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h i g h l i g h t s
� Small punch notched specimens can be applied to estimate the reference temperature.
� A methodology to estimate the reference temperature has been proposed.
� A single correlation has been obtained for the ferritic steels analysed.
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The Master Curve approach allows the full characterisation of the ductile to brittle transition region
(DBTR) of ferritic steels to be performed with a reduced number of tests. In this paper, the approach has
been combined with the application of the small punch (SP) test. Modified SP specimens have been
successfully employed to estimate the fracture toughness values of a pressure vessel steel and three
structural steels. In addition, a methodology has been proposed, including a validity criterion for the
performed tests. The estimated reference temperatures have been compared to the values obtained by
means of full-scale conventional techniques. A unique simple relationship between both methodologies
has been established for all the analysed materials. Therefore, this paper confirms the suitability of the
small punch testing technique for the characterisation of the DBTR of several ferritic steels. It is a
promising, simple and cost-effective test, which can be performed with simple equipment.

Crown Copyright © 2019 Published by Elsevier B.V. All rights reserved.
1. Introduction

Damage-tolerant designs or structural integrity assessments
require the characterisation of damaged material under working
conditions to evaluate the ageing of components during their ser-
vice life. In the nuclear industry, materials are exposed to irradia-
tion, which can lead to embrittlement, among other effects. In order
to guarantee the operation of nuclear components under safe
conditions and perform their assessment, an accurate characteri-
sation of these effects is critical.

One of the main parameters to assess the influence of the
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irradiation embrittlement on ferritic steels is the reference tem-
perature, T0, employed in the Master Curve (MC) approach [1e4]. It
enables the characterisation of the ductile to brittle transition re-
gion (DBTR) with a reduced number of tests, thanks to a combi-
nation of mechanistic modelling and a statistical approach.
Moreover, it addresses the dependence on the thickness of the test
sample and the scatter of the results in the DBTR. As a result, this
parameter has been incorporated in several standards and codes,
such as FKM-Guideline [1], BS 7910 [2], API 579/ASME FFS [3] or
ASTM E1921 [4], among others.

The determination of T0 has usually been performed bymeans of
conventional fracture toughness tests. These require relatively large
volumes of material, which is often not feasible for challenging
nuclear applications, e.g. for the extension of the operation period
of nuclear plants, since the material in the surveillance capsules is
becoming scarce [5]. However, the MC approach allows specimens
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of reduced thickness to be used [1e4]. As a result, large efforts are
being done to develop small-scale testing techniques in combina-
tion with the MC, in order to further optimise the material [6]. For
instance, micro-compact tension specimens of 10� 10� 4 mm
have been successfully applied [7].

Currently, the small punch testing technique is one of the most
promising miniature testing techniques. Evidence of this are the
current efforts to establish a European standard to cover this
methodology [8]. One of its most interesting applications is the
estimation of fracture toughness bymeans of notched specimens of
only 10� 10� 0.5mm [9,10], something which is not possible to
achieve by means of other miniature testing techniques for such
reduced volumes of material.

In this paper, the use of the Master Curve approach in combi-
nation with small punch notched specimens is proposed to esti-
mate the reference temperature on a wide range of materials: a
pressure vessel steel (HSST plate 13B/A533B plate) and three
structural steels (S275JR, S460M and S690Q). A relationship be-
tween the reference temperature obtained by means of small
punch tests and by means of conventional testing techniques has
been established. As a result, a methodology to estimate the
reference temperature from small punch tests has been proposed.
2. Experimental device and materials

2.1. Experimental device and specimens

The small punch technique is a simple, cost-effective small
sample test technique. It is a relatively recent test [11] that consists
of punching a plate of only 0.5mm-thickness with a 2.5mm-radius
punch passing through a 4mm-diameter hole until rupture. Given
the applicability of the technique and its potential there exists a
European Code of Practice CWA 15627:2008 [12] and the technique
is currently under standardisation process [8].

The testing procedure for the small punch tests followed in this
paper is performed according to the recommendations of CWA
Fig. 1. Environmental chamber and testing rig employ
15627 [12]. The deformation of the test-piece has been monitored
by means of the displacement of the punch tip, which is the dis-
tance by which the punch tip has moved after initial contact with
the specimen surface. Since this movement cannot be measured
directly, it has been estimated from the recorded crosshead
displacement by subtracting the displacement corresponding to
the push rod and the punch compliance to the crosshead
displacement values. In order to be able to perform this operation,
the compliance of the push rod and the punch was determined
experimentally by punching a block of hard material instead of a
small punch specimen, obtaining a value of ~3*10�4mm/N at room
temperature. In addition, since the tests have been performed at
various temperatures different from room temperature, the
compliance has been corrected to consider this effect by applying
the influence of temperature on the elastic modulus of steels pro-
posed by BS 7910:2013 [2].

Since the goal of this paper is the estimation of the reference
temperature (or the characterisation of the ductile to brittle tran-
sition region), the tests have been performed at low temperatures.
To achieve these conditions, the testing rig has been assembled
inside an environmental chamber. The chamber, shown in Fig.1 and
produced by DYCOMETAL, guarantees a stable temperature (±2 K)
by regulating the liquid nitrogen input with a solenoid valve and a
PID controller. In addition, a holding time of 10min was applied
once the target temperature was reached and before starting the
test, to guarantee a homogenous temperature on the specimen. A
universal machine with a load capacity of 2.5 kN has been
employed, applying a crosshead displacement rate of 0.5mm/min
during the tests.

Regarding the specimens, the recommended geometry is 8mm-
diameter discs with 0.5mm thickness [12]. In this paper, 10� 10
mm square specimens of 0.5mm-thickness have been employed.
The use of this geometry eases the orientation of the specimens and
enables the direct reutilisation of already tested Charpy specimens.
Since the process area of the specimen under the punch remains
constant and the clamped area is simply increased, it has already
ed for the performance of the small punch tests.



Fig. 3. Adjustable lower die [22].
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been proved that the use of this geometry does not influence the
obtained results [12e14]. To further guarantee the lack of influence
of this change of geometry, simulations have been performed on
both geometries, as shown in Appendix A, with matching results.
As a result, the use of 10� 10 mm specimens will be also included
in the future European standard covering the small punch test on
metallic materials.

To estimate fracture toughness, a modification of the specimens
has been introduced. A lateral notch of 4.4mm and 0.15mm-radius
has been machined, as shown in Fig. 2(C). The length of the notch
has been chosen according to previous experience on materials
with similar mechanical behaviours to guarantee the initiation of a
crack during the test [5,9,10].

Several approaches have been employed to estimate fracture
toughness to date. Some authors have correlated the equivalent
fracture strain of ruptured unmodified small punch specimens with
fracture toughness [15] or have establishedmethods based on finite
element simulations [16]. Other approaches are based on analytical
solutions, which require the introduction of a defect on the spec-
imen to initiate a crack; several geometries have been proposed to
introduce such defect, such as the use of central notches [17], blind
longitudinal notches [18] or circular notches [19], among others, as
shown in Fig. 2 (A, B, D). The use of a lateral notch, chosen for this
research, enables the orientation of the crack to analyse the di-
rection of the material desired and its geometry can be easily
machined by means of electrical discharge machining [9,10]. In
addition, it has shown a good correlation with conventional full
scale tests [9,10].

The specimens have been prepared according to the recom-
mendations of CWA 15627 [12]. Firstly, the notch has been
machined on 10� 10 mm-section prisms. After this first step, the
resulting pieces have been cut to 0.55mm-thick pieces bymeans of
a liquid-cooled cut-off machine and then ground to at least 2000
grit on both sides, until achieving the desired thickness of
0.5± 0.005mm.

In addition, to avoid any possible influence of the notch geom-
etry on the results, a special lower die has been used in the testing
rig. During the tests, there can be some clearance between the
specimen and the side walls of the lower die, especially when the
dies have a circular shape and the specimens have a square shape.
When small punch specimens without a notch are to be tested, this
clearance does not introduce any changes to the results, since the
Fig. 2. Small punch specimens modified with a notch to estimate fracture toughness
[20]: A) central notch [17], B) blind longitudinal notch [18], C) lateral notch [9,10], d)
circular notch [19].
clamped area around the punch axis remains greater than 8mm-
diameter. However, with the introduction of the lateral notch, it can
lead to misalignments of the notch which result in modifications of
the notch length, for instance. Consequently, an adjustable lower
die with a rectangular shape has been designed, manufactured and
utilised for testing this kind of specimens, which enables the
reduction of the clearance to a minimum (Fig. 3). It is a novel design
that enables the adjustment of the upper part of the lower die to
each specimen individually. Furthermore, the use of this adjustable
lower diemakes it easier to correct any possible deviations from the
desired notch length on the specimen, by simply grinding one of
the edges until achieving the desired geometry, something that it is
not possible to achieve with other testing rigs.

The general alignment of the testing fixtures has been guaran-
teed by a manufacture process with a tolerance H7/h6, according to
ISO 286-1 [21].

2.2. Materials

A pressure vessel steel (A533B 13B/A533B plate) and three
structural steels (S275JR, S460M and S690Q) have been analysed in
this research, covering a wide range of reference temperatures:
from 160 to 250 K. Their chemical composition is shown in Table 1
and their mechanical properties are shown in Table 2. The reference
temperature values have been obtained from (full-scale) 15mm-
thick SENB specimens for S460M and S690Q [23], 10� 10� 55 mm
pre-cracked Charpy specimens for A533B [24] and 25mm-thick CT
specimens for S275JR [25].

3. Estimation of fracture toughness by means of notched
small punch specimens

The estimation of fracture toughness by means of notched small
punch specimens is based on the Crack Tip Opening Displacement
(CTOD) approach [9,10]. The CTOD approach, and in the same way
Table 1
Chemical composition of the steels analysed (% weight) [23e25].

A533B S275JR S460M S690Q

C 0.12 0.18 0.18 0.15
Si 0.45 0.26 0.24 0.40
Mn 1.49 1.18 1.41 1.42
P 0.012 0.012 0.009 0.005
S 0.001 <0.009 0.005 0.001
Ni 0.016 <0.085 0.56 0.16
Cr 0.062 <0.018 0.18 0.02
Mo 0.001 <0.12 0.49 0.002
V 0.066 <0.020 0.005 0.058
Cu 0.011 <0.06 0.01 0.01
Ti 0.03 <0.022 e 0.003
Al 0.048 0.034 0.021 0.056
Fe BAL. BAL. BAL. BAL.



Table 2
Mechanical properties of the analysed materials [23e25].

A533B S275JR S460M S690Q

sy [MPa] 480 328 484 776
su [MPa] 608 519 594 834
T0 [K] 250 247 181 162
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the J contour integral, can be used as a fracture criterion under
elastic-plastic fracture mechanics (EPFM) conditions, i.e. to mate-
rials that exhibit time-independent nonlinear behaviour [26]. Ac-
cording to this approach, under EPFM conditions, a crack
experiences a certain degree of blunting before fracture. The
opening at the crack tip (CTOD) at the moment of the crack initia-
tion, d, has been proved to be dependent on the material and can be
directly used as a measure of fracture toughness [26]. Conse-
quently, it can be directly correlated with the material critical J
contour integral. Shih [27] established a relationship between both
parameters by evaluating the displacements at the crack tip
implied by the HRR solution [24], as shown in eq. (1). It in-
corporates a dimensionless constant, dn, that has a strong depen-
dence on the strain hardening exponent of the material [27].

d ¼ dn J
sy

(1)

where sy represents the yield stress of the material.
When a small punch test is being performed on a specimenwith

a lateral notch (Fig. 2(C)), the notch experiences a deformation
similar to notch blunting, as shown in Fig. 4. At a certain point,
usually at maximum force, a crack initiates from the notch tip. On
the Force-Displacement curve obtained during the test, this crack
initiation can be identified as an abrupt change on its slope, as
shown in Fig. 5 [9,10].

By applying finite element simulations, a geometrical relation-
ship between the punch displacement and the degree of blunting of
Fig. 4. Image of an interrupted test and the corresponding finite element simulation
showing the deformation experienced by the notch during the test [14]. A 8mm-
diameter specimen has been used in this case to reduce the number of nodes, since
according to section 2.1 it does not exhibit any influence on the results obtained.

Fig. 5. Force-displacement curve of small punch test on a notched specimen, on which
the crack initiation has been identified: A) whole curve, B) detail of the abrupt change
of the slope.
the notch (dSP) for a given notch length can be obtained [9,10]. In
this paper, an elasto-plastic continuum mechanics finite element
model realised via ANSYS version 18.0 was used to simulate a
punch head going into a 10� 10 mm sample with 4.4mm-length
notch with notch diameter of 0.30mm. Only half of the specimen
has been modelled, as shown in Fig. 4, given the symmetry of the
specimen. The elements Tet10, Hex20 and Wed15 have been
employed. The applied material properties have been derived from
conventional testing, by using the elastic modulus of the material
and a Ramberg-Osgood model for the hardening of the material.
Frictional contacts have been employed, with a friction coefficient
of 0.21. The load has been applied as a vertical displacement of the
punch.

The simulation provided the curve shown in Fig. 6, taking dSP as
the average of the maximum opening of the notch at the upper and
lower surface of the specimen. Furthermore, since the relationship
between dSP and the punch displacement shown in Fig. 6 is material
independent [9], the same estimated curve can be applied on all
materials.

As a result, for each particular notch length, once the punch



Fig. 6. Dsp-punch displacement curve obtained for a 4.4mm-length notch by means of
finite element simulations.

Fig. 7. Force-displacement curves obtained for A533B plate.

Fig. 8. Force-displacement curves obtained for S275JR.
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displacement at crack initiation has been obtained during the small
punch test, the corresponding dSP can be identified by simply
applying the corresponding dSP e Punch displacement curve, as
that shown in Fig. 6. By appling eq. (1), this dSP value can be easily
transformed into a SP measurement of the J-integral, JSP, if the
tensile properties of the material have already been obtained,
something which can also be achieved by means of small punch
tests. However, in this paper, the tensile properties of the materials
analysed have been obtained bymeans of conventional tensile tests
[23e25].

Once JSP has been determined, fracture mechanics relationships,
such as eq. (2), can be applied to obtain the estimation of the ma-
terial fracture toughness in stress intensity factor units, KJ

SP, at crack
initiation (assuming small scale yielding) [4,26,28].

KSP
J ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E JSP
1� n2

r
(2)

where E represents the Young modulus of the material and n is the
Poisson's ratio.

4. Master curve approach

The Master Curve is a probabilistic approach that enables the
direct estimation of fracture properties in the transition zone of
ferritic steels [29]. According to this approach, the dependence of
fracture toughness with temperature can be defined by a mathe-
matical model and a single parameter: the reference temperature
(T0). It represents the temperature at which the median of the KJc
distribution from 1 T (25mm thick) size specimens is equal to
100MPa.m0.5 and is the only material dependent parameter
required [4].

In addition, this approach considers the (statistical) effects of
the thickness of the specimens on the fracture toughness values, as
well as the scatter of the results in the DBTR. This reduces signifi-
cantly the number of tests needed to be performed.

As a result, T0 can be obtained with reduced volumes of material
and with relatively small samples [4]. This has turned the approach
into an advantageous solution to characterise the DBTR of ferritic
steels, evidenced by its incorporation into numerous codes and
standards [1e4].

According to the Master Curve, the value of KJc for a given
thickness (B, in mm), KJc[B], should be converted into the corre-
sponding fracture toughness in a 1 T (25mm thick) specimen,
KJc[1T]. This is performed by using eq. (3) [4]:

K Jc ½1T� ¼ 20þ �
K Jc½B� � 20

�
$

�
B

25:4

�1=4
(3)

For the case being analysed, considering that the thickness of SP
specimens is 0.5mm, this implies that the KJc estimation from small

punch tests corresponding to a 1 T specimen, KSP
Jc ½1T�, is obtained

from the KSP
Jc estimated with eq. (2) corresponding to 0.5mm-

thickness, KSP
Jc ½0:5�:

KSP
Jc ½1T� ¼ 20þ

h
KSP

Jc ½0:5� � 20
i
$

�
0:5
25:4

�1=4
(4)

5. Results and discussion

Small punch tests on specimens with a lateral notch of 4.4mm
have been performed at different temperatures, ranging from 158
to 93 K, for the estimation of the reference temperatures of the
materials analysed. Figs. 7e10 show the Force-Displacement curves
obtained from the tests. Six tests have been performed per material,
according to the recommendations of [4]. From the discontinuity on
the slope of the curves, it can be seen that in all cases a crack has
initiated during the test, which was also confirmed by means of
visual inspection of the specimen after the tests. A detail of a
ruptured small punch specimen can be seen in Fig. 11.

To guarantee that theMaster Curve approach can be applied, the



Fig. 10. Force-displacement curves obtained for S690Q.

Fig. 11. Detail of a ruptured small punch specimen of S690Q. The deformation of the
notch can be seen, which has led to the initiation of a crack.

Fig. 9. Force-displacement curves obtained for S460M.

Fig. 12. A) Detail of a ruptured small punch specimen that experienced a sudden load
drop at rupture, B) Detail of a ruptured small punch specimen that experienced a
disconuity on the slope at maximum force, C) Detail of a ruptured small punch
specimen at room temperature.
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onset of cleavage cracking has been a criterion for the acceptance of
the tests as valid for the estimation of the reference temperature.
On the Force-Displacement curves, it can be identified as a sudden
drop of the load at maximum force or as a discontinuity in its
proximity [5]. Stable cracking, exhibiting ductile mechanisms, can
be expected in those curves not exhibiting such discontinuity.

The validity criterion of the small punch tests for the estimation
of the reference temperature has been validated with the analysis
of the fracture micro-mechanisms present at the crack initiation, as
shown in Fig. 12. It can be seen that those specimens suffering a
sudden load drop at maximum force exhibit a brittle fracture
(Fig. 12 A), while those with a discontinuity on its slope exhibit a
mixed mechanism of fracture, with cleavages present on it after
some ductile tearing (Fig. 12 B). Finally, tests performed at room
temperature which do not show such discontinuity exhibit a fully



Fig. 13. Small punch master curves of A533B plate for 5, 50 and 95% failure
probabilities.
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ductile fracture, as shown in Fig. 12 C.
Consequently, it is recommended to analyse the micro-

mechanisms in case of doubt after the performance of the small
punch tests, in order to guarantee the validity criterion proposed
here and the correct approximation to the master curve approach.
This further analysis is not necessary for tests exhibiting a sudden
load drop at maximum force, where a brittle fracture is guaranteed.

From the tests performed, KJc
SP [1T] values have been estimated

following the aforementioned approach, the results being shown in
Table 3. The tensile properties, which have been obtained at room
temperature, have been transformed to their equivalent values at
each temperature according to the recommendations of BS 7910 [2]
before applying them to eqs. (1) and (2) or to dn [27].

The small punch reference temperature corresponding to each
material has been determined according to the standard ASTM E-
1921 [4]. In Figs.13e16, the small punchMaster Curves for 5, 50 and
95% failure probabilities have been represented. The estimations
obtained from the small punch tests fit accurately within the pre-
dicted curves, confirming the suitability of the methodology. The
obtained T0

SP values are shown on Table 4. It can be seen that the
reference temperature obtained by means of small punch tests is
lower than the values obtained by means of full scale conventional
tests. Consequently, a relationship between both reference tem-
peratures needs to be established. To achieve this goal, both values
have been compared in Fig. 17.

As seen in Fig. 17, the reference temperature, in K, obtained by
means of small punch tests is approximately half of the corre-
sponding value obtained by means of full-scale conventional tests,
with accurate results for the four materials analysed. The difference
between T0 and T0

SP might be not related to absolute specimen size,
but to the influence of the specimen geometry and loadingmode on
the cleavage toughness, in a similar way to the differences between
C(T) and SE(B) specimens or specimens with deep and shallow
cracks [30].

The obtained coefficient is slightly different from the first value
obtained in the first approach on materials SA-508M and S275JR
[5], where instead of a 0.49 coefficient between T0

SP and T0, a coef-
ficient of 0.65was obtained. The reason for this shift could be due to
Table 3
Results obtained from the small punch tests performed.

MATERIAL T [K] dSP [mm] dn JSP [kN/M] KJc
SP [1T] [MPa.m0.5]

A533B 158 0.58 0.87 429 133
153 0.71 0.88 528 147
148 0.64 0.89 480 140
148 0.43 0.89 322 117
143 0.37 0.90 280 110
143 0.57 0.90 431 134

S275JR 133 0.53 0.83 356 123
123 0.40 0.87 272 109
123 0.35 0.87 238 103
123 0.65 0.87 442 136
123 0.63 0.87 429 134
113 0.41 0.90 288 112

S460M 118 0.71 0.96 567 152
113 0.86 0.97 698 168
108 0.88 0.99 721 170
108 0.70 0.99 573 153
98 0.56 1.00 483 142
93 0.19 1.00 170 89

S690Q 113 0.42 0.96 472 140
108 0.30 0.97 341 121
108 0.26 0.97 296 113
103 0.52 0.98 598 156
103 0.36 0.98 414 132
93 0.54 0.99 647 162

Fig. 14. Small punch master curves of S275JR plate for 5, 50 and 95% failure
probabilities.

Fig. 15. Small punch master curves of S460M plate for 5, 50 and 95% failure
probabilities.



Fig. 16. Small punch master curves of S690Q plate for 5, 50 and 95% failure
probabilities.

Table 4
Small punch reference temperature values obtained for each material.

MATERIAL A533B S275JR S460M S690Q

T0SP [K] 134 114 84 82

Fig. 17. Relationship between the reference temperature obtained by means of small
punch tests and by means of full scale conventional testing techniques.
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the use of different testing rigs. In this research, special care was
given to guarantee that specimen geometry tested was the same in
all cases. This was attained bymeans of the use of a newly designed
adjustable lower matrix. In the aforementioned research [5], con-
ventional testing rigs were used, which could have led to some
clearance between the specimen and the rig, therefore modifying
the tested notch length. Further analysis of the influence of the
notch length should be performed in the future to gain further
understanding of its possible effects.

6. Conclusions

Small punch modified specimens, with a lateral notch, in com-
bination with the Master Curve approach have been applied suc-
cessfully to characterise the ductile to brittle transition region of a
pressure vessel steel and three different structural steels. A meth-
odology has been proposed, including a validity criterion for the
performed tests. In addition, a single correlation between the
reference temperature obtained by means of full-scale conven-
tional tests and small punch tests has been established.

Further testing should be performed on other materials, to
confirm the accuracy of the proposed relationship. Special care
should be paid to geometry of the specimen and to the correct
alignment of the notch during the tests. The effects of the notch
geometry should be analysed in order to better understand its
influence.

In conclusion, this paper confirms the suitability of the small
punch test for the characterisation of the DBTR of ferritic steels. The
use of this testing technique in combination with the Master Curve
approach allows the evaluation of the DBTR with highly reduced
volumes of material. This feature is especially relevant when
compared with other sub-size specimens, such as microCT's, since
small punch specimens represent only 1/8th of the volume of a
microCT specimen. Furthermore, it is a simple and cost-effective
test, which can be performed with simple equipment.
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APPENDIX A

To gain further confidence on the lack of influence on the results
of the use of 8mm-diameter or 10mm-square specimens, finite
element simulations have been performed. Simulations of small
punch tests on S460M steel at 173 K have been carried out on both
geometries. An elastoplastic continuum mechanics finite element
model realised via ANSYS, version 18.0 has been used. For the round
specimen, a 2D axisymmetric model has been used, while for the
square specimen a 3D model has been applied, simulating only 1/
4th of the specimen given the symmetry, as shown in Fig. 18. The
applied material properties have been derived from conventional
testing, by using the elastic modulus of the material and a
Ramberg-Osgood model for the hardening of the material, as
shown in eq. (5). Frictional contacts have been employed, with a
friction coefficient of 0.21.

https://www.opendataccfe.org/
https://www.opendataccfe.org/
http://PublicationsManager@ukaea.uk


Fig. 18. A) 2D Model of a 8mm-diameter round small punch specimen, B) 3D Model of a 10mm-square small punch specimen.
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ε ¼ s

E
þ K

hs
E

in
(5)

In eq. (5), ε is the strain, s is the applied stress, E is the Young
modulus (212,000MPa) and K and n are the Ramberg-Osgood pa-
rameters, which have been estimated form conventional tensile
tests (5.83e20 and 7.93, respectively).

The results obtained from the aforementioned simulations are
shown in Fig. 19. As it can be seen, the two curves are coincident,
showing a minor deviation closed to the maximum force, which
might be probably influenced by the different size of the meshes of
the dies and the punch. Consequently, no effect has been consid-
ered on the use of 10mm-square specimens instead of the 8mm-
diameter round specimens, on agreement with the future small
punch standard [8].
Fig. 19. Results obtained from the simulations with two different specimen
geometries.
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