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� Full field deflection of small punch test specimen was mapped using in-situ DIC.
� Deflections were used in inverse FEM for estimating mechanical properties.
� Better estimate of properties was achieved using deflections from multiple points.
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a b s t r a c t

Determining tensile properties from small punch test is being pursued actively in the nuclear industry
due to the limited volume of material such tests use compared with standard tests which can be critical
when considering active or development samples. One of the crucial challenges in harnessing the full
potential of this technique is formulating methodologies which correlate the small punch specimen’s
deflection to equivalent uniaxial tensile properties. Existing approaches for correlation rely on deflection
obtained from a single point on the small punch test specimen, used with empirical equations to make
the correlation. However, the deflection and strain accumulation in a small punch specimen is highly
heterogeneous and data from a single point does not represent the gross deformation evolving in the
specimen. This data when used in conjunction with the empirical formulations for deriving equivalent
uniaxial tensile properties, would not result in accurate identification of material properties. In this work
we offer an alternative approach which uses the full field deflection of the specimen mapped through in-
situ digital image correlation. The use of digital image correlation combined with inverse finite element
analysis augments the existing method of material properties identification from single point deflection
data thereby significantly improving the reliability of the measurements.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Over the last few decades there has been a considerable impetus
for developing small scale specimen testing techniques for evalu-
ating mechanical properties of materials. It is the multiple advan-
tages these techniques offer that has propelled its sustained
advancement and is being actively pursued as a reliable method in
situations where estimation of mechanical properties using
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conventional testing techniques is not viable. The paramount
application of the small specimen techniques is in the nuclear in-
dustry where determining mechanical properties of irradiated
material using small specimen volume is crucial [1e5]. Small
specimen testing has also found application in remnant life
assessment of in-service components [6e10].

Among several small specimen testing techniques, the small
punch test is one of the most versatile as it has been used to deduce
tensile [2,11e15], creep [8,9,16e18], fracture [2,19e21], ductile to
brittle transition temperature [11,22e24] and fatigue properties
[25]. In a small punch test, a thin specimen is clamped between two
nondeformable dies and a rigid spherical punch is forced into the
specimen. Elevated temperature tests carried out at constant load
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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in force-controlled mode are used to obtain the time-displacement
characteristics. Creep properties can hence be estimated from the
time-displacement characteristics. Load-displacement curves can
be obtained if the tests are carried out in a displacement-controlled
mode when the penetration rate of the punch is held constant. The
load-displacement characteristics can be used to obtain equivalent
tensile and fracture properties. The wide acceptance of the small
punch test has led to the development of a pre-normative code of
practice by CEN [26]. This code lists the guidelines for designing a
small punch test rig and gives details about the testing procedure.
The code also describes various approaches for deriving creep,
tensile and fracture properties.

The CEN code of practice outlines two approaches for obtaining
equivalent tensile properties from displacement-controlled small
punch tests. The first approach which has been widely pursued by
several researches uses empirical correlations to convert certain
parameters characterising the load-displacement curve to equiva-
lent 0.2% proof strength and ultimate tensile strength
[3,4,10,11,27e31]. Substantial research has also been pursued
employing the second approach which envisages the use of Finite
Element Modelling (FEM) as a tool to back-calculate the elastic and
plastic properties to match the profile of the experimentally ob-
tained load-displacement curve [32e39].

The inherent limitation in both these approaches stems from the
fact that the load-displacement/deflection characteristics of the
material which is pivotal in both these approaches is acquired from
a single point on the specimen. In case of the load-deflection curve
it is obtained from the central point of the deforming specimen
using a linear variable differential transformer (LVDT). The load-
displacement curve on the other hand is obtained by recording
the displacement of the punch. Both these methods do not consider
the specimen’s gross deflection contour which resembles a hemi-
spherical shell owing to the geometry of the punch. Mapping the
entire deflection contour of the specimen would offer new per-
spectives to existing approaches for estimating equivalent uniaxial
properties. Though DIC based studies have been attempted in
studying deformation behaviour during small punch test [40], a
comprehensive account on the limitation and applicability of this
method is not well documented.

In this work a new methodology has been developed for esti-
mating the elastic and plastic properties of 316L stainless steel
utilising Digital Image Correlation (DIC) based in-situ deflection
mapping and inverse finite element modelling (iFEM). Using DIC a
wide deflection field could be mapped on the specimen. The me-
chanical properties were then back-calculated using FEM by
matching the load-deflection characteristics obtained from multi-
ple locations in the specimen.
2. Experiments and analysis

2.1. Material and characterisation

The chemical composition of 316L stainless steel used in this
study is given in Table 1. Rods of 8 mm diameter were machined
from 12 mm thick plates which were solution annealed at
1323 ± 5 K for 30 min and water quenched. The initial grain size of
the material which was determined by Heyn’s intercept method
was around 50 ± 15 mm. Specimens of 1 mm were sliced from the
Table 1
Chemical composition (in wt.%).

C Cr Ni Mo Mn Si

316L 0.019 16.84 11.29 2.10 1.46 0.52
heat-treated rods by electrical discharge machining. The final
thickness of 0.5 ± 0.005 mm of the small punch specimens was
achieved by carefully grinding them manually with P800 and
subsequently P1200 silicon carbide sandpapers. For DIC imaging a
white primer was first applied on the specimen before spraying
black speckle patterns on to its surface using an airbrush. Tensile
specimen of gauge length 12 mm and diameter 6 mm was also
machined from the solution treated rods. Uniaxial tensile testing
was carried out on this specimen at a nominal strain rate of
1 � 10�3 s�1. Both small punch and uniaxial tensile loading were
carried out along the longitudinal direction of the rods fromwhich
the respective specimens were machined. Optical micrographs
were taken using Zeiss Axio Imager M2 optical microscope. Elec-
tron Back Scatter Diffraction (EBSD) images were taken using Zeiss
SigmaHDVP field emission Scanning ElectronMicroscope operated
at an accelerating voltage of 20 kV. TSL OIM software was used for
plotting Kernel Average Misorientation (KAM) Maps. An upper
threshold of 1.5� was used tomap themisorientation in thesemaps.
The threshold misorientation used for grain boundary detection
was 10�.

2.2. Small punch test rig

The small punch test rig was attached to a servo-hydraulic
benchtop system and the load cell equipped with it was operated
in the range of ±5 kN. A crosshead displacement rate of
0.005 mms�1 was used in this study. It should be noted that unlike
a uniaxial tensile test, the strain rate during a small punch test is
not uniform across the specimen. However, the peak strain rate in a
small punch test can be compared to the uniaxial strain rate using
an empirical correlation [26]. In this investigation, the crosshead
velocity of 0.005 mms�1 used in the small punch test would
generate a maximum strain rate of 5 � 10�3 s�1. Since the variation
in the maximum small punch strain rate with respect to that of the
tensile test (1 � 10�3 s�1) is within the same order, its influence on
the deformation behaviour is negligible. Further, it has been shown
that the room temperature strain rate sensitivity of 316 stainless
steel does not vary significantly within the strain rate range of 10�2

to 10�4 s�1 [41]. The schematic of the small punch test rig used in
this study is given in Fig. 1. The dimensions of the specimen, dies,
and punch (ceramic ball) were compliant with the CEN standard
[26]. The principal dimensions of the test rig are given in Table 2. A
first surface mirror inclined at an angle of 45� was placed in be-
tween the lower dies. The inclined mirror facilitated a less
cumbersome access for acquiring DIC images from the speckled
specimen surface. The test rig was aligned on the servo-hydraulic
machine in such a way that the optical axis of the lens system,
the plane normal of the mirror and the loading axis were all co-
planar.

2.3. Stereo DIC system

The stereo DIC system comprised of Zeiss Discovery V12 mi-
croscope integrated with two LaVision Image M-lite 5 M cameras
and a Zeiss Achromat S lens. An illumination ring comprising of 42
LEDs was attached to the circumference of the lens. A
200 � 200 mm2 micro-grid plate was used to calibrate the stereo
DIC system. Details of the stereo DIC setup and calibration are
N S Si P Al Fe

0.072 0.001 0.52 0.038 0.001 Bal.



Fig. 1. Schematic of the small punch test rig (r ¼ radius of the ceramic ball, c ¼ chamfer, D ¼ diameter of the receiving hole, Ds ¼ specimen diameter, ho ¼ specimen thickness).

Table 2
Principal dimensions of the small punch test rig.

Part Symbol Dimension (mm)

Ceramic ball radius r 1.25
Chamfer length & angle c 0.2, 45�

Receiving hole diameter D 4
Specimen diameter Ds 8
Specimen thickness h0 0.5
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furnished in Table 3. DaVis software Version 10.0.5 was used to
process the acquired image and obtain the out of plane deflections.
A subset size of 55 pixels and step size of 25 pixels were used for the
analysis. Procedures outlined by the Good Practices Guide for Digital
Image Correlation were followed for patterning, calibration and
processing stages of the analysis [42]. As the specimen could un-
dergo rigid body movement between the scans, corrections were
made using DaVis software Version 10.0.5 which considers both the
Table 3
Details of the stereo DIC set up and calibration.

Camera resolution 2464 x 2056 pixels
Lens magnification 0.3 x
Lens working distance 236 mm
Numerical aperture 0.03
Stereo angle 5.8�

Base line distance 24 mm
Image scale factor 234.12 pixels/mm
Standard deviation of fit 1.37 pixels
Calibrated field of view 10 � 8.7 mm2
translational and rotational displacements.
Stereo DIC systems maps have been widely used to estimate

changes in shape and out of plane displacements [43e47]. These
systems estimate the out of plane displacement (ZD) in addition to
in-plane displacements (XD and YD) using a triangulation algorithm
[48]. The triangulation algorithm establishes an analytic linear
relationship between each of the camera’s pixel coordinates and
the actual coordinates. The actual coordinates of the point of in-
terest are then estimated by solving the two linear systems corre-
sponding to the two cameras by least square technique. The
solution for the analytic relationship requires estimation of the
cameras’ extrinsic and intrinsic parameters which can be obtained
by a calibration procedure. The extrinsic parameters are related to
the positioning and orientation of the cameras. The intrinsic pa-
rameters are dependent upon the camera’s optic centre and focal
length. The calibration gives the scaling for in-plane displacements
(XD and YD), these parameters are essential for estimating ZD.
Though the calibration establishes the relationship between the
actual and the camera coordinates, there are several uncertainties
in ZD values which are inherent due to the use of stereo system
[48,49]. Further uncertainties were generated in this study due to
the use of an inclined mirror. These uncertainties, classified as
systematic errors, can be quantified as opposed to random errors
which arise due to quality of speckle patterning and image noise
level [50].
2.4. Quantifying uncertainties attributed to stereo DIC system

Both the stereo angle [49] and the base line distance [48] in-
fluence the precision of the out of plane displacement (ZD). The
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precision of ZD deteriorates with decrease in stereo angle as well as
the base line distance.

As the mirror used in this study was inclined at an angle of 45�,
the plane of the lens and the plane of the mirror are not parallel.
This implies that while estimating the ZD all the longitudinal points
(points along the vertical direction) in the image are not in focus at
the same instance. Further, the resolution in the out of plane di-
rection is also dictated by the depth of field (DOF) of the imaging
system [42]. The DOF gives the estimate of how much the object
can bemoved perpendicular to the line of sight without appreciable
change is focus. The DOF is related to the numerical aperture (NA)
of the lens and the wavelength of light (l) used for illumination
through the following equation [51].

DOF ¼ l

NA2 (1)

For a wavelength of 550 nm (the average wavelength of light in
the visible spectrum) the DOF of the system is around 0.6 mm. This
implies that within the ZD range of 0.6 mm, uncertainties attributed
to the limitation in the lens system’s DOF is minimum.

In order to quantify the uncertainties in ZD arising due to the use
of the mirror, stereo DIC measurements were carried out on a zero-
strain field test in the calibrated setup. For this test a speckled
surface was displaced towards the mirror (in the ZD direction) at a
crosshead displacement rate of 0.005 mms�1. The speckle pattern
on this surface was consistent with the one used for the small
punch specimen. The crosshead displacement was then compared
to ZD estimated by the stereo DIC setup on the speckled surface. The
direction of ZD in this test was congruent to the direction of the out
of plane deflection of the deforming small punch specimen. This
test was used to establish the 1) uncertainties of the ZD in the
central point and 2) the variation in the displacement values in the
contour map. A circular region of interest (ROI) with a radius of
approximately 1.6 mm was chosen for contour mapping using the
DIC data during the zero-strain field test. It was ensured that sub-
sequent DIC analysis on the actual small punch specimen was
carried out on a ROI almost equal and concentric with respect to the
one used in the zero-strain field test.

The variations between the crosshead and the DIC estimated
displacements values taken from the central point (CP) in the ROI
for the crosshead-based displacement range between 0 and 3 mm
is shown in Fig. 2. The region of minimum deviation (±0.01 mm)
between the two displacements is indicated in the figure. This re-
gion (which spanned around 0.65 mm) was between the
crosshead-based displacement range of 0.6e1.25mm. The extent of
this region was approximately equal to the DOF calculated for this
system. Despite the uncertainties arising due to the stereo set up
and the usage of mirror, the deviation between crosshead and DIC
estimated (ZD) displacements was in the range of ±0.07 mm
through the crosshead displacement range of 0e2.7 mm. The var-
iations start to enhance for crosshead displacement values greater
than 2.7 mm. The small punch tests in the current work were
carried out in such a way that during the test the crosshead
displacement values lie within the range of 0.6e2.7 mm, which is
indicated as - total displacement range used in Fig. 2. This was done
in order to obtain minimum deviation during the initial stages of
the test. The displacement values during the initial stages of the test
were crucial as they were used subsequently for estimating the
elastic and plastic properties using iFEM.

The displacement contour map taken at a crosshead displace-
ment of 1.15 mm is shown in Fig. 3. The scatter in the displacement
values estimated by DIC in the transverse (X direction) and longi-
tudinal (Y direction) directions for this crosshead displacement is
compared in Fig. 4. The scatter in the transverse direction was
comparatively lower than what was observed in the longitudinal
direction. The gradient in ZD along the longitudinal direction is due
to the use of the inclinedmirror. In the current analysis the ZD along
one half of the transverse direction was used for further analysis.
This segment of interest (SOI) is indicated in both Figs. 3 and 4. The
variation in ZD along the SOI was in the range of ±0.005 mm in the
crosshead-based displacement range of 0.6e2.7 mm. Further, the
DOF is same for all the points in the SOI as they lie along the
transverse direction. Hence, there was no DOF attributed un-
certainties in the selected SOI.

Using the zero-strain field test, the SOI which had the least
spread of uncertainties could be determined and subsequent iFEM
based investigations were confined to this segment.

3. Results and discussion

3.1. Load-deflection characteristics

The load-deflection curve of 316 L stainless steel obtained from
the central point of the region of interest (ROI) is shown in Fig. 5a.
The stages corresponding to various deformation mechanisms is
also indicated in the figure. The enlarged portion of the first two
stages of the load-deflection curve is given in Fig. 5b. The load-
deflection data in these two regimes were subsequently used for
estimating the mechanical properties incorporating iFEM. The po-
sitional coordinates of the ROI were equivalent to the one used in
the zero-strain field test. The DIC images estimated for central point
deflections of 0 mm, 0.54 mm, 1.16 mm, 1.75 mm and the image
after failure are given in Fig. 6. The DIC estimated 3D-contour maps
at these deflections (except for the failed instance) are shown in
Fig. 7. The DIC estimated deflection contours were almost concen-
tric to the central point. The contour maps start to degenerate along
the circumferential regions during the later stages of specimen
deformation. This is because progressive deformation of the spec-
imen generates sharp curvature in the circumferential regions
which obstructs precise resolution of the speckle pattern by the DIC
system. However, the deflections along the regions adjoining the
central point could be mapped satisfactorily until the peak load.
Beyond the central point deflection of 2.05, the DIC system could
not resolve any data from the speckled specimen surface.

The five stages which correspond to various deformation modes
[5,11,12,14,29,30] during the small punch are depicted in Fig. 5.
Macrographs corresponding to these stages taken along the lon-
gitudinal cross-sections of the small punch specimens are given
Fig. 8(aed). These macrographs were taken on specimens inter-
rupted after deflections which roughly correspond (±0.01 mm) to
the deflections depicted in Figs. 6 and 7. Stages I and II in the load-
deflection curve comprises of the elastic and plastic bending re-
gimes respectively. During the first two stages the contact area
between the punch and the specimen increases rapidly and there is
no appreciable reduction in specimen thickness [2]. Stage III is the
membrane stretching regime when the contact area does not in-
crease significantly but the specimen thickness starts to reduce.
Initiation of localised thinning was evident even at this stage
(Fig. 8b). Further thinning and localised necking constitute the
plastic instability regime (Stage IV). Thereafter, in Stage V due to
material softening there is a drop in load and fracture propagates
rapidly resulting in failure. In Stages I and II, the deformation of the
specimen is governed only by elastic and plastic properties of the
material. With the onset of Stage III, voids start to nucleate at re-
gions which are highly strained. These voids coalescence during
Stage IV which subsequently result in further localised thinning
and failure [52]. The deformation behaviour of the specimen after
the onset of Stage III can be completely simulated only by incor-
porating damagemodels in addition to using suitable elasto-plastic



Fig. 2. Comparison between the crosshead and DIC estimated displacements (ZD) taken from the central point of the region of interest (ROI). The region of minimum deviation
(variation ¼ ±0.01 mm) and the total displacement range used (variation ¼ ±0.07 mm) in this study is also indicated.

Fig. 3. Displacement contours obtained after a crosshead displacement of 1.15 mm. The segment of interest (SOI) which was used in the subsequent analysis is also indicated.
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models [11,14,33,52].
Though there is no apparent specimen thickness reduction in

the plastic-elastic bending stage, strain gradients could still accu-
mulate across the specimenwhich had a central point deflection of
0.54 mm. To probe localised strains evolved in this specimen, EBSD
based KAM maps (Fig. 9) were obtained from the central point
(location A) and from a location at a radial distance of 0.6 mm from
the central point (location B) (Fig. 8). The KAMmaps are used to get



Fig. 4. Scatter in DIC estimated displacements (ZD) along the transverse and longitudinal directions with respect to crosshead displacement of 1.15 mm. The segment of interest
(SOI) which was used in the subsequent analysis is also indicated.

Fig. 5. a) Load-deflection (LD) curves taken from the central point (CP) of the ROI for the entire range showing stages corresponding to various deformation modes. The red data
points on the LD graph correspond to instances at which DIC estimated contours are depicted subsequently and b) enlarged view of stages I and II, the regimes fromwhich the load-
deflection characteristics were used for estimating mechanical properties through inverse finite element analysis (iFEM).

V.D. Vijayanand et al. / Journal of Nuclear Materials 538 (2020) 1522606
an estimate of the geometrically necessary dislocations which can
be used to map localised strain gradients in the material [53e55]. It
could be seen that the misorientation spread in location B was
higher than in location A. This indicates that the strain accumula-
tion in Location Bwas higher thanwhatwas observed in Location A,
despite the deflection in the later location being higher. This
observation ascertains that the deflection and the strain accumu-
lation are not directly correlated.

During a constant displacement rate controlled uniaxial tension
test, the strain accumulation within the gauge length of the spec-
imen is relatively uniform up to the point of instability. This enables
a straightforward conversion of the load-displacement data ob-
tained in a uniaxial tensile test to engineering data. However, in a
small punch test considerable strain gradient evolve in the spec-
imen even during the initial stages of deformation. Therefore, load
deflection characteristics obtained only from the central point or
the singular punch displacement is not an ideal representation of
the gross deformation behaviour occurring within the material
during testing. Estimating several location specific deflections
would enhance the understanding about the deformation charac-
teristics of the material paving way for formulating better corre-
lation with respect to uniaxial tensile properties.
3.2. Inverse finite element method (iFEM)

An effort was made to determine the elastic and plastic



Fig. 6. DIC estimated contours taken at central point (CP) deflections of a) 0 mm, b) 0.54 mm, c) 1.16 mm, d) 1.75 mm and e) image after failure.

Fig. 7. DIC estimated 3D contour maps taken at central point deflections (CPD) of 0 mm, 0.54 mm, 1.16 mm and 1.75 mm.
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Fig. 8. Macrographs of the small specimens interrupted at approximate central point deflections of a) 0.54 mm, b) 1.16 mm, c) 1.75 mm and d) macrostructure of the failed
specimen. The regions were EBSD analysis was done on the specimen deflected of 0.54 mm is indicated. The onset of localised thinning is shown in the specimen deflected to
1.16 mm.

Fig. 9. Kernel Average Misorientation (KAM) maps taken at a) location A b) location B on the specimen which had a central point deflection of approximately 0.54 mm and c) KAM
distribution for various misorientation angles in these two locations.

V.D. Vijayanand et al. / Journal of Nuclear Materials 538 (2020) 1522608



V.D. Vijayanand et al. / Journal of Nuclear Materials 538 (2020) 152260 9
properties of the material based on the deflection values up to the
onset of stage III obtained frommultiple locations on the specimen
incorporating an inverse finite elementmethod (iFEM). The scheme
of the iFEM used in this work is depicted in Fig.10. There threemain
constituents of the of the iFEM framework which was used in the
current analysis are - a) geometrically representative finite element
model b) constitutive model for characterizing elastic and plastic
flow behaviour of the material and c) optimisation procedure.
These three aspects of the iFEM framework are described in the
following sections.
3.2.1. Finite element model
The finite element model was generated using Abaqus CAE 6.14-

1, the geometry of the model was identical to the dimensions used
in the experiment. The punch, lower and upper dies were consid-
ered as rigid bodies. The deformable element type used for the
modelling the specimen was a 4-node bilinear axisymmetric
quadrilateral (CAX4R). A uniform element size of 0.03mmwas used
for meshing the specimen geometry. The total number of elements
in the specimenmodel was 2261. The specimenwas deformed until
a punch displacement of 0.65 mm. This punch displacement would
generate specimen deflection within the Stage II deformation
regime. The value of the friction coefficient used for modelling
interaction between the punch and specimenwas 0.2. A frictionless
interaction was assumed between the die and specimen interface.
Though values of the friction coefficient are material specific, its
influence on the load deflection characteristics is negligible during
the initial stages of specimen deformation [56].
Fig. 10. Scheme for inverse finite element method (iFEM). The flow chart depicts genetic
element (FE) and digital image correlation (DIC).
3.2.2. Constitutive flow equation
The Young’s Modulus (E) and the Poisson’s ratio(n) were used to

characterize the deformation behaviour in the elastic regime. The
values of both these constants were optimised using iFEM. Since
DIC is a non-contact strain measurement method which directly
acquires the deflection from the specimen, the influence of the test-
rigs compliance can be disregarded [40,57]. DIC based methods
have been previously used to estimate elastic properties of mate-
rials with reasonable accuracy [58]. The Ludwigson constitutive
relationship was used to model the plastic flow behaviour as it
gives a closer description of flow behaviour of austenitic stainless
steels [59e63]. The Ludwigson equation has an additional expo-
nential term which considers the deviation from the Ramberg-
Osgood model at lower strains which is observed for low-
stacking fault energy materials like austenitic stainless steel [64].

The Ludwigson equation takes the following form

sp ¼K1ε
n1
p þ exp

�
K2 þ εpn2

�
(2)

Where sp and εp are the true stress and true plastic strain respec-
tively, K1;n1; K2 and n2 are empirical constants. The upper and
lower bounds of the parameter values used in the analysis are given
in Table 4.
3.2.3. Optimisation procedure
A genetic algorithm (GA) based procedure was implemented

using MATLAB R2018a programming language for optimising the
elastic and plastic properties. GA is an optimisation tool which
searches global minima of objective functions [38,65]. Initially GA
algorithm (GA) based methodology incorporating displacements obtained from finite



Table 4
Upper and lower bounds of parameter values.

K1 n1 K2 n2 E (GPa) n

Lower bound 1200 0.25 5.1 �8 185 0.26
Upper bound 1700 1 6.2 �2 205 0.32
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chooses a random population of parameter values within the given
upper and lower bounds. It then obtains the values of the objective
function based on various combination of the parameter values for
each generation. The rank of each of these combinations is evalu-
ated based on a fitness function which gauges the proximity to the
minima. GA then refines the population in subsequent generations
to obtain a better combination of parameters with improved fitness
function-based ranking. The options set in the GAmodule are given
in Table 5.

Two optimisation techniques were formulated in this study, a
single-point optimisation (SPO) using the deflection obtained from
the central point and another multi-point optimisation (MPO) us-
ing the deflections obtained from four points with equal weighting
factors. Since the data extracted for the SPO techniquewas from the
central point it is equivalent to acquiring specimen deflection from
an LVDT. It can be therefore be argued that the SPO technique is
equivalent of performing iFEM using LVDT based deflection data.
The four points which were chosen for the MPO technique lie along
the SOI indicated in Figs. 3 and 4. Apart from the one central point
the other three points were placed at a distance of 0.6, 0.9 and
1.2 mm from the central point in the specimen’s pre-deformed
condition (Fig. 11). The rationale behind choosing these points
was that they had distinct load-deflection characteristics, which
would make the MPO technique more effective. The load
displacement curve from the point placed at a distance of 0.3 mm
from the central point was not considered in this analysis as its
load-deflection characteristics was similar to the one obtained from
the central point.

During the optimisation process, the deflections obtained from
each simulation were compared to the deflection obtained from
DIC for each iteration. In both SPO and MPO techniques, the values
of the parameters were refined to get the least difference with
respect to the DIC obtained deflection values. The MPO technique
generated a set of non-dominated solutions as there were four
objective functions (corresponding to the four points-central point,
0.6,0.9, and 1.2 mm from the central point) with equal weighting
factors. The parameter combinationwhich gave the least difference
between the DIC and iFEM estimated deflection values at the cen-
tral point was chosen as the optimised solution for the MPO tech-
nique. This is due to negligible curvature-dependent errors which
might be associatedwith the central point. The limitation of the DIC
system in reconstructing curved surfaces of the deforming small
punch specimen has already been indicated. The termination
criteria for the GA was set to 20 generations for both SPO and MPO
techniques as there was no significant improvement in the results
for subsequent generations.
Table 5
Genetic Algorithm options set during the optimisation process.

Population size 50
Generations 20
Initial population Random
Selection function Stochastic Uniform
Elite count 2
Crossover fraction 0.8
Crossover function Scattered
Fitness scaling Rank based
Mutation function Gaussian
3.3. Optimisation results

The true stress-true plastic strain curve estimated by SPO and
MPO techniques are compared with the values obtained from the
experimental true stress-true plastic strain in Fig. 12. The values of
Ludwigson parameters fitted with the actual true-stress true strain
data along with the parameters obtained from the SPO and MPO
techniques are given in Table 6. The values of 0.2% proof stress (PS)
for both the MPO and SPO techniques were estimated from the
engineering stress strain data, which was calculated from the true
stress-true plastic strain data obtained using the Ludwigson pa-
rameters. The ultimate tensile strength (UTS) reported for SPO and
MPO techniques were determined from the values of true stress
which were equal to the corresponding work hardening rates
(slope of the true stress-true strain curve) [66]. The experimental
Youngs modulus and Poisson’s ratio used for comparison were
typical values mentioned in ASME [67]. Though the value of the
0.2% PS could be obtained with reasonable precision by both SPO
and MPO techniques, the values of the elastic constants, UTS and
the plastic flow curve derived fromMPO technique were in greater
agreement with the experimental values as against the values ob-
tained by SPO technique.

The maximum in-plane plastic strain distribution in the spec-
imen after punch displacement of 0.6 mm using the optimised
elastic and plastic parameters byMPO technique is given in Fig. 13a.
The variation of maximum in-plane plastic strain distribution on
the outer surface of the modelled specimen for punch displace-
ments ranging from 0.1 to 0.6 mm is given in Fig. 13b. The figure
also shows co-ordinate lines drawn at approximate locations were
the DIC deflections were obtained from the corresponding small
punch specimen. The strain evolution around the pre-deformed
distance of 0.6 mm was higher than what was observed at the
central point. This finding substantiated the results of strain gra-
dients estimated using KAM maps. The load-deflection curves ob-
tained from each of the four locations (on the modelled specimen)
by FEM using the parameters optimised byMPO technique shows a
good agreement to the and ones obtained using DIC on the actual
small punch specimen (Fig. 14).

A retrospective insight on the precision of both the optimisation
techniques showed that the effectiveness of the optimisation pro-
cess depended on the spread of strain values at the point(s) which
were chosen in each of the techniques. The SPO technique used
deflections from the central point which experienced relatively
lower strain during deformation. The MPO technique on the other
hand included deflections from the point located at 0.6 mm from
the central point which had a relatively larger strain accumulation
in spite of the specimen deflection in this region being relatively
lower. Further, the accuracy of the MPO technique could have been
possibly enhanced as it utilised deflections from regions which
showed a larger spread of maximum in-plane strain value (Fig. 13b)
which ranged from�0.02 (at location of 1.2 mm) to 0.15 (at location
of 0.6 mm). An elaborate study on optimising the number of loca-
tions and the position of these locations from the central point
where DIC and FEM based deflections can be obtained would
further enhance the accuracy of the MPO based results.

In this study, an iFEM based approach employing multiple DIC
based deflections obtained from Stages I and II could estimate uni-
axial tensile properties to a reasonable precision. However, several
improvements in the acquisition system could enhance the appli-
cability this methodology. Designing a more versatile DIC system
taking into consideration the uncertainties which arise due to the
stereo system and DIC image corrections can help obtain gross
deflection contours throughout the course of the test up to the
specimen failure. This knowledge would be crucial for comprehen-
sively estimating the damage characteristics of the material.



Fig. 11. Load-deflection curves taken from the central point (CP) and at locations at a distance of 0.3 mm, 0.6 mm, 0.9 mm and 1.2 mm from CP.

Fig. 12. Comparison of the experimental true stress-true plastic strain curves with the true stress-true plastic strain curves estimated by single-point optimisation (SPO) and multi-
point optimisation (MPO) techniques. The data obtained using Ludwigson equation is also included in the figure.

V.D. Vijayanand et al. / Journal of Nuclear Materials 538 (2020) 152260 11
4. Conclusion

A new system integrating small punch test and DIC was devel-
oped for in-situ deflection mapping of the specimen. The system-
atic errors arising due to the use of the stereo-DIC setup and
inclined mirror was estimated using a zero-strain field test. An
inverse finite element-basedmethodology was developed to obtain
the elastic and plastic properties of the material using the DIC data.
The use of DIC data from multiple points in the small punch
specimen gave a closer estimate of the uniaxial tensile properties as
it used deflections from locations which were subjected to higher
and larger spread of strain during deformation.



Table 6
Comparison of the parameters obtained from experimental, multi-point (MPO) and single-point optimisation (SPO) iFEM techniques. The deviation between the actual and
estimated properties is also indicated.

K1 n1 K2 n2 E (GPa) n 0.2% PS (MPa) UTS (MPa)

Experimental 1558 0.74 5.41 �4.63 195 0.31 229 595
MPO 1483 0.69 5.36 �3.89 196.6 0.3 233 585

(þ0.82%) (-3.26%) (þ1.75%) (-1.68%)
SPO 1679 0.71 5.33 �4.61 199.2 0.26 223 650

(þ2.15%) (-16.13%) (-2.62%) (þ9.24%)

Fig. 13. a) Maximum in-plane strain contour specimen after punch displacement of 0.6 mm and b) maximum in-plane strain distribution on the outer surface of the specimen for
punch displacements ranging from of 0.1e0.6 mm. The location of the central point (CP) is shown in both the figures.

Fig. 14. Comparison of the load-deflection curves obtained by FEM using parameters optimised by multi-point optimisation (MPO) technique and DIC.

V.D. Vijayanand et al. / Journal of Nuclear Materials 538 (2020) 15226012
CRediT authorship contribution statement

V.D. Vijayanand: Writing - original draft, Methodology, Inves-
tigation, Formal analysis, Visualization, Methodology, Software,
Data curation. M. Mokhtarishirazabad: Methodology, Validation,
Writing - review & editing. J. Peng: Software, Validation, Writing -
review & editing. Y. Wang: Resources, Project administration,
Funding acquisition. M. Gorley: Resources, Project administration,



V.D. Vijayanand et al. / Journal of Nuclear Materials 538 (2020) 152260 13
Funding acquisition. D.M. Knowles: Supervision, Project adminis-
tration. M. Mostafavi: Conceptualization, Supervision, Project
administration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgement

The authors wish to thank UKAEA and the UK Government
Department for Business, Energy and Industrial Strategy for the
immense support rendered throughout the course of this work. The
financial aid for this research was provided by EPSRC (EP/R020108/
1) and RCUK Energy Programme (EP/T012250/1). The support
provided by Dr. Adel El-Turke, School of Physics, University of
Bristol in carrying out the EBSD analysis is acknowledged. The first
author is grateful for the comments and suggestions provided by
Dr. David Andres, UKAEA and Dr. Allan Harte, UKAEA. The last
author acknowledges the Royal Academy of Engineering support
through a Senior Research Fellowship.

Data Availability

The raw/processed data required to reproduce these findings
will be made available on request.

References

[1] M.P. Manahan, A.S. Argon, O.K. Harling, The development of a miniaturized
disk bend test for the determination of postirradiation mechanical properties,
J. Nucl. Mater. 104 (1981) 1545e1550, https://doi.org/10.1016/0022-3115(82)
90820-0.

[2] X. Mao, H. Takahashi, Development of a further-miniaturized specimen of 3
mm diameter for tem disk (ø 3 mm) small punch tests, J. Nucl. Mater. 150
(1987) 42e52, https://doi.org/10.1016/0022-3115(87)90092-4.

[3] T.E. García, C. Rodríguez, F.J. Belzunce, C. Su�arez, Estimation of the mechanical
properties of metallic materials by means of the small punch test, J. Alloys
Compd. 582 (2014) 708e717, https://doi.org/10.1016/j.jallcom.2013.08.009.

[4] D. Finarelli, M. Roedig, F. Carsughi, Small punch tests on austenitic and
martensitic steels irradiated in a spallation environment with 530 MeV pro-
tons, J. Nucl. Mater. 328 (2004) 146e150, https://doi.org/10.1016/
j.jnucmat.2004.04.320.

[5] S. Arunkumar, Overview of small punch test, Met. Mater. Int. (2019), https://
doi.org/10.1007/s12540-019-00454-5.

[6] G.E. Lucas, G.R. Odette, M. Sokolov, P. Sp€atig, T. Yamamoto, P. Jung, Recent
progress in small specimen test technology, J. Nucl. Mater. 307e311 (2002)
1600e1608, https://doi.org/10.1016/S0022-3115(02)01171-6.

[7] E. Lucon, Material damage evaluation and residual life assessment of primary
power plant components using specimens of non-standard dimensions,
Mater. Sci. Technol. 17 (2001) 777e785, https://doi.org/10.1179/
026708301101510717.

[8] M.D. Mathew, J. Ganesh Kumar, V. Ganesan, K. Laha, Small punch creep studies
for optimization of nitrogen content in 316LN SS for enhanced creep resis-
tance, Metall. Mater. Trans. A 45 (2014) 731e737, https://doi.org/10.1007/
s11661-013-2027-x.

[9] D.T. Blagoeva, R.C. Hurst, Application of the CEN (European Committee for
Standardization) small punch creep testing code of practice to a representa-
tive repair welded P91 pipe, Mater. Sci. Eng. A 510e511 (2009) 219e223,
https://doi.org/10.1016/j.msea.2008.05.058.

[10] E. Fleury, J.S. Ha, Small punch tests to estimate the mechanical properties of
steels for steam power plant: I. Mechanical strength, Int. J. Pres. Ves. Pip. 75
(1998) 699e706, https://doi.org/10.1016/S0308-0161(98)00074-X.

[11] M. Bruchhausen, S. Holmstr€om, I. Simonovski, T. Austin, J.-M. Lapetite,
S. Ripplinger, F. de Haan, Recent developments in small punch testing: tensile
properties and DBTT, Theor, Appl. Fract. Mech. 86 (2016) 2e10, https://
doi.org/10.1016/j.tafmec.2016.09.012.

[12] J.C. Chica, P.M. Bravo Díez, M. Preciado Calzada, Improved correlation for
elastic modulus prediction of metallic materials in the Small Punch Test, Int. J.
Mech. Sci. 134 (2017) 112e122, https://doi.org/10.1016/
j.ijmecsci.2017.10.006.

[13] E. Priel, B. Mittelman, S. Haroush, A. Turgeman, R. Shneck, Y. Gelbstein, Esti-
mation of yield and ultimate stress using the small punch test method applied
to non-standard specimens: a computational study validated by experiments,
Int. J. Mech. Sci. 135 (2018) 484e498, https://doi.org/10.1016/
j.ijmecsci.2017.11.040.

[14] K. Li, J. Peng, C. Zhou, Construction of whole stress-strain curve by small
punch test and inverse finite element, Results Phys. 11 (2018) 440e448,
https://doi.org/10.1016/j.rinp.2018.09.024.

[15] K. Kumar, A. Pooleery, K. Madhusoodanan, R.N. Singh, J.K. Chakravartty,
R.S. Shriwastaw, B.K. Dutta, R.K. Sinha, Evaluation of ultimate tensile strength
using miniature disk bend test, J. Nucl. Mater. 461 (2015) 100e111, https://
doi.org/10.1016/j.jnucmat.2015.02.029.

[16] B. Gülçimen, P. H€ahner, Determination of creep properties of a P91 weldment
by small punch testing and a new evaluation approach, Mater. Sci. Eng. A 588
(2013) 125e131, https://doi.org/10.1016/j.msea.2013.09.029.

[17] S. Yang, X. Ling, Y. Zheng, Creep behaviors evaluation of Incoloy800H by small
punch creep test, Mater. Sci. Eng. A 685 (2017) 1e6, https://doi.org/10.1016/
j.msea.2016.12.092.

[18] F. Cortellino, J.P. Rouse, B. Cacciapuoti, W. Sun, T.H. Hyde, Experimental and
numerical analysis of initial plasticity in P91 steel small punch creep samples,
Exp. Mech. 57 (2017) 1193e1212, https://doi.org/10.1007/s11340-017-0296-
9.

[19] Y. Xu, K. Guan, Evaluation of fracture toughness by notched small punch tests
with Weibull stress method, Mater. Des. 51 (2013) 605e611, https://doi.org/
10.1016/j.matdes.2013.04.071.

[20] J. Foulds, P. Woytowitz, T. Parnell, C. Jewett, Fracture toughness by small
punch testing, J. Test. Eval. 23 (1995) 3e10, https://doi.org/10.1520/
JTE10392J.

[21] J.-Y. Jeon, Y.-J. Kim, S.-Y. Lee, J.-W. Kim, Extracting ductile fracture toughness
from small punch test data using numerical modeling, Int. J. Pres. Ves. Pip.
139e140 (2016) 204e219, https://doi.org/10.1016/j.ijpvp.2016.02.011.

[22] J.-M. Baik, J. Kameda, O. Buck, Development of small punch tests for ductile-
brittle transition temperature measurement of temper embrittled Ni-Cr
steels, ASTM STP 888 (1986) 92e111, https://doi.org/10.1520/STP32997S.

[23] X. Gai, Y.S. Sato, H. Kokawa, K. Ichikawa, Ductile-brittle transition of steel
electron beam weld metal in small punch test, Sci. Technol. Weld. Join. 7
(2002) 204e211, https://doi.org/10.1179/136217102225004275.

[24] K. Guan, D. Wang, J. Dobrovsk�a, K. Matocha, Evaluation of the ductile-brittle
transition temperature of anisotropic materials by small punch test with
un-notched and U-notched specimens, Theor. Appl. Fract. Mech. 102 (2019)
98e102, https://doi.org/10.1016/j.tafmec.2019.04.003.

[25] R.J. Lancaster, S.P. Jeffs, H.W. Illsley, C. Argyrakis, R.C. Hurst, G.J. Baxter,
Development of a novel methodology to study fatigue properties using the
small punch test, Mater. Sci. Eng. A 748 (2019) 21e29, https://doi.org/
10.1016/j.msea.2019.01.074.

[26] CEN Workshop Agreement, CWA 15627:2006 E, Small Punch Test Method for
Metallic Materials, CEN, Brussels, Belgium, December 2006.

[27] F. Dobe�s, P. Dym�a�cek, M. Besterci, Estimation of the mechanical properties of
aluminium and an aluminium composite after equal channel angular pressing
by means of the small punch test, Mater. Sci. Eng. A 626 (2015) 313e321,
https://doi.org/10.1016/j.msea.2014.12.054.

[28] Y. Xu, Z. Zhao, A modified miniature disk test for determining material me-
chanical properties, J. Test. Eval. 23 (1995) 300e306, https://doi.org/10.1520/
JTE10429J.

[29] Y. Ruan, P. Sp€atig, M. Victoria, Assessment of mechanical properties of the
martensitic steel EUROFER97 by means of punch tests, J. Nucl. Mater.
307e311 (2002) 236e239, https://doi.org/10.1016/S0022-3115(02)01194-7.

[30] M. Eskner, R. Sandstr€om, Mechanical property evaluation using the small
punch test, J. Test. Eval. 32 (2004) 282e289, https://doi.org/10.1520/
JTE11504.

[31] E. Altstadt, M. Houska, I. Simonovski, M. Bruchhausen, S. Holmstr€om,
R. Lacalle, On the estimation of ultimate tensile stress from small punch
testing, Int. J. Mech. Sci. 136 (2018) 85e93, https://doi.org/10.1016/
j.ijmecsci.2017.12.016.

[32] A. Husain, D.K. Sehgal, R.K. Pandey, An inverse finite element procedure for
the determination of constitutive tensile behavior of materials using minia-
ture specimen, Comput. Mater. Sci. 31 (2004) 84e92, https://doi.org/10.1016/
j.commatsci.2004.01.039.

[33] I. Pe~nuelas, I.I. Cuesta, C. Beteg�on, C. Rodriguez, F.J. Belzunce, Inverse deter-
mination of the elastoplastic and damage parameters on small punch tests,
Fatig. Fract. Eng. Mater. Struct. 32 (2009) 872e885, https://doi.org/10.1111/
j.1460-2695.2009.01387.x.

[34] M. Abendroth, M. Kuna, Identification of ductile damage and fracture pa-
rameters from the small punch test using neural networks, Eng. Fract. Mech.
73 (2006) 710e725, https://doi.org/10.1016/j.engfracmech.2005.10.007.

[35] J. Zhong, T. Xu, K. Guan, J. Szpunar, A procedure for predicting strength
properties using small punch test and finite element simulation, Int. J. Mech.
Sci. 152 (2019) 228e235, https://doi.org/10.1016/j.ijmecsci.2019.01.006.

[36] S. Yang, Y. Cao, X. Ling, Y. Qian, Assessment of mechanical properties of
Incoloy800H by means of small punch test and inverse analysis, J. Alloys
Compd. 695 (2017) 2499e2505, https://doi.org/10.1016/
j.jallcom.2016.11.151.

[37] J.-S. Cheon, C.-H. Joo, Small punch test for determining a flow stress by using a
hybrid inverse procedure, Comput. Mater. Sci. 43 (2008) 744e751, https://
doi.org/10.1016/j.commatsci.2008.01.052.

[38] A. Lotfolahpour, N. Soltani, M. Ganjiani, D. Baharlouei, Parameters identifica-
tion and validation of plastic-damage model of 304 stainless steel by small

https://doi.org/10.1016/0022-3115(82)90820-0
https://doi.org/10.1016/0022-3115(82)90820-0
https://doi.org/10.1016/0022-3115(87)90092-4
https://doi.org/10.1016/j.jallcom.2013.08.009
https://doi.org/10.1016/j.jnucmat.2004.04.320
https://doi.org/10.1016/j.jnucmat.2004.04.320
https://doi.org/10.1007/s12540-019-00454-5
https://doi.org/10.1007/s12540-019-00454-5
https://doi.org/10.1016/S0022-3115(02)01171-6
https://doi.org/10.1179/026708301101510717
https://doi.org/10.1179/026708301101510717
https://doi.org/10.1007/s11661-013-2027-x
https://doi.org/10.1007/s11661-013-2027-x
https://doi.org/10.1016/j.msea.2008.05.058
https://doi.org/10.1016/S0308-0161(98)00074-X
https://doi.org/10.1016/j.tafmec.2016.09.012
https://doi.org/10.1016/j.tafmec.2016.09.012
https://doi.org/10.1016/j.ijmecsci.2017.10.006
https://doi.org/10.1016/j.ijmecsci.2017.10.006
https://doi.org/10.1016/j.ijmecsci.2017.11.040
https://doi.org/10.1016/j.ijmecsci.2017.11.040
https://doi.org/10.1016/j.rinp.2018.09.024
https://doi.org/10.1016/j.jnucmat.2015.02.029
https://doi.org/10.1016/j.jnucmat.2015.02.029
https://doi.org/10.1016/j.msea.2013.09.029
https://doi.org/10.1016/j.msea.2016.12.092
https://doi.org/10.1016/j.msea.2016.12.092
https://doi.org/10.1007/s11340-017-0296-9
https://doi.org/10.1007/s11340-017-0296-9
https://doi.org/10.1016/j.matdes.2013.04.071
https://doi.org/10.1016/j.matdes.2013.04.071
https://doi.org/10.1520/JTE10392J
https://doi.org/10.1520/JTE10392J
https://doi.org/10.1016/j.ijpvp.2016.02.011
https://doi.org/10.1520/STP32997S
https://doi.org/10.1179/136217102225004275
https://doi.org/10.1016/j.tafmec.2019.04.003
https://doi.org/10.1016/j.msea.2019.01.074
https://doi.org/10.1016/j.msea.2019.01.074
http://refhub.elsevier.com/S0022-3115(20)30477-3/sref26
http://refhub.elsevier.com/S0022-3115(20)30477-3/sref26
https://doi.org/10.1016/j.msea.2014.12.054
https://doi.org/10.1520/JTE10429J
https://doi.org/10.1520/JTE10429J
https://doi.org/10.1016/S0022-3115(02)01194-7
https://doi.org/10.1520/JTE11504
https://doi.org/10.1520/JTE11504
https://doi.org/10.1016/j.ijmecsci.2017.12.016
https://doi.org/10.1016/j.ijmecsci.2017.12.016
https://doi.org/10.1016/j.commatsci.2004.01.039
https://doi.org/10.1016/j.commatsci.2004.01.039
https://doi.org/10.1111/j.1460-2695.2009.01387.x
https://doi.org/10.1111/j.1460-2695.2009.01387.x
https://doi.org/10.1016/j.engfracmech.2005.10.007
https://doi.org/10.1016/j.ijmecsci.2019.01.006
https://doi.org/10.1016/j.jallcom.2016.11.151
https://doi.org/10.1016/j.jallcom.2016.11.151
https://doi.org/10.1016/j.commatsci.2008.01.052
https://doi.org/10.1016/j.commatsci.2008.01.052


V.D. Vijayanand et al. / Journal of Nuclear Materials 538 (2020) 15226014
punch test at ambient temperature, Eng. Fract. Mech. 200 (2018) 64e74,
https://doi.org/10.1016/j.engfracmech.2018.07.007.

[39] H. Liu, J. Ma, A. Tang, J. Tang, C. Zhang, L. Zhang, Y. Shen, True stress-strain
curve extraction from ion-irradiated materials via small tensile, small punch
and nanoindentation tests: method development and accuracy/consistency
verification, Nucl. Fusion (2020). http://iopscience.iop.org/10.1088/1741-
4326/ab7c2a.

[40] M. Kamaya, Numerical investigations of small punch tests for determining
tensile properties, Ubiquity Proc. 1 (2018) 27, https://doi.org/10.5334/
uproc.27.

[41] P. Knysh, Y.P. Korkolis, Determination of the fraction of plastic work converted
into heat in metals, Mech. Mater. 86 (2015) 71e80, https://doi.org/10.1016/
j.mechmat.2015.03.006.

[42] A good practices Guide for digital image correlation, in: E.M.C. Jones,
M.A. Ladicola (Eds.), International Digital Image Correlation Society, 2018.
https://www.idics.org/guide/.

[43] P.F. Luo, Y.J. Chao, M.A. Sutton, W.H. Peters, Accurate measurement of three-
dimensional deformations in deformable and rigid bodies using computer
vision, Exp. Mech. 33 (1993) 123e132, https://doi.org/10.1007/BF02322488.

[44] D. Garcia, J.J. Orteu, L. Penazzi, A combined temporal tracking and stereo-
correlation technique for accurate measurement of 3D displacements: appli-
cation to sheet metal forming, J. Mater. Process. Technol. 125e126 (2002)
736e742, https://doi.org/10.1016/S0924-0136(02)00380-1.

[45] B. Pan, W. Shi, G. Lubineau, Effect of camera temperature variations on stereo-
digital image correlation measurements, Appl. Optic. 54 (2015) 10089e10095,
https://doi.org/10.1364/AO.54.010089.

[46] S. Amini, R.S. Kumar, A high-fidelity strain-mapping framework using digital
image correlation, Mater. Sci. Eng. A 594 (2014) 394e403, https://doi.org/
10.1016/j.msea.2013.11.020.

[47] M. Aydin, X. Wu, K. Cetinkaya, M. Yasar, I. Kadi, Application of digital image
correlation technique to erichsen cupping test, Eng. Sci. Technol. Int. J. 21
(2018) 760e768, https://doi.org/10.1016/j.jestch.2018.06.004.

[48] G. Di Leo, C. Liguori, A. Paolillo, Propagation of uncertainty through stereo
triangulation, in: 2010 IEEE Instrumentation and Measurement Technology
Conf. Proc, 2010, pp. 12e17, https://doi.org/10.1109/IMTC.2010.5488057.

[49] R. Balcaen, P.L. Reu, P. Lava, D. Debruyne, Stereo-DIC uncertainty quantifica-
tion based on simulated images, Exp. Mech. 57 (2017) 939e951, https://
doi.org/10.1007/s11340-017-0288-9.

[50] Y. Su, Q. Zhang, X. Xu, Z. Gao, Quality assessment of speckle patterns for DIC
by consideration of both systematic errors and random errors, Optic Laser.
Eng. 86 (2016) 132e142, https://doi.org/10.1016/j.optlaseng.2016.05.019.

[51] J.C.M. Ant�on, J. Alonso, J.A.G. Pedrero, Topographic optical profilometry of
steep slope micro-optical transparent surfaces, Optic Express 23 (2015)
9494e9507, https://doi.org/10.1364/oe.23.009494.

[52] I.I. Cuesta, J.M. Alegre, R. Lacalle, Determination of the Gurson-Tvergaard
damage model parameters for simulating small punch tests, Fatig. Fract.
Eng. Mater. Struct. 33 (2010) 703e713, https://doi.org/10.1111/j.1460-
2695.2010.01481.x.

[53] D. Jorge-Badiola, A. Iza-Mendia, I. Guti�errez, Evaluation of intragranular
misorientation parameters measured by EBSD in a hot worked austenitic
stainless steel, 228, 373-383, https://doi.org/10.1111/j.1365-2818.2007.
01850.x, 2007.

[54] V.D. Vijayanand, J. Vanaja, C.R. Das, K. Mariappan, A. Thakur, S. Hussain,
G.V.P. Reddy, G. Sasikala, S.K. Albert, An investigation of microstructural
evolution in electron beam welded RAFM steel and 316LN SS dissimilar joint
under creep loading conditions, Mater. Sci. Eng. A 742 (2019) 432e441,
https://doi.org/10.1016/j.msea.2018.11.046.

[55] M. Kamaya, K. Kubushiro, Y. Sakakibara, S. Suzuki, H. Morita, R. Yoda,
D. Kobayashi, K. Yamagiwa, T. Nishioka, Y. Yamazaki, Y. Kamada, T. Hanada,
T. Ohtani, Round robin crystal orientation measurement using EBSD for
damage assessment, Mech. Eng. J. 3 (2016), https://doi.org/10.1299/mej.16-
00077 paper no. 16-00077.

[56] C.S. Catherine, J. Messier, C. Poussard, S. Rosinski, J. Foulds, Small punch test:
EPRI-CEA finite element simulation benchmark and inverse method for the
estimation of elastic plastic behavior, ASTM STP 1418 (2002) 350e370,
https://doi.org/10.1520/STP10832S.

[57] A.D. Marter, A.S. Dickinson, F. Pierron, M. Browne, A practical procedure for
measuring the stiffness of foam like materials, Exp. Tech. 42 (2018) 439e452,
https://doi.org/10.1007/s40799-018-0247-0.

[58] A. Farsi, A.D. Pullen, J.P. Latham, J. Bowen, M. Carlsson, E.H. Stitt, M. Marigo,
Full deflection profile calculation and Young’s modulus optimisation for
engineered high performance materials, Sci. Rep. 7 (2017) 46190, https://
doi.org/10.1038/srep46190.

[59] D.C. Ludwigson, Modified stress-strain relation for FCC metals and alloys,
Metall. Trans. 2 (1971) 2825e2828, https://doi.org/10.1007/BF02813258.

[60] E. Isaac Samuel, B.K. Choudhary, Universal scaling of work hardening pa-
rameters in type 316L(N) stainless steel, Mater. Sci. Eng. A 527 (2010)
7457e7460, https://doi.org/10.1016/j.msea.2010.08.021.

[61] K.G. Samuel, P. Rodriguez, On power-law type relationships and the Lud-
wigson explanation for the stress-strain behaviour of AISI 316 stainless steel,
J. Mater. Sci. 40 (2005) 5727e5731, https://doi.org/10.1007/s10853-005-
1078-9.

[62] S. Wang, K. Yang, Y. Shan, L. Li, Plastic deformation and fracture behaviors of
nitrogen-alloyed austenitic stainless steels, Mater. Sci. Eng. A 490 (2008)
95e104, https://doi.org/10.1016/j.msea.2008.01.015.

[63] V.D. Vijayanand, K. Laha, P. Parameswaran, M. Nandagopal, S. Panneer Selvi,
M.D. Mathew, Influence of thermo-mechanical treatment on the tensile
properties of a modified 14Cr-15Ni stainless steel, J. Nucl. Mater. 453 (2014)
188e195, https://doi.org/10.1016/j.jnucmat.2014.06.067.

[64] T. Li, J. Zheng, Z. Chen, Description of full-range strain hardening behavior of
steels, SpringerPlus 5 (2016) 1316, https://doi.org/10.1186/s40064-016-2998-
3.

[65] S.N. Sivanandam, S.N. Deepa, Introduction to Genetic Algorithms, Springer,
2008, pp. 15e37, https://doi.org/10.1007/978-3-540-73190-0_2.

[66] G.E. Dieter, D. Bacon, Mechanical Metallurgy, McGraw-Hill, 1988,
pp. 289e290. https://books.google.co.uk/books?id¼hlabmB3e8XwC.

[67] ASME Boiler and Pressure Vessel Code, Section II, Part D, The American Society
of Mechanical Engineers, 2010, pp. 738e744.

https://doi.org/10.1016/j.engfracmech.2018.07.007
http://iopscience.iop.org/10.1088/1741-4326/ab7c2a
http://iopscience.iop.org/10.1088/1741-4326/ab7c2a
https://doi.org/10.5334/uproc.27
https://doi.org/10.5334/uproc.27
https://doi.org/10.1016/j.mechmat.2015.03.006
https://doi.org/10.1016/j.mechmat.2015.03.006
https://www.idics.org/guide/
https://doi.org/10.1007/BF02322488
https://doi.org/10.1016/S0924-0136(02)00380-1
https://doi.org/10.1364/AO.54.010089
https://doi.org/10.1016/j.msea.2013.11.020
https://doi.org/10.1016/j.msea.2013.11.020
https://doi.org/10.1016/j.jestch.2018.06.004
https://doi.org/10.1109/IMTC.2010.5488057
https://doi.org/10.1007/s11340-017-0288-9
https://doi.org/10.1007/s11340-017-0288-9
https://doi.org/10.1016/j.optlaseng.2016.05.019
https://doi.org/10.1364/oe.23.009494
https://doi.org/10.1111/j.1460-2695.2010.01481.x
https://doi.org/10.1111/j.1460-2695.2010.01481.x
https://doi.org/10.1111/j.1365-2818.2007.01850.x
https://doi.org/10.1111/j.1365-2818.2007.01850.x
https://doi.org/10.1016/j.msea.2018.11.046
https://doi.org/10.1299/mej.16-00077
https://doi.org/10.1299/mej.16-00077
https://doi.org/10.1520/STP10832S
https://doi.org/10.1007/s40799-018-0247-0
https://doi.org/10.1038/srep46190
https://doi.org/10.1038/srep46190
https://doi.org/10.1007/BF02813258
https://doi.org/10.1016/j.msea.2010.08.021
https://doi.org/10.1007/s10853-005-1078-9
https://doi.org/10.1007/s10853-005-1078-9
https://doi.org/10.1016/j.msea.2008.01.015
https://doi.org/10.1016/j.jnucmat.2014.06.067
https://doi.org/10.1186/s40064-016-2998-3
https://doi.org/10.1186/s40064-016-2998-3
https://doi.org/10.1007/978-3-540-73190-0_2
https://books.google.co.uk/books?id=hlabmB3e8XwC
https://books.google.co.uk/books?id=hlabmB3e8XwC
http://refhub.elsevier.com/S0022-3115(20)30477-3/sref67
http://refhub.elsevier.com/S0022-3115(20)30477-3/sref67
http://refhub.elsevier.com/S0022-3115(20)30477-3/sref67

	A novel methodology for estimating tensile properties in a small punch test employing in-situ DIC based deflection mapping
	1. Introduction
	2. Experiments and analysis
	2.1. Material and characterisation
	2.2. Small punch test rig
	2.3. Stereo DIC system
	2.4. Quantifying uncertainties attributed to stereo DIC system

	3. Results and discussion
	3.1. Load-deflection characteristics
	3.2. Inverse finite element method (iFEM)
	3.2.1. Finite element model
	3.2.2. Constitutive flow equation
	3.2.3. Optimisation procedure

	3.3. Optimisation results

	4. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Data Availability
	References


