness estimation.

5.4. Estimation of creep properties

The main issue when using SPC data to estimate uniaxial creep properties is the conversion of the SPC force
F to the uniaxial creep stress o. The current CWA 15627 provides the following semi-empirical relation [20]:

F L2p
-= 3.33ksp(0fSng (15)

where r is the punch radius and D the diameter of the receiving hole. ksp is a ductility related empirical correlation
factor. However, ksp does not only depend on the material but also on temperature [20,38] which limits its
usefulness.

The soon to be published EN standard therefore includes a dedicated annex (annex G) which details a different
approach in which the conversion from force to creep stress can be estimated through the "empirical force to stress
conversion model" (EFS). The EFS (see Equation 16) was optimized by means of a large database from low alloy
and 9Cr steels, such as 14MoV63, X20CrMoV121, P91, P92 and Eurofer-97, but also on a small data set of 316L
stainless steel. The EFS force to stress ratio ¥rs is given by:

Wips = — = 1.916 u%657% [N/MPa], (16)

[«

where umin is the deflection at which the SPC deflection rate w reaches its minimum. The ¥ for the data set used
for optimization is shown in Figure 8. It can be seen that the scatter in umin can be substantial. The uniaxial test
stresses corresponding to the SPC force at equal time to rupture have been log-linearly interpolated from uniaxial
isothermal stress-time data [39, 40].
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Figure 8. Relationship between ¥ers (PSI) and the deflection umin for a variety of steels tested at different
organizations. Using the approach in eq. 15, ¥ would be constant and appear as a horizontal line.

In Figure 9 an SPC test curve for 316L stainless steel is shown together with a 3D profilometer scan of the
ruptured specimen. The assessment of the SPC curve gives the following test specific values for equivalent stress
and creep strain rate determination: tr=14.3 h, & =0.000231 mm/h, Umin =1.53 mm.

3 = 0
O CK-047-700C-500N
- -0.2
A logu-rate
—— Poly. (log u-rate) L .04
= | -06
=
IS
E} 08
Qo
o
— 1
=
(o]
-cl
e -1.2
Qo
o
- -14
- -1.6
0 ; -1.8
0 5 10 15
t(h)
(a) (b)

Figure 9. (a) 3D profilometer image of 316L SPC fracture (test CK-047 at 700°C / 500 N, t,=14.3 h) [41].
Note ductile "hat" type fracture and (b) the corresponding time-deflection and deflection rate curves.

In Figure 10 uniaxial creep strength for a thick section forging steel (F92) is plotted against SPC

equivalent stress at equal rupture times for equations 15 and 16. The "default value" ksp=1 [20] used in equation
15 is appropriate for steels like P91 but not well suited for the softer F92 forging steel.
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Figure 10. Equivalent SPC stress for F92 estimated by equations 15 and 16. Note that in equation 15 the
default ksp value 1 was used which works well for P91 and P92 steels but not for the softer F92.

Annex G also includes a formula for converting the measured minimum deflection rate to an equivalent
minimum creep strain rate (equation 17). The equivalent minimum strain rate &.,;, (1/h) can be calculated from the
minimum deflection rate & [mm/h] of an SPC test as:

Emin = 0.392271191

min

[1/h].

17)

The correlation between minimum deflection rate and minimum uniaxial strain rate is shown Figure 11.

Smin [1/h}
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Figure 11. Relation between the minimum deflection rate 7,;,and the minimum strain rate ¢ .

6. Data Formats

With mechanical testing having the potential to produce large volumes of data of high inherent intellectual and
commercial value, standardized formats offer the opportunity to transfer data efficiently and reliably between digital
systems e.g. from test facility to database, database to data processing package, etc. In this context, data formats
derived from mechanical testing standards for tensile, creep and fatigue testing have been developed in the scope of
a series CEN Workshops on engineering materials data. The methodology relies on treating mechanical testing
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standards as specifications from which a data model can be derived. This data model can then be implemented as a
data format using the implementation technology of choice.

6.1. Examination of the documentary testing standard

In accordance with the methodology developed during the CEN Workshops on engineering materials data,
examination of the EN 15627 small punch testing standard has yielded the structure and content of a corresponding
data model, where structure refers to the hierarchical organization of categories of information and is derived
primarily from an examination of the table of contents, while content means the fields that can be assigned values
and is derived from a close examination of individual clauses. For both the structure and the content, the examination
of the testing standard yields tables that map entries in the standard to features in the model. The structural features
of the EN 15627 data model are listed in Table 4.

Table 4. Structural features of the EN 15627 data model.

Source URI
[EN 15627] sp
EN Standard title.
[EN 15627, 8.4 and 9.5] sp:test_report
Clause title.
[EN 15627, 6] sp:test_report:test_piece
First paragraph.
[EN 15627, 6] sp:test_report:test_piece:dimensions
Table 6.1.
[EN 15627, 8.2 and 9.3] sp:test_report:procedure
Clause title.
[EN 15627, 4] sp:test_report:procedure:punch
Term 4.1.
[EN 15627, European Forward] sp:test_report:results
Paragraph 2.
[EN 15627, 2] sp:test_report:results:properties
First paragraph.
[EN 15627, 8.4 and 9.5] sp:test_report:results:curve
Sixth list item.

In turn and as shown in Figure 10, the information in the mapping tables can be presented graphically.

sp
I
test_report
[ I { I ]
material test piece procedure results custom_fields
l—|—|
punch Cunve properties

Figure 12. Structural features of the EN 15627 data model.

Having established the structure, the preliminary content is determined from an examination of the vocabulary
and symbols clauses, with subsequent examination of the remaining clauses allowing the content to be fully
elaborated. Again, this procedure results in tables and figures similar to those of Figure 12 and Table 4, respectively.

This methodology has been applied to EN 15627, yielding an XSD (XML Schema Definition) data format that
is intended to be made available from http://uri.cen.eu and referenced from the standard.
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7. Conclusions

The new EN standard on SP testing of metallic materials defines the test rig and the procedures for carrying
out SP and SPC tests from cryogenic to high temperatures. These provisions are largely consistent with the current
CWA 15627. Notable modifications in the new standard are the alignment of the punch diameter between SP and
SPC tests and the harmonization of the used symbols. Besides the most frequently used specimen, the new standard
will allow using a miniaturized TEM sample sized specimen.

In its informative annexes the new standard provides guidance for the estimation of tensile, fracture mechanical
and creep material properties. In particular for the estimation of ultimate tensile strength R and the creep properties
the recommendations differ from the provisions in CWA 15627. While the recommended methods for estimating
Rpo2, DBTT and fracture toughness mostly follow those in CWA 15627, they are described in more detail and differ
in some points.

The new standard includes the definition of a standard data format to make the test results machine readable
and will simplify the exchange of test data between different electronic systems and organizations.

At the time of writing the comments from ECISS/TC101 on the draft standard have been received and
implemented. The public enquiry period is expected to start early this summer. Depending on the outcome of the
public enquiry, the publication of the final standard can be expected in the course of 2019.
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